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Astronomy in Australia

First light for GRAVITY
MUSE observes gas stripping in galaxiesUnveiling accretion in a protobinary system                                                                        The Messenger                                              No. 170 – December 2017The Organisation                                                                                               DOI: 10.18727/0722-6691/5047Astronomy in Australia
Fred Watson1                                     Aboriginal peoples, is the Emu, whose          position as engineer and surveyor toWarrick Couch1                                   head, neck and body are the Coalsack           the new settlement, Dawes was also a                                                 Nebula and the dust clouds of Circinus,        botanist and a keen astronomer who                                                 Norma and Scorpius.                            built a small observatory at what is now1    Australian Astronomical Observatory,                                                       called Dawes Point, close to the southern    Sydney, Australia                            Conventional “join-the-dots” constella-        pylon of the Sydney Harbour Bridge. He                                                 tions also abound, but vary widely from        is also notable as the first compiler of an                                                 one Aboriginal culture to another. Orion,      Aboriginal language dictionary throughAustralians have watched the sky for             for example, is seen as Njiru (the hunter)     his association with Petyegarang (Greytens of thousands of years. The nine-            in the Central Desert Region, but the          Kangaroo), a woman of the Eora Nation.teenth century saw the foundation of             Yolngu people of Northern Australia seegovernment observatories in capital               the constellation as a canoe, with three      Of more lasting significance to astronomycities such as Sydney and Melbourne.             brothers sitting abreast in the centre        is a piece of Australian-Scottish heritage While early twentieth-century astron-            (Orion’s Belt) and a forbidden fish in the   centring around Sir Thomas Makdougall omy focused largely on solar physics,            canoe represented by the Orion Nebula.        Brisbane (1773–1860), a conservation- the advent of radio astronomy at the             Virtually all Dreamtime stories character-    minded soldier, statesman and scientist. end of the Second World War enabled              ise the Moon as male and the Sun as           Brisbane was the sixth governor of New Australia to take a leading role in the          female, with a tacit understanding that       South Wales (NSW), and an examination new science, with particular emphasis            the covering of the Sun by the Moon dur-      of his career prior to this suggests that on low-frequency studies. Today, the             ing an eclipse represents the consumma-       astronomy was the principal driving force radio quietness of its outback interior          tion of the relationship. Likewise, planets   of his life. provides an excellent location for the           figure in Dreamtime astronomy, with Australian core of the Square Kilometre          Venus, for example, taking on a person-       The main reason for his keenness to Array. Australian optical astronomy has          age known as Barnumbir in Arnhem              become governor of NSW may have been flourished since the 1960s, with the             Land. Barnumbir is a woman held firmly        to establish an observatory in Parramatta 3.9-metre Anglo-Australian Telescope             on a rope extending from the eastern          in 1822, which he wanted to become becoming the principal national facility         horizon (morning star) or western horizon     “the Greenwich of the Southern Hemi- in 1974. Access to ESO’s facilities at the       (evening star), a neat explanation for the    sphere”. The Parramatta Observatory has La Silla Paranal Observatory is warmly           planet’s limited excursions from the Sun.     a precursor in Largs, Scotland (1808) that welcomed by all Australian                                                                     still exists, albeit in a highly dilapidated astronomers.                                    Besides the creation myths, the stories        and unstable condition. This elegant                                                 told in Aboriginal astronomy served a          stone building was lost to history until the                                                 practical purpose. The orientation of the      early 1980s, standing on a hillside in theIt is no idle boast that Australia has the       Emu would indicate when it was time for        middle of what is now a cow pasture andworld’s oldest continuing culture. Recent        the Central Desert people to begin col-        almost overgrown by vegetation.research at a rock shelter in Kakadu, near       lecting emu eggs. Likewise, the BoorongJabiru in Australia’s Northern Territory,        people in north-western Victoria used          Brisbane’s Parramatta Observatoryused optically-stimulated luminescence           the constellation of Lyra to tell them when    (1822–1847) was essentially a copy ofto date human settlement there back              to gather malleefowl eggs. Dreamtime           his Largs building, but in wood ratherto a staggering 65 000 years. Stone tools        astronomy was also used to establish a         than stone, and equipped with positionaland buried ochre pigments suggest the            moral framework among the younger              instruments brought from Scotland. Ininhabitants were both technologically and        members of the community, instilling           turn, the Parramatta Observatory becameculturally adept, with observations of the       values that had a demonstrable connec-        the forerunner of the Sydney Observatorysky likely being an important part of their       tion to their ancestor spirits in the sky.    (1858), which inherited P   arramatta’sdaily rituals.                                                                                  telescopes. The wooden observatory at                                                                                                 Parramatta is long gone, but the stoneAustralian Aboriginal people trace their         Colonial astronomy                              supports for a later transit telescopecultural heritage back to the Dreamtime                                                          remain in Parramatta Park. Brisbane him-— an ancient era of creation, rich in leg-       The arrival of the First Fleet in January       self left Australia in 1825 after visiting aends linking human and animal life with          1788 brought up to 1500 British settlers        new penal settlement near Moreton Bay,the country in which they lived. Dream-          to Port Jackson in Sydney. Over the next        which now bears his name as the capitaltime stories differ from one Aboriginal          century, the effect of continuing settle-       city of Queensland.nation to another, but are full of allusions     ment on the indigenous population wasto the sky, with the Sun, Moon, planets          devastating. Meanwhile, the new colony         The first NSW Government Astronomerand stars all playing significant roles.         flourished. The settlers included convicts,    was William Scott, appointed in 1856,The Milky Way is also important, with            free settlers and military personnel, and      two years before the opening of the“negative constellations” being identified       its first noteworthy astronomical figure was   Sydney Observatory. Erected on thein its dust lanes. The most notable of           William Dawes (1762–1836), a lieutenant         highest point of the new colony closethese, which is common to many different         in the Royal Marines. Besides his official      to Dawes Point, the stylish sandstone
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                                                                                                    Figure 1. Seen here at the time of its role in the ApolloCSIRO
                                                                                                    lunar landings, the 64-metre Parkes Telescope is still
                                                                                                    a workhorse of Australian radio astronomy.
                                                                                                    reopening four years later as a public
                                                                                                    observatory under the auspices of                                                                                                    Sydney’s Museum of Applied Arts and                                                                                                     Sciences.
                                                                                                    The Great Melbourne Telescope

                                                                                                    Another noteworthy observatory was built
                                                                                                    in the colony of Victoria as a direct result                                                                                                    of wealth accumulated during the 1850s                                                                                                    gold rush. June 1863 saw the foundation                                                                                                    of a government-funded observatory in                                                                                                    the capital city, Melbourne. The newfound                                                                                                    riches of the Victorian government ena-                                                                                                    bled the Royal Society to construct a                                                                                                    large Southern Hemisphere reflector. The                                                                                                    remarkable 1.2-metre Great Melbourne                                                                                                    Telescope, then the world’s largest work-                                                                                                    ing equatorial reflector, entered service in                                                                                                    August 1869.
                                                                                                    The Government Astronomer, Robert
                                                                                                    Ellery (1827–1908), expressed confidence                                                                                                    in its capabilities as a premier research                                                                                                    instrument. Sadly, this optimism was                                                                                                    never fulfilled. The Great Melbourne’s                                                                                                    Cassegrain layout amplified the primary                                                                                                    mirror’s focal ratio to f/42, rendering the                                                                                                    new technique of photography useless                                                                                                    for all but the brightest objects. The mir-                                                                                                    ror itself was made of speculum metal                                                                                                    instead of with the newer technology of                                                                                                    silver-on-glass. As a result, the mirror tar-                                                                                                    nished rapidly, requiring frequent risky                                                                                                    re-polishing to restore its reflectivity. After                                                                                                    many valiant efforts by Ellery, the Great        building is today dwarfed by the sky-             strographic Catalogue project in 1887.                                                         A                                          Melbourne Telescope went into a long,        scrapers around it. Its principal function       Russell also incorporated meteorology      slow decline and was eventually closed        in the early years was to provide a time-        into the functions of the observatory.     down in March 1944.        keeping service for the community, com-        plete with a time ball to allow mariners         Russell’s efforts were criticised by a     The telescope was then sold to the        in the harbour to set their chronometers.        prominent amateur Australian astrono-      Commonwealth Solar Observatory at                                                         mer, John Tebbutt (1834–1916), who is       Mount Stromlo, on the outskirts of        Astronomical research significantly              himself best known for discovering the      Canberra. Although it changed hands        advanced during the 35-year custodian-           spectacular comets of 1861 and 1881,         at scrap value (£500) it subsequently        ship of the third Government Astronomer,         and was honoured in 1914 by a visit from     underwent a series of metamorphoses,        Henry Chamberlain Russell, who was               the Astronomer Royal Frank Watson            culminating in the installation of a new        appointed in 1870. Highlights include the        Dyson. By then, Australia had attained       1.3-metre Pyrex mirror in 1959. The        procurement of a 29-centimetre Schröder          nationhood in the wake of the Federation     institution itself also metamorphosed        refractor in 1874, which is still operational;   of 1901. Tebbutt’s work was celebrated        into the Mount Stromlo Observatory of        a major campaign to observe the 1874             on the Australian $100 note from 1984         the Australian National University (ANU),        transit of Venus; and the incorporation          to 1996. The Sydney Observatory itself        which remains one of the nation’s premier        of the Sydney Observatory into the               ceased astronomical research in 1982,         research centres.
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The Organisation                                    Watson F. & Couch W., Astronomy in AustraliaIn the early 1990s, the Great Melbourne             1954, he moved to Australia’s southern-         (inaugurated in 1961; Figure 1) quicklyTelescope, by then well over a century old,         most state, Tasmania, which was then            became icons of the new science.was reincarnated yet again to perform a             largely radio quiet.specific scientific task — hunting for                                                              Australian radio astronomy had come ofnon-luminous objects in the galactic halo           Radio astronomy in Australia had its            age by the time the Parkes Observatorythat might make up the mysterious “dark             origins in radar research carried out in the   was built, and the facility became well-matter” known to permeate the Universe.              Second World War at what was known as          known under the Directorship of JohnThis programme, called the MAssive                   the Radiophysics Laboratory, located at        Bolton. It was instrumental in early stud-Compact Halo Object (MACHO) experi-                  Sydney University. Following the end of        ies of quasars and other extragalacticment, was successful in effectively ruling           hostilities, the renamed C  ommonwealth       radio sources, pulsars, the Milky Way,out that possibility, and plans were well            Scientific and Industrial Research Organi-     and the interstellar medium. It also madeadvanced in 2002 for the installation of a           sation (CSIRO) Division of Radiophysics        history for its role in NASA’s Apollo pro-new camera that would be used in an                  fragmented into a number of peacetime          gram, as well as its ongoing contributionambitious survey for Kuiper belt objects —           research groups; one such group was led        to the NASA Deep Space Network.but then disaster struck.                            by Joseph Pawsey (1908–1962) and was                                                     charged with investigating radio noise         In its early days, Parkes was comple-On 18 January 2003, at the height of                 from extraterrestrial sources. At first,       mented by the Culgoora Radio Helio-the bushfire season, a colossal firestorm            Pawsey’s group concentrated on solar          graph, built at Narrabri in north-westernin Canberra’s south-western suburbs                  radio emissions, near the South Head of        NSW under the leadership of Paul Wildclaimed the lives of four people and left            Sydney Harbour. By 1947, this Dover            (1923–2008). The instrument consistedmore than 500 families homeless. Mount               Heights installation was being used to         of 96 dishes (each 13.7 metres in diame-Stromlo Observatory lost all its heritage            measure cosmic radio sources — most            ter), arranged around the circumferencebuildings, including the domes of the                notably Cygnus A and the Crab Nebula in        of a circle three kilometres in diameter.Great Melbourne plus five other historically-        work led by John B   olton (1922–1993).       From 1967 to 1984, the Radio Heliographsignificant telescopes. For six years, the                                                          operated first at 80 and then later attwisted remains of the Great Melbourne              Other Australian astronomy pioneers in         160 MHz, imaging the Sun at these wave-Telescope lay rusting in the rains that             clude Wilbur Norman “Chris” Christiansen        lengths once per second.followed the end of the once-in-a-hundred-          (1913–2007) and Bernard Mills (1920–year drought. In 2009, those remains                2011), who both built radio array interfer-     The Culgoora site was also home to awere taken to the city of Melbourne to be           ometers in the Sydney area. Mills adopted       pioneering optical interferometer thatrestored and re-erected on the original             a cruciform configuration for his Mills         borrowed more from radio astronomysite as a fully-operational public observ-          Cross, and carried out all-sky surveys at      technology than optical interferometry.ing facility. That remarkable work is still         85.5 MHz (3.5 m). Christiansen adopted          This was the Narrabri Stellar Intensityongoing.                                            this configuration for the later “Chris        Interferometer, the brainchild of radio                                                    Cross”, which was used in the mid-1950s         astronomer Robert Hanbury Brown                                                    for solar research.                             (1916–2002). It consisted of a pair ofThe beginnings of Australian radio                                                                  f/1.64 hexagonally-segmented collectingastronomy                                           The availability of war-time radar equip-       mirrors (6.7 metres in diameter) mounted                                                    ment precipitated the rapid development         on a circular track around which eachRadio astronomy had its genesis in the              of radio astronomy. At first, the purveyors     mirror could move independently. Thework of Karl Guthe Jansky (1905–1950)               of this new science were engineers,             instrument was completed in 1963, andof the Bell Telephone Laboratories in               who were regarded with deep suspicion           measured the angular diameters ofHolmdel, New Jersey. In 1932, he discov-            by their optical counterparts. For exam-        32 stars before it retired in 1974.ered radio interference at a wavelength             ple, Richard Woolley, then Director of theof 14.5 metres coming from the Milky                Commonwealth Observatory (today’s               The Stellar Intensity Interferometer wasWay; this was largely ignored by the sci-           Mount Stromlo Observatory), was asked           operated by the University of Sydney. Aentific community. Jansky’s antenna, a              in 1947 where he thought radio astronomy        more conventional optical interferometercrude structure of wood and brass rotat-            would be in ten years’ time. “Forgotten,”       was also built and opened in April 1991.ing on wheels purloined from a Model T              was his acerbic reply.                          This was the Sydney University StellarFord, was the first radio telescope.                                                                Interferometer (SUSI), which was a                                                    Eventually, though, the two wavebands           Michelson interferometer with a variableIt was followed in 1937 by the first s teerable-   were seen as complementary, each pro-           baseline variable of 5–640 metres, fed bydish type instrument, a 10-metre diameter           viding different views of the Universe.         a dozen 0.2-metre siderostats operatingreflecting radio telescope that was built           Centres of excellence were established          in pairs. While SUSI achieved an excellentnot by Jansky but by another American,              in Australia, the Netherlands and the           track record in high-resolution opticalGrote Reber (1911–2002). Reber was the              United Kingdom, and instruments such            astronomy, it eventually closed in the faceworld’s sole radio astronomer for almost            as the 76-metre dish at Jodrell Bank            of competition from ESO’s Very Largea decade, observing not just the Milky              (completed in 1957) and the 64-metre            Telescope Interferometer (VLTI) and otherWay but also a range of radio sources. In           dish at Parkes in central western NSW           facilities.
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B. Norris            Figure 2. The 3.9-metre Anglo-Australian Telescope,   for 35–50 % of the time, together with        access to the impressive 76-metre dish            opened in 1974, and became operational the follow-                                                                  atmospheric turbulence as low as any          at Jodrell Bank. Australian optical astron-            ing year.                                                                  other mountain site in Australia. The         omers were similarly challenged, as their                                                                  deciding factor in the selection was the      facilities at Siding Spring were dwarfed            Since 1988, Culgoora has been the                     small country town of Coonabarabran           by the new Parkes Telescope.            location of CSIRO’s Australia Telescope              approximately 30 km away, which could             Compact Array, a group of six 22-metre               provide infrastructure and accommoda-         When the British and Australian govern-             radio dishes movable on a linear track,              tion for the supporting staff.                ments looked jointly at possible sites for             giving a maximum separation of six kilo-                                                           a new 4-metre class telescope during             metres. The Compact Array is part of                 The first telescope was opened at Siding      the late 1960s, Siding Spring was consid-             the Australia Telescope National Facility,           Spring in 1964, a 1-metre Boller and          ered to be the best location in Australia.             which includes the 64-metre Parkes dish.             Chivens reflector quickly made famous         This instrument eventually materialised                                                                  by Bok and his wife, Priscilla Fairfield      as the 3.9-metre Anglo-Australian Tele-                                                                  Bok, through their studies of the Milky       scope (AAT; Figure 2), which became            Siding Spring observatory                             Way. It was followed by two smaller ANU       operational in 1975. Observing time on the                                                                  telescopes and, crucially, by infrastruc-     instrument was allocated equally between            By 1960, the optical telescopes at                    ture such as observer accommodation,          the two countries, an eminently success-            Mount Stromlo Observatory were facing                 power, water and a paved road to              ful arrangement.            increasing light pollution from the                   Coonabarabran.            encroaching suburbs of Canberra. The                                                                The telescope itself was also extraordi-            then-Director, Bart Bok (1906–1983),                  The paucity of observing facilities for       narily successful from the beginning,            initiated the quest for a new dark sky site          Australian and British optical astronomers    partly as a result of its high level of com-             for the Australian National University’s             led to the next major development. Dur-       puter control, the first for any instrument             facilities, and selected Siding Spring               ing the early 1960s British optical astron-   of this size. It was designed with versa             Mountain. This 1200-metre high ridge in              omers had access to a few small tele-         tility in mind, with a set of three inter-             the Warrumbungle Range of north-                    scopes (up to 0.9 m), together with the       changeable 4-tonne top-ends for the tele             western NSW was found to experience                  1.9-metre Radcliffe Telescope at Pretoria,    scope providing a range of focal ratios             spectroscopic conditions for 65 % of                 South Africa, while their colleagues who      from f/3.3 to f/36 at prime, Cassegrain             the time, and photometric conditions                 worked at longer wavelengths had              and coudé focal stations. An auxiliary
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suite of more than a dozen instruments
                                                                                                                                                   ANUwas built to take advantage of this andsatisfy the wide-ranging scientific inter-ests of Australian and British astrono-mers. The AAT was an early pioneer ofelectronic detectors, including the ImagePhoton Counting System (IPCS) devel-oped at University College London byAlec Boksenberg.When used with aspectrograph, the IPCS rendered theAAT at least as powerful as any othertelescope in the world, providing astrono- mers with a unique tool for investigating the detailed properties of every kind of celestial object.

Two other circumstances conspired to
increase the AAT’s potency as a discov-ery machine. Firstly, the southern skywas essentially unexplored by large tele-scopes. Even obvious targets such asthe Galactic Centre and the MagellanicClouds had been observed only at low           Microlensing Telescope are more recent          Figure 3. Siding Spring Observatory from the air,                                                                                               with the dome of the 3.9-metre Anglo-Australianelevations by northern-hemisphere instru-      additions. In January 2013, all Siding                                                                                               Telescope in the centre, the 1.3-m ANU SkyMapperments. Secondly, the British decided to        Spring’s facilities were under threat from       Telescope on the extreme left, and the 1.2-metreconstruct a wide-field photographic sur-       a devastating bushfire that started almost       UK Schmidt Telescope and 2-metre Las Cumbresvey instrument in 1970: the 1.2-metre UK       exactly a decade after the Mount Stromlo         Observatory Telescope on the right.Schmidt Telescope (UKST).                      fire. In the event, the only casualty was                                               the old observer accommodation, which           objectives include the detection of neutralThe UKST opened at Siding Spring on            has been replaced by a multi-purpose            hydrogen in the epoch of reionisation,17 August 1973. Its initial task was to        Lodge.                                          together with heliospheric, ionosphericphotograph the whole of the southern                                                           and interstellar medium research.sky not covered by its near-twin, whichconducted a survey on Palomar Mountain         Advanced radio instrumentation in               Boolardy is also home to CSIRO’s Aus(USA) during the 1950s; the UKST took          Australia                                       tralian Square Kilometre Array Pathfinderthe better part of a decade for this task.                                                     (ASKAP; Figure 4), a radio telescopeIn June 1988, the symbiotic relationship       A hallmark of Australian astronomy, both        under construction since 2009. Whenbetween the two telescopes was formal-         in universities and at national facilities,     completed, ASKAP will have 36 parabolicised, when the UKST became part of             has been the development of innovative          antennas, each 12 metres in diameterthe Anglo-Australian Observatory (AAO)         instrumentation. Radio astronomy leads          and equipped with advanced phasedinstead of an outstation of the Royal          the way in nationally-significant infrastruc-   array feeds with a 6-degree field of view.Observatory, Edinburgh. In 2010, the AAO       ture. Scientists at CSIRO and elsewhere         ASKAP is a survey telescope, with cos-itself transformed into the Australian         have built on the successes of the 20th         mology and early galaxy evolution amongAstronomical Observatory, when the orig-       century, leading international collabora-       its principal scientific objectives. Theinal bi-national agreement was termi-          tions that are now developing major new         12 antennae currently operating generatenated and funding was taken over by the        facilities. The Murchison Widefield Array       5.2 terabytes of data per second —Australian Government.                         (MWA), which exploits Australia’s exper-        approximately 15 % of the entire internet’s                                               tise in low-frequency astronomy, is a joint     data rate. During initial commissioningSiding Spring has continued to attract         project between approximately 15 insti         in January 2017, several fast radio burstsastronomical infrastructure (Figure 3), at     tutions from Australia and abroad. Built        were detected from an as yet unknownleast partly due to its dark skies and leg-    between 2007 and 2012, the facility is          source. ASKAP is likely to detect a fastislative protection against light pollution.   located at the Murchison Radio-astron-          radio burst every few days once it is fullyThe ANU’s 2.3-metre Advanced Technol-          omy Observatory (MRO) at Boolardy in            operational, with good prospects forogy Telescope was inaugurated in 1988,         outback Western Australia. The radio            unravelling the nature of these enigmaticand the privately-funded 2-metre Faulkes       quietness of this area is comparable to        phenomena.Telescope South (now the Las Cumbres            the pristine dark skies of Siding Spring,Observatory 2-metre telescope) followed         and the MWA’s 128 phased dipole anten-         As its name suggests, ASKAP demon-in 2004. The ANU’s 1.3-metre SkyMapper          nas give the telescope an extraordinary        strates the technology of the Square Kilo-telescope and the 1.6-metre Korean              30-degree field of view. Its scientific        metre Array itself, a multi-national facility
6          The Messenger 170 – December 2017
                                                                                                            The 2dF Galaxy Redshift Survey meas-CSIRO
                                                                                                            ured 221 000 galaxies and quickly
                                                                                                            became one of the most productive pro-                                                                                                            jects at the AAO in terms of both publica-                                                                                                            tions and citations. It helped establish                                                                                                            the “missing link” between temperature                                                                                                            fluctuations in the cosmic microwave                                                                                                            background radiation and today’s distri-                                                                                                            bution of galaxies. Building on this                                                                                                            success, the AAO produced a series of                                                                                                             stationary spectrographs to be fed by                                                                                                             2dF. This included both the intermediate-                                                                                                             dispersion AAOmega instrument in 2006,                                                                                                             which remains one of the world’s most                                                                                                             powerful spectroscopic survey instru-                                                                                                             ments, and HERMES in 2014, a high-                                                                                                             dispersion spectrograph designed for                                                                                                             galactic archaeology.
                                                                                                            In 2001, the UKST also began a new
                                                                                                            role as a dedicated spectroscopic survey                                                                                                            telescope using a robotic instrument        Figure 4. 12-metre antennae of the Australian Square   Integral-Field Spectrometer (NIFS) and       called 6dF, originally a prototype for the        Kilometre Array Pathfinder in Western Australia.                                                               Gemini South Adaptive Optics Imager          OzPos fibre positioner delivered to Unit                                                               (GSAOI). The Advanced Instrumentation        Telescope 2 of the VLT in 2003. Its first        that will be the world’s largest telescope             Technology Centre (AITC) at Mount            major project was the 6-degree Field        when completed in the late 2020s. The                  Stromlo also provides excellent facilities   Galaxy Survey (6dFGS). UKST also con-        SKA will consist of widely-dispersed radio             for instrumentation scientists and engi-      ducted the RAdial Velocity Experiment        arrays in Southern Africa, New Zealand                 neers at RSAA.                                (RAVE) survey, a multi-national project        and Australia; due to its radio quietness,                                                           that measured the radial velocities and        the MRO will be one of its core sites. The             The AAO’s scientists and engineers            physical parameters of half a million stars.        primary science objectives are centred                 have honed their skills developing novel      Two new UKST surveys, Taipan and        on fundamental cosmology and extraga-                  instruments for use with the AAT. In 1979,    FunnelWeb, will use a novel fibre posi-        lactic astronomy, with an emphasis on                  observations at infrared wavelengths with      tioner in which each of the 300 fibres is        black holes, large-scale structure, and                the Infrared Photometer-Spectrometer           positioned by its own micro-robot rather        the Universe’s “Dark Ages”.                            (IRPS) enabled the AAT to see through          than a pick-place machine (Figure 5).                                                               dust clouds and study the earliest stages      This “Starbugs” technology was devel-        Astrobiology will also feature among SKA’s             of star formation. The infrared instrumen-     oped by the AAO as a demonstrator for        scientific programmes, with prebiotic                  tation that followed, the InfraRed Imaging     the proposed Many Instrument Fiber        chemistry, protoplanetary discs, and the               Spectrometer (IRIS) and later IRIS2, also      System (MANIFEST), on the 25-metre        search for extraterrestrial intelligence               produced spectacular results, including         Giant Magellan Telescope.        being of interest. The Parkes Observatory              imaging the 1994 impacts of Comet        is already working on pathfinders of the               Shoemaker-Levy 9 fragments with Jupiter,     Another recent innovative instrument on        latter area of research; 25 % of its ob              as well as detailed observations of galac-   the AAT is the Sydney-AAO Multi-object        serving time is currently devoted to the               tic and extragalactic targets.               Integral field spectrograph (SAMI), which        “Breakthrough Listen” initiative.                                                                   deploys 13 integral field units (IFUs) over                                                               However, it was the early use of optical     a one-degree field of view and is being                                                               fibres that set the AAO on its current       used to conduct the first major IFU sur-        Optical instrumentation and the AAO                    course. While multi-fibre spectroscopy       vey of nearby galaxies. AAT instruments                                                               was not invented at the AAO, it was          currently in development include HECTOR        Advanced instrumentation is also flour-                transformed from an interesting novelty to   (a more powerful version of SAMI) and        ishing in Australian optical astronomy.                a highly productive technique during the     Veloce, a stabilised high-resolution        The ANU’s Research School of Astron-                   early 1980s at the AAT and UKST. After       (R ~ 80 000) echelle spectrograph for        omy and Astrophysics (RSAA) at Mount                   pilot surveys, the AAO unveiled 2dF (Two     stellar spectroscopy.        Stromlo, for example, has a fine track                 Degree Field) in the mid-1990s, which        record of developing hybrid imaging                    allowed the spectra of 400 objects to be     Other AAO instrument projects include        detectors. It has completed two instru-                obtained simultaneously using robotically-   the Australian–European Southern        ments for the 8-metre telescopes of the                positioned fibres.                           Observatory Positioner (AESOP), a 2400-        Gemini Observatory: the Near-infrared                                                               fibre tilting-spine positioner for ESO’s
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                   The Organisation                                       Watson F. & Couch W., Astronomy in Australia
                                                                                                                         at La Silla and Paranal. Access to the
Kyler Kuehn, AAO
                                                                                                                         four 8.2-metre Unit Telescopes of ESO’s
                                                                                                                         VLT at Paranal is an important prize for                                                                                                                         Australian astronomers, whose critical                                                                                                                         need for time on telescopes in this class                                                                                                                         has been highlighted in successive                                                                                                                         Decadal Plans for Australian Astronomy,                                                                                                                          including the current one (2016–2025).                                                                                                                          Short-term financial arrangements with                                                                                                                          other 8-metre class facilities provide little                                                                                                                          opportunity to contribute to the design                                                                                                                          and procurement of advanced instrumen-                                                                                                                          tation for the telescopes, an area in which                                                                                                                          Australia has particular expertise. The                                                                                                                          new partnership with ESO explicitly aims                                                                                                                          to capitalise on that know-how, with                                                                                                                          promised benefits not only for technologi-                                                                                                                          cally-adept institutions such as the AAO,                                                                                                                          but for partners in Australian universities                   Figure 5. “StarBugs” on the glass focal plate of the   future astronomical instrumentation is          and industry.                   1.2-metre UK Schmidt Telescope. Each Bug is eight                                                                          not in doubt. A new era of instrument-                   millimetres in diameter and contains an autonomous                   positioning robot, three metrology fibres and a        building awaits the engineers and scien-       However, technology is only one of the                   science-fibre payload.                                tists of AAO, and it is expected that ESO      reasons ESO welcomes Australian                                                                          will be one of its principal benefactors.      involvement. Another — also highlighted                                                                                                                         in successive Decadal Plans — is the                   4-metre Visible and Infrared Survey Tele-              As well as the high-profile work outlined      high-impact science carried out by                   scope for Astronomy (VISTA), and the                   here, there are numerous university            Australian astronomers. It has often been                   Gemini High-Resolution Optical SpecTro-                research endeavours in a range of fields        stated that Australian astronomical                   graph (GHOST) for the Gemini South tele-               including cosmic ray astronomy, gravi          research “punches well above its weight”,                   scope in collaboration with the Herzberg               tational wave astronomy, and space              and Australia’s scientific clout can only                   Institute for Astrophysics in Canada and               physics. Major facilities can also eclipse      be increased by access to ESO’s facili-                   the Australian National University. More               important activities in smaller observa        ties. Australian astronomers became                   fundamental instrumentation research is                tories; for example, the research con-          eligible in Period 101 to compete for time                   also being carried out, particularly in                ducted by the University of Southern             alongside astronomers based in ESO                   astrophotonics. In collaboration with the              Queensland’s Mount Kent Observatory              Member States, and no fewer than 55                   University of Sydney, Macquarie University             and public outreach at the former Govern-        Australian-led proposals were submitted.                   and the University of Western Australia,               ment Observatory in Perth, Western                   the AAO has tested OH-suppression                      Australia.                                     Excluded from the new partnership is the                   devices based on fibre Bragg gratings, as                                                             Atacama Large Millimeter/submillimeter                   well as slab-waveguide photonic spectro-                                                              Array (ALMA), since access to this 5100-                   graphs and photonic-comb calibration                   Australia and ESO                              metre high submillimetre facility has lower                   cells. The work on these devices is                                                                   priority for Australian astronomers than                   expected to radically change the way in                Australian astronomers have long cov-          access to 8-metre class optical tele-                   which astronomical instruments are built,              eted the idea of an affiliation with ESO.      scopes. Likewise the Extremely Large                   plus add entirely new capabilities.                    They warmly applauded on 11 July 2017          Telescope is excluded due to Australia’s                                                                          at an event at the Astronomical Society of     established participation in the proposed                   Following the recent launch of Australia’s             Australia’s Annual Scientific Meeting in       25-metre Giant Magellan Telescope, also                   ten-year strategic partnership with ESO,               Canberra, when Arthur Sinodinos (Minis-        in northern Chile. Eventually, Australia will                   the AAO will split into two separate entities          ter for Industry, Innovation and Science)      have the opportunity to enter into full ESO                   as of 1 July 2018. Operation of the AAT                and Tim de Zeeuw (ESO Director General)        membership with access to ALMA and                   and UKST will be passed over to a con-                 exchanged signatures to inaugurate the         the ELT. While it is difficult to chart the                   sortium of Australian universities led by              strategic partnership.                         financial landscape over the course of the                   the ANU, which owns the Siding Spring                                                                 current decade-long partnership, there is                   site. The AAO’s instrumentation and                    What exactly does this arrangement             optimism that this is a real possibility.                   astronomy groups will be handed over to                involve? While current fiscal realities pro-                   the research sector. The exact details                 hibit full Australian membership of ESO,                   of these new arrangements are yet to be                the ten-year strategic partnership that                   defined; however the AAO brand name                    Australia formally entered on 11 July 2017                   will be retained to ensure the pedigree of             provides long-term access to the facilities
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               The four laser guide stars of the Adaptive Optics
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First Light for GRAVITY: A New Era for
Optical InterferometryGRAVITY Collaboration:                                           With the arrival of the second generation     Phase referencing optical interferometry Roberto Abuter8, Matteo Accardo8, António Amorim6,              instrument GRAVITY, the Very Large            for the VLTI Narsireddy Anugu7, Gerardo Ávila8, Myriam Benisty5,                                                                 Telescope Interferometer (VLTI) has Jean-Philippe Berger5, Nicolas Blind9, Henri Bonnet8, Pierre Bourget8, Wolfgang Brandner 3, Roland Brast8,            entered a new era of optical interferom-      As part of GRAVITY, each of the four Alexander Buron1, Frédéric Cassaing10, Frédéric                 etry. This instrument pushes the limits       8.2-metre Unit Telescopes (UT) has been Chapron2, Élodie C     hoquet 2, Yann Clénet 2, Claude         of accuracy and sensitivity by orders         equipped with a Coudé Infrared Adaptive Collin2, Vincent Coudé du ForestoI2, Willem-Jan de                                                                 of magnitude. GRAVITY has achieved            Optics (CIAO) system, which corrects Wit8, Tim de Zeeuw8, 14, Casey Deen1, Françoise Delplancke-Ströbele 8, Roderick Dembet8, Frédéric              phase-referenced imaging at approxi-          atmospheric perturbations and stably Derie 8, Jason Dexter1, Gilles Duvert5, Monica Ebert3,          mately milliarcsecond (mas) resolution        injects the light from two adjacent astro- Andreas Eckart4, 13, Frank E    isenhauer1, Michael            and down to ~ 100-microarcsecond              physical objects into optical fibres. TwoEsselborn 8, Pierre Fédou2, Gert Finger 8, Paulo                                                                 astrometry on objects that are several        fibres per telescope feed two integratedG arcia7, Cesar Enrique Garcia Dabo 8, Rebeca Garcia Lopez3, Feng Gao1, Éric Gendron2, Reinhard                      hundred times fainter than previously         optics beam combiners: one for eachG enzel1, 15, S tefan Gillessen1, Frédéric Gonté 8, Paulo      observable. The cutting-edge design           object. Each beam combiner pairwise Gordo 6, Marion Grould2, Ulrich Grözinger 3, Sylvain            presented in Eisenhauer et al. (2011) has     combines the telescopes and samples the Guieu 5, 8, Pierre Haguenauer 8, Oliver Hans1, Xavier                                                                 become reality. This article sketches         resulting six fringe patterns at four phase- Haubois 8, Marcus Haug1, 8, Frank Haußmann1, Thomas Henning3, Stefan Hippler3, Matthew H       orrobin4,   out the basic principles of the instrument    shifted locations. Those 24 outputs are Armin Huber 3, Zoltan Hubert 2, Norbert Hubin 8,                design and illustrates its performance        dispersed by a spectrometer and imaged Christian A. Hummel 8, Gerd Jakob8, Lieselotte                  with key science results obtained dur-        onto a detector. One of the two beam Jochum 8, Laurent Jocou 5, Martina Karl1, Andreas                                                                 ing commissioning: phase-tracking on          combiners serves as a fringe-tracker. It Kaufer 8, Stefan Kellner1, 13, Sarah Kendrew 3, 11, Lothar Kern 8, Pierre Kervella 2, 12, Mario Kiekebusch 8, Ralf         stars with K ~ 10 mag, phase-referenced       is equipped with a low-resolution spec- Klein3, Johan Kolb8, Martin Kulas3, Sylvestre Lacour 2,         interferometry of objects fainter than        trometer and a fast camera optimised Vincent Lapeyrère2, Bernard Lazareff5, Jean-                   K ≳ 17 mag, minute-long coherent inte-        to measure the fringe phase at kHz fre- Baptiste Le Bouquin 5, Pierre Léna 2, Rainer Lenzen3,                                                                 grations, a visibility accuracy of better     quency. The fringe-tracker measures and Samuel Lévêque 8, Magdalena Lippa1, YvesM agnard 5, Leander Mehrgan 8, Marcus Mellein3,                than 0.25 %, and spectro-differential         corrects atmospheric piston perturbations Antoine Mérand 8, Javier Moreno-Ventas 3, Thibaut               phase and closure phase accuracy              in real time, which permits long integra- Moulin 5, Eric Müller 3, 8, Friedrich Müller 3, Udo             better than 0.5 degrees, corresponding       tion times on the second beam combiner.N eumann3, S ylvain Oberti 8, Thomas Ott1, Laurent                                                                  to a differential astrometric precision of Pallanca8, Johana Panduro3, Luca Pasquini8, Thibaut Paumard2, Isabelle Percheron 8, Karine Perraut5, Guy             a few microarcseconds (μas).                 The active stabilisation of the science Perrin2, Pierre-Olivier Petrucci 5, Andreas Pflüger1,                                                         channel allows the integration time Oliver Pfuhl1, Thanh Phan Duc 8, Philipp M. Plewa1,                                                           to be increased from a few milliseconds Dan Popovic 8, Sebastian Rabien1, Andrés Ramírez8,                                                                 GRAVITY was developed in a collaboration      (atmospheric coherence time) to hun- Jose Ramos 3, Christian Rau1, Miguel Riquelme 8, Gustavo Rodríguez-Coira 2, Ralf-Rainer Rohloff 3,               between the Max Planck Institute for Extra-   dreds of seconds. The resulting leap inA lejandra Rosales1, Gérard Rousset 2, Joel Sanchez-            terrestrial Physics, LESIA of Observatoire    sensitivity opens up a wide range of Bermudez3, Sylvia Scheithauer 3, Markus Schöller 8,             de Paris/CNRS/UPMC/Université Paris          applications, from very faint targets at Nicolas Schuhler8, Jason Spyromilio8, Odele Straub2,                                                                 Diderot and IPAG of Université Grenoble       low spectral resolution to moderatelyChristian Straubmeier4, Eckhard Sturm1, Marcos Suarez8, Konrad R. W. Tristram 8, Noel Ventura5,                Alpes/CNRS, the Max Planck Institute          bright targets at high spectral resolution. Fédéric Vincent 2, Idel Waisberg1, Imke Wank4, Felix            for Astronomy, the University of Cologne,     Furthermore, GRAVITY provides dual- Widmann1, Ekkehard Wieprecht1, Michael Wiest4,                  CENTRA–Centro Multidisciplinar de             field astrometry by precisely measuring Erich Wiezorrek1, Markus Wittkowski8, Julien Woillez8,                                                                 Astrofísica (Lisbon and Porto) and ESO.      the optical delay between two distinct Burkhard Wolff 8, Senol Yazici1, 4, Denis Ziegler 2, Gérard Zins 8                                                                                                 objects with a dedicated metrology sys-                                                                 GRAVITY was shipped to Paranal in July        tem. This yields object separations with1  Max Planck Institute for Extraterrestrial Physics,             2015 (Figures 1 and 2). After roughly         an exquisite accuracy of a few tens of μas.Garching, Germany; 2LESIA, Observatoire de                                                                 one year of installation and commission-Paris, PSL Research University, CNRS, SorbonneUniversités, UPMC U    niversité Paris 6, Université            ing, the instrument was offered to the        Both single-field (where a beam splitterParis Diderot, Sorbonne Paris Cité, France; 3Max                 scientific community for the first time in   injects the light from a single object intoPlanck Institute for Astronomy, Heidelberg, Germany;              October 2016. The observations we            the two fibres) and dual-field modes are4  I. Physikalisches Institut, University of Cologne,                                                                  report here include objects and results      offered to the community, with a spectralGermany; 5Institut de Planétologie et d’Astrophysiquede Grenoble (IPAG), Université Grenoble Alpes,                    that were out of reach for any previous      resolution up to 4000 and a limiting mag-CNRS, IPAG, France; 6CENTRA — U         niversidade de           interferometric instrument. Most notable     nitude of K = 8 in single-field mode usingLisboa — Faculdade de Ciências, Portugal; 7CENTRA                are observations of the Galactic Centre      the 1.8-metre Auxiliary Telescopes (ATs)— Universidade do Porto — Faculdade de Engenharia,                                                                  black hole Sagittarius A* (Sgr A*) and       and K = 10 on the 8-metre UTs dependingPortugal; 8ESO; 9Observatoire de Genève, Universitéde Genève, Switzerland; 10ONERA, The French                       the nearby star S2 (Figure 3); the micro-    on weather conditions. In dual-field mode,Aerospace Lab, Châtillon, France; 11European Space               quasar SS 433; and 50-microarcseconds        the offered limiting magnitude is 0.5 mag- Agency, Space Telescope Science Institute, Baltimore,            accuracy astrometry of the M-dwarf           nitudes fainter on the fringe-tracker, and USA; 12Unidad Mixta Internacional Franco-Chilena                                                                  binary system GJ 65. More details about      3.5 magnitudes on the science channel. de Astronomía (CNRS UMI 3386), D      epartamento de Astronomía, Universidad de Chile, Santiago, Chile;               GRAVITY and early commissioning              Dual-field astrometry is still under com- 13    Max Planck Institute for Radio Astronomy, Bonn,               results can be found in GRAVITY Collabo-     missioning. The first observations show Germany; 14Leiden Observatory, The Netherlands;                  ration (2017 a, b, c and d).                 residuals as low as 50 μas when follow- 15    Department of Physics, University of California,                                                                                                               ing objects over several months. Berkeley, USA
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Figure 1. After ten years of design and realisation in                                                          Figure 2. GRAVITY in the integration hall immediatelyEurope, GRAVITY was shipped to Chile and brought                                                                after shipment.up to Cerro Paranal in these two trucks in July 2015.
                                                                                                                Dynamics around the Galactic Centre
                                                                                                                black hole
                                                                                                                Probing the gravitational potential around
                                                                                       S2                       the Galactic Centre black hole Sgr A*          GCIRS 7                                                                                                                (for example, Genzel et al., 2010) has been                                                                                                                the primary science case and design                                                                                                                driver of the instrument, hence the name         GCIRS 16C                                                                                              GRAVITY (Paumard et al., 2008). The                                                                                                                stellar orbits in the Galactic Centre are                                                                                                                thus far perfectly Keplerian and give the                                                                                                                best estimate of the black hole mass                                                                                                                and its distance from Earth. The S stars                                                                                                                within one arcsecond of Sgr A* provide                                                                                                                ideal test particles, probing space-time                                                                                                                in the vicinity of the black hole. With                                                                                                                GRAVITY we want to detect general rela-               Predicted relativistic orbit                                                                      tivity effects in the orbits of those stars   S2               Keplerian orbit                                                                                                                 as deviations from Keplerian motion. S2                                                                                                                 is the best-suited star for this experiment           Δω = 12ಿ                                                                                              known so far.  2019     9                                                                                          S2
                                                                                                                Sgr A* is also surrounded by an inflow/
                                                                                                                outflow region known to exhibit flares:                                                                                                                outbursts of energy that occur approxi-                                                                                                                mately once per day. The short timescale                                                                                                                and large-amplitude brightness varia-                            SgrA*               2017                                                              SgrA*                                             tions indicate that the flaring occurs a few                                                                                                                Schwarzschild radii from the central mass.                                                                                                                If confirmed this means the flares are             2018                                                                                50 mas                          additional probes for measuring the gravi-                                                                                                                tational potential near the event horizon.Figure 3. Top left: The central 20 arcseconds in the     orbits of S2 amounts to 12 arcminutes. Bottom          The Galactic Centre observations provideGalactic Centre with the adaptive optics and fringe-     right: Reconstructed image from the first detection                                                                                                                a good illustration of the various GRAVITYtracking reference stars. Top right: The central         of Sgr A* by GRAVITY on 21 September 2016. Thearcsecond as seen with the VLT instrument NAOS-          slight elongation is due to the geometry of the        subsystems: the very bright M1 supergiantCONICA (NACO). Bottom left: The shift between the        observatory projected on sky and is not intrinsic to   GCIRS 7 is picked up by the star separa-predicted Keplerian (yellow) and relativistic (white)    the source.                                            tors to feed the CIAO infrared wavefront

                                                                                                                The Messenger 170 – December 2017                 11
Telescopes and Instrumentation                                                     GRAVITY Collaboration, First Light for GRAVITY: A New Era for Optical Interferometry                   – 421.0 km s–1              – 274.0 km s–1                            – 128.0 km s–1           18.0 km s–1              165.0 km s–1             311.0 km s–1
                                                   A0-G1-J2-K0                                                                                   3.5                                                   A0-G2-J2-J3
                                                                                   3.0            100                                                                                                                                                              Brγ                                                                 Normalised flux
                                                                                   2.5North (m)
                                                                                                                 He I              0                                                                    2.0
                                                                                   1.5
            –100                                                                                   1.0
                                                                                   0.5                          100          0          –100                                        2.04        2.06      2.08        2.10      2.12       2.14        2.16        2.18        2.20                                    East (m)                                                                                      Wavelength (m)
                   – 424.0 km s–1              – 270.0 km s–1                            – 116.0 km s–1           38.0 km s–1              192.0 km s–1             346.0 km s–1
                          20 mas
sensors; the blue supergiant GCIRS 16C                                             The continuous monitoring during 2017                 Figure 4. (Above) Interferometric imaging of η Car.                                                                                                                                         Middle left: UV coverage of the GRAVITY observa-(K = 9.8) feeds the fringe-tracker; and                                            provides us with the astrometric baseline                                                                                                                                         tions. Middle right: Normalised GRAVITY spectrumS2 and Sgr A* feed the science channel.                                            necessary for the detection of general                of η Car. Top (bottom): Six of the reconstructedAnother nearby star serves as a local                                              relativistic deviations in S2’s orbit. Only           images across the Brγ (He I) line.calibrator. S2 and GCIRS 16C show clo-                                            GRAVITY and the VLTI will allow the sure phases close to zero and visibilities                                        detection of S2’s Schwarzschild preces- around unity, indicating that they are                                            sion soon after the pericentre flyby in               provide a direct measurement of the isolated and unresolved (i.e., ideal astro-                                      spring 2018.                                          black hole’s spin.  metric references).                                                                                   As we anxiously await the pericentreThe Galactic Centre observations                                                   approach, we are constantly improving                 Spectro-imaging of Eta Carinae at milli-began in September 2016 with fireworks.                                            the instrument calibration and data                   arcsecond resolutionThe very first long exposures detected                                             reduction. Based on signal-to-noise cal-a moderate flare from Sgr A* (K = 15),                                            culations we are confident that in the                Eta Carinae (η Car) is one of the mostwith visibility and phase signatures that                                          near future, the observations will reach              intriguing luminous blue variables in theare typical for a binary system. Recon-                                            K ~ 19 sensitivity and contrast ratios                Galaxy. Models of its radiation from infra-structed images (Figure 3) revealed two                                            of a few hundred. This additional increase            red to X-ray wavelengths imply that itsobjects in the interferometric beam: Sgr                                           in sensitivity will hopefully permit the              core contains a binary star. The stellarA* in its flaring state and S2. Since the                                          detection of faint stars — which are pre-             wind from the secondary star creates ainitial observations, we have been moni-                                          dicted to exist based on stellar density              cavity inside the wind from the primary. toring Sgr A* on a monthly basis. Sur                                            extrapolations — with orbital periods                 Using the array of ATs, we imaged η Car prisingly, we detected the infrared coun-                                         lasting a few years or even a few months.             with GRAVITY in February 2016. The terpart of Sgr A* at all times in various                                         If found, these stars could allow the                 high spectral resolution mode (R = 4000) brightness states. At the same time we                                            detection of higher-order relativistic per-           allowed us to map η Car’s wind-wind followed S2 over its orbit with a measura-                                        turbations such as Lense-Thirring preces-             collision zone in atomic hydrogen (Brγ ble day-to-day motion.                                                            sion and frame dragging, and ultimately                at 2.1661 μm) and, for the first time, in
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atomic helium (He I at 2.0587 μm; Figure 4).The first and last image of each series                            2.28reveal the continuum image of η Car, a                                                Δδ (ೀ)                                                                   2.26compact structure of 5 milliarcseconds in                          2.24size. This is the primary wind (Weigelt etal., 2016).                                                                0.30         0.25    0.20       0.15      0.10       0.05     0.00                                                                                                       Δα (ೀ)                                                                    3.0The GRAVITY data also confirm the pres-                                                                                            Figure 5. Dual-beam astrometry of theence of the wind-wind collision cavity                                                                                             M-dwarf binary GJ 65. Top: Astrometry                                                                    2.5                                                            from five observing epochs in 2016–2017observed with the VLTI instrument Astro-                                                          2016 2018                        and the best quadratic fit (black) to thenomical Multi-BEam combineR, AMBER                                                                            2020                 GRAVITY data. Bottom: The GRAVITY data                                                                    2.0(Weigelt et al., 2016) at a velocity of                                                                                            match the orbit of GJ 65 from Kervella et– 275 km s –1. The bright arc-like feature in                                                                                      al. (2016) perfectly well, based on seeing                                                                    1.5                                            2022            limited and adaptive optics observations.the south-east, observed at blue-shifted                                                                                           The sizes of the discs represent the                                                ΔDeclination (ೀ)
velocities, could be part of the hot wind                                                                                          uncertainties of the single telescope imag-due to a shock between the cavity arms                              1.0                                                            ing data points.after the most recent periastron passagein 2014 (Madura et al., 2013). The He I                             0.5images show how ultraviolet photons                                                                              2024from the secondary star ionise the wind                            0.0from the primary. These images illustrateGRAVITY’s imaging capabilities, with six                           –0.5simultaneous baselines and the full K-bandat high spectral resolution. It reveals the                        –1.0                        2026stellar and wind parameters of large starslike η Car, and ultimately predicts their                          –1.5                                                                          2.0     1.5    1.0    0.5   0.0 –0.5     –1.0evolution and fate.                                                                     ΔRight ascension (ೀ)
                                                August 2016 and October 2017. Our                                         Our K-band continuum observationsTowards dual-field astrometry                   measurements (Figure 5) show an unprec-                                   show a disc around each component                                                edented accuracy of ~ 50 microarcsec-                                     with h alf-flux radii of about 0.1 astronomi-The dual-field design of GRAVITY paves          onds, and we detect the orbital accel                                    cal units (au), and inclinations and posi-the way for interferometric narrow-angle        eration. Further observations will be able                                tion angles identical within the uncertain-astrometry (Shao & Colavita, 1992). Dif-        to detect Jovian planets around nearby                                    ties of a few degrees. This reveals thatferential phase measurements between            M-dwarf binaries such as GJ 65. The                                       the two stars formed from the fragmenta-the fringe-tracker and science channels         detection of Earth-like planets requires                                  tion of a common disc. Moreover, theremove most sources of systematic un          improved modelling and correction of the                                  variations of the interferometric quantitiescertainty. However, one needs to measure        various systematic errors in order to                                     as a function of wavelength through thethe differential optical path delay between     achieve the design goal of 10-microarcsec-                                emission lines from atomic hydrogen in Sthe two fringes by means of GRAVITY’s           ond accuracy.                                                             CrA North reveal complex dynamics in ametrology system. The fundamental limi-                                                                                  compact region (0.06 au) located welltation becomes the atmospheric fluctu                                                                                    within the dust sublimation radius. Thisations, which — for separations of a            Accretion and ejection mechanisms in                                      region is twice as large as the innerfew arcseconds — average out to about           the binary T Tauri system S CrA                                           truncation radius below which accretion10 microarcseconds within minutes.                                                                                         onto the star is magnetically driven. ThisReaching such accuracy will allow, for          We have observed both components of                                        suggests the coexistence of a stellarexample, the detection of the reflex motion     the binary system S Coronae Australis                                      wind with magnetospheric accretion ontoof a low-mass star (0.1–0.5 M⊙) due to          (S CrA North and South) using GRAVITY                                      S CrA North (Figure 6).the presence of an Earth-mass planet on         and the UT array. This system (130 pca one-year orbit.                               from Earth) consists of an early G-type                                                primary (K = 6.6) and an early K-type sec-                                A high-mass X-ray binary at microarcIn that respect, the well-studied binary        ondary star (K = 7.3). Each component is                                  second accuracyGJ 65 AB, 2.68 pc from the Sun, is prom-        a classical T Tauri star. With an apparentising. Its two very-low-mass M-dwarf            separation of 1.4 arcseconds, we have                                     The high-mass X-ray binary (HMXB)components (~ 0.12 M⊙ each; Kervella et         been able to employ the dual-field mode,                                  BP Cru consists of a slowly rotating neu-al., 2016) orbit each other in 26.28 years      thereby doubling the flux in each channel                                 tron star (GX 301-2) accreting from thewith a semi-major axis of 2.05 arcsec-          compared to single-field observations. We                                 wind of its blue hypergiant companiononds. We observed GJ 65 AB repeatedly           swapped between the two components to                                     (Wray 977; Kaper et al., 2006). Like mostwith the AT array and GRAVITY between           observe both at high resolution (R = 4000).                               X-ray binaries, the orbital system size
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                                                                                                                                                                                                                   Figure 6. Artist’s impression of the
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                                                                                                                                                                                                                   S CrA binary T Tauri system. GRAVITY
                                                                                                                                                                                                                   data reveal details at an unprece-                                                                                                                                                                                            S CrA South            dented small scale. The northern                                                                                                                                                                                                                   c omponent shows a complex mixture                                                                                                                                                                                                                    of ejection and a  ccretion between                                                                                                                                                                                                                    the scale of the magnetosphere                                                                                                           Protostellar jet                                                                                         (0.03 au) and of the sublimation radius                                                                                                                                                                                                                    (0.1–0.15 au). The spin axes of the                                                                                                                                                                                                                    two accretion discs are almost aligned,                                                                                                                                                                                                                    suggesting that they formed from                                                                                                                                                                                                                    a common precursor disc. The con-                                                                                Wind                                                                                                                                trast between the large separation                                                                                                                                                                                                                    (1.4 arcseconds or about 200 au) and                                                                                                                                                                                                                    the small size of each component has                                                                                                                                                                                                                    been artificially reduced in this artist’s                                                                                                                                                                                                                    impression.
                                                            Magnetosphere                                                                          Sublimation radius
                                                                                                   Outer disc
                                                                    Protostellar jet
                                                                                                   S CrA North
                                                                                                       0.25 au
                            (< 1 mas) is smaller than the resolution                                  with GRAVITY and the UTs in high spec-                                                         function of velocity. The data reveal an                            of even the largest optical/near-infrared                                 tral resolution (R = 4000) with a total                                                        extended (~ 4 R ) and distorted wind                                                                                                                                                                                                                     *                            interferometers. However, using the tech-                                 on-source integration of 2100 s. The dif-                                                      around the donor star, as well as the pos-                            nique of spectral differential interferome-                               ferential visibility and phase across the                                                      sible presence of a gas stream previously                            try, it is possible to obtain spatial informa-                            Brγ line of atomic hydrogen (shown in                                                          predicted from the X-ray lightcurve (Leahy                            tion on much smaller scales of a few                                      Figure 7) resolve the centroid shift and                                                       & Kostka, 2008). The GRAVITY phase                            microarcseconds. BP Cru was observed                                      extension of the flux distribution as a                                                        errors of 0.2 degrees correspond to a
                                                    1.01                                                                                                                                                                  1                                                    1.00                                                     0.4                                                                                                        1.4                                                                                                                                                                                                                                                Figure 7. Tracing the                                                    0.99                                                                                                                                                                                        inner region of the                                                                                                                                        Differential phase (°)
                                                                                                             0.3                                                                                                        1.3                          Differential visibility

                                                                                                                                                                  0 0                                                                           HMXB BP Cru. The
                                                                                                                                                                                                                              Normalised flux
                                                    0.98                                                                                                                                                                                        upper figures show the
                                                                                                                   Flux ratio
                                                    0.97                                                                                                                                                                                        differential visibility (left)
                                                                                                             0.2                                                                                                        1.2                                                                                                                                                                                                                                                and phase (right) for                                                                                                                                                                 –1                                                    0.96                                                                                                                                                                                        the UT1–UT4 baseline                                                                                                             0.1                                                                                                        1.1                     across the Brγ line as                                                    0.95                                                                                                                                                                                        well as the flux profile.                                                    0.94                                                                                                         –2                                                                             Their combination                                                                                                             0.0                                                                                                        1.0                     measures the c entroid                                                    0.93                                                                                                                                                                                        position and extension                                                                                                                                                                                                                                                of the flux distribution as                                                    0.92                                                     −0.1                                                            2.160          2.165     2.170         2.175                                                                2.160       2.165       2.170         2.175                             a function of velocity,                                                                           Wavelength (µm)                                                                                          Wavelength (µm)                                             shown in the lower left                                                     30                                                                                                                                                                                         panel, with typical errors                                                                                                                                                                 0.4             GX 301-2                 BP Cru                                of 2 microarcseconds.                                                     20                                                                                                                                                                                                                                                The data show an                                                                                                                                Declination (mas)
                                                     10                                                                                                                                                                                         extended and distorted
                          Declination (µas)                                                                                                                                                                 0.2                                                                                                                                                                                                                                                wind around the donor                                                      0                                                                                                                 Red wind                                                                star, with a blue side                                                                          Continuum                                                                                                             Wray 977                                                                                                                                                                 0.0                                                                            about two times larger                                                    –10                                                                                                                 Blue wind                                                               than the red side. Fur-                                                                                                                                                          –0.2                                                                                  ther, the data support                                                    –20                                                                                                                                                                                                                                                the presence of a gas                                                                                                                                                                                 Stream       to Earth                                                    –30                                                                                                                                                                                         stream (bottom right),                                                                                                                                                         −0.4                                                                                   as predicted from X-ray                                                    –40                                                                                                                                                                                         data to explain the                                                           40        20       0       –20    –40       –60                                                                 0.5            0.0           –0.5                                    asymmetry probed by                                                                    Right ascension (µas)                                                                                             Right ascension (mas)                                     the differential phases.
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                                                                                 2.5                                                                                     Figure 8. The microquasar SS433.
                                                Vis. amplitude Normalised flux
 (a) MERLIN + global VLBI            SS 433                                                                                  Brγ                                 (d)     The large-scale structure of the rela-                                                                                 2.0   He I                                                                                              Brδ–                            He I– Brγ+                  Brγ−           tivistic jets of SS 433 has been pre-                                                                                 1.5                 He I+                                                               viously studied with radio interfer-                                                                                                                                           Spectrum                                                                                 1.0                                                                                     ometry using the Multi-Element                                                                                                                                                                         Radio Linked Interferometer Network                                                                                 1.1                                                                                     (MERLIN), the Very Long Baseline                                                                                 1.0                                                                                     Interferometer (VLBI) and the Euro-                                                                                                                                                                         pean VLBI Network (EVN) (panels a                                                                                 0.9                                                                                                                                                                         and b). For the first time GRAVITY                                                                                 0.8                                                                                     has spatially resolved the wind and                                                                                                                                           Visibility                                                                                 0.7                                                                                     redshifted (v/c ~ 0.26) emission lines                                                                                 20                                                                                      from the baryonic jet. The K-band                                                Vis. phase (°)
                                                                                                                                                                         spectrum from GRAVITY shows
                                                                                  10                                                                                     several lines from the jet (shown in                                                                                   0                                                                                     panel d as red/blue for the receding/                                                                                 –10                                                        Phase                        approaching jets) in Brγ, Brδ and                                                                                                                                                                         He  I, as well as stationary lines from                                                                                 –20                   500 mas                                                             2.05          2.10            2.15    2.20      2.25             2.30      2.35   Brγ and He I. Differential visibilities                                                                                                                         Wavelength (µm)                                 and phases are seen across all lines                                                                                                                                                                         (d), allowing models of the emission (b) EVN + VLBA + Y1                                               (c) VLTI/GRAVITY                          Je                                    N                     regions at sub-milliarcsecond                                                                                                               t in                                                                                                                    t                                                    scales (c).                                                                                                               pro ensi                                                                                                                   fi l e t y                                                                                                                              1                                                                                                                                     E                                                                                                            1.7                                                                                                                                                        consortium (Mérand et al., p. 16; Kraus                                                                                                                m   as                                  et al., p. 45), The Messenger celebrates                                                                                                                     -1/                                the dawn of a new era for optical                                                                                                                         e                                                                                                                                                        interferometry.
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GRAVITY Science Verification

Antoine Mérand1                                                                                                                     Figure 1. This is a Sparse Aperture
                                                                                                                                    Masking image of the systemJean-Philippe Berger2                                                                                                                                    HD 93206 taken with NACO usingWillem-Jan de Wit1                                                           2                                                      the Ks filter. The position of theFrank Eisenhauer3                                                                                                                   Aa-Ac, Ab and E comp onents are                                                                                                                          EXavier Haubois1                                                                                                                     represented by blue dots. Two con-                                                                                                                                    centric dashed rings encircle theThibaut Paumard4                                 Declination (arcseconds)    1                           Ab                         central 2–4 arcseconds aroundMarkus Schoeller1                                                                                                                   HD 83206A. The inset diagramMarkus Wittkowski1                                                                             Aa-Ac                                shows the quadruple system Aa-Ac,Julien Woillez1                                                                                                                     which is the main target of the                                                                             0                                                      observations.Burkhard Wolff1                                                                                                                              Ac21                                                                           –1   ESO                                                                                                              Ac12  Institut de Planétologie et d’Astrophysique                                                                                                              ~30 mas  de Grenoble, Université Grenoble Alpes,  CNRS, France                                                              –2                             Aa23   Max Planck Institute for Extraterrestrial   Physics, Garching, Germany                                                                      Aa14    LESIA, Observatoire de Paris, PSL                                                                                 2      1          0        –1          –2   Research University, CNRS, Sorbonne                                               Right ascension (arcseconds)   Universités, UPMC Université Paris 6,   Université Paris Diderot, Sorbonne Paris        ing SV can be found on the GRAVITY SV                             sary to investigate individual systems to   Cité, France                                    page1.                                                            test massive star formation scenarios.                                                                                                                     The late-O/early-B type system HD 93206,                                                   20 programmes were selected to show-                              also known as QZ Car, is the most mas-In the time between successfully com-              case the spectro-imaging capabilities of                          sive quadruple star system known, total-missioning an instrument and before                GRAVITY and to enable its performance                             ling 90 M⊙. The GRAVITY observationsoffering it in the Call for Proposals              — in terms of sensitivity, wide simultane-                        of HD 93206 (Programme ID 60.A-9175,for the first time, ESO gives the commu-           ous spectral coverage and improved                                Principal Investigator [PI]: Sanchez-nity at large an opportunity to apply              spatial information — to be compared to                          Bermudez) were used to improve on NAOS–for short Science Verification (SV) pro-            the Astronomical Multi-BEam combineR                             CONICA (NACO) sparse aperture mask-grammes. In 2016, ESO offered SV time               (AMBER), the VLTI instrument it most                             ing (SAM) observations (Figure 1). Thefor the second-generation Very Large                closely resembles. Two SV runs of nine                           reconstructed GRAVITY image shows AaTelescope Interferometer instrument                 nights each were scheduled in June and                           and Ac clearly but does not resolve eachGRAVITY. In this article we describe the            September 2016 and observations were                             component as a binary (Figure 2). Preselection process, outline the range of             carried out in service mode by the SV                            vious observations with the Precision Inte-science cases covered by the approved               team. The instrument operations were                             grated Optics Near-infrared ImagingSV programmes, and highlight some of                smooth, but it was challenging to com-                           ExpeRiment (PIONIER) and the less pre-the early scientific results.                       plete all the programmes in the allocated                        cise NACO/SAM separation for Aa-Ac                                                    time as they required multiple changes                           are also shown. The new analysis excludes                                                    to the AT configurations. Despite this,                          the presence of a companion up to 5ESO issued a call for SV on the Auxiliary           there was no substantial loss of time and                        magnitudes fainter in this 150-milliarcsec-Telescopes (ATs) in March 2016, just after          ultimately 14 programmes were consid-                            ond field of view.the on-sky performance of GRAVITY was               ered fully or almost completed, with sixestablished (GRAVITY Collaboration,                 programmes either partially completed                            In addition to spatially resolving Aa-Ac as2017) and the Science Operations team               or not completed. We present some high-                          a binary, GRAVITY’s spectroscopic reso-had been trained in operating the instru-           lights from four SV programmes here.                             lution allowed two lines to be detected:ment. In total, 43 proposals were                                                                                    hydrogen Brγ lines (2.1661 µm), whichreceived. The SV proposals were evaluated                                                                            trace shocks in the winds from the hotby a team led by Jean-Philippe Berger,             The quadruple massive stars in                                    stars, and helium lines (2.058 µm &who was the Very Large Telescope Inter-            HD 93206                                                          2.112 µm), which are photospheric. Theseferometer (VLTI) Programme Scientist at                                                                              GRAVITY observations show that the Brγthe time. The panel consisted of mem-              Almost all massive stars are found in                             emission is very compact and does notbers of the Instrument Operation Team              multiple systems: Sana et al. (2014)                             result from the interaction of winds fromand the GRAVITY consortium. Their main              showed that 90 % of massive stars have                           Aa and Ac. An alternate explanation istask was to assess the feasibility and sci-         at least one companion, while 30 %                               that the emission results from wind inter-entific merits of each project, and later to        belong to triple or higher-degree systems.                       actions within the Aa and Ac binaries.acquire the observations and carry out              In addition to detecting and cataloguing                         Future observations using GRAVITY withthe data reduction. All information regard-         systems for statistical studies, it is neces-                    the Unit Telescopes (UTs) should result
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                     35                                                                                 Figure 2. BiSpectrum Maximum                provides strong evidence for the presence                                                                    SAM data                            Entropy Method (BSMEM) recon-                          1.00                                                                                                                      of a circumsecondary accretion disc.                                                                                                        structed interferometric image of                     30                                                                                 HD 93206A. The components of the                                                                                                        outer binary Aa-Ac are labelled on          The team is using geometrical models                                                                                                        the figure. The colour scale represents     to determine the orientation of the circum-                     25   0.75                                                                          the normalised intensity. Cyan and red                                                                                                                                                    primary and circumsecondary material.                                                                                                        ellipses show the 1-σ positions of the                                 Normalised intensity                                                                                     Ac                                                                                                        Ac component based on PIONIER and           The continuum closure phases for both                                                                    PIONIER data                        NACO observations respectively (Sana        binary components provide no strong                     20ΔDeclination (mas)
                          0.50                                                                                                        et al., 2014). The positional d                                                                                                                                       ifference   indication of a deviation from a centro-                                                                                                        between the PIONIER and GRAVITY                                                                                                                                                    symmetric brightness distribution at the                     15                                                                                 epochs is due to orbital motion.                                                                                                                                                    distances probed. The team is therefore                                                                                                                                                    focusing their modelling on the continuum                     10   0.25                                                                                                                      visibilities. Their results indicate the pres-                                                                                                                                                    ence of a disc around the primary CO Ori                                                                                                                                                    A (full width at half maximum [FWHM] =                      5                          0.00                                                                                                                                                    2.31 ± 0.04 milliarcseconds; inclination,                                                             Aa                                                                                     i = 30.2 ± 2.2 degrees; position angle                     0                                                                                                                              [PA] = 40.6), while the circumsecondary                                                                                                                                                    emission more likely comprises a disc                     –5                                                                                                                             (FWHM = 0.96 ± 0.55) and an extended                                                                                                                                                    halo component. This halo component                          5                             0        –5     –10    –15        – 20   – 25                                                            ΔRight ascension (mas)                                                                  is likely attributed to scattered light (for                                                                                                                                                    example, Pinte et al., 2008). in better sensitivity and enable the detec-                                                wavelength dependence across the spec- tion of a weak interferometric signal in Brγ                                               tral channels. An additional asymmetry                  The primary science goal of this pro- within the Aa and/or Ac binaries.                                                          in the system was detected, likely from                 gramme was to determine the relative                                                                                            resolved structure in the inner region of               orientation of the discs in the binary sys-                                                                                            the disc. The team is in the process of                  tem. However, the K-band emission from The evolved binary star Ups Sgr                                                            reconstructing images while simultane-                   CO Ori B was more compact than antici-                                                                                            ously fitting for binary separation, with                pated and astronomers were unable to Ups Sgr is an interacting binary in an                                                     the goal of producing snapshots of the                   determine the orientation of the circum- advanced stage of evolution, in which the                                                  system at different orbital phases.                      secondary emission. Instead, efforts were stripped donor has lost its hydrogen enve-                                                                                                          redirected to the secondary scientific lope and is now experiencing a second                                                                                                               aim of probing the origin of the variable episode of mass loss during core helium                                                    The complex young stellar binary system                  extinction (UX Ori phenomena) associ- burning. The spectroscopic binary has an                                                   CO Ori                                                   ated with CO Ori A. orbital period of 138 days (Koubsky et al., 2006). The binary is also surrounded by                                                    Programme 60.A-9159 (PI Davies) used                    The inclination of the circumprimary a dusty torus with an inner rim diameter of                                                the short baseline configuration (8–30 m)               emission is below that found for the discs 20 milliarcseconds, as detected by the                                                     of the ATs to observe both components                   of other UX Ori-type stars (i ~ 30–70 MID-infrared Interferometric instrument                                                    of the CO Ori young stellar object binary               degrees; Eisner et al., 2004; Pontoppidan (MIDI) on the VLTI (Netolický et al., 2009).                                               system. The single-field mode was used                  et al., 2007; Chapillon et al., 2008; Kreplin Bonneau et al. (2011) detected over-                                                      to observe the primary (K = 3.0 magni-                  et al., 2013; Vural et al., 2014; Kreplin et resolved Hα emission with the Centre for                                                   tudes). Located 2 arcseconds away, the                  al., 2016). Thus, rather than emanating High Angular Resolution Astronomy                                                          secondary (K = 6.0) required GRAVITY’s                  from a disc (for example, Natta et al., (CHARA) interferometer using the Visible                                                   unique dual-field mode and was observed                 1997), CO Ori A provides the first indi spEctroGraph and polArimeter (VEGA).                                                       by the GRAVITY spectrograph while the                   cation that in some cases the UX Ori                                                                                            primary was used for fringe tracking.                   phenomena may be attributed to irregu- This system was imaged by GRAVITY                                                          Both the circumprimary and circumsec-                   larities in a dusty outflow (for example, (Programme ID 60.A-9177, PI Gies) and                                                      ondary K-band emission were success-                    Tambovtseva & Grinin, 2008). These complemented by H-band data from the                                                       fully spatially resolved for the first time.            results are presented in greater detail in Michigan InfraRed Combiner (MIRC) on                                                       This confirmed the previous result from                 Davies et al. (2017). CHARA. Preliminary results indicate that                                                   Rodgers et al. (2003) that the secondary GRAVITY can resolve the inner binary                                                       star is responsible for the Brγ emission with a separation of a few milliarcseconds.                                                observed towards the system. Together                   The planet-hosting debris disc around A significant amount of light (~ 60–70 %)                                                  with GRAVITY’s detection of circum                     β Pic is detected from an over-resolved circum-                                                  secondary continuum emission, the pres- binary disc; the flux ratio between the                                                    ence of this line (typically associated                 Medium-resolution GRAVITY observa- disc and the binary shows a chromatic                                                      with the accretion process in young stars)              tions of the young star β Pic (HD 39060,
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  Telescopes and Instrumentation                                                 Mérand A. et al., GRAVITY Science Verification                                                                                                                                                                                        Figure 3. GRAVITY                                     Phase 0.15                            C50/377880                                             Phase 0.15                           C50/377880Squared visibility amplitude

                                                                                             Squared visibility amplitude
                               0.6                                                                                          0.6                                                         observations of the                                     B2-D0, 12.52 m, – 33.6 deg            Snapshot 069                                           B2-D0, 12.52 m, – 33.6 deg           Snapshot 069     Mira star R Peg.                               0.5                                                                                          0.5                                                         Left: Visibilities (black)                                                                                                                                                                                        of R Peg in June, Sep-                               0.4                                                                                          0.4                                                         tember, and November                                                                                                                                                                                        2016 at visual phases                               0.3                                                                                          0.3                                                                                                                                                                                        0.15, 0.40 and 0.65.                               0.2                                                                                          0.2                                                         Also shown are pre                                                                                                                                                                                        dictions by the best-fit                               0.1                                                                                          0.1                                                         CODEX models (blue)                                                                                                                                                                                        and RHD simulations                               0.0                                                                                          0.0                                                         (red). The wavelength                                     2.0         2.1      2.2        2.3        2.4                                               2.0       2.1       2.2        2.3        2.4                                                                                                                                                                                        range covers 1.98–                                                       Wavelength (µm)                                                                             Wavelength (µm)                                                                                                                                                                                        2.45 μm and corre-                                                                                                                                                                                        sponds to the full wave-                                     Phase 0.40                            C50/377790                                             Phase 0.40                           C50/377790       length coverage of theSquared visibility amplitude
                                                                                             Squared visibility amplitude
                               0.5   B2-D0, 12.52 m, – 33.6 deg            Snapshot 070                                     0.5   B2-D0, 12.52 m, – 33.6 deg           Snapshot 070     GRAVITY instrument                                                                                                                                                                                        (Wittkowski et al., in                               0.4                                                                                          0.4                                                         preparation).                                                                                                                                                                                        Right: Zooming in on                               0.3                                                                                          0.3                                                         the wavelength range                                                                                                                                                                                        around the CO (2-0                               0.2                                                                                          0.2                                                         and 3-1) bandheads at                                                                                                                                                                                        2.29 μm and 2.32 μm.                               0.1                                                                                          0.1
                               0.0                                                                                          0.0                                     2.0         2.1      2.2        2.3        2.4                                               2.0       2.1       2.2        2.3        2.4                                                       Wavelength (µm)                                                                             Wavelength (µm)
                               0.5                                                                                          0.5                                     Phase 0.40                            C50/377880                                             Phase 0.40                           C50/377880Squared visibility amplitude

                                                                                             Squared visibility amplitude
                                     B2-D0, 12.83 m, – 34.7 deg            Snapshot 069                                           B2-D0, 12.83 m, – 34.7 deg           Snapshot 069                               0.4                                                                                          0.4
                               0.3                                                                                          0.3
                               0.2                                                                                          0.2
                               0.1                                                                                          0.1
                               0.0                                                                                          0.0                                     2.0         2.1      2.2        2.3        2.4                                               2.0       2.1       2.2        2.3        2.4                                                       Wavelength (µm)                                                                             Wavelength (µm)
  A6V, 19.3pc, ~ 12 Myr) were carried out                                        including a warp at ~ 50 au, inclined by                                      amounting to approximately 1.4 % of the  using the compact VLTI configuration                                           approximately 4 degrees with respect to                                       stellar brightness in the H-band (Defrère  (Programme ID 60.A-9161, PI Defrère).                                          the outer disc (Augereau et al., 2001;                                        et al., 2012).  β Pic is a prime target for understanding                                      Lagrange et al., 2012).  planetary system formation and evolution.                                                                                                                    If the scattering of stellar light in the outer  Since the discovery of its planetary sys-                                      Over the past few years, the close envi-                                      disc is seen edge-on, it may help to  tem (Smith & Terrile, 1984) successive                                         ronment (less than a few au) of β Pic has                                     explain the spectral shape of the measured  generations of telescopes have reported                                        been the focus of several studies trying                                      excess. However, current models fail to  the detection of an edge-on debris disc.                                       to detect a predicted sub-stellar com                                        reproduce the total value of this excess,  The disc has several distinctive features                                      panion. In particular, closure phase                                          and hot material must also be present  suggestive of a multiple-belt system                                           measurements with AMBER and PIONIER                                           in the innermost region of the planetary  (Telesco et al., 2005); star-grazing comets                                   excluded the presence of companions a                                         system. The prevailing scenario is the  arranged into two families (Beust et al.,                                      few hundred times fainter than the central                                    presence of hot exozodiacal dust as pro-  1990; Kiefer et al., 2014); circumstellar gas                                  star at angular separations up to approxi-                                    posed for older A-type stars (for example,  (for example, Roberge et al., 2006; Dent                                       mately 100 milliarcseconds (i.e., a brown                                     Ertel et al., 2014).  et al., 2014); and a planetary companion                                       dwarf of about 30 MJup at the age of β  (~ 10 MJup) orbiting the star with a semi-                                     Pic; Absil et al., 2010). No companion has                                    However, the exact amount of hot dust,  major axis of ~ 9 astronomical units (au)                                      been detected at the current precision                                        its location and its chemical properties  (Lagrange et al., 2009). The existence of                                      level, although accurate squared visibili-                                    remain unclear, particularly due to the  other planets also seems likely (Freistetter                                   ties obtained with PIONIER have revealed                                      lack of multi-wavelength information.  et al., 2007) and may explain several                                          the presence of resolved circumstellar                                        GRAVITY has a crucial role to play here  asymmetries identified in the debris disc,                                     emission, with an integrated brightness                                       by providing the first medium-resolution
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spatially resolved observations of the        in a near-continuum bandpass for two            bandpass around 2.25 μm along visualinner planetary system. The SV data           sources with different phase lags. Since        variability phases 0.15, 0.40, and 0.65,confirm the presence of resolved circum     then, this predicted variability over a         which corresponds to an increasing con- stellar emission that depends on the         stellar cycle has not been convincingly        tinuum radius. At the same time, the visi- wavelength and the baseline orientation,      confirmed. AMBER observations, along           bility dip at the CO bandheads relative unlike previous observations of this          with observations from other facilities,       to the nearby near-continuum decreases excess obtained in the H-band (Defrère        showed agreement with CODEX models             along these phases. This suggests a et al., 2012). Thorough radiative-transfer    at individual epochs but could not con-        decreasing contribution by extended CO modelling is currently underway to pro-       vincingly show the longer-term variability.    layers. Furthermore, the comparison to duce a disc model that will fit the ob                                                     one- and three-dimensional dynamic served visibilities and reveal the nature    GRAVITY observations promised to                model atmospheres shows a good agree- of this puzzling excess emission.            deliver stronger observational constraints      ment between the observations and mod-                                              at any epoch, allowing us to verify the         els in the shape of the visibility function.                                              model-predicted variability of the visibility   Note that these are preliminary resultsThe Mira-type star R Peg                      spectra. This expectation was based on          and a more detailed analysis will appear                                              the high spectral resolution of GRAVITY,        in Wittkowski et al. (in preparation).Low- to intermediate-mass stars, including    which can be reached over the wholeour Sun, evolve into red giants and sub-      K-band; the higher expected S/N on the          This preliminary analysis promises thatsequently into asymptotic giant branch        target visibility spectra due to the longer     GRAVITY will provide m    easurements of(AGB) stars. Mass loss increases during       integration times on the science spectro       the pulsation of the photosphere andAGB evolution and eventually dominates        meter; and the higher expected accuracy         extended atmosphere of AGB stars inthe subsequent stellar evolution. AGB         of calibrated visibilities, due to the better   unprecedented detail. Comparisons tomass loss is driven by interplay between      stability of the instrument as compared to      the newest models (for example, Freytagpulsations that extend the atmosphere,        previous campaigns with AMBER.                  et al., 2017) will e                                                                                                                  nable further insightsdust formation in the extended atmos-                                                         into the processes of convection and pul-phere, and radiation pressure on the dust.    The first such observations were                sation in these atmospheres.However, the details of these interrelated    attempted by a team led by Markusprocesses remain unknown.                     Wittkowski, Gioia Rau and Andrea                References                                              Chiavassa (Programme ID 60.A-9176).Recent one-dimensional dynamic model           The Mira variable R Peg was observed           Absil, O. et al. 2010, A&A, 520, L2atmospheres, based on self-excited pul-        in June, September and November 2016.          Augereau, J. C. et al. 2001, A&A, 370, 447                                                                                              Beust, H. et al. 1990, A&A, 236, 202sation models of oxygen-rich Mira stars,       The latest epoch was part of the follow-up     Bonneau, D. et al. 2011, A&A, 532, A148predicted a regular sinusoidal variation of    programme 098.D-0647 (PI Wittkowski).          Chapillon, E. et al. 2008, A&A, 488, 565the photospheric radius and the irregular      Calibrator star observations interleaved       Davies, C. L. et al. 2017, arxiv.org:1711.10244chaotic variability of the outer molecular     the R Peg observations. Data were              Defrère, D. et al. 2012, A&A, 546, L9                                                                                              Dent, W. R. F. et al. 2014, Science, 343, 1490layers (Cool Opacity-sampling Dynamic          obtained in the high spectral resolution       Eisner, J. A. et al. 2004, ApJ, 613, 1049EXtended [CODEX] models; Ireland et al.,       and split polarisation modes, and were         Freytag, B. & Höfner, S. 2008, A&A, 483, 5712008, 2011). Similarly, three-dimensional      reduced using the GRAVITY pipeline             Freytag, B. et al. 2017, A&A, 600, A137radiation hydrodynamic (RHD) simulations       (version 1.0.5). The data obtained with the   GRAVITY Collaboration 2017a, A&A, 602, A94                                                                                              Ireland, M. J. et al. 2008, MNRAS, 391, 1994of AGB stars by Freytag & Höfner (2008)        science spectrometer were compared to          Ireland, M. J. et al. 2011, MNRAS, 418, 114showed shock waves that are overall            those from the faster low-resolution fringe    Kishimoto, M. 2016, A&A, 590, A96roughly spherically expanding, and are         tracker and gave a consistent height of the    Koubsky, P. et al. 2006, A&A, 459, 849similar to those from the one-dimensional      calibrated visibility. This confirms a good    Kreplin, A. et al. 2013, A&A, 551, A21                                                                                              Kreplin, A. et al. 1997, ApJ, 491, 885models with certain additional non-radial      absolute calibration of the visibility data.   Netolický, M. et al. 2009, A&A, 499, 827structures. Comparisons by Wittkowski                                                         Pinte, C. et al. 2008, ApJ, 673, L63et al. (2016) of AMBER data with both         Figure 1 shows preliminary results of           Pontoppidan, K. M. et al. 2007, ApJ, 656, 980CODEX and RHD models showed that              the visibility data covering the full K-band    Rodgers, B. M., Pierpoint, L. M. & van der Bliek,                                                                                              	 N. S. 2003, AAS Abstracts, 35, 1257predictions by both types of models are       for the example of one baseline at the          Sana, H. et al. 2014, ApJS, 215, 15indeed consistent and can explain obser-      three epochs. The best-fit CODEX model          Sanchez-Bermudez, J. et al. 2017, ApJ, 845, 57vations at individual epochs. PIONIER         atmospheres as well as the best-fit three-      Tambovtseva, L. V. & Grinin, V. P. 2008, Astronomyimaging observations by Wittkowski et al.     dimensional radiation hydrodynamic (RHD)        	 Letters, 34, 231                                                                                              Vural, J. et al. 2014, A&A, 564, A118(2017) confirmed the predicted effects        simulations by Freytag & Höfner (2008)          Thompson, R. R. et al. 2002, ApJ, 577, 447of non-radial structures on clumpy dust       are also shown. These fits were obtained        Wittkowski, M. et al. 2016, A&A, 587, A12formation.                                    in the same way as for the AMBER data           Wittkowski, M. et al. 2017, A&A, 601, A3                                              of AGB stars (Wittkowski et al., 2016).Early long-term narrow-band monitoring        The projected baseline lengths and posi-        Linksof Mira variables at the Palomar Testbed      tion angles at the three epochs are veryInterferometer by Thompson et al. (2002)      similar. These preliminary results suggest      1                                                                                                   RAVITY Science Verification: https://www.eso.                                                                                                  Gshowed the expected sinusoidal variation      a decreasing visibility at a near-continuum         org/sci/activities/vltsv/gravitysv.html
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MUSE WFM AO Science Verification
Bruno Leibundgut1                                Proposal solicitation and submission          Two additional SV nights were allocatedRoland Bacon2                                                                                  to compensate for the bad weather onYara L. Jaffé1                                   The Call for MUSE WFM AO SV Propos-           16 and 17 September, and these hadEvelyn Johnston1                                 als was issued on 18 May 20171 and was        varying conditions. Data for a few moreHarald Kuntschner1                                advertised via the ESO Science News          SV programmes could be obtained. TheyFernando Selman1                                  letter 2. With the call, the MUSE WFM AO      included observations of a blue compactElena Valenti1                                    SV webpage3 was also launched. In total,      galaxy, star formation in dwarf galaxies,Joël Vernet1                                     41 proposals were received by the dead-        the nucleus of a nearby galaxy, sites ofFrédéric Vogt1                                   line on 14 June 2017. The MUSE WFM             supernovae, the influence of black holes                                                 AO SV team evaluated all proposals and         at the centres of galaxies, and a second                                                 the selection was discussed at a video-        epoch for the massive cluster in the Small1    ESO                                          conference on 7 July 2017. The cutoff line     Magellanic Cloud.2    CRAL, Observatoire de Lyon, Saint           was defined at 42 hours of allocated time,    Genis Laval, France                          which resulted in 19 programmes being         Overall, 13 out of the 19 selected pro-                                                 allocated time. All Principal Investigators   grammes were observed. Good image                                                 (PIs) were informed of the results of the     quality (~ 0.6 arcseconds) could beThe goal of Science Verification (SV) as         selection process on 13 July and the          achieved for natural seeing above onepart of the transition into operations is        successful PIs were requested to provide     arcsecond and in excellent atmosphericto carry out scientific observations to           the Phase 2 material by 31 July. All PIs     conditions an image quality better thantest the end-to-end operations of a new           complied with this deadline.                 0.4 arcseconds could be obtained. Ininstrument or new instrument modes.                                                            addition to the difficult weather conditions,The Multi Unit Spectroscopic Explorer,           The selected programmes covered many          the main reasons for not starting more(MUSE; Bacon et al., 2010), at the Very          different science topics including: globu-    programmes were conflicts with observingLarge Telescope (VLT) can be operated            lar clusters, nuclear stellar clusters in     programmes at other Unit Telescopesin several modes. The wide-field mode            nearby galaxies, massive star clusters        (UTs) due to laser collisions. Visitor modehas been offered since Period 94 (Octo-          in the Small Magellanic Cloud (SMC),          programmes at all UTs take precedenceber 2014) for natural-seeing observa-            supernova remnants, blue compact and          over laser observations. Any time thetions. With the commissioning of the             nearby starburst galaxies, star formation     lasers cross the beam of another tele-Adaptive Optics Facility (AOF; Arsenault         in nearby galaxies, the gas distribution      scope, the Adaptive Optics Facility (AOF)et al., 2017) the wide-field mode can be         around galaxies, galaxy clusters, and the     observations have to be postponed andsupported by ground-layer adaptive               gas content and star formation activity in    rescheduled. With only a limited amountoptics through four artificial laser guide       galaxies at z = 1.                            of SV time available, such collisions pre-stars and the adaptive optics module,                                                          vented us from starting more programmes.Ground Atmospheric Layer Adaptive                                                              The seeing conditions during parts of theOptiCs for Spectroscopic Imaging                 Observations                                  nights were also less favourable, so the(GALACSI). The MUSE wide-field mode                                                            image quality of the more ambitious pro-adaptive optics Science Verification             The first two SV nights (12 & 13 August)      grammes could not be achieved.(hereafter referred to MUSE WFM AO               were completely lost due to inclementSV) was scheduled from 12–14 August              weather (low temperatures and snow)2017. Out of 41 submitted proposals,             and technical issues with the hexapod         Archive and data processing19 observing programmes were sched-              of the secondary mirror unit on VLTuled, covering a wide range of science           Unit Telescope 4 (UT4). The road to the       All raw data are publicly available throughtopics and amounting to an allocation            mountaintop was closed during the night       the ESO Science Archive. The MUSEof 42 hours. This included sufficient            of 12 August due to the freezing condi-       WFM AO SV webpage contains directoversubscription to cover all expected           tions. In total, this amounted to a loss of   links to the raw data. The ESO data qual-observing conditions. Due to inclement           20 hours.                                     ity control group reduced all SV data. Aweather during the original SV nights,                                                         new version of the MUSE data reductiontwo more nights were allocated on 16             The last night of the first SV run (14 Au    pipeline was released at the beginning ofand 17 September 2017 to observe                 gust) was more successful. We were            October, which includes handling of themore programmes. In total, seven pro-            able to observe two globular clusters, the    MUSE WFM AO data and supports all ofgrammes were completed, six pro-                 central cluster of the Sagittarius dwarf      the new modes used during the SV run.grammes received partial data, and the           galaxy, a young massive cluster in the        The SV webpage provides a link to theremaining six projects could not be              SMC, a star formation region in a nearby      new pipeline version.started. We summarise here the plan-             galaxy, a galaxy cluster at z = 1.46, andning, execution and first results from           star formation clumps in a distant (z ≈ 3)the Science Verification.                        galaxy cluster. The adaptive optics (the      A few first scientific results                                                 deformable secondary mirror and                                                 GALACSI) worked without major prob-           The following provides a sample of some                                                 lems throughout the night.                    preliminary results obtained during MUSE
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                                                                                                    Figure 1. Colour         The observations were taken with a see-Elena Valenti                                                                                                    c omposite of VVV                                                                                                                             ing of approximately one arcsecond, with                                                                                                     CL001. This image                                                                                                     shows almost the full   an average ground-layer turbulence frac-                                                                                                     1 × 1 arcminute field   tion of ~ 35 % and an average coherence                                                                                                     of MUSE in WFM.         time of ~ 4.5 ms. The adaptive optics                                                                                                                             helped to reach deeper into the cluster,                                                                                                                             providing a stable and uniform image                                                                                                                             quality of ~ 0.6 arcseconds across the                                                                                                                             whole field of view.

                                                                                                                             After processing the data with the latest
                                                                                                                             MUSE pipeline (version 2.2), the final data                                                                                                                             cube has been sliced along the wave-                                                                                                                             length axis into 3681 monochromatic                                                                                                                             images (i.e., single plane) sampling the tar-                                                                                                                             gets from 4750 to 9350 Å with a wave-                                                                                                                             length step of 1.25 Å. Finally, the spectra                                                                                                                             for all detected stars in the R and I images                                                                                                                             have been extracted by running point-                                                                                                                             spread-function (PSF) fitting photometry                                                                                                                             on all 3681 single planes. Such a “photo-                                                                                                                             metric approach” for the spectral extrac-                                                                                                                             tion allows for the proper handling of stel-                                                                                                                             lar blends, as well as a refinement of the                                                                                                                             sky subtraction. Indeed, sky residual sig-                                                                                                                             natures in the final data cube are removed                                                                                                                             through the PSF fitting, which estimatesElena Valenti
                                                                                                                             and subtracts the local sky for each star.

                                                                                                                             Spectra for more than 900 stars have
                                                                                                                             been obtained in a 1 × 1 arcminute area                                                                                                                             in the cluster centre. The two spectra                                                                                                               R = 15.2      are examples of the quality of information                Normalised flux + const.
                                                                                                               SNR ~ 150     that can be extracted around the Ca
                                                                                                                             infrared triplet (Figure 2). Radial velocity                                                                                                                             measurements are expected for the                                                                                                                             entire stellar sample, while Fe, Ca and Mg                                                                                                                             abundances will be possible only for the                                                                                                                             brighter sources (i.e., spectra with signal-                                                                                                                             to-noise ≥ 40).
                                                                                                               R = 18.8      Massive star cluster
                                                            Fe I                Mg I                           SNR ~ 40      Most massive stars are born in binary                                                                                                                             systems and hence their evolution is                                                                                                                             likely to be heavily influenced by their                                                            CaT                                                              close companion. NGC 330 is a young                                           8200   8400       8600             8800           9000               9200         massive cluster in the Small Magellanic                                                                    Wavelength (Å)                                           Cloud. Spectroscopy of stars in the                                                                                                                             outskirts of NGC 330 had already been                  Figure 2. Ca triplet region of two stars in VVV CL001.   stars. The cluster is in close proximity           obtained (Evans et al., 2006; Martayan                                                                           to another globular cluster, UKS-1, and            et al., 2007a,b), revealing a particularly                  WFM AO SV and demonstrates the scien-                    they are possibly gravitationally bound.           low binary fraction (4 %) but also many                  tific potential of this new mode of MUSE.                The radial velocity of VVV CL001 as                Be stars. The compact central cluster                                                                           obtained from individually resolved stars          (with more than 100 stars with initial                  Globular cluster VVV CL001                               and compared to UKS-1 might reveal                 masses above 8 M⊙; Sirianni et al., 2001)                  The heavily obscured (AV ~ 10) globular                  that they are at the same distance behind          could not been resolved with existing                  cluster VVV CL001 (Figure 1) was ob                    the Galactic Centre, providing evidence            instrumentation. Given the strong primor-                  served to measure the kinematics of the                  for the first binary globular cluster system       dial mass segregation revealed by the                  cluster and the metallicities of individual             known in the Milky Way.                            Hubble Space Telescope (Sirianni et al.,
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 2001; Figure 3), the most massive stars                                                                                                                                                                                                                            Figure 3. True-colour
                                                                                                                                                                                                                                                                    image of NGC 330. — and binary products — are expected                                                   –72.456                                                                                                                                                                                                                                                                    Spectra of the labelled to be located in the cluster core. Given                                                                                                                                                                                                                           stars are shown in the high source density in the cluster                                                 –72.458                                                                                                                                                                     Figure 4. core, AO-supported observations are required. In the MUSE image (Figure 3)                                                                                                                                                                           3                                                                                        –72.460 many sources have a companion within less than an arcsecond of separation.                                                                Declination (degrees)                                                                                        –72.462 Five dithering positions of 540 seconds each were obtained during MUSE WFM                                                                    2                                                                                        –72.464 AO SV with relative offset between the positions of about 0.7 arcseconds. All                                                                                        –72.466 dithering positions were combined into a

                                                                                                                                                                                                                               Hugues Sana and Julia Bodensteiner
 master cube. The full width at half maxi- mum of the spatial PSF (measured on the                                                –72.468 white-light image) is about 0.8 arcsec-                                                                                                                                                                                                                           4 onds and shows little variation over the                                               –72.470                                                                                                                                                                                     1 field of view. Compared to the seeing conditions during the observations (see- ing between 0.8 and 1.6 arcseconds)                                                    –72.472 the Ground Layer Adaptive Optics cor-                                                       14.10         14.09                                                               14.08     14.07       14.06        14.05 rection (GLAO) provided a significant                                                                                                                                         Right ascension (degrees) improvement.                                                                 Starbursts                                                                                                                         created by stellar winds and supernovae The spectra (Figure 4) were extracted                           Extended starbursts in dwarf galaxies                                                                                              from a previous epoch. Emission-line over 2 × 2 spaxels and normalised to the                        affect their hosts dramatically. Feedback                                                                                          images reveal the location and progress continuum. Stars 1 and 2 are red/yellow                         from massive stars into the interstellar                                                                                           of star formation. and blue supergiants, with V ~ 13.5; stars                      medium determines how the galaxy will 3 and 4 are fainter cluster members                             form stars in the future and whether star                                                                                          Haro 14 is an excellent laboratory to (V ~ 16.5) with star 4 showing double-                          formation will stop completely. Previous                                                                                           investigate the star formation and feed- peak Balmer emission reminiscent of                             VIsible Multi-Object Spectrograph                                                                                                  back processes in dwarf galaxies. The Be-star features. MUSE gathered spec-                           (VIMOS) observations indicate that in                                                                                              central regions contain two temporally troscopy of hundreds of massive stars in                        Haro 14, a blue compact galaxy, new star                                                                                           and spatially distinct episodes of star for- less than one hour of observation.                              formation is triggered by shock waves                                                                                              mation with ages of approximately 6 Myr                                                                                                                                                                                                             log Hα flux                                                                                                                                                                                                                                                                                         5.0                                                                                                              Hugues Sana and Julia Bodensteiner
                                                                                                                                                                                                                                                                                               Luz-Marina Cairós-Barreto                                                                                                                                                                              30                                                                                                  Star 4                  2.5
                                                                                                                                                                               20                                                                                                        4.0                                                                                                  Star 3                  2.0Normalised flux
                                                                                                                                                   Declination (arcseconds)
                                                                                                                                                                               10                                                                                                  Star 2                                                                                                                                                                                 3.0                  1.5                                                                                                                                                                                0
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 Figure 4. (Above) Spectra of four stars                                                                                                                                      –30
                                                      Figure 5. (Right) Hα emission in the                                                                                                                                                                                               0.0 in NGC 330.                                          compact blue dwarf galaxy Haro 14.                                                                                            –30    –20      –10       01        02                                            03         0                                                                                                                                                                                                 Right ascension (arcseconds)
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                                                                                                                                                             Figure 6. ContinuumAngela Adamo and Michele Fumagalli
                                                                                                                                                             image (left) and emis-
                                                                                                                                                             sion-line image (right)                                                                                                                                                             of NGC 7793 from                                                                                                                                                             the same MUSE data                                                                                                                                                             cube Each pointing                                                                                                                                                             shows the full MUSE                                                                                                                                                             field (1 × 1 arcminutes                                                                                                                                                             across).                                     and 10–30 Myr. The VIMOS data also               quality on the final MUSE cubes is             and [O III] but not in Hα, show the loca-                                     reveal a horseshoe-like structure — most         ~ 0.6 arcseconds (with small variations        tion of supernova remnants.                                     probably a superbubble — as well as              in the blue and red part of the spectral                                     numerous filaments of ionised gas and            range), which — at the galaxy’s distance       As part of the Hubble Treasury pro-                                     many faint knots close to the superbub-          of 3.5 Mpc — corresponds to a physical         gramme Legacy ExtraGalactic UV Survey                                     ble and filaments. MUSE AO-corrected             size of only 10 pc. NGC 7793 is classified     (LEGUS4; Calzetti et al., 2015), detailed                                     data (Figure 5) are essential to resolve the     as an Sd spiral.                               information on the young star cluster                                     interaction of stars and gas in the new                                                         population and field stellar population of                                     sites of star formation (i.e., in the walls of   The left-hand image of Figure 6 is a           NGC 7793 exist (Adamo et al., 2017 &                                     the shell-like and bubble structures), to        three-colour composite of the stellar con-     Sacchi et al., in preparation). Molecular                                     follow the ionised gas filaments to larger       tinuum of the galaxy at ~ 4900 Å (blue), at    gas at physical scales (~ 15 pc) has been                                     distances (between 0.8 kpc and 2 kpc),           ~ 6300 Å (green), and at ~ 7000 Å (red),       mapped with ALMA, and giant molecular                                     and to investigate the fate of the outflows      extracted from the final MUSE data. In         clouds with masses significantly above                                     (super-winds) in the galaxy.                     the continuum light, the young and more        105 M⊙ have been detected (Bittle et al.,                                                                                      clustered stellar population and the dif-      in preparation). The full star formation                                     Tracing star formation at galactic scales        fuse field stellar population can be clearly   lifecycle — from the emergence of dense                                     Stellar feedback can also be observed            distinguished. Dust lines are visible and       gas from galactic-scale flows, to stellar                                     through the emission lines tracing star          trace the flocculent spiral arms. The right-    birth, to subsequent feedback on small                                     formation. The most prominent lines at           hand image of Figure 6 is a three colour        (below 10 pc) and large (kpc) scales —                                     optical wavelengths are Hα, [O III] and          composite of emission lines. Hα emission        can be traced by combining the various                                     [S II], which trace different temperatures       is shown in the red channel, while [S II]       datasets.                                     and densities in the interstellar medium.        6717 Å and [O III] 5007 Å are in the blue                                     Compared to the distribution of stars,           and green channels, respectively.              Gas around galaxies                                     these emission sites provide insight                                                            One of the key questions in galaxy evolu-                                     into the interactions of stellar radiation       Ionised gas fills the entire field of view,    tion is the interaction between galaxies                                     and winds with the interstellar medium.          showing the effect of stellar feedback         and their immediate surrounding gas,                                     Combined with the cold molecular gas             on the galactic interstellar medium. The       called the circumgalactic medium (CGM).                                     measured with the Atacama Large Milli           [O III] emission is high within each H II      Observing the faint gas in emission is                                     meter/submillimeter Array (ALMA), a com-         region (white regions embedded in              very challenging. A powerful alternative                                     plete picture of the state of the interstellar   magenta filamentary structures), tracing       to study circumgalactic gas is to observe                                     matter in a galaxy can be traced.                massive, short-lived stars. The gradual        absorption lines in background quasar                                                                                      change from bright pink to dark magenta        spectra. In the case of galaxy lenses,                                     The nearby spiral galaxy NGC 7793 was            filaments shows the optically-thick irregu-    the different images of the quasar probe                                     observed during MUSE WFM AO SV. The              lar boundaries of both giant and compact       different sight lines around the lensing gal-                                     nuclear star cluster of the galaxy was           H II regions (Adamo et al., in preparation).    axy and hence the gas distribution can                                     used as the AO tip-tilt star. The image          The purple diffuse regions, bright in [S II]    be observed in absorption. Since galaxy
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Figure 7. Four images of a lensed quasar, these are                        luster core to be made with the highest                                                                          c                                                                                                into thirteen individual millimetre-brightapproximately 5 x 5 arcseconds in size. Spectra                                                                          possible angular resolution.                                                                     galaxies, of which at least eleven areextracted from the green area are shown underneatheach image.                                                                                                                                                                spectroscopically confirmed as members                                                                          Stach et al. (2017) identified ultra/luminous                                                    of the cluster from the ALMA and MUSE                                                                          infrared galaxies (U/LIRGS) from their                                                           observations. The U/LIRGs with molecularlenses typically provide only a small                                     ALMA 1.2-millimetre continuum emission.                                                          emission lines detected in the ALMAseparation between the quasar images,                                    MUSE WFM AO SV observations of the                                                               1.2-mm or 3-mm data cubes, correspond- improved image quality is a big plus.                                    z = 1.46 cluster (Figure 8) confirm [O II]                                                       ing to CO(2-1) or CO(5-4) at the cluster Four lines of sight, with the smallest sep-                              3727 Å emission from several sources.                                                            redshifts, are labelled with “CO”. This sig- aration being only 0.7 arcseconds, were                                  This cluster was selected for study from                                                         nificant overdensity of luminous starburst used to constrain the spatial distribution                               a SCUBA-2 870 μm survey of high red-                                                             galaxies in this cluster shows a reversal and homogeneity of the gas content                                       shift clusters due to the strong overden-                                                        of the star-formation rate-density trend around the massive foreground galaxy.                                    sity of submillimetre sources in the cluster                                                     seen in the local U niverse, where dense                                                                          centre. Stach et al. (2017) used ALMA                                                            environments are less active than theFigure 7 shows some of the first results                                  to resolve the four sources seen in the                                                          surrounding low-density field. This hasfrom these observations. The yellow                                       low-resolution SCUBA-2 map of this field                                                          been predicted by theoretical modelspatches show the four images of thelensed quasar; the green marker indi-cates the area of the spectrum extraction                                                          30                                                    1.CO                                                                                                                                                  2shown on the bottom. The lensing galaxyin the centre of the four quasar images is                                                                                                                   3.COnot visible. Ca II H and K absorption at                                                                                   5.CO 4.nonmem                                                                                                    20the redshift of the lensing galaxy                                                                                                                                                       6.CO(z = 0.661) can be seen towards one ofthe quasar images (left panel) and not                                                                                                     8.CO                                          7.CO                                                                                                                                             9                                                                        Declination (arcseconds)
                                                                                                    10towards the other three. This asymmetry                                                                                                                                              10.COin the Ca II distribution might indicate gasflows on scales of 7–13 kpc or smaller.                                                                                                     0Galaxy clusters                                                                                                                                                      11.CO                                                                                                                                       12.COGalaxy clusters at high redshift (z > 1)                                                                                                                                  13.COdiffer from clusters in the local Universe.                                                       –10                                                                                                                                                                                                           A. M. Swinbank, S. M. Stach, I. Smail

 High-redshift clusters contain a popula-                                                                                                                             14.CO
 tion of star-forming galaxies at their cores, while nearby clusters are domi-                                                            –20 nated by old passive galaxies. This new population at high redshift has recently been detected through millimetre obser-                                                           –30                                                                                                                                             Figure 8. True-colour                                                                                                                                                                                                                                                   image of the cluster vations with ALMA. It is of great interest                                                                                                                                                                                                        XCS2215-1738. Counter to study the internal dynamics of these                                                                      30            20            10        0        –10                  –20                –30                                           parts of ALMA sources galaxies, requiring observations of a                                                                                                 Right ascension (arcseconds)                                                                                are marked.
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           First light spectra from ESPRESSO           on the Very Large Telescope.
The Messenger 170 – December 2017          27
Astronomical Science
                                                                                                               Marco Gullieuszik 2017
                                                           A gallery of 50 galaxies observed by MUSE as part                                                           of the GASP project: RGB-band images (g, r and z                                                           filters, top) and the corresponding Ha emission                                                           intensity maps (bottom).
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Tales of Tails: Gas Stripping Phenomena in Galaxies
with MUSEBianca M. Poggianti1                                     outskirts and extraplanar tails or debris     ies with optical signatures of unilateralMarco Gullieuszik1                                       out to 50–100 kpc away from each gal-          debris or tails reminiscent of gas strippingAlessia Moretti1                                         axy: a distance of more than ten times         processes, as well as a control sampleYara L. Jaffé 2                                          the galaxy’s effective radius. We present      of 20 disc galaxies with no morphologicalJacopo Fritz 3                                           the ongoing programme, GAs Stripping           anomalies. The survey characteristicsBenedetta Vulcani1, 4                                    Phenomena in galaxies (GASP), and              and strategy were presented in PoggiantiDaniela Bettoni1                                         report on the first set of results.            et al. (2017a). The most important charac-Callum Bellhouse 2, 5                                                                                   teristic of the survey is its large coverageGiovanni Fasano1                                                                                        in area. At z = 0.04–0.07 the MUSE fieldMario Radovich1                                          Gas removal and galaxy evolution               of view covers 50–80 kpc and so it is& the GASP collaboration*                                                                               possible to study extraplanar gas and                                                         A central question in galaxy formation         stars out to large distances from the                                                         and evolution is how gas flows in and out      galactic disc using only one or two MUSE1  	INAF–Astronomical Observatory of                     of galaxies. In the current hierarchical       pointings.     Padova, Italy                                       paradigm, the hot gas in dark matter2  	ESO                                                  halos cools and settles in the galactic        The main goal of GASP is to study gas3  	Instituto de Radioastronomía y                       disc, replenishing the cold gas reservoir      stripping in different environmental condi-     Astrofísica, UNAM, Morelia, Mexico                 necessary to form new stars. Any pro-          tions in order to understand how, why4  	University of Melbourne, Australia                   cess that prevents the gas from cooling        and when gas is removed. We want to5  	University of Birmingham, United                     efficiently, or that removes gas from          investigate the fraction of galaxies, the      Kingdom                                            either the halo or the disc, has funda-        masses of the galaxies and their host6  	Specola Vaticana, Vatican State, Italy               mental consequences for galaxy evolu-          halos, as well as the orbits, velocities and7  	Center for Computational Astrophysics,               tion. It is therefore of paramount impor-      halo-centric distances for which gas-only      Flatiron Institute, New York, USA                  tance to directly observe gas outflow          removal processes are relevant.8  	University of Padova, Italy                          and infall processes at work. Integral field9  	INAF–Astronomical Observatory of                     spectrographs such as the Multi Unit           The link between gas and star formation      Trieste, Italy                                    Spectroscopic Explorer (MUSE) on the           is another fundamental focus of the10   	INAF–Istituto di Radioastronomia,                   Very Large Telescope (VLT) can use both        GASP programme. Overall, the star for-    Bologna, Italy                                      optical emission lines and light from stars    mation activity in galaxies has strongly11   	Indian Institute of Astrophysics,                   to probe gas that is ionised by star for-      declined since z ~ 2 owing to the combi-    Bangalore, India                                    mation, an active galactic nucleus (AGN),      nation of two effects: a large number of12   	University of Innsbruck, Austria                    or shocks. Such observations can yield         star-forming galaxies have evolved into13   	Université de Genève, Switzerland                   clues into stellar kinematics and star for-    passive galaxies where star formation14   	Macquarie University, Sydney, Australia             mation history.                                has ceased, and the average rate of star15   	Australian Astronomical Observatory,                                                               formation has decreased in galaxies that       Sydney, Australia                                 Ram pressure stripping is believed to be       are still producing stars. To understand                                                         an efficient mechanism to remove gas           the decline in star formation and the                                                         from a galaxy, affecting only the interstel-   impact of gas removal processes on thisThe MUSE spectrograph is observing                       lar gas and not the stars. When a galaxy       galaxy quenching, it is crucial to studya sample of over 100 galaxies at                         moves through a hot, dense intergalactic       how gas stripping affects the stellar his-z = 0.04–0.07 in order to investigate how                medium, the latter exerts pressure on the      tory in the GASP galaxies. The MUSE dataenvironmental effects can cause galax-                   gas of the galaxy and can remove it from       reveal whether the star formation activityies to lose their gas. These galaxies                    the disc and halo. The efficiency of this      is globally enhanced or suppressed duringhave a wide range of galaxy stellar                      mechanism depends on the density of            the stripping, as well as how the quench-masses and environments, from clusters                   the intergalactic medium and the relative      ing of star formation proceeds withinand groups to isolated galaxies, and                     galaxy velocity. Ram pressure stripping        each galaxy and over what timescales.have been selected because they show                     therefore acts most strongly in galaxyunilateral debris or tails suggestive of                 clusters, but it has also been observed ingas stripping. MUSE’s large field of                     galaxy groups and even pairs.                  Tales of tailsview, sensitivity, and spatial and spec-tral resolution allow us to study the                                                                   MUSE observations began in 2015 (ESOphysics of the stars and ionised gas in                  The GASP project                               Period 96) with a sample of cluster galeach galaxy in great detail, including the                                                              axies. From these data we obtained a                                                         GASP (GAs Stripping Phenomena in               wide range of diagnostics including: spa-                                                         galaxies with MUSE) is an ongoing ESO         tially resolved morphologies and kine* A lessandro Omizzolo1, 6, George Hau2, Stephanie       Large Programme studying gas removal          matics of gas and stars, gas metallicity  Tonnesen7, Mauro D’Onofrio8, Andrea Biviano9,  Sean McGee 5, Rosita Paladino10, Koshy George11,                                                          processes in galaxies1. GASP is observing     and ionisation parameters, gas densities  Michela Mapelli1, 12, Jan Bischko12, Antonio Cava13,    114 galaxies at z = 0.04–0.07 in clusters,    and masses, dust extinction, star for  Matt Owers14, Warrick Couch15                           groups and the field, targeting 94 galax-     mation densities, stellar mass densities,

                                                                                                        The Messenger 170 – December 2017         29
 Astronomical Science                                         Poggianti B. M. et al., Gas Stripping Phenomena in Galaxies with MUSE
                                                                                     40                                                                                 Figure 1. The GASP gal-
                  40                                                                                                                                                                        axy JO201, one of the                                                                                                                                               900                      most spectacular cases                                                                                                                                                                        of ram pressure strip-                                                                                                                                                                        ping, was studied using                                                                                     20                                                                                 two MUSE pointings. It                  20                                                                                                                           750                                                                                                                                                                        is crossing the massive                                                                                                                                                                        cluster A85 at super-                                                                                                                                                                        sonic speed, moving                                                                                                                                               600                      towards the observer                                                                                       0                                                                                along the line of sight,                    0                                                                                                                                                                        and has lost 50 % of its                                                                   y (arcseconds)y (arcseconds)                                                                                                                                                      Hα Δv (km s –1)                                                                                                                                               450                      total gas mass so far.                                                                                                                                                                        Left: RGB (5000–                                                                                                                                                                        6000 Å; 6000–7000 Å;                                                                                    – 20                                                                                7000–8000 Å) MUSE                 – 20                                                                                                                          300                      image. Right: Hα veloc-                                                                                                                                                                        ity map, showing the                                                                                                                                                                        complex velocity struc-                                                                                                                                               150                      ture of the gas, which                                                                                    – 40                                                                                includes rotation in the                 – 40                                                                                                                                                   disc, and a high velocity                                                                                                                                                                        (> 200 km s –1) compo-                                                                                                                                               0                        nent that corresponds                                                                                                                                                                        to stripped gas dragging                                                                                                                                                                        behind the galaxy                 – 60                                                               – 60                                                                                                                                  10kpc        –150                     (B ellhouse et al., 2017).
                        – 50   – 40   – 30 – 20 –10      0   10                            – 50   – 40   – 30 – 20 –10      0      10                                        x (arcseconds)                                                     x (arcseconds)
 ionisation mechanisms, luminosity-                          to each system takes place outside of                             While it is commonly believed that ram  weighted stellar ages, and star formation                   the disc.                                                         pressure stripping is efficient only in low-  history. These quantities trace each                                                                                          mass galaxies and in the most massive  galaxy’s history in detail and can reveal                  The morphology and kinematics of the                              clusters, we find extreme ram pressure   the mechanisms that drive gas removal.                     gas are consistent with ram pressure                              stripping even in massive galaxies                                                              stripping, and we can estimate the                                (1011 M⊙) and in relatively low-mass clus- By design, the evidence for gas stripping                    fraction of gas lost before the epoch of                         ters (with velocity dispersions of 500– in the GASP targets varies significantly.                     observation by considering both the                              600 km s –1). The galaxies possessing the Some targets have long tails that are visi-                   extent of Hα within the disc and the                             longest tails are at their first infall into the ble even in broadband optical images,                         increasing ram pressure as the galaxy                            cluster and they are located at low pro- while others contain only subtle indica-                      infalls into the cluster. A comparison of                        jected cluster-centric radii and high tions of initial or mild stripping (see                       gas and stellar kinematics shows that                            velocities relative to the cluster redshift: Poggianti et al., 2016 for the classifica-                   the latter is totally undisturbed, which                         the optimal conditions for ram pressure  tion). Some of the most striking examples                    was expected as ram pressure only                                stripping. Our results are in agreement  of ram pressure stripping in action have                     affects the gas. The gas retains the                             both with the standard analytic scenario  been presented in dedicated individual                       velocity of the stars at the location of                         of ram pressure stripping (Gunn & Gott,  publications (Poggianti et al., 2017a;                       the disc from which it was stripped and                          1972), and detailed hydrodynamic simula-  Bellhouse et al., 2017; Fritz et al., 2017;                 continues to rotate coherently with the                          tions of galaxies falling into clusters,   Gullieuszik et al., 2017; Moretti et al., 2017).            galaxy until several kiloparsecs away                            which show long tails of stripped material                                                               from the main galaxy body.                                       with the correct conditions for star forma- Common features in the GASP galaxies                                                                                           tion (Tonnesen & Bryan, 2012). These The tails are much more prominent in                         The stripping proceeds from the outside                           findings are consistent with a fast-acting Hα emission than in the optical and can                      in, with the outermost regions of the disc                        mechanism that significantly alters the extend out to over 100 kpc from the                          stripped first (Figures 2 and 3). Clear                           gas content of galaxies on their first pas- galactic disc (see p. 28, Figures 1 and 3).                  post-starburst signatures are left in the                         sage through the dense intergalactic The stripped gas is ionised through stellar                  regions of the disc that have recently                            medium (Jaffé et al., 2017). photoionisation due to ongoing star for-                     been stripped, while strong star formation mation within the stripped gas. The gas                      continues within the remaining gas and tails are characterised both by regions                      especially where the gas is compressed.                           Ram pressure and AGN of diffuse Hα emission and kinematically                     From the MUSE data we can reconstruct cold knots that are bright in Hα; these                      the history of star formation in broad,                           The mechanism responsible for the gas cold knots are identified as giant H II                      logarithmically-spaced age bins, and                             ionisation at any point in each galaxy regions and complexes. A significant                          observe where stars formed in each                               can be assessed from spatially-resolved fraction of the total star formation related                  epoch at each location (Figure 3).                               diagnostic diagrams of emission line
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                                                                             250                                                                                                   250                   Figure 2. The GASP                                                                                                                                                                                                         sample comprises a             20                                                                                               20                                                                             200                                                                                                   200                   number of galaxies with                                                                                                                                                                                                         truncated Hα discs. The                                                                             150                                                                                                   150                   gas stripping proceeds             10                                                                                               10                                                                                         from the outside in, and                                                                             100                                                                                                   100                   the gas has already                                                                                                                                                                                                         been removed from the                                                                             50                                                                                                    50                                                                                      Δv (km s –1)
                                                                                                                                                                                          Δv (km s –1)                                                                                                                                             F                                                           outer disc regions in              0                                                                                                    0                                                                                     these objects. JO36 iskpc
                                                                                                     kpc                                                                             0                                                                                                     0                                                                                                                                                                                                         an example of this (Fritz                                                                             – 50                                                                                                  – 50                  et al., 2017) and its stel-        –10                                                                                               –10                                                                                            lar velocity map (left) is                                                                                                                                                 E                                                       more extended than the                                                                             –100                                                                                                  –100                                                                                                                                                                                                         map of the Hα-emitting                                                                             –150                                                                    C                             –150                  gas (right). JO36 experi-       – 20                                                                                              – 20                                    D                                                                                                                                                     B                                                   enced a burst of star                                                                             – 200                                                                                                 – 200                 formation between 20                                                                                                                                                 A                                                                                                                                                                                                         and 500 Myr ago in the                                                                             – 250                                                                                                 – 250                 outer regions of the                   – 20        –10         0        10        20                                                            – 20      –10             0      10        20                                                                                                                                                                                                         disc, which are now                                          kpc                                                                                                        kpc                                                                                                                                                                                                         devoid of gas and pas-                                                                                                                                                                                                         sively evolving. The             40                                                                                       Figure 3. JO204 is seen almost edge-on while falling                                                                                                                                                                                                         inner disc is still gas-rich                   10 kpc                                                                             into a cluster approximately along the plane of the                                                                                                                                                                                                         and forming stars, and                                                                                                      sky. Left: RGB and [O III], Hα and continuum images                                                                                                                                                                                                         X-ray data indicate the             30                                                                                       of J0204. The RGB (uBV) image in the top left shows                                                                                                                                                                                                         presence of a deeply                                                                                                      faint traces of tails to the left of the disc, while in the                                                                                                                                                                                                         obscured AGN that is                                                                                                      bottom left panel a composite [O III] 5007 Å (blue),                                                                                                                                                                                                         hidden at optical wave-                                                                                                      Hα (green) and 7100–7200 Å continuum (red) image             20                                                                                                                                                                                          lengths.                                                                                                      displays the striking tails of ionised gas (Gullieuszik                                                                                                      et al., 2017). Below: This set of four figures shows                                                                                                      the star formation rate in four age bins at each spa-             10Arcseconds

                                                                                                      tial location. Star formation was confined to the stel-
                                                                                                      lar disc until less than 600 Myr ago (two bottom pan-                                                                                                      els), then the first extraplanar stars were formed in              0                                                                                       the stripped gas between 20 and 600 Myr ago while                                                                                                      new stars were also forming everywhere in the disc                                                                                                      (top right). At the time of the observations, ongoing             –10                                                                                      star formation (< 20 Myr) is taking place throughout                                                                                                      the tails and in the central part of the disc (top left).         – 20                                                                     N                                                                                                                                                                 0.0                                                                                                                           t < 2 × 10 7 yr                           2 × 10 7 < t < 5.7 × 10 8 yr                                                                                                                   30                                                                                                                               – 0.3
                                                                        E                                                                                                                                                                           – 0.6         – 30                    – 30       – 20       –10     0      10             20        30                               20                                                                                                    log(SFR[M yr–1 kpc –2])                                                                                                                                                                                                                                                    – 0.9                                           Arcseconds                                                                                                      Arcseconds
                                                                                                                                                                                                                                                    –1.2             40                                                                                                    10                                                                                                                               –1.5                    10 kpc                                                                                                                                                                                                                          –1.8             30                                                                                                        0                                                         K1                                                                                                                                                                                         – 2.1                                                                                                                                                                                                                                                    – 2.4                                                                                                                   –10             20                                                                                                                                                                                                                                     – 2.7                          S4                                       S1                                                                                                                                                                                                                                                    – 3.0                                                                                                                           5.7 × 10 8 < t < 5.7 × 10 9 yr            5.7 × 10 9 < t < 1.4 × 10 10 yr                                                                                                                   30Arcseconds
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                                     K03                K01                           SB10                             Star-forming         Composite                                                 AGN              Liners
                                                                                                            30                                                                                                            20               1.0                                                                                                            10
                                                                                              Arcseconds                                                                                                             0               0.5                                                                                                           –10logO III/Hβ
                                                                                                           –20               0.0                                                                                                           –30                                                                                                                 –60      –40         –20        0                                              20            40            60                                                                                                                                            Arcseconds              – 0.5                                                                                                 Figure 4. This is an example of AGN triggering in galaxies undergoing strong ram                                                                                                 pressure stripping. The galaxy in this example is JO206, a 9 × 1010 M⊙ galaxy in a                                                                                                 low-mass (σ = 500 km s –1) galaxy cluster. Left: Diagnostic diagram where each point                                                                                                 is one spaxel of the MUSE datacube. The locations of the points in the diagram              –1.0                                                                               reveal the ionisation sources: star-forming (red), AGN (green), LINER (blue), and                                                                                                 star-forming AGN composite (orange). Right: The corresponding map, with the cen-                                                                                                 tral strong AGN emitting 8 × 10 42 erg/s in X-rays (Poggianti et al., 2017a, b). The grey                         –1.5      –1.0        – 0.5        0.0                 0.5              galaxy contours indicate the extent of the galaxy stellar disc. The long extraplanar                                           logN II/Hα                                            gas tails extend 90 kpc from the disc and are ionised by n ewly-formed stars.
  ratios as measured from MUSE spectra                        X-ray Observatory. Although the sample                                  injection from the AGN, or both. The  (Figure 4). As GASP data began to pour                      is still too small to draw definitive statisti-                         proximity of the sample galaxies to the  in, one of the first unexpected results was                 cal conclusions, this fraction is surprisingly                          cluster core and their high relative speeds  the high incidence of AGN in the galaxies                   high compared to the low occurrence of                                  strongly support the hypothesis that ram  undergoing the strongest stripping: six                     AGN activity among emission line galax-                                 pressure triggers AGN activity and not  out of seven galaxies with the most spec-                   ies in clusters (3 %) and the general field                             vice versa. How this occurs is still  tacular tails host a central AGN. Five of                   (8 %) at similar redshifts.                                             unknown, as simulations of ram pressure  these display typical Seyfert 2 emission                                                                                            in the presence of an AGN do not yet  line ratios and one is a low-ionisation                     This “AGN excess” may result from ram                                   exist. However, hydrodynamic simulations  nuclear emission-line region (LINER)                        pressure causing gas to flow towards the                                have shown that when gas in a galaxy  powered by a low-luminosity AGN, which                      galaxy centre, or from an enhancement                                   disc interacts with a non-rotating intra-  was confirmed by data from the Chandra                      in the stripping strength due to energy                                 cluster medium, it loses angular momen-
                                                                                                                                               –15.0              15                                                                                15
                                                                                                                                               –15.5                                                                                                                                                                                                Figure 5. P96949 is the only              10                                                                                                                                                       log(Hα [erg s –1 cm –2 arcseconds –2])

                                                                                10                                                                                                              merger found in the GASP
                                                                                                                                                                                                sample so far. A late-type                                                                                                                                                                                                galaxy is merging with an                                                                                                                                               –16.0                                            early-type galaxy of similar                5 Arcseconds
                                                                                                                                                                                                mass (~ 1010 M⊙), inducing
                                                                   Arcseconds                                                                                5                                                                                                                                                                                                high levels of star formation                                                                                                                                                                                                activity and the formation of                                                                                                                                               –16.5                                            a tidal dwarf galaxy in the                0                                                               0                                                                                                               compression zone between                                                                                                                                                                                                the two galactic nuclei. In                                                                                                                                                                                                the MUSE white-light image                                                                                                                                               –17.0                                            (left), the two galaxy centres              –5                                                                –5                                                                                                              are visible as the two peaks                                                                                                                                                                                                in the stellar light contours.                                                                                                            A                                                                                   The Ha intensity map (right)                                                                                                                                                                                                shows the regions of                                                                                         5 kpc                                                 –17.5                                                                                                                                                                                                enhanced star formation.              –10                                                          –10                                                                                                                                                                                                The forming dwarf galaxy is                –15     –10       –5        0           5                        –15         –10                  –5        0         5                                                         enclosed by the red dotted                                 Arcseconds                                                                      Arcseconds                                                                     circle (Vulcani et al., 2017b).
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                         tum and can therefore spiral into the gal-      –W                                                                           hat are the common features in gas          panoramic view of the stellar content and                         axy’s central region. Oblique shocks in          stripping phenomena, when do the long         the ionised, neutral and molecular gas.                         a flared galaxy disc might also play a role.     tails form and how long do they last?                                                                         –A                                                                           nd finally, how many galaxies undergo                         These results put forward ram pressure           gas stripping depending on environ-           Acknowledgements                         as a possible, albeit as yet unknown,            ment, and by what mechanism?                  We are very grateful to the ESO staff at Paranal and                         mechanism for feeding the central                                                              Garching for carrying out and supporting this pro-                         supermassive black hole of an AGN with          While observations of our group and field      gramme. B enedetta Vulcani acknowledges the sup-                         gas (Poggianti et al., 2017b; ESO Release       sample are still ongoing, our preliminary      port from an Australian Research Council Discovery                                                                                                                        Early Career Researcher Award (PD0028506). This                         eso1725 2 ). A complete census of AGN           analysis shows that various phenomena          work was co-funded under the Marie Curie Actions                         activity among galaxies in different            can give rise to optical morphologies          of the European Commission (FP7-COFUND).                         stages of gas stripping, from initial strip-    resembling gas stripping. Among the gal-                         ping to peak and post stripping, must           axies analysed so far there are good can-                                                                                                                        References                         await the completion of the survey.             didates of stripping in groups, low-mass                                                                         clusters and even filaments (Vulcani et al.,   Bellhouse, C. et al. 2017, ApJ, 844, 49                                                                         in preparation). There is also an interest-    Fritz, J. et al. 2017, ApJ, 848, 132                          Ongoing work, data release and                 ing case of likely gas accretion — instead     Gunn, J. E. & Gott, J. R. 1972, ApJ, 176, 1                                                                                                                        Gullieuszik, M. et al. 2017, ApJ, 846, 27                         prospects                                      of removal — onto an isolated galaxy           Jaffé, Y. L. et al. 2017, submitted to MNRAS                                                                         (Vulcani et al., 2017a), and the only case     Moretti, A. et al. 2017, submitted to MNRAS                         At the time of writing, three quarters of       so far of a merger in GASP (Vulcani et al.,    Poggianti, B. et al. 2016, AJ, 151, 78                         the GASP data have been taken. The first        2017b, Figure 5).                              Poggianti, B. et al. 2017a, ApJ, 844, 48                                                                                                                        Poggianti, B. et al. 2017b, Nature, 548, 304                         ESO GASP data release was published                                                            Tonnesen, S. & Bryan, G. L. 2012, MNRAS, 422, 1609                         on 26 October 2017 and is accessible            Multi-wavelength follow-up studies of          Vulcani, B. et al. 2017a, ApJ, in press                         from the ESO archive3. As observations          GASP include: the Atacama Pathfinder           Vulcani, B. et al. 2017b, ApJ, 850, 163                         approach completion, we will finish the         EXperiment, APEX CO(2-1) observations                         statistical analysis of the GASP sample         (completed, Moretti et al., in preparation);   Links                         and begin to address more general ques-         Atacama Large Millimeter/submillimeter                         tions including:                                Array (ALMA) CO(2-1) and CO(1-0) obser-        1                                                                                                                           he GASP website: http://web.oapd.inaf.it/gasp/                                                                                                                          T                         – What is the amount of stars contributed      vations, approved for ALMA Cycle 5;              index.html                                                                                                                        2                                                                                                                          ESO Press Release: https://www.eso.org/public/                            by the stripping to the intracluster light   JVLA C-array H I imaging (completed);             news/eso1725/                            and what are their metallicities?            and ongoing far-ultraviolet and near-ultra-    3                                                                                                                           G ASP’s first data release: http://www.eso.org/sci/                         – What is the amount and metallicity of        violet imaging using the Ultraviolet Imag-         publications/announcements/sciann17080.html                            the stripped gas?                            ing Telescope (UVIT) on Astrosat (George                         – What are the characteristics of the star     et al., in preparation). The combination of                            formation activity happening outside         MUSE and ancillary data will provide a                            galaxy discs?ESO/GASP collaboration
                                                                                                                                           MUSE observations of the galaxy
                                                                                                                                           JO206 from the GASP programme.                                                                                                                                           Red shows the glow from ionised                                                                                                                                           hydrogen and white shows where                                                                                                                                           most of the stars are located.
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Unveiling the Nature of Giant Ellipticals and
their Stellar Halos with the VSTMarilena Spavone1                               Early-type galaxy stellar halos               specific galaxy formation theories. In par-Massimo Capaccioli1, 2                                                                        ticular, simulated galaxies show evidenceNicola R. Napolitano1                           The Lambda Cold Dark Matter (ΛCDM)            of substructure in the form of inflectionsEnrichetta Iodice1                              galaxy formation theories predict that        or breaks, at which the surface bright-Aniello Grado1                                  galaxies grow through a combination of        ness profile becomes either steeper orLuca Limatola1                                  in-situ star formation and accretion of       shallower (for example, Cooper et al.,Andrew P. Cooper3                               stars from other galaxies. Accreted stars     2013; Rodriguez-Gomez et al., 2016).Michele Cantiello4                              are expected to dominate in the outer         These inflections also correspond to vari-Duncan A. Forbes 5                              parts of galaxies because they have           ations in the ratio between individualMaurizio Paolillo2                              much lower binding energies in the rem-       accreted components as a function ofPietro Schipani1                                nant system than stars formed by dissi-       radius. Most simulations predict that the                                                pative collapse. The structural properties    transition between in-situ and accretion-                                                of the outer parts of galaxies and their      dominated regions should be almost1   INAF–Astronomical Observatory of            correlations with stellar mass and other      imperceptible in the azimuthally averaged  Capodimonte, Italy                            observables might therefore provide           profiles of typical ETGs.2    University of Naples Federico II, Italy    ways of testing theoretical predictions of3     Institute for Computational Cosmology,    growth by accretion.                          Observational work has clearly identified  Durham, United Kingdom                                                                      features in ETG surface brightness pro-4      INAF–Astronomical Observatory of         Cosmological simulations of galaxy for-       files and kinematic distributions that are  Teramo, Italy                                mation predict trends in these quantities     indicative of substructure in the accreted5       Centre for Astrophysics & Supercom-     with mass that lead to systematic varia-      component (Bender et al., 2015). Some   puting, Swinburne University, Australia      tions in the average shape, amplitude,        of these features occur at distances of                                                and extent of azimuthally averaged sur-       many effective radii and hence at very                                                face brightness profiles (Cooper et al.,      low surface brightness, which could beObservations of diffuse starlight in the        2013). Unfortunately, the accreted debris     interpreted as evidence for multipleoutskirts of galaxies provide funda            is also expected to have extremely low        accreted components in the context ofmental constraints on the cosmological          surface brightness (μv ~ 29 mag arc          the models mentioned above. Using dif-context of galaxy assembly in the               seconds –2) on average and therefore to       ferent techniques with observations ofLambda Cold Dark Matter model, which            be very hard to separate from the back-       different depths, several authors havepredicts that galaxies grow through a           ground sky in conventional p  hotometric     concluded that the profiles of massivecombination of in-situ star formation           observations. In theoretical models mas-      ETGs are not well described by a singleand accretion of stars from other galax-        sive ETGs accumulate the bulk of their        Sérsic law component, once thought toies. Accreted stars are expected to             stellar mass by accretion, predominantly      be near universal for spheroidal galaxies,dominate in the outer parts of galaxies.        through about ten mergers of low stellar      suggesting that three or more SérsicSince dynamical timescales are longer           mass ratio (Cooper et al., 2015).             components may be required for anin these regions, substructures related                                                       accurate description of typical ETGs.to accretion, such as streams and               From an observational perspective, theshells, can persist over many Gyr. In           connections between different mecha-this work we use extremely deep g-              nisms of mass growth and the “structural      The VEGAS surveyand i-band images of six massive early-         components” inferred from images oftype galaxies (ETGs) from the VEGAS             ETGs are not straightforward. If the bulk     The study of galaxy stellar halos, histori-survey to constrain the properties of           of the stars really are accreted, then the    cally hampered by their faintness, hastheir accreted stellar components. The          “stellar halo” should be identified with at   recently benefited from the new genera-wide field of view of OmegaCAM on the           least the structural component that domi-     tion of very-wide-field imaging instru-VLT Survey Telescope (VST) also allows          nates the observed stellar mass. How-         ments. We are taking advantage of theus to investigate the properties of small       ever, other empirical components might        wide field of view and high spatial resolu-stellar systems (such as globular clus-         also be accreted. In-situ stars in ETGs       tion of the VLT Survey Telescope (VST)ters, ultra-compact dwarfs and satellite        are extremely difficult to distinguish if     at ESO’s Paranal Observatory to carrygalaxies) in the halos of our galaxies.         they are also spheroidal and dispersion-      out a multi-band imaging survey of nearbyBy fitting light profiles, and comparing        supported and have old, metal-rich stellar    ETGs, named VEGAS (VST Early-typethe results to simulations of elliptical        populations resembling those of the           GAlaxies Survey; Capaccioli et al., 2015).galaxy assembly, we have identified             dominant accreted component(s) with           The large field of view of the OmegaCAMsignatures of a transition between              which they have been thoroughly mixed         mounted on the VST (one square degreerelaxed and unrelaxed accreted com-             by violent relaxation.                        matched by pixels 0.21 arcseconds wide),ponents and can constrain the balance                                                         together with its high efficiency and spa-between in-situ and accreted stars.             Cosmological dynamical simulations can        tial resolution, allows us to map the sur-                                                help by suggesting plausible interpre        face brightness of a galaxy out to iso                                                tations for features in the surface bright-   photes encircling about 95 % of the total                                                ness profiles of ETGs in the context of       light using a reasonable integration.
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Figure 1. VST g-band sky-subtracted images of the          Survey bands obtained with VST and                    each band with the IRAF task ELLIPSE,galaxies analysed in this work. The colour scale                                                           OmegaCAM, in both service and visitor                 which computes the intensity, I(a,θ),represents surface brightness in mag arcseconds –2. North is up, east is to the left. We point out that the   mode, for the giant ETGs (Figure 1)                   a zimuthally sampled along an elliptical stellar halos often extend even further than it is        NGC 3923, NGC 4365, NGC 5044 and                       path described by an initial guess for the p ossible to visualise in these images, as shown by      NGC 5846, along with similar data on                   isophote centre (X,Y ), ellipticity ε, and  the profiles in Figure 3.                                                           NGC 4472 and NGC 1399 (Capaccioli et                  semi-major axis position angle θ at differ-                                                           al., 2015 and Iodice et al., 2016).                   ent semi-major axis lengths.The main products of the VEGAS surveyare: 1) a two-dimensional light distribution               The data reduction procedure followed is              We find an increase in ellipticity in theout to 8–10 effective radii (Re ), galaxy                  described by Capaccioli et al. (2015) and             outer regions of all the galaxies, indicat-structural parameters and diffuse light                    Spavone et al. (2017). We adopted a “step-            ing the presence of a more flattenedcomponent, inner substructures as a sig-                   dither” observing strategy for galaxies               outer component with a significant gradi-nature of recent cannibalism events; 2)                    with large angular extents, consisting of a           ent in position angle. From the isophotalradially-averaged surface brightness pro-                  cycle of short exposures centred on the               analysis we also extract very deep surfacefiles and isophote shapes out to 10 Re; 3)                 target and on offset fields (∆ = ± 1 degree).         brightness profiles (μg ~ 30 mag arcsec-colour gradients and the connection with                   With such a technique the background                  onds –2 ). In the left panel of Figure 2 wegalaxy formation theories; 4) detection of                 can be estimated from exposures taken                 plot these profiles as a function of galacto-external low-surface-brightness struc-                    as close as possible, in space and time,              centric radius normalised to the effectivetures of the galaxies and the connection                   to the scientific images. This ensures                radius R/Re. This comparison shows thatwith the environment; and 5) a census of                   better accuracy, reducing the uncertain-             we have two kinds of profiles in our sam-small stellar systems (globular clusters,                   ties at very faint surface brightness levels.        ple: those with “excess” light in the outerultra-compact dwarfs and galaxy satel-                                                                           regions, which tend to flatten in theselites) out to ~ 20 Re from the main galaxy                                                                       regions; and those for which the surfacecentre and their photometric properties.                   Results                                               brightness falls off more rapidly. The dif-                                                                                                                 ferences in the shape of the light profilesThe data used in this work consist of                      The isophotal analysis of the VEGAS gal-              may be signatures of different dynamicalexposures in g and i Sloan Digital Sky                     axies is performed on the final mosaic in             states for the stellar halos surrounding
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             5   NGC   4472                                                                              NGC   4472                 NGC   3923                                                                              NGC   3923                 NGC   1399                                                                              NGC   1399                 NGC   5846                                                                              NGC   5846                 NGC   5044                                                                              NGC   5044                                                                                                    0                 0                    5                    10                  15                         0.01          0.1             1              10                                             R/R e                                                                              R/R e Figure 2. Left: Azimuthally-averaged surface bright-       surface brightness profiles of our sample                 in a fit such as this accounts for most ness profiles in the g-band scaled to their effective                                                            galaxies. This second component is                        of the accreted mass in massive elliptical magnitude, as a function of galactocentric radius normalised to the effective radius, R/R e. Right: The      sometimes interpreted as evidence for a                   galaxies, these halo mass fractions (g–i) colour profiles of the galaxies in our study.        stellar halo. The overall profile is com-                 should be considered a lower limit for the                                                            posed of different contributions and                      total accreted mass.                                                            therefore theory suggests that the sur- these galaxies. The mean (g–i) colour                      face brightness profiles of ETGs should                   Numerical simulations predict that stars profiles for galaxies in our sample are                    be described by the superposition of dif-                 accreted by brightest cluster galaxies shown in the right panel of Figure 2. The                  ferent components. For this reason, we                    (BCGs) account for most of the total gal- colours of all our galaxies are redder                     first present models of the surface bright-               axy stellar mass (~ 90 % on average), than those typically found for ETGs, since                 ness profiles of galaxies in our sample                   while in-situ stars only contribute signifi- they all show the presence of dust lanes,                  with a double Sérsic law (r –n ), or with an              cantly to the surface brightness profiles shells, and other signs of ongoing inter-                  exponential profile (n = 1) on the outer                  out to R ~ 10 kpc (Cooper et al., 2013, actions. The colours develop a steeper                     component. The result of these fits and                   2015; Rodriguez-Gomez et al., 2016). The gradient at a different radius for each                    their residuals are shown in Figure 3.                    overall accreted profile is built up of con- galaxy, becoming bluer (for NGC 1399,                                                                               tributions from several significant pro  NGC 4365, NGC 5044 and NGC 5846) or                       From this analysis we have identified a                   genitors. For this reason, theory suggests  redder (for NGC 3923 and NGC 4472).                       radius for each galaxy in our sample                      that the surface brightness profile of an  We will show later that the discontinuities               that marks the transition between the                     ETG should be well described by the  observed in the colour profiles, ellipticities            inner and outer components of our                         superposition of an inner Sérsic profile,  and position angles correspond to the                     two-component fit. We label this empiri-                  representing the sub-dominant in-situ  transition radii observed in each surface                 cally defined “transition radius” Rtr. This               component in the central regions, with  brightness profile, which are defined as                  transition occurs at very faint levels of                 another Sérsic profile representing the  the locations of the transition between                   surface brightness (μtr) for all our galax-               dominant superposition of the relaxed  two different fit components.                             ies. Moreover, a discontinuity in the                     phase-mixed accreted components, and                                                            ellipticity, position angle, and (g–i) colour            an outer diffuse component representing Since there is considerable evidence in                     profile of each of the six galaxies occurs               unrelaxed accreted material (streams the literature that the light profiles of                   around Rtr (see Spavone et al., 2017).                   and other coherent concentrations of many of the most massive ETGs are not                                                                                debris), which does not contribute signifi- fitted well by a single Sérsic law and at                  The relative contribution of the outer halo               cant surface density to the brighter least one additional component is needed                   with respect to the total galaxy light (f h)              regions of the galaxy. (Seigar et al., 2007; Donzelli et al., 2011),              estimated from these fits ranges from our analysis focuses on the fit of projected               27 % to 64 %. Since there is no clear rea-                Following these theoretical predictions, one-dimensional (ellipsoidally averaged)                   son to believe that the outer component                   we described the surface brightness
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Figure 3. VST g-band profiles of NGC 1399,                        appears that, as argued by Cooper et al.                              our observations (filled red triangles)NGC 3923, NGC 4365, NGC 4472, NGC 5044,                                                                  (2015), the radius R tr identified in Figure 2                        with other observational estimates forand NGC 5846 plotted on a logarithmic scale. Theblue line is a fit to the outer regions, while the                marks the transition between different                                BCGs (Bender et al., 2015; Seigar et al.,magenta line is a fit to the inner regions with a Sérsic          accreted components in different states                               2007; Iodice et al., 2016), with theoreticalprofile, and the black line is the sum of the compo-              of dynamical relaxation, rather than                                  predictions from semi-analytic particle-nents in each fit. The dashed lines indicate the                                                                  between in-situ and accreted stars. From                              tagging simulations by Cooper et al.core of the galaxy, which was excluded from the fit,and the transition point between the two compo-                   the fitting procedure we estimated the                                (2013, 2015), and with the Illustris cosnents, respectively.                                              contributions of the outer exponential                                mological hydrodynamical simulations                                                                  “envelopes” to the total galaxy mass;                                 (Rodriguez-Gomez et al., 2016).                                                                  these range from 28 % to 60 % for the rofiles of our six galaxies with a three-p                                                                 galaxies in our sample. We also estimate                              We find that the stellar mass fraction ofcomponent model: a Sérsic profile for                             the fractions of total accreted mass,                                 the accreted component derived forthe centrally concentrated in-situ stars, a                       which range from 83 % to 95 %.                                        galaxies in our sample is fully consistentsecond Sérsic for the relaxed accreted                                                                                                   with both published data for other BCGscomponent, and an exponential compo-                                                                                                     (despite considerable differences in thenent for the diffuse and unrelaxed outer                          Comparison with theoretical predictions                                techniques and assumptions involved)envelope. To mitigate the degeneracy                                                                                                     and the theoretical models of Cooper etin parameters and provide estimates of                            In the previous section, we identified                                 al. (2013, 2015). In Figure 5 we also com-accreted components that are closely                              inflections in the surface brightness pro-                             pare the stellar mass fractions obtainedcomparable to the results of numerical                            files of galaxies in our sample that may                               for the outermost exponential componentsimulations, we fixed n ~ 2 (allowing small                       correspond to transitions between                                      of our multi-component fit (open red tri-variations of ± 0.5) for the in-situ compo-                       regions dominated by debris from differ-                               angles) with the mass fraction associatednent of our three-component fits (Cooper                          ent accreted progenitors in different                                  with unbound debris streams from sur-et al., 2013). The results of these fits                          dynamical states. In Figure 5 we compare                               viving cluster galaxies in the simulationsare shown in Figure 4. From this plot it                          the accreted mass ratios inferred from                                 of Cooper et al. (2015). We found that the
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Figure 4. VST g-band profiles of NGC 1399,                                  (24.0 ≤ μg ≤ 27.8 mag arcseconds –2).                                      a transition between two separate com-NGC 3923, NGC 4365, NGC 4472, NGC 5044, and                                                                            They appear to correlate with changes in                                   ponents. We do not observe significantNGC 5846, fitted with a three-component modelmotivated by the predictions of theoretical simula-                         the trend of ellipticity, position angle, and                              changes in surface brightness or othertions.                                                                      colour with radius, where the isophotes                                   properties at the transition point between                                                                             become flatter and misaligned and the                                     the inner two components of our theoreti-mass fraction in this component of our fits                                  colours become bluer beyond the inflec-                                   cally motivated three-component fits. Thisis consistent with these values from the                                     tions. This suggests that these inflections                               is perhaps not surprising because simu-simulations, suggesting that such compo-                                     mark transitions between physically dis-                                  lations predict that the in-situ accretednents may give a crude estimate of the                                       tinct components in different states of                                   transition is hardly noticeable in very mas-mass distribution associated with dynami-                                    dynamical relaxation.                                                     sive galaxies, for the most part becausecally unrelaxed components originating                                                                                                                 the in-situ stars account for a relativelyfrom disrupting or recently disrupted gal-                                  A variety of possible interpretations for                                  small fraction of the total mass even inaxies, as argued by Cooper et al. (2015).                                   such features have been suggested,                                         the bright body of the galaxy. It is encour-                                                                            based on theoretical models. Upward                                        aging that we see a variety of profile                                                                            inflections (shallower outer slopes) might                                 inflections in our photometric investigationClues to the origin of stellar halos                                        reflect transitions between either an inner                                of this small subset of the VEGAS sample                                                                            in-situ-dominated region and an outer                                      and that these are broadly consistentOur analysis suggests that the surface                                      accretion-dominated region, or else                                        with expectations based on state-of-the-brightness profiles of the galaxies in                                      between two accreted components (Font                                      art theoretical models.our study are best reproduced by multi-                                     et al., 2011). Downward inflections cancomponent models. For each of the                                           occur within the profiles of debris from                                   Our results suggest that, with the com-galaxies in our study we can identify at                                   single progenitors alone, corresponding                                    plete sample of extremely deep surface least one inflection in the surface bright-                                to the characteristic apocentric radius of                                 brightness profiles from the full survey, we ness profile. These inflections occur at                                   its stars (Cooper et al., 2010; Deason et                                  will be able to investigate the late stages very faint surface brightness levels                                       al., 2013) and therefore need not represent                               of massive galaxy assembly statistically,
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                                                                                                                    thereby distinguishing dynamically                Models by Rodriguez–Gomes et al. (2016)                                                                                                                    evolved systems from those that are                Models by Cooper et al. (2013, 2015)           1                                                                                                        still reaching dynamical equilibrium, and                                                                     NGC 1316                                   NGC 4874                                                                         probing the balance between in-situ star                                                            NGC 4472                                                formation and accretion across a wide                                                             NGC 5846                                               range of stellar mass. This is a promising                                     NGC 4365          NGC 1399                                                     route to constraining cosmological models                                                                  NGC 3923          0.8                                                                                                       of galaxy formation such as those we                            UGC 9799                                                       NGC 5044                                                     have compared with here, which predict                                                                                                                    fundamental, relatively tight correlations                                                   GIN 478                                                                    NGC 6166                                        between the present-day structure of                                                                                                                    massive galaxies and the growth historiesMacc/M*
          0.6                                                                                                       of their host dark matter halos.
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Dissecting the Core of the Tarantula Nebula with
MUSEPaul A. Crowther1                                firmed as Lyman continuum leakers (for           ute mosaic which encompasses bothNorberto Castro2                                 example, Micheva et al., 2017).                  the R136 star cluster and R140 (an aggre-Christopher J. Evans 3                                                                            gate of WR stars to the north). See Fig-Jorick S. Vink4                                  The Tarantula Nebula is host to hundreds         ure 1 for a colour-composite of the cen-Jorge Melnick5                                   of massive stars that power the strong           tral 200 × 160 pc of the Tarantula NebulaFernando Selman 5                                Ha nebular emission, comprising main             obtained with the Advanced Camera                                                 sequence OB stars, evolved blue super-           for Surveys (ACS) and the Wide Field                                                 giants, red supergiants, luminous blue           Camera 3 (WFC3) aboard the HST. The1   Department of Physics & Astronomy,           variables and Wolf-Rayet (WR) stars. The         resulting image resolution spanned 0.7   University of Sheffield, United Kingdom       proximity of the LMC (50 kpc) permits            to 1.1 arcseconds, corresponding to a2    Department of Astronomy, University of      individual massive stars to be observed          spatial resolution of 0.22 ± 0.04 pc, pro-   Michigan, Ann Arbor, USA                      under natural seeing conditions (Evans           viding a satisfactory extraction of sources3     UK Astronomy Technology Centre,            et al., 2011). The exception is R136, the        aside from R136. Four exposures of   Royal Observatory, Edinburgh, United          dense star cluster at the LMC’s core that        600 s each for each pointing provided a   Kingdom                                       necessitates the use of adaptive optics          yellow continuum signal-to-noise (S/N)4      Armagh Observatory, United Kingdom        or the Hubble Space Telescope (HST; see          ≥ 50 for 600 sources. A total of 22555  ESO                                           K horrami et al., 2017, Crowther et al.,        sources were extracted using SExtractor,                                                  2016). R136 has received particular atten-      while shorter 10- and 60-second expo-                                                  tion since it hosts very massive stars          sures avoided saturation of strong nebu-We provide an overview of Science                 (≥ 100 M⊙; Crowther et al., 2016) that are      lar lines. Absolute flux calibration wasVerification MUSE observations of                the potential progenitors of pair-instability   achieved using V-band photometry from NGC 2070, the central region of the              supernovae and/or merging black holes           Selman et al. (1999). An overview of the Tarantula Nebula in the Large Magellanic         whose gravitational wave signatures have        dataset, together with stellar and nebular Cloud. Integral-field spectroscopy of            recently been discovered with LIGO.             kinematics, is provided by Castro et al. the central 2 × 2 arcminute region pro-                                                          (submitted to A&A). vides the first complete spectroscopic          Star formation in the Tarantula Nebula census of its massive star content,             began at least 15–30 Myr ago, as wit- nebular conditions and kinematics. The         nessed by the cluster Hodge 301, whose           Spatially resolved nebular properties  star formation surface density of              stellar content is dominated by red super-  NGC 2070 is reminiscent of the intense         giants. There was an upturn in its rate          We present colour-composite images  star-forming knots of high-redshift gal-       of star formation within the last 5–10 Myr,      extracted from the MUSE datacubes in  axies, with nebular conditions similar to      which peaked a couple of Myr ago in              Figure 2, highlighting the stellar content  low-redshift Green Pea galaxies, some          NGC 2070, the central ionised region that        and ionised gas, respectively. Figure 2a  of which are Lyman continuum leakers.          hosts R136. Star formation is still ongo-        samples 6640, 5710 and 4690 Å, such  Uniquely, MUSE permits the star forma-         ing, as witnessed by the presence of             that most stars appear white except for  tion history of NGC 2070 to be studied         massive young stellar objects and clumps         cool supergiants (orange; for example,  with both spatially resolved and integrated-   of molecular gas observed with ALMA              Melnick 9 in the upper left) and WR stars,  light spectroscopy.                            (Indebetouw et al., 2013). The interplay         which appear blue owing to strong He II                                                 between massive stars and the inter             4686 Å emission. Examples of the WR                                                 stellar medium also permits the investi         stars include R134 to the right of theTarantula Nebula                                 gation of stellar feedback at high spatial       central R136 star cluster and the R140                                                 and spectral resolutions (for example,            complex at the top, which hosts WNThe Tarantula Nebula (30 Doradus) in             Pellegrini, Baldwin & Ferland, 2011).            and WC stars, subsets of WR stars thatthe Large Magellanic Cloud (LMC) is                                                                have dominant lines of ionised nitrogenintrinsically the brightest star-forming                                                           and ionised carbon respectively. In con-region in the Local Group and has been           MUSE observations of NGC 2070                     trast, Figure 2b highlights the distributionthe subject of numerous studies across                                                             of low-ionisation gas ([S II] 6717 Å, red),the electromagnetic spectrum. Its low            NGC 2070, the central region of the               high-ionisation gas ([O III] 5007 Å, blue)(half-solar) metallicity and high star for-      Tarantula Nebula, was observed with the           and hydrogen (Hα, green). Green pointmation intensity are more typical of knots       Multi Unit Spectroscopic Explorer (MUSE)          sources generally arise from broad Hαin high-redshift star-forming galaxies than      as part of its original Science Verification      emission from WR stars and relatedlocal systems thanks to its very rich stel-      programme at the Very Large Telescope             objects.lar content (Doran et al., 2013). Indeed,        (VLT) in August 2014. MUSE is a wide-30 Doradus has nebular conditions that           field, integral-field spectrograph, provid-      Owing to the presence of ionised gasare reminiscent of the galaxies known            ing intermediate-resolution (R ~ 3000            throughout NGC 2070, our MUSE data-as Green Peas. These are local extreme           at Ha) spectroscopy from 4600–9350 Å             sets enable the determination of nebularemission-line galaxies that are analogues        over one square arcminute with a pixel           properties. Adopting a standard Milky Wayof high-redshift, intensely star-forming         scale of 0.2 arcseconds. Four overlapping        extinction law, there is a wide variationgalaxies, some of which have been con-           MUSE pointings provided a 2 × 2 arcmin-          in extinction throughout the region with
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                                                                                                                                                                                                                 Figure 1. MUSE 2 × 2NASA, ESA, D. Lennon et al.
                                                                                                                                                                                                                 arcminute mosaic (white
                                                                                                                                                                                                                 square) superimposed                                                                                                                                                                                                                 on a colour-c omposite                                                                                                                                                                                                                 image of the Tarantula                                                                                                                                                                                                                 Nebula (corresponding                                                                                                                                                                                                                 to ~ 200 × 160 parsecs),                                                                                                                                                                                                                 obtained with the ACS                                                                                                                                                                                                                 and WFC3 instruments                                                                                                                                                                                                                 aboard HST.1                                                                                                         Figure 2. (a) VLT/MUSE colour-composite image of                             while orange sources are predominantly red super-                                                                                                         NGC 2070 (2 × 2 arcminutes) sampling 6640 Å (red),                           giants. (b) VLT/MUSE colour-composite image of                                                                                                         5710 Å (green), and 4690 Å (blue). Blue sources are                          NGC 2070 (2 × 2 arcminutes) sampling [S II] 6717 Å                                                                                                         WR stars with prominent He II 4686 Å emission,                               (red), Hα (green), and [O III] 5007 Å (blue).
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 Figure 3. (Above) Distribution of gas density (left)
 and temperature (right) within the MUSE field of view,                                                                                                                       MUSE 1433                       Teff = 57000 (K) based on [S II] 6717/6731 Å and [S III] 6312/9069 Å                                     2.5                                                                                  VFTS 599 O3 III(f*) diagnostics.                                                                                                                                                                              MUSE 1008                       Teff = 43000 (K)                                                                                                                                                                              VFTS 511 O5 V((n))((fc))z coefficients spanning 0.15 ≤ c(Hb) ≤ 1.2.                                               2.0                                                                                  MUSE 276                        Teff = 41000 (K)                                                                       Normalised flux

                                                                                                                                                                              VFTS 491 O6 V((fc))
 On average, we found c(Hb) = 0.55 mag, which is in excellent agreement with                                                                                                                                         MUSE 2193                       Teff = 36000 (K)                                                                                                                                                                              VFTS 585 O7 V(n) long-slit results from Pellegrini, Baldwin                                              1.5 & Ferland (2011). Nebular lines also per-                                                                                                                                    MUSE 1870                       Teff = 35000 (K)                                                                                                                                                                              VFTS 611 O8 V(n) mit the determination of electron densi- ties and temperatures from [S II] and [S III]                                                                                                                                MUSE 1334                       Teff = 31000 (K)                                                                                         1.0                                                                                  VFTS 635 O9.5 IV diagnostics as illustrated in Figure 3. The dust properties towards the Tarantula                                                                                                                                        MUSE 1689                       Teff = 24000 (K)                                                                                                                                                            [O III]
                                                                                                                                                                              VFTS 420 B0.5 Ia
                                                                                               He II                                                                                                                                                                                                      He II
                                                                                                                                                                                                                                            Si III
                                                                                                                                                                                                                                                      C IV Nebula are known to be non-standard,                                                                                               He I
                                                                                                                                                            He I
                                                                                                                                                                       He I                                                                                                                                                                       He I
                                                                                                                                                                                                                         O III                                                                                               N III                                                                                               C III
                                                                                                                                                                                                                                    C III                                                                                                                                                       Hβ

 with an average c(Hb) = 0.6 obtained                                                    0.5
                                                                                          4600                   4800                                            5000           5200                5400                5600                         5800 from the law presented by Maíz-Apellániz                                                                                                                                     Wavelength (Å) et al. (2014) and R = 4.4, although this has little bearing on the nebular conditions                             graph (FLAMES) on the VLT (Walborn et                                                                       Figure 4. Blue to yellow spectroscopy of representa-                                                                                                                                                                                      tive OB stars in NGC 2070 observed with VLT/MUSE determined here owing to the use of red                                  al., 2014). A spectroscopic analysis of                                                                                                                                                                                      (black solid lines), including spectral types from the spectral diagnostics.                                                    270 sources with He II 5412 Å absorption                                                                    VLT-FLAMES Tarantula survey, and temperatures                                                                          is now underway using the non-local                                                                         from FASTWIND model fits (dashed red lines) to He I                                                                          thermodynamic equilibrium atmospheric                                                                       4921 Å and He II 5412 Å. Massive stars in NGC 2070                                                code FASTWIND (Puls et al., 2005), yield-                                                                          ing temperatures and luminosities from                                                                      stellar evolution theory. For instance, MUSE permits the first complete spectro-                                 He I 4921 Å and He II 5412 Å. Preliminary                                                                   Castro et al. (2014) suggested empirical scopic census of massive stars within                                    fits to the illustrative spectra are also                                                                   boundaries for the zero- and terminal-age NGC 2070. Previous surveys have been                                     shown in Figure 4.                                                                                          main sequences from their analysis of a restricted to multi-object spectroscopy                                                                                                                                              large sample of OB stars. The MUSE using slitlets or fibres (Bosch et al., 1999;                            Ultimately we will determine the properties                                                                 data will enable a homogeneous analysis Evans et al., 2011). Spectral lines in the                               of all of the massive stars in NGC 2070                                                                     of a larger stellar sample, spanning a blue are usually employed in the classifi-                               in order to fully characterise its recent                                                                   broad range of evolutionary stages (for cation of OB stars, so the 4600 Å blue                                   star-formation history, substituting results                                                                example, main sequence, blue and red limit to MUSE has required the develop-                                  from long-slit HST spectroscopy using                                                                       supergiants, and WR stars). ment of green and yellow diagnostics.                                    the Space Telescope Imaging Spectro- Representative OB spectra from MUSE                                      graph (STIS) for the central parsec of                                                                      Of course, it is well known that massive are presented in Figure 4 with classifica-                               R136 (Crowther et al., 2016). Quantitative                                                                  stars prefer company, so it is likely tions from blue spectroscopy using the                                   analysis of the MUSE data should also                                                                       that many of the MUSE point sources Fibre Large Array Multi Element Spectro-                                 provide useful insights to incorporate into                                                                 are multiple. Fortunately, the majority of
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                                 1e–10                                                                                 Figure 5. Integrated MUSE spectrum of NGC 2070,                             8                                                      1e–12                                                            revealing a striking emission line spectrum, with                                                6.5                                                                                                                       characteristics reminiscent of Green Pea galaxies,                             7                  6.0                                                                                                                       plus WR bumps in the blue (upper inset, He II 4686 Å                                                5.5                                                                    arising from WN stars) and yellow (lower inset, C IVFlux (erg s –1 cm –2 Å –1)
                             6                  5.0                                                                    5801–12 Å due to WC stars).
                                                4.5                             5                  4.0                                                 4600           4650       4700       4750      4800                                                    1e–12                             4                  3.5                                                                    2017), although the peak of star formation                                                3.4                                                3.3                                                                    was inferred to be ~ 4.5 Myr ago, exclud-                                                3.2                             3                  3.1                                                                    ing R136 (which has an age of ~ 1.5 Myr;                                                3.0                                                2.9                                                                                                                       Crowther et al., 2016). The Hα-derived                             2                  2.8                                                2.7                                                                                                                       ionising output is 1051 photons s –1 for                             1                                                 5700           5750       5800       5850      5900                   NGC 2070, equivalent to ~ 100 O7 V                                                                                                                       stars. This corresponds to ~ 300 O stars                             0                                                                                         for the nebular derived age (Schaerer &                                         5000                 5500                6000                 6500                                                                Wavelength (Å)                                         Vacca, 1998), in good agreement with the                                                                                                                       number of MUSE sources that display assive stars in NGC 2070 have previ-m                                                                      to the former. These are often observed         He II 5412 Å absorption, albeit neglectingously been monitored spectroscopically                                 in the integrated light of extragalactic        the (significant) contribution of the WRwith VLT/FLAMES, revealing many short-                                star-forming regions.                           stars to the cumulative ionising output.period systems. In addition, 30 Doradushas been the target of the Chandra X-ray                               Figure 6a compares the strong-line              We derive log (O/H) + 12 = 8.25 forVisionary Programme (T-ReX) using the                                  nebular characteristics of NGC 2070            NGC 2070, adopting N+ and S++ temper-Advanced CCD Imaging Spectrometer                                       with Sloan Digital Sky Survey (SDSS)           atures for singly- and doubly-ionised(ACIS-I). This programme monitored X-ray                                star-forming galaxies and indicates simi-      oxygen, respectively. However, the blueemission from the Tarantula Nebula                                      lar high-excitation properties to those         MUSE cutoff excludes the use of theover 630 days, permitting longer-period                                 of Green Pea galaxies (Micheva et al.,          stronger [O III] 4363 Å line. Direct deter-systems to be identified. For example,                                  2017). Analysis of the integrated spec-         minations for the entire 30 DoradusMelnick 34, the blue emission-line star to                             trum reveals c(Hb) = 0.57 for a standard        region indicate a somewhat higher oxy- the left of R136 in Figure 2a, has been                                extinction law, such that the dereddened        gen content (for example, log (O/H) + revealed as an eccentric colliding-wind                                Hα luminosity is 1.5 × 1039 erg s –1, corre-    12 = 8.33; Tsamis et al., 2003). Since WR binary by its T-ReX variability (Pollock et                            sponding to one-eighth of the entire            line luminosities are metallicity dependent al., 2017).                                                            Tarantula Nebula (Doran et al., 2013).          (Crowther & Hadfield, 2006) one would                                                                        The current star formation rate (SFR) for       infer 20 mid-WN and five early WC stars                                                                        NGC 2070 is 0.008 M⊙ yr –1. This has            in NGC 2070, or N(WR)/N(O) ≥ 0.08, byIntegrated spectrum of NGC 2070                                         been obtained by adopting a standard            adopting LMC templates. This is in rea-                                                                        Kennicutt (1998) relation between Hα            sonable agreement with the resolved WRIn addition to spectra of the spatially-                               luminosity and SFR, modified for a              content of the MUSE field, namely 10 WNresolved stars and gas in NGC 2070, it is                               K roupa (2002) initial mass function by        stars, 6 Of/WN stars and 2 WC stars.possible to sum the MUSE observations                                    dividing by a factor of 1.5, and inferring     The rich star cluster R136 hosts four ofto arrive at the integrated spectrum of                                  a high star formation surface density          the most massive WN5h stars in thethe region. NGC 2070 would subtend                                       of ΣSFR ~ 10 M⊙ yr –1 kpc –2. Conditions       region, but only contributes one third of0.6 arcseconds if it were located at a dis-                              are similar to clumps of intensively star-     the cumulative He II 4686 Å emission. Intance of 10 Mpc, so MUSE offers the                                      forming galaxies at high redshifts, as         contrast, the less prominent R140 com-unique opportunity to study both the spa-                                demonstrated in Figure 6b (adapted from        plex, which hosts two WN6 stars and onetially-resolved properties of an intensively                             Johnson et al., 2017).                         WC star, contributes another third of thestar-forming region and its aggregate                                                                                   He II 4686 Å emission and dominates thecharacteristics. The integrated spectrum                                                                                integrated C IV 5808 Å and C III 4650 Åof NGC 2070 is presented in Figure 5. In                               Properties inferred from the integrated          flux. This arises from the relatively weakaddition to strong nebular lines, the high                             light of NGC 2070                                wind strengths of main sequence WN5hthroughput of MUSE and the proximity of                                                                                 stars, as opposed to the significantlyNGC 2070 allow a plethora of weaker                                    The inferred age of the region from the          stronger emission from classical WN stars.features to be revealed in the integrated                              equivalent width of Hα is ~ 4 Myr, imply-spectrum, including the non-standard                                   ing a mass of 105 M⊙ for an instantane-         Strong-line calibrations are widelydensity diagnostic Cl III 5517/5537 Å. Fig-                            ous burst of star formation. This is double     employed to infer the metallicity of extra-ure 5 also highlights broad blue (He II                                the mass estimated for the central R136         galactic H II regions because of the4686 Å) and yellow (C IV 5801–12 Å) WR                                 cluster. In reality, there is an age spread     faintness of auroral lines. Application offeatures in the integrated spectrum, with                              of 0–10 Myr for massive stars within the         the commonly used calibrations fromno evidence for a nebular contribution                                 entire Tarantula Nebula (Schneider et al.,       Pettini & Pagel (2004), using the N2 and
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O3N2 indices, would imply a Small                                                      1.5
                                                                                              a)                                                                                                                                                                                        Figure 6. (a) BPT dia-                                                                                                                                                                                        gram (Baldwin, Phillips &Magellanic Cloud (SMC)-like oxygen con-                                                                                                                                                                                        Terlevich, 1981) illustrat-tent of log (O/H) + 12 = 8.0, significantly                                                                                                                                              ing the similarity in inte-lower than our direct determination. If one                                                                                                                                              grated strengthshad to rely on strong-line diagnostics for                                             1.0                Extreme GP                                                                                                                                                                                         between NGC 2070/                                                                                                                                                                                         Tarantula (filled/open redNGC 2070, the use of SMC-metallicity                                                                                                                                     GP                                                  square), Green PeaWR templates from Crowther & Hadfield                                                                                                                                                    (green circles), extreme                                                                                             GP Leakers(2006) would suggest an unrealistically                                                            NGC 2070                                                                              Green Pea (blue dia-                                                            log10([O III]) 5007/Hβ)
high number of mid-WN stars, and, in                                                  0.5
                                                                                                                                                                                         monds), and Lyman-                                                                                                                                                                                         continuum emittingturn, N(WR)/N(O) ≥ 0.3. This would repre-                                                                                                                                                                                         Green Pea (pink trian-sent a severe challenge to current single/                                                                                                                                               gles) galaxies, plusbinary population synthesis models for a                                                                                                                                                 SDSS star-forming gal-starburst region with 0.2 Z⊙, in stark                                                                                                                                                   axies (black dots);                                                                                      0.0                                                                                                updated from Figure 2contrast with the N(WR)/N(O) ~ 0.07 and                                                                                                                                                                                         of Micheva et al. (2017). 0.4 Z⊙ that has been obtained from our                                                                                                                                                  (b) Comparison between spatially resolved spectroscopy of the                                                                                                                                                  the integrated star- region.                                                                                                                                                                                 formation rate of                                                                                –0.5                                                                                                     NGC 2070/Tarantula                                                                                                                                                                                         (filled/open red square)                                                                                                                                                                                         and star-forming knotsReferences                                                                                                                                                                               from galaxies, spanning                                                                                                                                                                                         a range of redshiftsBaldwin, J. A., Phillips, M. M. & Terlevich, R. 1981,                                                                                                                                    (adapted from Figure 2	 PASP, 93, 5                                                                         –1.0                                                                                                   –2.0           –1.5           –1.0          –0.5              0.0              0.5    of Johnson et al., 2017).Bosch, G. et al. 1999, A&AS, 137, 21Castro, N. et al. 2014, A&A, 570, 13                                                                                        log10([N II]) 6584/Hα)Crowther, P. A. et al. 2016, MNRAS, 458, 624                                                                                       2Doran, E. et al. 2013, A&A, 558, A134                                                        b)Evans, C. J. et al. 2011, A&A, 530, A108Kennicutt, R. C. 1998, ARA&A, 36, 189                                                                                                                                            z = 1.3–3.4Khorrami, Z. et al. 2017, A&A, 602, A56                                                                                       1                                            z=5Kroupa, P. 2002, Science, 295, 82                                                                                                                                                                       z = 1.3Indebetouw, R. et al. 2013, ApJ, 774, 73Johnson, T. L. et al. 2017, ApJ, 843, L21                                                                                     z = 1.7Maíz-Apellániz, J. et al. 2014, A&A, 564, A63Micheva, G. et al. 2017, ApJ, 845, 165                                                 0                                  z = 0.1                                                                                                                                                           z = 1.5–2.2Pellegrini, E. W., Baldwin, J. A. & Ferland, G. J. 2011,	 ApJ, 738, 34                                                           log10(SFR, M/yr)
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VLTI Imaging of a High-Mass Protobinary System:
Unveiling the Dynamical Processes in High-Mass Star FormationStefan Kraus1                                 There is strong observational support            Astronomical Multi-BEam combineRJacques Kluska1                               for the hypothesis that high-mass stars          (AMBER) on the VLTI. The goal was toAlexander Kreplin1                            (> 10 M⊙) can form through accretion             study the astronomical unit scale innerMatthew Bate1                                 from circumstellar discs (for example,           environment around high-mass YSOs atTimothy Harries1                              Kraus et al., 2010; Boley et al., 2013;          low spectral resolution (R = 35). The firstKarl-Heinz Hofmann2                           Johnston et al., 2015; Caratti o Garatti         results from this campaign were publishedEdward Hone1                                  et al., 2017). These discs channel strong        in Kraus et al. (2010), where we detectedJohn Monnier3                                 stellar winds and radiation in the polar         an au-scale disc around the high-massGerd Weigelt 2                                direction, enabling the infall of material       YSO IRAS 13481-6124.Narsireddy Anugu1                             and allowing the star to grow beyond theWillem-Jan de Wit4                            limits imposed by radiation pressure andMarkus Wittkowski4                            the classical Eddington barrier (for exam-       GRAVITY and AMBER aperture synthesis                                              ple, Kuiper et al., 2010).                       imaging1  University of Exeter, United Kingdom        While the detection of these discs is often      Another source in our sample, IRAS2   ax-Planck-Institut für Radioastronomie,  M                                           interpreted as evidence for similarities         17216-3801, is a high-mass YSO located  Bonn, Germany                               between low- and high-mass star forma-           at a distance of 3.1 ± 0.6 kpc (Boley et3  University of Michigan, Ann Arbor, USA      tion, it is also important to emphasise          al., 2013) with a bolometric luminosity4  ESO                                         that the monolithic collapse scenario that       of 6.1 × 104 L⊙. Our VLTI observations                                              has been developed for low-mass star             resolve the system into a binary with a                                              formation is unable to explain the differ-       separation of 58 milliarcseconds (mas),High-mass stars exhibit a significantly       ences in multiplicity fractions observed         corresponding to approximately 170 auhigher multiplicity frequency than low-       between low-mass and high-mass stars.            at the distance of the source (Krausmass stars, likely reflecting differences     Surveys have found that ≥ 90 % of all            et al., 2017). We estimate the componentin how they formed. Theory suggests           O-type stars (> 16 M⊙) are close multiple        masses as 20 and 18 M⊙, which makesthat high-mass binaries may form by           systems, while this fraction drops to            the system about three times more mas-the fragmentation of self-gravitational       20 % for A-type stars (~ 3 M⊙; Chini et al.,     sive and five times more compact thandiscs or by alternative scenarios such        2014). In addition, the number of com-           previously imaged high-mass multipleas disc-assisted capture. Near-infrared       panions increases with the mass of the           systems (for example, Sridharan et al.,interferometric observations reveal           primary star. Various dynamical scenarios        2005). Most importantly, the mas-scalethe high-mass young stellar object            have been proposed to explain these              resolution achieved with the VLTI allowsIRAS 17216-3801 to be a close high-           remarkable characteristics. For instance,       us to spatially resolve the discs aroundmass protobinary with a separation of         high-mass multiples might form via the           the individual components, which is the0.058 arcseconds (~ 170 au). This is the      fragmentation of self-gravitating discs          first time that this has been achieved forclosest high-mass protobinary system          (Kratter & Matzner, 2006), disc-assisted         a high-mass protobinary system.imaged to date. We also resolve near-         capture (Bally & Zinnecker, 2005), orinfrared excess emission around the           through failed mergers in stellar collisions     AMBER measurements taken in 2012individual stars, which is associated         (Dale & Davies, 2006). Mass transfer pro-        using the long Unit Telescope (UT)with hot dust in circumstellar discs.         cesses during the early formation phase          baselines (30–130 m) showed strongThese discs are strongly misaligned           or dynamical three-body capture might             visibility and closure phase modulationswith respect to the binary separation         also lead to the formation of close binaries       that are characteristic of multiple sys-vector, indicating that tidal forces have     of near-equal mass.                                tems, while the low visibility level indi-not yet had time to realign. We measure                                                          cated the presence of both disc anda higher accretion rate towards the           Testing these scenarios requires the dis-          photospheric emission. As part of a VLTIcircumsecondary disc, confirming a           covery of high-mass protobinaries that             GRAVITY Science Verification programme, hydrodynamic effect where the second-        are still in the process of forming. Given         we obtained medium spectral resolution ary star disrupts the primary star’s         the large (kiloparsec) distance to these           (R = 500) on complementary Auxiliary accretion stream and effectively limits      objects and their embedded nature, such            Telescope (AT) baselines (11–34 m). The the mass that the primary star can           studies need to be conducted at infrared           GRAVITY data recording sequence on accrete. NACO L′-band imaging may            or submillimetre wavelengths and at the            IRAS 17216-3801 required less than also have resolved the circumbinary          highest achievable angular resolution.             one hour, but resulted in interferometric disc that feeds the accretion onto the       With its unprecedented 0.002-arcsecond             observables that changed dramatically circumstellar discs. This discovery          angular resolution, the VLT Interferometer         on timescales of minutes (Figure 1), demonstrates the unique capabilities of      (VLTI) is well-suited to make such obser-          reflecting the changes in projected base- the VLTI, creating exciting new opportu-     vations. In order to search for protobinary        lines that resulted from the Earth’s rota- nities to study the dynamical processes      systems and to obtain new insights into            tion. The rapid changes in the visibility that govern the architecture of close        the disc structure of high-mass young              and phase signal allow us to constrain multiple systems.                            stellar objects (YSOs), we initiated an inter-     the object’s structure with relatively little                                              ferometric survey in the K-band using the          observing time.
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                                                                                                                                      Figure 1. Visibilities and closure
                      1         11.1–11.2m/205.3–197.0°            21.2–22.2m/284.5–291.4°         22.2–22.5m/25.4–17.1°              phases derived from our GRAVITY                                                                                                                                      Science Verification dataset on                     0.8                                                                                                              IRAS 17216-3801. The dataset con-                                                                                                                                      sists of seven exposures, each taken                                                                                                                                      approximately six minutes apart (redVisibility
                     0.6                                                                                                              curves). The interferometric observa-
                                                                                                                                      bles change dramatically between                     0.4                                                                                                              these individual exposures due to the                                                                                                                                      Earth’s rotation and the strongly                                                                                                                                      extended nature of the object. This                     0.2                                                                                                              provides rich information to constrain                                                                                                                                      our model (blue curve). The labels                      0                                                                                                               within the panels indicate the covered                      1         23.6–24.7m/312.9–320.4°            31.5–32.0m/239.0–248.0°        33.3–33.7m/205.4–196.9°             projected baseline length and baseline                                                                                                                                      position angle range.                     0.8Visibility                     0.6
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   The combined GRAVITY and AMBER                                    where the emission around the northern            disc is strongly misaligned (position angle   data provide adequate uv-plane coverage                           component (A) is more extended than               67° ± 7°; see sketch in Figure 2, right).   for image reconstruction. In order to                             around the southern component (B) and   combine the two datasets, we needed                               also clearly misaligned with respect to           Both discs seem to feature an opacity   to account for the orbital motion of the                          the binary separation vector. In order to         hole in the inner regions at radii of   binary between 2012 and 2016. We                                  characterise this extended emission, we           2.77 ± 0.39 mas (circumprimary disc) and   therefore implemented an algorithm that                           fitted an analytic model to the visibility        2.49 ± 0.42 mas (circumsecondary disc).   rotated and scaled the uv-plane such                              and closure phase data, which includes            This is a well-known effect in low- and   that it compensated for the orbital motion                        the photospheric emission from the stars          intermediate-mass YSOs (for example,   between the two epochs, where the                                 and the discs around each star, and the           Lazareff et al., 2017) and has also been   changes in binary separation and binary                           extended emission is represented with a           observed in the high-mass YSO IRAS   position angle were fitted as free parame-                        Gaussian component. We parameterised              13481-3601 (Kraus et al., 2010). The   ters during the image reconstruction                              the discs with a radial temperature power         derived inner disc radii likely indicate the   and model-fitting process. This method                            law, where the disc emission extends              region close to the star where the temper-   indicates that the separation remained                            between an inner and outer radius. Our            atures are too high for dust grains to exist.   constant between 2012 and 2016, while                             model indicates that the circumprimary   the binary position angle changed by 8°                           and circumsecondary discs are seen   in the same time period.                                          under intermediate inclination angles             NACO imaging and a potential circum                                                                     (60° ± 10° and 38° ± 10°, respectively,           binary disc   Figure 2 (left) depicts the system at the                         where 0° corresponds to face-on viewing   2016 epoch and clearly reveals a binary                           geometry). The circumsecondary disc is            We also imaged the system using NACO   with 57.9 ± 0.2 mas separation (170 au                            roughly aligned (position angle 159° ± 15°)       adaptive optics imaging in several near-   at 3.1 kpc). Both components are asso                            with the binary separation vector of              infrared filters (including a J-band filter and   ciated with spatially resolved emission,                          166.8° ± 0.2°, while the circumprimary            narrow-band filters in H and K). When
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                                                                     1.0                                                                                                       Figure 2. Far left: Aperture synthesis image                                             GRAVITY + AMBER                                                                                                                   reconstructed from our GRAVITY (AT) and AMBER                                                                                                                                                                                (UT) datasets. Left: Sketch of the IRAS 17216-3801                                                                                                                                   51.5                                                                     0.8                                                              "m                                        system, as derived with model-fitting techniques.                                                                                                                                           as                                                                                                                                     A                                                                     0.6                                                                                                       star observations have been obtained                                                                           Intensity                                                                                                                 5 m 57.9 m a s
                                                                                                                                                      400 mas                                                                                                                                                                               with this filter, new observations will be                                                                     0.8                                                                                                       required in order to confirm this finding
                                                                                                                    1a" s                                                                                                                                                                               and to better characterise the L′-band                                                                                                                                                                               geometry.                                                                     0.2                               2012                B                                                          0.01ೀ                              N                2016                                                          30 au                                                                     0                 E                                                                                       Insights into the dynamical history of                                                                                                                                                                               IRAS 17216-3801  comparing these images with the point                                            (HWHM) size of ~ 250 mas (Figure 3,  spread function (PSF) measured on a ded-                                         top-right and bottom). Hydrodynamic                                                         To our knowledge, this study marks the  icated PSF calibrator star, there is a clear                                     simulations predict that a binary should                                                    first time that the circumstellar discs of  “notch” south of the primary star, indicat-                                      truncate the circumbinary disc at about                                                     a high-mass protobinary system could  ing that we marginally resolve the 58 mas                                        three times the binary semi-major axis.                                                     be spatially resolved. We find that the  binary also with NACO (1.64 μm image in                                          Using the measured separation as a                                                          circumstellar discs are strongly mis-  Figure 3, top-left and bottom panels).                                           lower limit for the binary semi-major axis,                                                  aligned with respect to the binary sepa                                                                                   we expect the circumbinary disc to                                                           ration vector, which provides insight into  In another image taken with the L′-band                                          extend to ≥ 175 mas, which is broadly                                                        the dynamical history of the system.  filter, we detect a surprisingly extended                                        consistent with the measured size of the  structure with a half width at half maximum                                      L′-band structure. As no dedicated PSF                                                      Theoretical studies have uncovered vari-                                                                                                                                                                               ous formation mechanisms that could                                                                                                                                                1.0                            result in misaligned discs, including the                                                 NACO (1.64 μm)                                                              NACO (Lಿ)                                         fragmentation of self-gravitating discs,                                                                                                                                                                               perturbation by a third body, or infall of                                                                                                                                                0.8                            material whose angular momentum vector                                                                                                                                                                               was misaligned to that of the gas from                                                                                                                                                      Intensity (normalised)

                                                                                                                                                                               which the binary initially formed (Bate et
                                                                                                                                                0.6                                                                                                                                                                               al., 2010). However, once a highly mis-                                                                                                                                                                               aligned system has formed, tidal interac-                                                                                                                                                                               tions will work towards realigning the                                                                                                                                                0.8                                                                                                                                                                               discs. This realignment should happen                                                                                                                                                                               on the viscous timescale (Papaloizou                                                                                                                                                0.2                            & Terquem, 1995) or on the much shorter                                                          0.1ೀ                                                                    0.1ೀ                                         precession timescale (Bate et al., 2000).                                                      300 au                                                               300 au                                              Based on our estimates of the individual                                                                                                                                                0                              stellar masses and of the outer disc radii,                                                                                                                                                                               we derive an upper limit on the preces-                                                                                                                        Figure 3. Top: NACO                                      1.64 μm (PSFstar)           Companion                                             images of IRAS 17216-                                                                                                                                                                               sion timescale of ~ 200 000 years for the                          1                                                                                                                                                    circumprimary disc and ~ 900 000 years                                      1.64 μm (IRAS17)                                 Circumbinary disc                3801 taken with a                                      Lಿ (IRAS17)                                                                       1.64-μm narrow-band                                     for the circumsecondary disc. Our obser-                                                                                                                        filter and the L′-band                                  vations therefore suggest that tidal rea-                         0.8                                                                                            filter. Left: Radial cut                                                                                                                                                                                lignment is still ongoing, indicating theIntensity (normalised)
                                                                                                                        along the binary separa-
                                                                                                                        tion vector, overplotted                                young dynamical age of the IRAS 17216-                         0.6                                                                                            with the PSF measured                                   3801 system.                                                                                                                        on a calibrator star in                                                                                                                        the 1.64-μm filter.
                         0.4                                                                                                                                                   Tracing accretion onto the individual
                                                                                                                                                                               components
                         0.2                                                                                                                                                   Our GRAVITY observation also covers
                                                                                                                                                                               spectral lines corresponding to the Brγ                                                                                                                                                                               2.16 μm hydrogen recombination line                               –0.4   –0.3    –0.2    –0.1      0     0.1              0.2       0.3     0.4                                                                   and CO bandheads between 2.3–2.4 μm.                                                      Offset (arcseconds)                                                                                                      This allows us to determine whether
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these lines are associated with the primary                                             60
star, secondary star, or the extended                                                                                    Brγ                                CO(2-0)            CO(4-2)           CO(6-4)environment. We measure non-zero                                                        50                                                                         CO(3-1)             CO(5-3)wavelength differential phase signals andvisibility signals that are distinctly different                                                 Spectrum                                                                                        40for the Brγ line and the CO bandhead               Differential phase + offset (deg)emission (Figure 4, left), indicating that                                                       11.1m/197°they originate in different regions of the                                              30circumstellar environment.                                                                       22.1m/24°                                                                                        20The CO bandheads are believed to tracewarm (> 103 K) neutral gas. We find that                                                         24.3m/317°the CO line emission is spatially extended                                              10and comes from a region between the                                                              31.8m/239°two stars. This suggests that the molecu-                                                0lar emission might trace extended gas                                                                                                 33.7m/196°streams between the two discs, opening                                                 –10up the exciting prospect of imaging thesegas streams with future GRAVITY obser-vations at better uv-coverage.                                                         – 20                                                                                                 2.1            2.15            2.2        2.25         2.3                  2.35         2.4                                                                                                                                          Wavelength (μm)The Brγ line, on the other hand, traceshot (> 104 K) ionised gas and reveals                                                                                   Velocity (km s –1)                                     Figure 4. Above: Spectrum                                                                                                                                                                               and wavelength differentialboth mass accretion and ejection pro-                                                                       –150 –100 – 50    0     50 100         150                                                                                                                                                                               phases measured withcesses (for example, Kraus et al., 2008;                                                1.4                                                                                    GRAVITY. We constrain theKurosawa et al., 2016; Caratti o Garatti                                                                                                                                        Brγ and CO bandhead                                                                                                                                        Brγet al., 2016). For IRAS 17216-3801, we                                                  1.3                                                                                                                                                                                line-emitting region (black                                                                                                                                                                                curves) and find that Brγ isfind that the line emission originates from                                                                                                                                                                                associated with a region verycompact regions close to the individual                                                 1.2                                                                                     close to the stars, while the                                                   Flux
stars, where 60 % of the Brγ emission                                                                                                                                           CO emission originates from
is associated with the secondary star,                                                  1.1                                                                                                                                                                                gas located between both                                                                                                                                                                                sources. Left: CRIRES spec-while only 40 % is associated with the                                                                                                                                                                                trum of the Brγ line (top)primary. This is also confirmed by an                                                    1                                                                                     and the derived continuum- independent measurement we obtained                                                                                                                                            corrected spectro-astrometric in 2012 in parallel to the AMBER observa-                                                                                                                                      photocentre displacements                                                                                         2.164                 2.165             2.166              2.167                       (bottom). Together with the tions of the source using the CRyogenic                                                                                                                           Wavelength (μm)                                      knowledge of the continuum InfraRed Echelle Spectrometer (CRIRES).                                                                                                                                        geometry obtained with the CRIRES spectra (R = 100 000) were                                                      40                                                                                      VLTI, these photocentre dis- obtained with three different slit orienta-                                                                Continuum                                                           placements allow us derive                                                                                                            Brγ line (redshifted)                                               the Brγ contributions and tions, allowing us to constrain the spatial                                            30                  Brγ line (centre)                                                   accretion rates of the individ- origin of the line emission using the                                                                      Brγ line (blueshifted)                                              ual components. spectro-astrometry technique. In the                                                                      PA = 159°  bottom panel of Figure 4 we overplot the                                             20                                                     A   Brγ-line photocentre offsets (measured                                                   Offset declination (mas)
   relative to the continuum photocentre                                               10
   after continuum correction) with the posi-   tion of the stellar components at that                                                                                          0   epoch. The Brγ photocentre offsets are   located between the two stars, but are   more closely c  lustered towards the sec-                                          –10   ondary. Both stars therefore contribute to   the line emission, although the secondary                                                                                       – 20   contributes a significantly larger fraction   (62 %) to the total line flux than the pri-   mary (48 %), confirming the values that                                             – 30   we found independently with GRAVITY.                                                                                     B                                                                                       – 40The higher Brγ flux measured towards the                                                   40          30       20        10        0     –10     – 20      – 30      – 40lower-mass secondary star indicates that                                                                             Offset right ascension (mas)
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   Upper: Preliminary design review of the Extremely
   Large Telescope instrument HARMONI involving   members of the instrument consortium and the   review team.                                                        ESO/P.Horálek   Lower: ESO press conference announcing the first   discovery of a neutron star merger (Press Release:   eso1733).
                                                        ESO/M. Zamani
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The ESO Survey of Non-Publishing Programmes
Ferdinando Patat 1                             a threshold of one science frame per                The sample of 2716 survey programmesHenri M. J. Boffin1                            allocated hour. In the selected period             involves time allocated on 33 differentDominic Bordelon1                               range, we identified 2716 proposals that           instruments. For programmes that wereUta Grothkopf 1                                 obeyed the above criteria (90.7 % of the           allocated time on more than one instru-Silvia Meakins1                                 total A-ranked SM and VM proposals),               ment, we introduced the concept of aSteffen Mieske1                                 involving 2089 Normal, 478 GTO and                 fractional proposal, attributing to a givenMarina Rejkuba1                                 149 TOO programmes.                                instrument a fraction corresponding to                                                                                                   the portion of total time assigned to it.                                                According to the ESO bibliographic data-           For instance, if a programme was allo-1    ESO                                         base telbib2 (Grothkopf & Meakins, 2015),          cated one hour on FORS2 and four hours                                               1278 (47.1 %) of these programmes have              on UVES, this was counted as 0.2 and                                               not produced a refereed paper as of                 0.8 proposals for the two instrumentsOne of the classic ways to measure             16 April 2016. This gives an overall publi-         respectively. It is worth noting that 91.5 %the success of a scientific facility is the    cation return of 52.9 % with publication            of the survey proposals requested timepublication return, which is defined as        fractions of 52.5 %, 52.7 % and 59.7 %             on a single instrument, and 7.6 % requestedthe refereed papers produced per unit           for Normal, GTO and TOO programmes,                two instruments. Table 1 shows the dis-of allocated resources (for example,            respectively.                                      tribution of proposals per instrument fortelescope time or proposals). The recent                                                          the entire survey sample, as well as for studies by Sterzik et al. (2015, 2016)        1143 Principal Investigators (PIs) were             the sub-sample that did not publish. For have shown that 30–50 % of the pro-           associated with the 2716 survey pro-                simplicity, we grouped instruments with grammes allocated time at ESO do not          grammes; 755 (66.1 %) of the PIs from               fewer than 50 proposals under OTHER. produce a refereed publication. While         this group did not publish a paper asso            These correspond to 5 % of the total this may be inherent to the scientific        ciated with these programmes. 34 % of               and involve eleven instruments, including process, this finding prompted f urther      PIs published results for all programmes,           SUSI2, TIMMI2 and VIRCAM. investigation. For this purpose, ESO          29 % published results for some pro- conducted a Survey of Non-Publishing          grammes, and 37 % published results for Programmes (SNPP) within the activities       none at all. 45 % of the PIs were asso of the Time Allocation Working Group1, a,     ciated with only one programme from the             Table 1. SNPP proposal distribution per instrument.                                                                                                   The data are presented in ascending non-publishing similar to the monitoring campaign that       survey, and 55 % of these did not publish.          fraction (last column). Only instruments with more was recently implemented at ALMA              On average, 1.1 proposals per PI have               than 50 programmes are listed separately. The rest (Stoehr et al., 2016). The SNPP targeted      not yet produced a refereed paper.                  is grouped under OTHER. 1278 programmes scheduled between ESO Periods 78 and 90 (October 2006           Instrument    No. of fractional    % of total no.     No. of non-         % of total   Non-publishing to March 2013) that had not published a                       proposals          of proposals      publishing pr.                     fraction ( %) refereed paper as of April 2016. The poll     AMBER              249.6                9.2              148.6              11.6            59.5 was launched on 6 May 2016, remained                                               CRIRES             132.2                4.9               82.2               6.4            62.1 open for four weeks, and returned 965 valid responses. This article summa-          EFOSC2             160.6                5.9               61.3               4.8            38.2 rises and discusses the results of this       EMMI                58.4                2.2               25.7               2.0            44.0 survey, the first of its kind at ESO.         FEROS                71.0               2.6               21.8               1.7            30.7                                               FLAMES              82.3                3.0               34.9               2.7            42.5                                               FORS1               55.7                2.0               24.1               1.9            43.3Sample selection and general properties                                               FORS2              323.6               11.9              138.1             10.8             42.7
The SNPP sample included all Normal,           HARPS              103.4                3.8               22.9               1.8            22.1
Guaranteed Time Observations (GTO)             HAWK-I               51.7               1.9               28.5               2.2            55.1and Target of Opportunity (TOO) pro-           ISAAC              124.2                4.6               71.9               5.6            57.9grammes that were scheduled between            MIDI                96.2                3.5               34.9               2.7            36.3October 2006 and March 2013. This              NACO               256.1                9.4              130.5             10.2             51.0timeframe was selected to accommodate                                               OTHER              136.3                5.0               72.0               5.6            52.8some delay between data acquisition                                               SINFONI            123.5                4.5               68.9               5.4            55.8and publication. To minimise ambiguity,we only considered programmes for              SOFI               132.0                4.9               53.8               4.2            40.8which all runs were scheduled at the           UVES               148.6                5.5               56.0               4.4            37.7highest priority (i.e., Visitor Mode [VM] or   VIMOS              101.1                3.7               61.3               4.8            60.7A-ranked Service Mode [SM]). In addition,      VISIR               89.2                3.3               43.4               3.4            48.7only programmes that had acquired a                                               X-shooter          220.3                8.1               97.2               7.6            44.1minimum amount of data were included                                               All               2716.0             100.0             1278.0             100.0             47.1in order to remove obvious cases, with
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                           Responses including     Weighted responses                                3. Quantity
                                                                                                                                        2. Quality                                 option                                                                            9.9                                                                                        4. Inadequate                            13.3Option                      No.             %       No.          %                                                                                                          2.61. Published                124           12.8     102.5       10.62. Insufficient quality     202           20.9     128.7       13.3                                                                                    1. Published                                                                                5. Inconclusive                                                 10.6                                                                                                  12.23. Insufficient quantity    165           17.1      95.3        9.94. Inadequate tools          61            6.3      25.2        2.65. Null or inconclusive     187           19.4     117.9       12.26. Lack of resources        176           18.2      93.8        9.7                               9.7                                           12.2                                                                                 6. Resources                                                           10. Other7. No longer interesting     38            3.9      21.9        2.38. Still working            352           36.5     228.3       23.7                                     2.3                                                                                       7. Obsolete                                        3.49. Non-refereed paper        66            6.8      33.2        3.4                                                                                                                                                 9. Non-refereed10. Other                   188           19.5     118.2       12.2                                                                                                                         23.7                                                    965         100                                                                                                                    8. WorkingTable 2. Summary of the SNPP responses.                                                                 Figure 1. Results of the SNPP survey (weighted                                                                                                        fractions of the various options; see text).
Table 1 also shows the nominal non-               The web form included a free-text field              response, the results are presented inpublishing fraction per instrument.                for comments. The responses were                     two flavours. For each single option,According to this metric, which neglects           tagged with the Programme ID, to enable              we list the number and percentage ofinstruments with low number statistics             the analysis of correlations between the             responses and the weighted number(i.e., OTHER), the most productive instru-         answer and programme properties (for                 and percentage. The weighted valuesment is HARPS with a nominal publica-              example, time, constraints, instruments,             were computed by giving equal weightstion return rate of about 78 %. At the             scientific category, etc.).                          to the various options within the sameother end of the distribution, VIMOS and                                                                response (Figure 1). By construction, theCRIRES are characterised by return                 Of the 1278 targeted programmes, we                  number of weighted responses (andrates lower than 39 %. Although there is           received responses for 965 (75.5 %).                 percentages) adds up to 965 (100 %),certainly a degree of instrument depend-           Accounting for the fact that approximately            whereas this is obviously not the case forence, approximately 80 % of the pro               70 queries could not be delivered (due                the non-weighted responses. The twoposals show a publication rate of less             to out-of-date User Portal profiles), the             sets of numbers have different meanings:than 60 %, irrespective of the instrument          response return was 80 %, which is much               the latter is related to the frequency ofused to produce the data.                          higher than expected from web-based                   responses associated with a given option,                                                   surveys (~ 10 %; Fan & Yan, 2010). The                while the former provides information                                                   response rate increased for more recent               about its relative importance. The differ-The questionnaire                                  time allocations, with a response rate of             ence becomes clearer when considering                                                   85 % from PIs associated with programmes              the following simplified example. If a The PIs were asked the following question:        from the last semester, compared to 70 %              hypothetical survey includes the following “Why were you not able to publish the             from PIs from the first semester.                     four responses: (1, 1, [2, 4, 5, 6], [2, 7, 8, 9]), results of your observations in a refereed                                                              the non-weighted frequencies of options paper?” and were provided with ten                PIs were allowed to select more than one              1 and 2 are both 50 %. On the other hand,possible options:                                 option in their replies. Most selected a              the weighted fractions of the two options 1.	I did publish a refereed paper (provide       single option (55.5 %), with 31.1 % select-           are 50 % (1) and 25 % (2), respectively.      a hyperlink in the comments).                ing two options and fewer than 10 %                   Therefore, while options 1 and 2 were 2.	Insufficient data quality (observations       selecting three. The most popular single-             included in the same fraction of responses      out of required specifications).             option response was “8. I am still working            (50 %), option 1 is twice as significant. 3.	Insufficient data quantity (partially         on the data” (14 %), followed by “1. I did      completed programme).                        publish a refereed paper” (9 %). The most            The breakdown of responses by instru- 4.	Inadequate ESO data reduction tools.          popular two-option response was “6.                  ment shows some instrument-specific 5.	Null or inconclusive results.                 Lack of resources on the PI side” and “8.            dependencies. For instance, while for 6.	Lack of resources on the PI side.             I am still working on the data” (5 %), fol-          X-shooter the frequency of option 8 is 7.	Science case no longer interesting.           lowed by “2. Insufficient data quality” and          equal to the average (23.7 %), UVES is 8.	I am still working on the data (provide       “3. Insufficient data quantity” (3 %).               characterised by a significantly larger      time estimate in the comments).                                                                   fraction (35.5 %), and AMBER shows a 9.	I published a non-refereed paper              The general outcome of the survey is                 lower fraction (18.0 %). This may be related      (provide a hyperlink in the comments).      summarised in Table 2. Given the possi-              to the specific scientific areas covered 10.	O ther.                                      ble multiple options within each single              by the instruments, the complexity of the
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science cases involved, and their appeal      responses associated with option 2. This       the responses and underestimatingto the community.                             is likely due to the fact that VM observa-     the fraction. No correlation was found                                              tions are more adversely affected by bad       between the fraction of inconclusiveIn the following sections, we will go into    weather conditions, while by definition        results and the scientific subcategoriesmore detail for each of the options in the    SM is less affected by weather. We found       of the programmes, indicating that allquestionnaire.                                a small correlation with requested seeing      science cases are affected in similar ways.                                              constraint and Quality Control (QC) gradesOption 1: I did publish a refereed paper      in the SM programmes. Unsurprisingly,          Option 6: Lack of PI resourcesOf the 124 responses associated with          the majority of the affected SM pro-           The weighted frequency of this option isoption 1, 14 provided incomplete informa-     grammes requested relatively good con-         9.7 %. When considered together withtion (for example, no link to the refereed    ditions (seeing < 1 arcsecond) and asso-       option 8 below, these two optionspublication or a link to a non-refereed       ciated observations had higher fractions       account for 33.4 % and point to a signifi-publication). These cases were conserva-      of B quality control (QC) grades (i.e., one    cant difficulty in the community to keeptively counted as non-published. The          of the observing constraints was violated      up with the rate of data production.remaining 110 replies can be grouped as       up to 10 %) compared to the rest of thefollows: a) the Programme ID was either       sample.                                        Option 7: Science case no longerwrong or absent (61; 55.5 %); b) the refer-                                                  interestingeed paper appeared in print after the         A clear dichotomy is also seen when            Only 2.3 % of the cases were indicated asSNPP sample definition and was listed by      considering responses per telescope,          obsolete science. These occurrences cantelbib (25; 22.7 %); c) the paper is in the    with the largest fractions related to the     be tentatively identified as instances inprocess of being accepted (21; 19.1 %);        Very Large Telescope Interferometer           which the data delivery duty cycle and/orand d) the paper is missing from telbib        (VLTI; 26 %), and Unit Telescope 1 (UT1;      the time taken for the PI to make the data(3; 2.7 %). 11.4 % of the responses corre-     20 %). The vast majority (90 %) of VLTI       publishable was too long compared tospond to false negatives (i.e., published      programmes involved AMBER and were            the evolution in the given field.programmes that were initially classified      associated with Guaranteed Time Obser-as non-publishing). This fraction, deduced     vations (GTO), which are often riskier        Option 8: I am still working on the datafrom the 965 replies, can be used to           as they tend to involve new instrumenta-      This was the most frequent response.compute the completeness-corrected             tion. For UT1, most cases are related to      Excluding the 13 cases in which optionsvalue of the publication rate within the       the early years of CRIRES operations          1 and 8 were selected, a total of 339whole SNPP sample (N = 2716; 58.9 %).          or problems with the degraded coating         responses included this option: 135 as                                               of the FORS2 longitudinal atmospheric         single option, 49 with option 6, 26 withIn the following we use the term “com-         dispersion corrector, which have since        option 10, and 129 in other combinations.pleteness” to refer to the completeness        been resolved (Boffin et al., 2015).          For a more quantitative approach weof telbib. In response to the information                                                    introduce the ratio, R, between the num-provided by the PIs, 64 telbib records        A detailed analysis of the responses           ber of proposals for which work is still inwere modified. The vast majority (87.5 %)     that only cited option 3 confirms that the     progress and the total number of non-of these records were previously included     corresponding programmes had been              publishing proposals (corrected for telbibin the database, but the particular Pro-      affected by weather, technical losses (in      completeness). The previous numbersgramme ID in question was missing. We         VM), or a completion fraction of lower         yield R = 339/(965-110) = 39.6 ± 2.5 %updated these records accordingly. Only       than ~ 50 % (for SM). We conclude that         for the overall SNPP sample. This ratioeight papers (12.5 %) had not previously      most of the cases involving options 2          can be calculated individually for eachbeen considered as using ESO data;            and 3 can be accounted for within ESO’s        semester to study its evolution with time.these records were added to the telbib        operation model, and/or reflect the early      The completeness-corrected result isdatabase without further verification.        operation of new complex systems.              presented in Figure 2, which shows a netAs a side note, the SNPP has allowed                                                         and steady overall decrease for olderus to robustly determine that the telbib      Option 4: Inadequate ESO tools                 programmes. The fact that R = 78 andcompleteness is better than 96 %.             This was the least selected option, with       not zero for the earliest semester in the                                              a weighted fraction below 3 %, indicating      sample indicates that it takes longer thanOptions 2 and 3: Insufficient data            that a negligible fraction of users identify   12 semesters for all programmes thatquality and/or quantity                       the software provided by ESO as the            will eventually produce a refereed publi-We will discuss options 2 and 3 together      cause for non-publication.                     cation to do so.because there is a clear overlap, as con-firmed by comments from the PIs. In total,    Option 5: Null or inconclusive results         Before we discuss this result in morethese two options account for 23.2 % of       The fraction of cases reporting null or        detail, we will define the Publicationthe cases, with 8.2 % citing only option 2,   inconclusive results is comparable to that     Delay Time Distribution (PDTD), whichand 4.9 % citing only option 3.               of option 2 (insufficient quality). Although   describes the delay between the allo                                              null or inconclusive results are arguably      cation and the publication time. ThisThere is a striking difference between SM     part of the scientific process, PIs may be     provides a measure of the complete(32 %) and VM (68 %) programmes in the        reluctant to admit this, potentially biasing    duty cycle, including the time for ESO
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                                                                                                                             Figure 2. Complete-          ciently long time, more than 20 semes-
                                                     70                                                                      ness-corrected fraction                                                                                                                                                          ters after the most recent period in theFraction of non-publishing prog. still working (%)                                                                                                                             of non-publishing                                                                                                                             p rogrammes still work-     sample (see Figure 3), one would measure                                                     60                                                                       ing on the data as a        a publication return of approximately 75 %.                                                                                                                              function of allocation                                                                                                                              period (red symbols).                                                     50                                                                                                   This calculation conservatively assumes                                                                                                                              The blue line traces the                                                                                                                              expected behaviour for      that all programmes for which the users                                                                                                                              fP0 = 75.2 % (see text).    have specified option 8 will eventually                                                     40                                                                       The error bars indicate     publish. This assumption can be verified                                                                                                                              the Poissonian uncer-                                                                                                                                                          by comparing the real data with two pre-                                                                                                                              tainties (1-sigma level).                                                     30                                                                                                   dictions that descend from the above                                                                                                                                                          equation. The first is the overall publica-                                                     20                                                                                                   tion fraction expected for the real SNPP                                                                                                                                                                                            –                                                                                                                                                          case, which is given by fP = fP0 C = 58.5 ±                                                     10                                                                                                                                                          1.0 %. This can be directly compared to                                                                                                                                                          the completeness-corrected value                                                                                                                                                          derived from SNPP, 58.9 % (see above),                                                      0                                                                                                   which is fully consistent within the esti-                                                          78       80        82        84          86      88         90                                                                                     Period                                                               mated uncertainty.

                                                                                                                                                          The second prediction concerns the time
    to deliver the data and for the user to                                                         The behaviour of R(t) in Figure 2 is a                dependence of R(t), as defined by the    process, analyse and publish them.                                                              direct consequence of the publication                 above relation. This is compared to the    We used the data provided by the ESO                                                            delay. In fact, it is easy to show that if fP0        real SNPP data in Figure 2 (blue line),    telbib interface to derive this functionb.                                                      is the underlying publication fraction (i.e.,         which illustrates how the predicted    For each year from 2008–2015 we                                                                 the return rate one would measure for a               behaviour matches the data within the    extracted the refereed publications per                                                         sample of programmes at a time when                   estimated uncertainties.    programme for programmes that used                                                              C = 1), then the ratio R(t) observed for a    Paranal telescopes. Due to their nature,                                                        set of proposals all allocated in the same            The above results indicate that the SNPP    Large Programmes and Director Discre-                                                           period and observed after a time t (i.e.,             fraction of option 8 gives a realistic rep-    tionary Time Proposals were excluded.                                                           the time when the survey is carried out)              resentation of the situation and is not the    Each publication in the sample of 1303                                                          is given by:                                          result of a “convenient answer” from PIs    refereed papers is characterised by the                                                                                                               attempting to justify a lack of publication.    publication year (tP) and the programme’s                                                       			R(t) = f 0      1–C(t)                             In other words, the SNPP result is fully                                                                                                               P    allocation period (P). A given publication                                                                       1–fP0 C(t)                           compatible with the estimated PDTD, and    year is tagged with its central semester,                                                                                                             shows that the publication delay correc-    P0b. The publication delay, in semesters,                                                       One can also show that this expression                tion is significant, especially when the                                                                                                                                 –    is then computed as ∆P = P–P0.                                                                  can be applied to compute R for a whole               most recent periods included in the sam-                                                                                                    sample, including programmes allocated                ple date back less than 10–12 semesters    The sample data show that only 1.1 %                                                            in a period range, by replacing C(t) with             at the time of the survey.                                                                                                                           –    of papers are published with a null delay                                                       its weighted average C:    using the above definition, while this                                                                                                                Option 9: I published a non-refereed    grows to 11 % for ∆P = 6 semesters, after                                                       			C– =        ∑P N(P) C(PS –P)                       paper    which it steadily decreases for larger                                                                             ∑P N(P)                            The cases in which a programme did not    delays. This is illustrated in Figure 3,                                                                                                              publish a refereed paper but rather a    which also includes the cumulative distri-                                                      where N(P) is the number of proposals                 non-refereed article account only for    bution function, indicated as C(t) (where                                                       allocated in semester P, and PS is the                3.5 % of the total. This implies that, with    the time t is counted from P). At face                                                          period in which the survey is run. It can             very few exceptions, if a project does not    value, it takes 7 semesters to reach 50 %                                                       be readily demonstrated that the                      produce a refereed publication then it will    of the publications, and 20 semesters                                                           expected publication fraction at the time             not produce any publication at all.                                                                                                                                     –    to reach 95 %, in agreement with Sterzik                                                        of the survey is simply fP = fP0 C.    et al. (2016). The quantity 1–C(t) can be                                                                                                             Option 10: Other                                                                                                                       –    regarded as the probability that a pro-                                                          In the real case C = 0.78, while the SNPP            This option reflected 12.3 % of the cases                                                                                                                –    gramme that has not published a refer-                                                          provided R = 0.396 ± 0.025. The above                and the associated comments yielded a    eed paper after a time t, will publish it in                                                     relation can be inverted to express fP0 as           mixture of reasons, the most frequent                                                                                                                   –    the future. For example, a programme                                                             a function of R, from which one can finally          being that the person leading the project    that has not published after 10 semes-                                                           estimate the delay- and completeness-                left the field. Other recurrent explanations    ters has a 22 % residual probability of                                                          corrected return rate: fP0 = 0.75 ± 0.01.            included: lack of ancillary data from    publishing in the future.                                                                        This implies that after waiting a suffi-             other facilities, results not meeting expec-
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                                 1.0                                                                                                                  Figure 3. Publication       quartile (50.5 %), both having a median                                                                                                                  delay time distribution.                                                                                                                                              duration of one night. Although observ-                                                                                                                  The blue line traces the                                                                                                                  cumulative distribution     ing mode effects cannot be excluded,                                                                                                                  function C(t).              the amount of time allocated to the pro-                                 0.8                                                                                                                                              gramme appears to be the dominantFraction of total publications                                                                                                                                             factor.

                                 0.6                                                                                                         Figure 4 (upper panel) shows the
                                                                                                                                             dependence of publications on the allo-                                                                                                                                             cated time, plotting the completeness-                                 0.4                                                                                                         corrected publication fraction measured                                                                                                                                             by SNPP in octiles of the overall time dis-                                                                                                                                             tribution (each time bin includes about                                 0.2                                                                                                                                             320 proposals). GTO programmes consti-                                                                                                                                             tute 17.6 % of this sample, potentially                                                                                                                                             biasing this result. As GTO programmes                                                                                                                                             make systematic use of novel instruments                                 0.0                                       0     5           10           15          20        25           30                                  designed to cover the specific science                                                        Publication delay (semesters)                                                        cases for which they were built, they tend                                                                                                                                             to be more productive than average                                                         Service Mode                                    Visitor Mode                        (Sterzik et al., 2015). For this reason, we                                                 Allocated time                                  Allocated time              Publishing      produced a similar plot for Normal pro-                                                                           Publishing                    Quartile               Time range     Median time       fraction     Time range      Median time                                                                                                                              fraction       grammes (Figure 4, lower panel), which                                             (nights)      (nights)           ( %)         (nights)       (nights)                                                                                                                                ( %)         reveals a similar trend, albeit with more                    1                       0.1–0.8            0.4          39.5 ± 4.3     0.1–1.2            1.0             50.5 ± 4.5                                                                                                                                             noise. We conclude that larger pro-                                                                                                                                             grammes tend to be more productive on                    2                       0.8–1.4            1.0          53.6 ± 4.7     1.2–2.1            2.0             53.0 ± 4.7                                                                                                                                             average; this is in line with the results of                    3                       1.4–2.4            1.9          58.9 ± 5.9     2.1–4.0            3.0             66.0 ± 4.8     Sterzik et al. (2015, 2016). We find the                    4                      2.4–12.5            3.4          61.3 ± 6.1    4.0–12.5            6.0             68.9 ± 6.5     same trend within the Normal pro-                                                                                                                                             grammes, which account for the largest      Table 3. Fraction of proposals that published at least                        puted the time intervals that define the                 fraction of the allocation (both in terms of      one refereed paper for Service and Visitor Mode pro-                                                                                    four quartiles of the respective time distri-            number of proposals and time).      grammes as a function of allocated time (in nights) in      the four quartiles of the respective time distributions.                      butions. These differ for SM and VM, with                                                                                    median allocated times of 1.4 and 2.1                    In an attempt to understand what makes                                                                                    nights, respectively. For the time conver-               larger allotments more productive, we      tations, lowered priority of the project                                      sion, we adopted the ESO convention                      examined the frequency of the SNPP      because of more pressing activities,                                          of 10 hours per night in odd periods and                 options as a function of allocated time,      quicker results obtained by other teams                                       8 hours per night in even periods.                       dividing the programmes into the four      and/or with better-suited instruments,                                                                                                 quartiles of the time distribution. No sig-      non-detections, etc.                                                          Finally, we derived the publication frac-                nificant dependence was found for any                                                                                    tion, fP, within each time bin for the two               of the options, suggesting that the lower                                                                                    observing modes separately (see Table 3).                observed return rate fP for smaller time      Considerations on observing mode and                                          An interesting feature, common to both                   allocations was the fruit of a lower inher-      allocated time                                                                SM and VM, is the steady increase of the                 ent return rate fP0, regardless of the rea-                                                                                    return rate for larger time allocations: the             son for the lack of publication.      As a final analysis, we have derived the                                      publication fractions in the fourth quartile      completeness-corrected publication                                            are 60 % and 40 % larger than in the first               We note that two non-publishing pro-      fractions considering VM and SM sepa-                                        quartile for the two modes, respectively.                grammes with very different allocations       rately, as the two observing modes were                                                                                               are counted in the same way here. How-       reported to behave in a different way                                        Another aspect is the larger return of                   ever, it is obvious that they have a differ-       by Sterzik et al. (2016). For this purpose,                                  VM programmes when compared to SM                        ent impact in terms of “wasted” telescope       we have considered only single observing                                     (Sterzik et al., 2016). To some extent                   time. To quantify this aspect, we com-       mode proposals within the SNPP initial                                       this is expected, as VM programmes tend                  puted the telbib completeness-corrected       sample, including 1089 SM programmes                                         to be larger than SM programmes. This                    fraction of scheduled time that was allo-       (40.1 %) and 1493 VM programmes                                              becomes clearer when comparing SM                        cated to non-publishing programmes as       (55.0 %). The remaining 134 mixed observ-                                    and VM runs with the same median dura-                   a function of their size (in the four quartiles       ing mode programmes (4.9 %) were                                             tion. For instance, the two rates are very               of the time distribution). We did this for       excluded from the calculations. For each                                     similar for SM runs in their second quar-                the entire SNPP sample, both as observed       of the observing modes we have com-                                          tile (53.6 %) and the VM runs in their first             and correcting for the publication delay
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                           80                                                                                     Allocated time           Fraction of total time allocated
                           75Publication fraction (%)
                                 All                                                                                                        to non-publishing progs. ( %)
                                                                                                Quartile    Time range    Median time                           70                                                                                                              (nights)     (nights)         Observed      Delay-corrected                           65                           60                                                                   1             0.1–1.0           0.7            4.0                3.1                           55                                                                   2            1.0–2.0            1.7            8.5                6.1                           50                                                                                                3            2.0–3.0           3.0              8.1               5.6                           45                           40                                                                   4           3.0–12.5           4.5            16.2              10.5                           35                                                                   All         0.1–12.5           2.0            36.8              25.3                             0         1     2          3           4         5        6                           80                                                                                                                         Table 4. Fraction of allocated telescope time not                           75    NormalPublication fraction (%)
                                                                                                                         producing a refereed paper in the four quartiles of
                           70                                                                                            the time distribution measured by SNPP (Observed)                           65                                                                                            and extrapolated in the hypothesis that all pro-                           60                                                                                            grammes that included option 8 (still working) will                           55                                                                                            eventually publish (Delay-corrected).                           50                           45                           40                           35                                                                                            These simple considerations suggest that                             0         1     2          3           4         5        6                                 the optimal distribution of allocated times                                             Median allocated time (nights)                                                                                                                         must ensure the proper level of diversity,  Figure 4. Fraction of proposals that publish at least                 that maximises scientific return and mini-       by including a mix of programme sizes.  one refereed paper as a function of allocated time                                                                        mises the waste of telescope time. Identi-  (nights) for all programme types (upper panel) and  for normal programmes only (lower panel). The                         fying such an ideal distribution is beyond  ×-axis position of the points marks the median allo-                  the scope of this paper. However, Table 4        Conclusions  cated time within each octile bin.                                    allows us to gain a first insight into the                                                                        boundary conditions of such a parameter          The performance of a scientific facility  (Table 4), assuming that all the work from                            search: in both cases (observed and              can be evaluated using various metrics,  in progress cases will eventually produce                             delay-corrected), programmes with allo-          each of which are affected by different  a refereed paper. At the time of the SNPP                             cations below and above ~ 2.5 nights             issues. In this study, we have focused on  survey, about 37 % of the time allocated                              “waste” the same amount of time. This            the binary bibliographic figure of merit,  to A-ranked SM and VM programmes had                                  implies that increasing the number of            i.e., the publication or lack of publication  not produced a refereed publication. This                            programmes with allocations larger than          of at least one refereed paper. This is one  fraction in time is very similar to the corre-                        this value would effectively decrease            of the simplest bibliometric estimators,  sponding completeness-corrected frac-                                 the overall amount of time that leads to         as it does not account for the publica-  tion in proposals (100 % –  58.9 % = 41 %).                           no refereed publication.                         tion’s impact or the resources involved.  Once corrected for the publication delay,                                                                              The fact that a programme has not  this fraction reduces to about 25 %.                                  This can be understood considering two           yielded a refereed publication does not  Therefore, as in the case of the number                               extreme cases in which the schedule is           necessarily imply that the observations  of proposals, about one quarter of the                                completely filled with a) only programmes        were a complete waste of resources.  telescope time allotted to A-ranked SM                                shorter than one night, or b) only pro-          Nevertheless, analysing this aspect and  and VM proposals will not lead to a refer-                            grammes longer than three nights. The            understanding its possible causes is  eed publication.                                                      first case would yield a much larger num-        certainly one of the basic steps that insti-                                                                        ber of allocated programmes than in the           tutes and organisations such as ESO  A closer inspection of Table 4 reveals                                second case (by a factor larger than 12),         must undertake to characterise their  that, although larger programmes tend                                 but the total amount of “wasted” time             overall efficiency.  to be more successful in terms of pro-                                would also be larger. The SNPP data,  ducing at least one publication (Table 3                              once corrected for completeness and              The SNPP has shown that there are  and Figure 4), the non-publishing time                                time delay, show that about 40 % of              many reasons why a programme may  fraction tends to increase with their size.                           programmes shorter than one night do            not produce a refereed publication. With  This finding is equivalent to the lower                                not publish, producing a time waste of          the notable exception of option 8 (“team  number of publications per programme                                   this same magnitude in the hypothetical         still working on the data”) and the combi-  per unit of allocated time that was                                    first case.                                     nation of options 2 and 3 (“insufficient  reported by S  terzik et al. (2015, 2016) for                                                                         data quality and quantity”), there is not a  proposals with sizes between the short                                On the other hand, programmes longer             single, dominant culprit.  Normal (below 20 hours) and Large Pro-                                than three nights would “waste” less time  grammes (above 100 hours).                                            (about 20 %), but the number of published        The relatively large fraction of proposals                                                                        papers would be much smaller than in             for which work is still in progress (~ 40 %)  One can assume that there exists an                                   the first case, which would likely result in     is fully compatible with the Publication  optimal distribution of allocated times                               a decrease of the overall scientific return.     Delay Time Distribution deduced from an
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                                 independent set of programmes. Once             did not reveal any significant dependence             References                                 corrected for the publication complete-         on allocated time in the distributions of                                                                                                                                       Boffin, H. M. J. et al. 2015, The Messenger, 159, 6                                 ness of the telbib database — where             responses for programmes with no refer-               Fan, W. & Yan, Z. 2010, Computers in Human                                 the vast majority of the missing cases          eed publications. This may be interpreted             	 Behavior, 26(2), 132                                 are generated by wrong or absent Pro-           as an indication that a minimum amount                Franco, A., Malhotra, N. & Simonovits, G. 2014,                                                                                                                                       	 Science, 345, 1502                                 gramme IDs in the published papers —            of data is required to achieve results of a                                                                                                                                       Grothkopf, U. & Meakins, S. 2015, ASP conference                                 and for the publication delay, the esti-        sufficient quality and quantity to warrant            	 series, 492, 63                                 mated asymptotic publication rate is            a publication (including the necessary                Matosin, N. et al. 2014, Disease Models and                                 approximately 75 %. This means that, at         effort that goes with it) across all science          	 Mechanisms, 7(2), 171                                                                                                                                       Sterzik, M. et al. 2015, The Messenger, 162, 2                                 least in the phase covered by the SNPP,         cases. We cannot exclude the possibility                                                                                                                                       Sterzik, M. et al. 2016, SPIE, 9910E..03S                                 about a quarter of the proposals sched-         that the time distribution is skewed                  Stoehr, F. et al. 2016, arxiv:1611.09625                                 uled in VM and/or in A-ranked SM will           towards smaller requests by the general                                 never publish a refereed paper.                 perception that this increases the chances                                                                                                                                       Links                                                                                 of success rate during the selection                                 Although this fraction can likely be            process.                                              1                                                                                                                                          ime Allocation Working Group Report:                                                                                                                                          T                                 decreased by further improving the over-                                                                http://www.eso.org/public/about-eso/committees/                                 all workflow, part of the problem may be        As the scientific process requires experi-              uc/uc-41st/TAWG_REPORT.pdf                                                                                                                                       2                                                                                                                                         ESO telbib database: http://telbib.eso.org                                 inherent. The non-negligible fraction of        mentation, it is necessary for an obser                                 cases of insufficient resources (generally      vatory to accommodate a fraction of risky                                 option 6 but also indicated in option 10)       proposals. When compounded with tech-                 Notes                                 and the typically long publication delay        nical and weather losses, a 100 % return                                                                                                                                       a                                                                                                                                          hroughout this paper the definition of non-                                                                                                                                         T                                 may be symptoms of workload pressure            in publications across all programmes                                                                                                                                         publishing programmes includes archival publica-                                 in the community. The significant num-          becomes impossible. Nevertheless, the                   tions, i.e., articles that would be published by                                 bers of cases in which negative or incon-       current level of 75 % may be improved                   scientists not included in the list of co-investigators                                 clusive results do not turn into publica-       by a further 10–15 % by addressing spe-                  for the given proposal. Therefore, in this study,                                                                                                                                          a non-publishing programme is one that has pro-                                 tions also support this conclusion. This        cific factors. For example, by further                                                                                                                                          duced no refereed publication of any kind.                                 reflects what may be a growing cultural         optimising how observations are sched-               b                                                                                                                                          A ny given calendar year intersects with three ESO                                 problem in the community as scientists           uled and executed at the telescope and                   semesters, only one of which is fully contained in                                 tend to concentrate on appealing results,        re-evaluating the optimal fraction of risky              the given year (the one running from 1 April to 1                                                                                                                                           October). We call this the central semester P0. The                                 especially if they have limited resources,       observations, ESO can improve its data                                                                                                                                           data show that for any year in our telbib sample,                                 and need to focus predominantly on pro-          delivery performance. At the same time,                  no publication is produced in P0 +1, while there is                                 jects that promise to increase their visibil-    the community can optimise the distri                   always at least one publication in P0, and several                                 ity (see Matosin et al., 2014 and Franco,        bution of resources to ensure that data                  in P0 –1. Therefore, P0 can be regarded as the                                                                                                                                           most recent scheduled period producing a publi                                 Malhotra & Simonovits, 2014).                    can be analysed more effectively as soon                                                                                                                                           cation in the given year. P0 is simply given by                                                                                  as it becomes available.                                 P0 = 2(tp−2008) + 81. Although the time delay could                                 An important result that emerged from                                                                     be defined and computed in a more accurate way,                                 this study is the higher publication rate                                                                 a resolution of one semester is sufficient for the                                                                                 Acknowledgements                                          purposes of this study.                                 of programmes associated with larger                                 allocations of telescope time. This is          The authors are grateful to Francesca Primas,                                 detected in both observing modes (SM            M artino Romaniello, and all of the members of the                                 and VM) as well as in the Normal pro-            Time Allocation Working Group for their help                                 gramme type sub-sample. The SNPP                 during the formulation of the SNPP questionnaire.ESO/B. Tafreshi (twanight.org)
                                 The Very Large Telescope.
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On the Availability of ESO Data Papers on arXiv/astro-ph

Uta Grothkopf1                                  Monthly Notices of the Royal Astronomi-                           1996–2017
                                                                                                100 %                                       OtherDominic Bordelon1                               cal Society (MNRAS; 19 %), and theSilvia Meakins1                                 Astronomical Journal (AJ; 4 %). A more                                                      PhRvLEric Emsellem1                                  detailed distribution of ESO data papers        90 %                                        AcA                                                across journals can be seen in Figure 1.                                                    JGRE1                                                                                               80 %                                        EM&P    ESO                                         The ESO Library provides journal access                                                to ESO staff through subscriptions. In                                                      NewAR                                                astronomy, the most prominent journals           70 %                                                                                                                                            PASAUsing the ESO Telescope Bibliography            (A&A, ApJ/ApJS, AJ and MNRAS) are                                                           Ap&SSdatabase telbib, we have investigated           community owned and operated. This                                                                                                                                            P&SSthe percentage of ESO data papers that          enables astronomers to influence devel-         60 %were submitted to the arXiv/astro-ph            opments in journal publishing to a large                                                    PASJe-print server and that are therefore free      extent, including changes to subscription                                                   NewA                                                                                                 50 %to read. Our study revealed an availa          fees and page charges. This differs across                                                  Scibility of up to 96 % of telbib papers on        scientific disciplines. Steep increases in                                                  PASParXiv over the years 2010 to 2017. We           subscription fees to scholarly journals,         40 %                                                                                                                                            ANalso compared the citation counts of            along with widespread public access toarXiv vs. non-arXiv papers and found            the internet, led to the start of the Open                                                  Naturethat on average, papers submitted to            Access (OA) movement in the 1990s.              30 %                                                                                                                                            IcararXiv are cited 2.8 times more often than                                                                                                   ApJSthose not on arXiv. While simulations                                                            20 %                                       A&ASsuggest that these findings are statisti-       Open Access publicationscally significant, we cannot yet draw                                                                                                       AJfirm conclusions as to the main cause           According to the Scholarly Publishing and        10 %                                       MNRASof these differences.                           Academic Resources Coalition (SPARC),                                                       ApJ                                                Open Access in scholarly literature is                                                                                                  0%                                        A&A                                                defined to be the “free, immediate, onlineThe ESO Telescope Bibliography telbib is        availability of research articles c                                                                                   oupleda database of refereed papers published         with the rights to use these articles fully     Figure 1. Journal distribution of ESO data papers                                                                                                published between January 1996 and July 2017by the ESO user community1; all telbib          in the digital environment”4. This means                                                                                                (total number: 13 569). Journals in which less thandata papers use at least some data from         that users can read, download, copy,            three telbib papers were published are categorisedESO facilities. The telbib database is          distribute, and text mine articles, or use     as Other.curated and further developed by the             them for any other lawful purpose. Crea-ESO librarians. Records in the database          tive Commons copyright licenses defineare linked to the ESO Science Archive,           standardised ways of sharing and reusing.         everyone for all permitted uses. Theseenabling easy access from the literature         The most commonly-used license, called            are governed by CC licenses. Someto the data used in the papers and vice          “CC BY Attribution”, allows a wide range          publishers offer the option for authorsversa. In addition, telbib entries are com-      of reuses provided that credit is given           to pay an article processing chargeprehensively tagged and annotated,               to the original creators. An overview of          (APC) to make individual articles availa-allowing us to derive visualisations, statis-    CC licenses can be found on the Creative          ble through open access in otherwisetics and reports for various parameters.         Commons website5.                                 subscription-based journals; this isThe telbib content spans more than                                                                 then called “hybrid OA”.20 years, beginning with the publication        Different classifications exist to describe     3. Delayed and temporary OA: Respond-year 1996, and the database has become          the various flavours of open access; the            ing to the mandates issued by govern-an essential tool in understanding pub-         most common versions are as follows:                ments and funding agencies, manylishing trends among the ESO user com-          1. Green OA: Papers are typically pub-             journals are applying delayed OA bymunity. Further information about telbib           lished in subscription-based journals,           providing free access to their publica-is available on the web2, 3.                       but authors self-archive manuscripts             tions after a given time. Most core                                                   on their webpages or submit them to              astronomy journals are currently availa-As of July 2017, telbib included almost            institutional or subject-based reposi           ble and are free to read after one year,13 600 records. 95 % of these papers               tories (for example, arXiv/astro-ph)             with the exception of MNRAS, whichwere published in the core astronomy               where the articles are free to read for          is only free to read three years afterjournals, namely in Astronomy & Astro-             everyone. Green OA does not require              publication. Since these articles werephysics (A&A; 49 %), the former Astron-            a CC license.                                    originally published in a subscription-omy & Astrophysics Supplement Series            2. G old OA: Articles are published in OA          based (toll-access) journal, there is no(A&AS; 2 %), the Astrophysical Journal              journals. Authors, institutions, or other       CC license. Alternatively, publishers(ApJ; 20 %), the Astrophysical Journal              stakeholders pay a publication fee so           may choose to provide free accessSupplement Series (ApJS; 1 %), the                  that the articles become available to           to specific sections or articles — for
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  example, the latest issue — for a spe-          Number of papers        2010        2011       2012      2013         2014        2015        2016     2017  cific amount of time.                           All telbib               738        786        866       842           871            865     944      601                                                  Posted on arXiv          653        712        793       787           822            827     909      567In a recent article, Piwowar et al. (2017)                                                  Non-arXiv                 85         74         73        55           49             38       35      34undertook a large-scale analysis of thedissemination of OA articles in the               Percentage arXiv       88.5 %      90.6 %     91.6 %    93.5 %        94.4 %      95.6 %     96.3 %   94.3 %sciences. They found that at least 28 % ofthe scholarly literature is OA, equivalent        Table 1. Number of papers per year per category:                                                  all telbib papers, arXiv papers, non-arXiv papers and   Figure 2. Percentage of telbib papers submitted toto 19 million articles out of the 67 million      the percentage of telbib papers posted on arXiv.        arXiv between January 2010 and July 2017.included in the study. By far the largestnumber falls in a category called “Bronze                                               Percentage of telbib papers in arXivOA” by the authors, meaning that the               98 %articles are free to read on the publisher’s website but do not have an explicit open          96 % access license (similar to the delayed/ temporary OA mentioned above). In                 94 % astronomy, the huge archive of historic literature pertains to this category, includ-    92 %  ing core journals such as A&A, ApJ, AJ  and MNRAS spanning back to the first             90 %  volumes. These historic volumes were  scanned by the National Aeronautics and          88 %  Space Administration Astrophysics Data  System (NASA ADS) Abstract Service               86 %  in collaboration with the Wolbach Library  at the Harvard-Smithsonian Center for            84 %                                                               2010      2011         2012         2013          2014            2015         2016      2017  Astrophysics, and are freely available to  the community (Eichhorn et al., 2003).                                                  Taking this tradition into account, we                  arXiv identifier with its own consistentPiwowar et al. (2017) also studied the            investigate the extent to which papers that             pattern. We catalogued these as arXivso-called OA citation advantage in order          use ESO data are free to read. We do                    papers accordingly.to verify whether open access articles            not include all flavours of OA, but merelyare actually cited more often. The authors        study whether or not papers included in                 After querying the ADS API, we took anreport that on average, OA articles               telbib have been submitted to arXiv. Arti-              additional verification step of queryingreceive 18 % more citations. In this paper,       cles that are available otherwise, be it                arXiv for the papers that seemed to bewe study the fraction of papers published         through open access journals, via delayed               “non-arXiv”. We searched by author, yearbetween January 2010 and July 2017 that           OA, or as part of a section made available              and title fragments, then manually com-are included in the telbib database and           free of charge for a given time by the pub-             pared result records to their ADS coun-have been submitted to arXiv/astro-ph.            lisher, are not defined as free to read here            terparts. Using this method we foundWe also investigate whether there is any          unless they were also posted on arXiv.                  approximately 30 additional papers thatdifference in impact (as measured by                                                                      were hosted on arXiv across the seven-the number of citations) between papers                                                                   year span. These papers were subse-that were submitted to arXiv and those            Methodology                                             quently assigned to the arXiv paperthat were not.                                                                                            category.                                                  We used telbib to obtain a list of NASA                                                  ADS bibliographic reference codes (bib-telbib papers and arXiv/astro-ph                  codes) for ESO data papers for each year.               Fraction of ESO data papers on                                                  This list was posted to the ADS Search                  arXiv/astro-phThe astronomy community has a strong              application programming interface (API)culture of sharing research products,             requesting the bibcode, identifier and                  Our study focused on refereed papersincluding scientific papers, observatory          citation count fields. The identifier field is          published from January 2010 to Julypublications, data, presentation slides,          an array of identifiers that ADS stores,                2017 in the ESO Telescope Bibliography.software, code, etc. It is not surprising         including bibcodes, DOIs and arXiv IDs.                 In 2010, 88.5 % of the telbib papers werethat astronomers were among the early                                                                     submitted to arXiv. A steady increase canadopters of the arXiv/astro-ph e-print            In the result set, we searched each                     be seen over the following years until anserver and continue to be one of the              record’s list of identifiers for either an arXiv        impressive submission rate of 96.3 % isstrongest user groups today, according            bibcode (i.e., a bibcode created for an                 reached in 2016. The percentage seemsto arXiv submission rate statistics6.             ADS preprint and replaced by a journal-                 to be lower in 2017, but only the first seven                                                  based bibcode after publication) or an                  months of this year could be considered.
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Astronomical News                                       Grothkopf U. et al., On the Availability of ESO Data Papers on arXiv/astro-phTotal number of citations   2010     2011     2012                         2013          2014       2015          2016              2017         Table 2. Total and median number of citations: all                                                                                                                                                 telbib papers, papers posted on arXiv, and papersAll telbib                  33.776   29.693   27.783                      26.453     20.046        14.630         8.226         1.953            not posted on arXiv, along with the ratio of arXiv vs.Posted on arXiv             32.251   28.409   26.516                      25.909     19.534        14.408         8.138         1.939            non-arXiv median citations (from January 2010 to                                                                                                                                                 July 2017; citations as of 28 August 2017).Non-arXiv                   1.525    1.284    1.267                        544           512            222           88             14
 Median number ofcitationsAll telbib                   26       24       21                           19            15            11            5              2           Figure 3. The distribution of citations for non-arXiv                                                                                                                                                 papers published in 2010 and 2013 (red line) vs. real-Posted on arXiv              30       26       22                           21            16            11            6              2           isations of the same number of randomly selectedNon-arXiv                    10       12.5     11                           7             6              3            2              0           papers from the entire set of telbib papers published                                                                                                                                                 in that year (green lines) for 2010 (top: 85 papers)Ratio arXiv vs. non-arXiv    3.0      2.1      2.0                         3.0           2.7            3.7           3.0                        and 2013 (bottom: 55 papers).
                                                                           45                                                                                                                                                                                                   2010                                                                           40
                                                                           35The detailed results are given in Table 1,while Figure 2 shows the percentage of                                     30                                                        Number of papers

telbib papers in arXiv by year.
                                                                           25Looking in more detail at the non-arXiv                                                                           20papers, we found a wide variety of authoraffiliations and ESO facilities that pro-                                  15vided the observations for these papers.In addition, non-arXiv manuscripts were                                    10published in all the major astronomy jour-nals. We also investigated the impact of                                    5these non-arXiv papers, where impact is                                                                            0defined as the number of citations relative                                       0–10         11–20          21–30         31–40         41–50      51–60     61–70     71–80      81–90     91–100to the median AJ citation (Bordelon et al.,                                                                                                 Citation count2016). The most cited non-arXiv papershave an impact of approximately 7–10 for                                   40                                                                                                                                                                                                   2013the publication years 2010–2016, withone paper reaching an impact of greater                                    35than 17. This means that these specificpapers have been cited considerably                                        30more often than the median AJ paper of                                                       Number of papers
the same year. However, such high-impact                                   25
papers appear to be outliers. In summary,no obvious pattern can be identified at                                    20first glance that would explain why somepapers were not submitted to arXiv.                                        15                                                                           10In order to further investigate possiblereasons for not submitting a paper to                                                                            5arXiv, we conducted an (unrepresentative)survey among some of the authors of                                                                            0non-arXiv papers (~ 20 % of the 2016 and                                          0–10          11–20         21–30         31–40         41–50     51–60      61–70     71–80      81–90      91–1002017 papers), asking them about their                                                                                                      Citation countmotivation. While we only received aresponse rate of about 60 %, we found                   Differences in citation counts of ESO data                                               between January 2010 and July 2017),that there are various reasons for non-                 papers posted on arXiv vs. non-arXiv                                                     we obtained the citations from the ADSsubmission. Most frequently, authors                                                                                                             and calculated the total and medianwere too busy for the submission pro-                   In a second step, we investigated                                                        citations for the two groups (Table 2).cess and had other priorities. One author               whether arXiv papers are indeed citedstated that arXiv was not considered                    more often. For the same set of papers                                                   Comparing the median citations foressential for the publishing process.                   as before (telbib papers published                                                       the years 2010–2016, we found that
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 anuscripts submitted to arXiv received
m                                              and are therefore free to read. Our study     Based on this study of telbib papers, weon average 2.8 times more citations than       revealed an increasing fraction of papers     conclude that an almost complete availa-the non-arXiv papers, despite the few          posted on arXiv, from 88.5 % in 2010 to       bility of the core literature in astronomyhigh-impact non-arXiv papers mentioned         96.3 % in 2016. The percentage for 2017       through green OA puts the community inabove. Naturally, the most recent papers       (94.3 %) should be treated with caution       an advantageous situation regardinghave not gathered enough citations to          as the year is not yet complete and the       both literature access and dissemination.achieve a meaningful result. Kolmogorov-       fraction may change. Why some papersSmirnov tests have been conducted to           are not posted on arXiv is unclear, asverify our findings. The results suggest       there are no significant trends among         Acknowledgementsthat the differences between arXiv and         this group in terms of ESO facilities used,   We thank Wolfgang Kerzendorf and Jasonnon-arXiv papers are very significant.         author affiliations or journals involved.     S pyromilio for inspiring discussions (and a constant                                               A survey among these authors suggested         supply of chocolate). This research has made useWe also compared the citation counts of        various motivations for non-submission,        of NASA’s Astrophysics Data System; thank you so                                                                                              much ADS team for your excellent service to thenon-arXiv papers with realisations of the      with the top reason being a lack of time       community!same number of randomly selected telbib        for the submission process.papers from the same year. For the yearsof our study, the non-arXiv sets show          A comparison of the average citation          Referencesparticularly high fractions of papers with     counts of arXiv vs. non-arXiv papers          Bordelon, D. et al. 2016, Proc. SPIE., 9910, 99102Blow citations (0–10), followed by only a       revealed that on average, papers pub-         Eichhorn, G. et al. 2003, LISA IV, ed. Corbin, B. G.,few papers with higher citations (> 30         lished between 2010 and 2016 that             	Bryson, E. P. & Wolf, M., (Washington, DC: U. S.citations for publication years 2010–2012;     were made available on the e-print server        Naval Observatory), 145                                                                                             Piwowar, H. et al. 2017, PeerJ Preprints, 5, e3119v1> 20 for publication years 2013–2014;          receive a factor of 2.8 more citations.and > 10 for publication years 2015–2017).     Simulations suggested that these findingsTwo examples from publication years            are statistically significant. While the      Links2010 and 2013 are shown in Figure 3.           differences in citations seem striking at    1                                                                                               t elbib database: telbib.eso.org                                                first glance, we note that the sample of     2                                                                                                telbib methodology: www.eso.org/sci/libraries/                                                non-arXiv papers investigated is small           telbib_methodology.htmlConclusion                                      (on average, 55 papers per year). Posting    3                                                                                                 ESO Libraries publications: www.eso.org/sci/                                                manuscripts on arXiv certainly enhances           libraries/useful_links/publications.html                                                                                             4                                                                                                  SPARC Open Access: https://sparcopen.org/Using the ESO Telescope Bibliography            their visibility among the community, but          open-access(telbib) as a testbed, we investigated          we cannot draw a definitive conclusion as    5                                                                                                   Creative Commons licensing:the fraction of refereed papers published       to whether these differences in citations           https://creativecommons.org/share-your-work/between January 2010 and July 2017              are solely caused by submission to arXiv            licensing-types-examples                                                                                             6                                                                                                    a rXiv submission rate statistics: https://arxiv.org/that were submitted to arXiv/astro-ph           or whether other factors are at play.                help/stats/2016_by_area/index                                                                                                                  DOI: 10.18727/0722-6691/5057Report on the ESO and Excellence Cluster Universe Workshop

Galaxy Ecosystem: Flow of Baryons through Galaxies
held at ESO Headquarters, Garching, Germany, 24 –28 July 2017Vincenzo Mainieri1                             systems through streams of pristine           and Particle Physics (MIAPP)1 entitled:Paola Popesso2                                 gas or as drizzles of recycled material;      “In & out: What rules the galaxy baryon                                               b) the conversion of this gas into stars;     cycle?” It therefore provided an oppor-                                               and c) the ejection of gas enriched with      tunity to share the main outcomes of1    ESO                                        heavy elements through powerful out-          the MIAPP workshop with a larger audi-2     echnical University of Munich, Germany    T                                          flows. Understanding these different but      ence, including many young outstand-                                               mutually connected phases is of funda-        ing scientists who could not attend the                                               mental importance when studying the           MIAPP workshop.This conference focussed on the “baryon        details of galaxy formation and evolutioncycle”, namely the flow of baryons             through cosmic time. This conferencethrough galaxies. The following aspects        was held following the month-long work-       In total, the conference attracted 132 par-were discussed: a) the gas inflow into         shop of the Munich Institute for Astro-       ticipants who attended 67 talks over the
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Astronomical News                                    Mainieri V. & Popesso P., Report on the Workshop “Galaxy Ecosystem”Figure 1. Participants of the workshop in front of   Joop Shaye showed how mock spectra             ing the neutral and molecular gas contentESO headquarters.                                                     generated by the EAGLE (Evolution and          of galaxies through cosmic time.                                                     Assembly of GaLaxies and their Envicourse of one week 2. The first day was              ronments) project, a cosmological hydro-       Eva Schinnerer presented several high-dedicated to the observational and theo-             dynamical simulation, can be used to           lights of the Physics at High Angularretical constraints of gas inflow into galax-        analyse the Keck Baryonic Structure Sur-       Resolution in Nearby GalaxieS (PHANGS)ies. The need for gas replenishment in               vey Data. This analysis suggests that           project, which is mapping a sample ofgalaxies has been established for a long             the prominent redshift-space distortions        local star-forming galaxies at high angulartime in order to explain the constant star           observed in the H I, C IV and Si IV absorp-     resolution. MUSE and ALMA high-resolu-formation activity of star-forming galaxies          tion features around galaxies at redshift       tion observations show that: a) the starover the past 10 Gyrs. The volume of the             z ~ 2 are predominantly caused by gas           formation efficiency is not uniform, withobserved cold gas reservoir is only suffi-           infall rather than outflows. Dusan Keres        significant variations inside the galaxy;cient to sustain star formation on rela-             discussed the interconnection of gas            b) the molecular gas structure dependstively short timescales of approximately             inflows and outflows in regulating galaxy       on the local environment within the sys-one Gyr, which implies that a galaxy’s               star formation activity in numerical simu-      tem; and c) active galactic nuclei (AGN)gas must constantly be replenished.                  lations. In low-mass galaxies, the inflow       feedback might alter the velocity and                                                     of gas triggers star formation and conse-       chemistry of the gas. Moving to higherSimon White opened the conference by                 quently supernovae outflows. The fate of        redshifts, Reinhard Genzel reviewed ourhighlighting many unresolved questions               the outflowing gas is either to leave the       current understanding of the evolutionregarding the nature of gas infall and the           galaxy, if its velocity exceeds the escape      of the gas content of galaxies thoughpossible role of outflows in regulating gal-         velocity of the system, or to lead to gas       cosmic time, using a sample of more thanaxy star formation activity. A review by             circulation by falling back into the galaxy     600 galaxies with CO detections from theChristopher Martin presented the poten-              in a so-called “galaxy fountain”.               Institut de Radioastronomie M   illimétriquetial of using the recently commissioned                                                              (IRAM) and the Atacama Large Millimeter/Keck Cosmic Web Imager (KCWI) instru-                The second day of the conference was            submillimeter Array (ALMA), and infraredment to map Lyα nebulae around distant               dedicated to reviewing our current              detections from the Herschel Spacequasars and streams of pristine gas infall-          understanding of the evolution of the gas      Observatory. Several scaling relationsing into galaxies at very high redshifts.             content of galaxies though cosmic time         were discussed, including the evolution ofSimilarly, Fabrizio Arrigoni Battaia empha-           and the efficiency in converting it into       the cold gas depletion time versus spe-sised the role of the Multi Unit Spectro-             stars. Claudia Lagos showed how semi-          cific star formation, which show consist-scopic Explorer (MUSE) instrument on                  analytical models with very different          ent results in different tracers of the coldthe Very Large Telescope (VLT) by dis-                predictions about galaxy gas content can      gas mass.cussing a survey of ~ 60 quasars at z ~ 3,             reproduce the evolution of the galaxywhich aimed to study extended ultraviolet              stellar mass function and the cosmic star    The last two days of the conference wereemission tracing the inflow of cool gas                formation history remarkably well. This      dedicated to discussing whether gas out-from the circumgalactic medium (CGM)                   points to the need for the next generation   flows were due to either AGN or stellarinto the galaxy.                                       of models to focus on correctly reproduc-    feedback. The aim was to understand the
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Astronomical Newsfollowing aspects: a) the multi-phase         urements of the Eddington ratio, lumi          alaxy without affecting the global galaxy                                                                                             gnature of a gas outflow; b) its connection    nosity, black hole mass).                      properties. As also pointed out by Romeelto the inflow; c) its effect on the galaxy                                                   Dave during his review, AGN-driven out-cold gas content and thus star formation      Thorsten Naab gave a review, from a            flows may provide preventive feedbackactivity; and d) its effect as preventive     theoretical perspective, of the galactic      by dumping energy into the galaxy halofeedback in massive halos. As a first step,    winds due to stellar outflows in several      and therefore preventing further gasseveral speakers presented both obser-         gas phases (molecular, neutral and ion-       accretion. However, the uncertainties invations and simulations, trying to clarify     ised). While the simulations suggest that     the current estimates of the mass-loadingthe occurrence of outflows and galactic        in most cases the gas should escape the       factor and wind geometry are still large,winds in AGN and star forming galaxies.        galaxy, the observed outflow velocities       and the observational evidence for clearDavid Rupke reviewed the demographics          for both AGN and stellar feedback out-        gas inflow into galaxies is elusive. Integralof AGN outflows in the local Universe, and     flows are well below the galaxy escape        field spectroscopy with MUSE and ALMAshowed that most nearby quasars host           velocity. This could point to the circula-    will reveal much more about the naturegalactic scale outflows in ionised gas,        tion of gas that falls back into the system   of galaxies as “gas factories” in the nearmost likely powered by the quasar itself.      after outflowing from the disc to a small     future.                                               distance away, leading to accretion ofOngoing surveys such as KASHz (KMOS            recycled material.AGN Survey at High redshift) and SUPER                                                       Links(SINFONI Survey for Unveiling the Physics     The potential impact of outflows on the        1                                                                                                IAPP workshop: http://www.munich-iapp.de/                                                                                               Mand the Effect of Radiative feedback) will    gas content of a galaxy and therefore            programmes-topical-workshops/2017/galaxy-extend studies to much higher redshifts       its star formation activity was the subject      baryon-cycle                                                                                             2and link the properties of large-scale out-   of much discussion. Roberto Maiolino             ESO Excellence Cluster workshop:                                                                                                http://galaxyecosystem.wixsite.com/ecogflows with those of the galaxies’ central     showed observational evidence for out-black holes (for example, through meas-       flows to remove gas locally within the
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Early Stages of Galaxy Cluster Formation 2017 (GCF2017)
held at ESO Headquarters, Garching, Germany, 17–21 July 2017Tony Mroczkowski1                             clusters”, are still in the process of         since the Big Bang, and via the accretionAndra Stroe1                                  hierarchical assembly. The transition         of material along intercluster filaments.Paola Andreani1                                from protocluster to cluster is gradual,      Merging cluster environments representMonique Arnaud2                                driven by accretion and spectacular           the only astrophysical laboratories whereFabrizio Arrigoni Battaia1                     mergers that are expected to last             we can study a relatively short (< 1 Gyr)Carlos De Breuck1                              roughly one billion years. This work-         but decisive period in the evolution ofDavid Sobral 3                                 shop aimed to address open questions          clusters: a period that impacts the for                                               in protocluster and cluster formation,        mation and evolution of both the intra-                                               to define the similarities and distinc-       cluster plasma and the member galaxies1  ESO                                          tions between the two, and to evaluate        of the cluster.2  Service d’Astrophysique/DAPNIA/DSM,         the best tools and methods for their   CEA Saclay, Gif-sur-Yvette, France          detection and study.                          This workshop brought together experts3   Lancaster University, United Kingdom                                                      who study the evolution of protoclusters                                                                                             and clusters across the entire electro-                                              Protoclusters, high-redshift galaxy            magnetic spectrum. This workshop wasThe formation of the largest gravitation-     clusters and merging clusters represent       unique due to the equal mix of scientistsally bound structures in the Universe,         the first stages in the formation of the      studying galaxy clusters and protoclusters of galaxies, and how these            most massive known bound objects in           clusters (the precursors to galaxy clus-environments affect the galaxies within        the local Universe. The accepted view         ters typically located at redshifts z > 2,them are major themes in cosmology             in hierarchical structure formation is that   i.e., the first 3 Gyr since the formation ofand galaxy evolution. The high-redshift        protoclusters and galaxy clusters form        the Universe), and also due to the goalprogenitors of clusters, called “proto-        via mergers, the most energetic events        of precisely defining what links and dis
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                                         tinguishes protoclusters and clusters.                     roperties of the intracluster medium
                                                                                                   p                                          Nick Battaglia opened the discussion                                         Surprisingly, this workshop may have                      of merging or forming clusters?            of how and why we could measure the                                         been the first of its kind, as protocluster              –H ow is the formation of protoclusters    masses of forming protoclusters, focus-                                         experts tend to meet separately from                      related to the peak of star formation      ing on their relevance as cosmological                                         their lower-redshift counterparts.                        and black hole activity? What is the       probes, while Adam Muzzin moved                                                                                                   nature of the galaxies within protoclus-   the discussion back to the difficult but                                         The workshop sought to place the evolu-                   ters and merging clusters? Do cluster      crucial work necessary to understand                                         tion of protoclusters and clusters within                 member galaxies form and evolve in         protocluster environments and their                                         a larger context, and to explore how they                 the (proto)cluster environment, or are     evolution into clusters. Finally, Megan                                         impact their constituent galaxies. The                    the intermediate environments much          Donahue outlined what we have learned                                         specific questions addressed during this                  more important than previously thought?     about nearby (z < 0.2) clusters in the                                         workshop include:                                         What physical processes dominate            last two decades and how this knowl-                                         – How do we define a protocluster, and                   the quenching of infalling satellite and    edge can be applied in future work.                                            how do we distinguish it from a cluster                member galaxies? How do shocks,                                            that is not yet virialised? How do we                  turbulence and cold fronts affect star    Overall, the evolution of a protocluster                                            detect disturbed (proto)clusters in                     formation and active galactic nuclei      into a cluster is a continuous process,                                            upcoming surveys? How can we opti-                      (AGN) activity?                           marked by dramatic merger events along                                            mise our observing strategies?                        –W hen and how do the central AGN          the way. As such, the definitions of each                                         – How far back in time can protoclusters                  engines begin to interact with the ICM?   will always include a few ambiguous                                            be found, and how reliably can they be                –W hat facilities will be required to      cases, but the workshop facilitated useful                                            identified? Are the high-z overdensities                address these questions in the future?    discussions between theorists, observers,                                            and galaxy associations really the pro-                                                           and instrumentation experts. Rather than                                            genitors of galaxy clusters in the local                                                          simply hearing the latest results from one’s                                            Universe? How do we differentiate                     Outcomes                                    own field, many — including the organis-                                            between, for example, filaments, chance                                                           ers — felt the workshop had taught them                                            superpositions and true protoclusters?                The programme and presentations             something beyond their area of expertise.                                            How do merging clusters in the local                  from GCF2017 are available as an online                                            Universe (z < 1) compare to their high-z              archive1. Here, we highlight the invited    With an increasing number of cluster-                                            counterparts?                                         review talks that introduced the topic of   like objects being found beyond z > 1                                         – At what stage does the intracluster                   each section. Monique Arnaud gave the       and with protoclusters now found at                                            medium (ICM) form? Do protoclusters                   opening address, summarising the field      lower redshifts (as low as z ~ 1.6, rather                                            have hot (> 1 keV) X-ray emitting atmos-              and placing structure formation in con-     than z > 3), it is clear that the distinction                                            pheres? How important are the non-                    text. Gabriella de Lucia summarised the     between protoclusters and clusters is                                            thermal components (such as shocks,                   state-of-the-art hierarchical structure     mainly a matter of the median density                                            turbulence and cold fronts) to the                    simulations. Nina Hatch provided the        reached by the object. Large objects that                                                                                                  observers’ perspective on protocluster      exceed galaxy scales at overdensities                                         Figure 1. The left panel shows a cosmological                                                                                                  assembly and placed it in theoretical       greater than 200 times the critical density                                         volume simulation at z = 3, and the massive proto-      context. Marcus Brueggen shifted the        of the Universe, typically within a Mpc                                          cluster SSA22 at z = 3.09. The right panel shows        discussion to more local cluster studies,   radius, qualify as bona fide clusters or                                          the simulation at local redshifts, when the density     where clusters are used as laboratories     groups of galaxies. Protoclusters, on the                                          contrast of the largest objects has dramatically                                          grown, alongside a Hubble Space Telescope (HST)                                                                                                  for fundamental plasma interactions.        other hand, are looser associations that                                          observation of the massive cluster Abell 1689 at the    Dominique Eckert then discussed the         are on their way to becoming clusters,                                          local redshift of z = 0.23.                             chemical enrichment histories of the ICM.   and often span ~ 10 Mpc. A third groupingCenter for Cosmological Physics, NASA,
                                                                                                                                                                                              Center for Cosmological Physics/Tamura et al. (2009)
JHU, ESA/Hubble, N. Gorgin (STScI)
                                                                                        Abell 1689 at z = 0.2                                                 SSA 22 at z = 3.09
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Figure 2. Workshop participants.              end, we voted on eight invited speakers,     pants. We attribute this to both the                                              using the sole criterion of who would give   compelling nature of the subject matter,includes unbound structures — often           the best review of each topic. The end        which draws researchers at all careersuperpositions thought to be protoclus-       result was a 50:50 ratio of male to female    stages, and to the generous supportters — that have not and will not exceed      speakers.                                     that kept the cost of attendance relativelythe overdensity threshold critical to col-                                                  low (see acknowledgements).lapse gravitationally.                         Attendees came from five continents                                               (all but Africa and Antarctica), with theMany of the questions we set out to           following percentages:                      Acknowledgementsaddress remain unanswered. However,            –5 4 % Europe (Germany, Italy, France,     We are grateful for the financial and logistical sup-it is clear the field is making substantial      UK, Switzerland, Turkey, Spain,           port of several parties that made this workshopprogress with the tools available, and           The Netherlands);                         p ossible. Several junior scientists received supportwill benefit greatly from the next genera-     –2 3 % North America (US, Canada);          from the European Union’s Horizon 2020 Research                                                                                            and Innovation programme under grant agreementtion of tools. More detailed gas physics,      –1 5 % Asia (Japan, South Korea, India,     No. 730562 (RadioNet). The workshop itselfincluding star formation and AGN feed-           China);                                    received generous financial support from ESO’sback at all epochs, is necessary for pro-      –5  % South America (Chile, Brazil);        Directorate for Science, and logistical and venuegress to be made with the simulations.         –3  % Australia.                            support from ESO.From an observational perspective, it is                                                   We especially thank Stella Chasiotis-Klingner forclear the community is looking forward        We find that 35 % of the abstract sub       her efforts in organising the conference logistics,to the Extremely Large Telescope for          missions were from women, which              A riadna Manilla Robles, Christian Peest, and Fabrizioimproved imaging and spectroscopy at          matched the 35 % of talk allocations to       Arrigoni Battaia for support before and during the                                                                                            conference, ESO catering for providing coffeevisible wavelengths. However, there is        women. The talk selection was made            breaks, and the Scientific Organising Committee foran equally high demand to improve             blindly (one member of the Science            bringing together a compelling programme.the mapping speeds at millimetre and          Organising Committee removed namessubmillimetre wavelengths through             and identifying information about the                                                                                           Referencesprojects such as the Atacama Large           authors and then abstained from v oting), Aperture Submillimeter/millimeter Tele-      so we conclude that the method likely        Tamura, Y. et al. 2009, Nature, 459, 61 scope (AtLAST2), particularly for high-     worked to address gender biases. We redshift clusters and protoclusters, and     also had a decent level of participation                                                                                           Links through X-ray surveyors for their lower      from young researchers, with the follow- redshift counterparts (z < 1.3).             ing breakdown according to seniority:        1                                                                                              CF2017 Programme: https://www.eso.org/sci/                                                                                             G                                              ~ 25 % students, ~ 30 % postdoctoral           meetings/2017/GCF2017/program.html                                                                                           2                                              researchers, and 45 % tenure-track or          T he upcoming AtLAST workshop:                                                                                              https://www.eso.org/sci/meetings/2018/Workshop demographics                         tenured faculty. Each of these groups           AtLAST2018.html                                              was well-represented in the talks.           3                                                                                              HST image of Abell 1689: http://hubblesite.org/Like many workshops, the Science                                                               image/1276/news_release/2003-01Organising Committee sought fair rep-         The workshop had a high level of partici-resentation from the community. To this       pation, with approximately 100 partici-
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Hugo Messias                                                                                                                         Hugo Messias

It was difficult to begin writing this article
because I don’t see myself as a conven-tional astronomer who was into sciencefrom a young age. So I wonder — whywould you be interested? You’re likelyreading this because you’re a curious per-son, and you either already know me andwant to improve that knowledge, or youjust wonder what induces a person towork in astronomy. We are curious beingsand fiercely seek answers and patternseverywhere, and this is in fact one of thereasons why I work in astronomy.
First let me give you a bit of a background:
my parents are both electrical engineers,and one of my grandparents owned agrocery shop and thus wanted to makesure his grandchildren knew maths.Being an active kid, my parents tried to          giants of physics, upon whom our knowl-           of the array. On top of that, I was aboutkeep me occupied and so I developed               edge now stands, were funnier than any-           to fly to the Universidad de Concepcióna lot of different interests. But in Portugal,    one thought. We would learn how and               (UdeC) in Chile for my first postdoctoralstudents need to decide in high school —          why technology and society kept pushing           position under an ALMA-CONICyTstarting from the tenth grade — which             each other further and further into what         (Comisión Nacional de Investigaciónfuture career to pursue. I still feel that this   we are and know today. My experimental            Científica y Tecnológica) project. ALMAdecision is forced on kids too soon, but          physics class also helped me to make              was everywhere! At UdeC, I got my handsI was lucky to be allowed to take a mix of        sense of the world around me and I real-          on ALMA data targeting an impressivearts and physics classes until I went to          ised that I was in the right place after all!     lensed major merger. It was my first con-college. I liked drawing, especially the                                                            tact with a large project (the Herschel-geometry exercises requiring 3D mental-           With João Yun, a very helpful and trust-          Astrophysical Terahertz Large Area Surveyrendering, but I ended up going into phys-        worthy person, I made my first contact            [H-ATLAS]), and it made me realise thatics — likely influenced by the telescope          with college-level astronomy and the              astronomy is still a field that can unitemy parents bought me, and the fact that           research group at the Lisbon Astronomi-           clearly distinct cultures from around thethe first two bright objects I pointed it at      cal Observatory. I met Rui Agostinho              world in a common goal. ALMA is proba-were Jupiter and Saturn. I still wonder if        (who possesses an awesome level of                bly the best example in existence, andthat tender present was a way for my              physics knowledge), from whom I learned           being part of it is priceless!parents to tell me that I couldn’t draw. In       a lot about the impressive nineteenththeir defence, there is some supporting           century observatory and the people who            I returned to Portugal to work with Joséevidence for this.                                worked there, as well as a number of              Afonso at the Portuguese ALMA Centre of                                                  fun and smart ways to approach science            Expertise as its lead scientist. This projectMy physics degree, obtained in Lisbon (at         outreach. I started working with José            was aimed at instructing the P  ortuguesethe Faculdade de Ciências da Universi-             Afonso, who later became my PhD super-           community — and ourselves — aboutdade de Lisboa [FCUL]), went by fast, or           visor together with Bahram Mobasher. The         ALMA and its science. During these threeat least it seems like that now. At first I        thesis has a really long title and it involves   intense years, I learned a lot about projectdidn’t feel like I was in the correct place        dusty galaxies. Part of my PhD work              management and about ALMA, and I also— there were too many physics jokes that           could be applied to the James Webb               significantly broadened my research inter-I didn’t get, and people knew way more             Space Telescope galaxy surveys, which           ests. By chance, I noticed the call forthan I did even before we started classes.         first introduced me to the Atacama Large         ALMA Fellowships. I felt that I needed toBut I can’t forget the history of physics          Millimeter/submillimeter Array (ALMA).           learn more if I wanted to help the Portu-class that I took. At high school, history                                                          guese community more, and I applied.didn’t seem interesting as it involved too        Right after I finished my PhD thesis,much memorisation and was too focussed            the first ALMA call for proposals went            So here I am now, writing this in theon conquering and fighting without                out. Thanks to Carlos De Breuck, I was            ALMA control room while waiting foraddressing the underlying reasons. In this        fortunate enough to see the antennae              observations to finish. After one year asclass, however, the history behind the            being built and was able to go up to the          an ALMA Fellow, I still feel great. I’m ablehistory was highlighted. I learned with           Chajnantor plateau together with some             to visit the telescope from time to timeAna Simões and Henrique Leitão that the           other astronomers to see the first stages         and be involved in amazing projects such
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as the ALMA Phasing Project, which once                                                                             Allison Managain shows what ALMA is about: a diverse group of people from different cul-tures and backgrounds, coming togetherto make a ground-breaking facility a real-ity. Together we’re enabling a giant leapforward in knowledge in a number ofareas, from solar physics to the first gal-axies in the Universe. For me, astronomyis simply this: satisfying your curiosityand mixing cultures in so many ways.Allison Man

Ever since I was young, I have been a
curious person and have always likedto pose questions about the sky andeverything beneath it: Why does theMoon change its shape? Why is therelife on Earth and not other places? Whatis the definition of life? I was therefore    the University of Copenhagen. This was         direction and measured galaxy mergerhappy to discover a profession where          not an easy choice, as it meant that I had     rates instead of sizes, work that expandedthe entire purpose is to pose questions       to live far from my family, and I also had     into my PhD project.and seek answers in science.                  no means to afford the hefty tuition fees                                              because of my status as a foreign stu-         Using deep field galaxy surveys takenThis was an unusual choice of profession      dent. Thankfully, the professors at the        with the Visible and Infrared Survey Tele-among fellow students in Hong Kong, a         Dark Cosmology Centre convinced the            scope for Astronomy (VISTA) and thefinancial hub, where young people aspire      Faculty of Science to award me a sti-          Hubble Space Telescope, I gathered ato be bankers and corporate managers.         pend and waive my tuition so I could pur-      large sample of more than 1000 galaxyI always knew I wanted to study astro-        sue my studies. I went on to learn cos-        mergers and inferred that the discrep-physics, but the subject was not offered      mology, galaxy evolution and astrobiology,     ancy across observations is due to selec-at my home university so I did my bache-      which deepened my fascination with the         tion effects. My results implied that, tolor studies in physics. Somehow I man-        Universe and how humans came to be.            properly measure the galaxy merger rate,aged to find people who encouraged me                                                        it is important to obtain galaxy gas massto pursue my dreams. With the help of         While searching for a thesis project, I        measurements with the Atacama Largemy mentor Kinwah Wu, I won a summer           spoke to astrophysicists in Copenhagen         Millimeter/submillimeter Array (ALMA).research studentship and spent a month        about their research. I was particularly       As part of my PhD studies, I spent half aat the Mullard Space Science Laboratory       impressed when Sune Toft, a Lundbeck           year visiting the Institute for Astronomyin the UK to work on my first research        research group leader who had returned         at the University of Hawaii, collaboratingprojects. Later that year, I was fortunate    to Copenhagen upon completing an ESO           with Dave Sanders and Josh Barnes.enough to be supported by my family to        Fellowship in Garching, described how          It was a memorable experience for mespend a year abroad in Denmark as an          “dead” massive galaxies puff up in size        on all fronts: learning about far-infraredexchange student. The choice to study in      to become the largest elliptical galaxies      astronomy and merger simulations, obDenmark was encouraged by a seren            in the Universe. I was excited to embark       serving on Mauna Kea, and of coursedipitous encounter with Ole Strömgren,        on an MSc project with him to measure          enjoying the mountains and the ocean inthe son of Bengt Strömgren — a Danish         the sizes of massive galaxies with archi-      my free time!stellar astrophysicist who played a key       val Hubble Space Telescope data.role in the early years of ESO.                                                              After my PhD, I was happy to be awar-                                              I quickly discovered that many of the          ded an ESO Fellowship to develop myLiving in Denmark was an eye-opening          galaxies were in pairs and appeared to be     research in a broader context, askingexperience for me. It was fascinating to       interacting. This was interesting because     questions such as “Do galaxy mergerslearn that the life cycles of stars can be     in concordance cosmology, massive             trigger starburst activity and active blackdescribed by mathematical equations            galaxies are thought to assemble from        holes?” and “How do massive galaxieswith simple assumptions. The egalitarian        merging smaller ones. However, whether       shut down their star formation?” ESO andvalues of Danish society also appealed          massive galaxies merged more frequently      Munich in general provide a stimulatingto me and I realised that I could choose        in the past was a disputed topic, as ob   research environment, where I can bringto live my life differently. I decided to       servations provided contradictory evi-       my ideas to fruition and find experts inpursue a MSc degree in astrophysics at         dence. I therefore changed my research       any field of interest. My functional work
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Astronomical Newsfor ALMA has enabled me to exploit my           As much as I enjoy the intellectual            cists across the world, and have begun tonewly acquired knowledge in radio inter-        stimulation of my job, I draw satisfaction    develop a research-training programmeferometry to address my science ques-            from bringing people together with sci-       for them with other ESO astronomers. Mytions. Since coming to ESO I have been           ence. ESO is a prime example of the           own mentors have been crucial to myawarded 100 hours of observations with           success and value of international collab-   journey to becoming a professional astro-ALMA and the Very Large Array (VLA)               orations. This summer, I taught at the       physicist, so I hope that I can engageto study cold gas in early galaxies. By           West African International Summer            more colleagues to support and encour-combining radio interferometry with opti-         School for Young Astronomers1 held in        age these bright students to pursue sci-cal and near-infrared observations at the         Ghana. The students were remarkably          ence as a career.Very Large Telescope, I plan to investi-          motivated and “code-savvy”, at leastgate how star formation proceeds in the           compared to myself as a bachelor stu-early Universe.                                   dent! Since returning from Ghana, I have     Links                                                  launched a mentorship programme to           1                                                                                                   West African International Summer School for                                                  connect these students with astrophysi-          Young Astronomers: http://www.astrowestafrica.org
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External Fellows at ESO

In addition to the ESO fellowships, a                                                                                       Iván Oteo
number of external fellows are hosted atESO. A profile of one of these fellows ispresented here.Iván Oteo

Perhaps contrary to most astronomers,
my love-hate relationship with astronomydid not start when I was a child. In fact,until I was about 16 I was really passion-ate about medicine and was convincedI would become a surgeon. However,everything changed when I started my lastyear of high school, when I had a greatphysics teacher whose lessons made mechange my mind. The decision to pursuea degree in physics was not easy, and Istill sometimes wonder what could havehappened if I had studied medicineinstead. I have the impression that it would    When I started my physics degree I was         tunity to complete a three-month summerhave been a job that I would have enjoyed       not thinking of specialising in astronomy,     studentship at the Instituto de Astrofísicaas much as being a researcher in astron-        but rather in quantum or nuclear physics.      de Canarias (IAC) in Tenerife. I couldomy. I studied in Sevilla, a beautiful city     My passion for these topics increased          choose from a list of projects and I selecabout 120 km away from Cádiz, the city          over the course of my five-year degree,        ted the one on solar physics, but a couplewhere I was born and where I lived until I      and in my final year I even received an        of weeks before starting I was informedwas eight years old, and Chiclana de la         offer to start a PhD in quantum physics        that the project had been cancelled andFrontera, the place where I spent most of       with one of my teachers beginning in           I had to choose another one. This time,my adolescence.                                 2008. I really wanted to take that career      I chose one on high-redshift quasars                                                path, but in June 2008 I had the oppor        amplified by gravitational lensing.
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                Those three months were quite intense,        metre or radio interferometry work before,         one of my most enjoyable activities: it’s                both in terms of work and my social           so this was a challenge, but also a lot of         exciting to write proposals to discover                life. I made many friends; there were 14      fun. I worked with interferometers such            new galaxies and study them in detail!                summer students in total and most of          as the Atacama Large Millimeter/sub                us came from outside Tenerife so it was       millimeter Array (ALMA), the Very Large            I am also involved in ALMACAL, a wide                easy to form a close-knit group. I enjoyed    Array (VLA), the NOrthern Extended Milli-          and deep submillimetre/millimetre survey                living on that amazing island and, most       meter Array (NOEMA), the Submillimeter            being carried out by gathering publicly-                importantly, I also realised that I wanted    Array (SMA) and the Australia Compact              available ALMA calibration observations.                to keep working on astronomy. Unfortu-        Telescope Array (ATCA), as well as with            This is a huge project; so far, it has collec                nately for my degree teacher back in          single-dish submillimetre/millimetre tele-        ted more than 700 hours of ALMA obser-                Sevilla (or perhaps fortunately), I decided   scopes such as the James Clerk Maxwell             vations in more than 500 calibrator fields.                to stay in Tenerife and start a master’s      Telescope (JCMT), the Atacama Path-                This represents a much larger dataset                degree in astrophysics. At the time, it was   finder EXperiment (APEX) and the Institut          than any other ALMA project — larger                possible to start a PhD at the same time      de Radioastronomie M    illimétrique (IRAM)       than all the current ALMA Large Pro-                as a master’s degree, but most deadlines      30-metre telescope; the latter being my            grammes combined. Working with such                for PhD positions in Tenerife had already     favourite! Interestingly, despite working          a huge dataset is not easy, but discover-                passed so I decided to stay there, begin      at ESO I have never observed directly            ing galaxies that no one has seen before                the two-year master’s, and then start the     with any ESO telescope, although I did             is a                                                                                                                     wesome. I am also the Principal Inves                PhD one year later. The plan worked. A        get some data from the Very Large Tele-            tigator of a VISTA Public Survey called                year later I received an offer to complete    scope (VLT) and Visible and Infrared Sur-          SHARKS (Southern Herschel-Atlas                a PhD at the Instituto de Astrofísica de      vey Telescope for Astronomy (VISTA) in             Regions K-band Survey), which is com-                Canarias, working on the multi-wavelength     service mode. I wish I could visit Paranal         pleting relatively deep K-band imaging                characterisation of star-forming galaxies     and La Silla soon — as well as ALMA and            over the Herschel-Astrophysical Tetra-                at different redshifts, with a focus on the   APEX, of course!                                   hertz Large Area Survey (H-ATLAS)                galaxies detected in the deep extraga                                                           equatorial and southern fields. It aims to                lactic surveys taken with the Herschel        One of my main research areas is the                characterise the stellar emission of all                Space Observatory.                            study of ultra-luminous dusty galaxies in           H-ATLAS galaxies, among other goals                                                              the early Universe. I first try to find them        such as completing a cosmographic                I had a great time during my PhD and          using far-infrared, submillimetre and milli-        study of lensed galaxies and looking for                enjoyed doing research in astronomy.          metre bands to sample the dusty emis-               the most massive high-redshift galaxies                For this reason, I decided to apply for a     sion peak, then confirm their distances             and extreme structures.                postdoctoral position to keep working         (i.e., their redshifts), and finally study their                on high-redshift dusty star-forming gal      gas, dust and stars to investigate their                axies, specifically on the properties of      properties and evolution. This requires            Acknowledgements                their dust and molecular gas using sub       the use of multi-wavelength observations,          I would like to acknowledge the support received                millimetre, millimetre and radio interfero-   which is the reason why I use so many              from the University of Edinburgh through the                metric observations. I moved from Tenerife    telescopes around the world and why I              European Research Commission Advanced Grant                to Edinburgh to work at the Royal Obser      spend a significant amount of my working            C OSMICISM, 321302 (Principal Investigator:                                                                                                                   Rob Ivison).                vatory and am currently based at ESO.         time in observatories as well as writing                I had not done any submillimetre, milli     telescope proposals. In fact, the latter isD. Kordan/ESO
                                                                                                                                             The Atacama Large
                                                                                                                                            Millimeter/submillimeter                                                                                                                                             Array.
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Arrivals (1 October–31 December 2017)                                     Departures (1 October–31 December 2017)
Europe                                                                    Europe

Barna, Barnabás (HU)	                   Student                           Falkendal, Theresa Maria (SE)	         Student
Burger, Claudia (DE)	                   Director of Administration        Nedelchev, Borislav (BG)	              StudentCerpa Urra, Nelly Natalia (CL)	         Student                           Nogueras Lara, Francisco (ES)	         StudentEscate Giribaldi, Riano (PE)	           Student                           Verzichelli, Gianluca (IT)	            Quality Assurance ManagerFensch, Jérémy (FR)	                    FellowHashiba, Natsuki (JP)	                  StudentJethwa, Prashin (UK)	                   FellowLöbling, Lisa (DE)	                     StudentMiotello, Anna (IT)	                    Fellowvan der Burg, Remco (NL)	               FellowWylezalek, Dominika (DE)	               FellowChile                                                                     Chile

Agliozzo, Claudia (IT)	                 Fellow                            Bellhouse, Callum (UK)	                Student
Eftekhari, Sara (IR)	                   Student                           Dumke, Michael (DE)	                   Operation Staff AstronomerKakkad, Darshan (IN)	                   Fellow                            Guieu, Sylvain (FR)	                   PhysicistMeilland, Anthony (FR)	                 User Support Astronomer           Muñoz, César (CL)	                     StudentSanchez, Joel (MX)	                     FellowSilva, Karleyne (BR)	                   Operation Staff AstronomerVillenave, Marion (FR)	                 StudentYang, Chentao (CN)	                     Fellow
Message from the Editor
Gaitee A. J. Hussain1                               opments at ESO. I take this opportunity          of the ESO graphics and layout experts,                                                    to remind you that The Messenger                 Jutta Boxheimer and Mafalda Martins.                                                    welcomes topical contributions show1    ESO                                              casing your own use of ESO’s facilities         I would like to warmly thank Jeremy                                                     and programmes.                                 Walsh for showing me the ropes with                                                                                                     such generosity and patience, and for tenAs the new editor I am looking forward              I will be investigating new ways to dis-         years of stewarding the Messenger —to the challenge of maintaining the high            seminate highlights from each issue              bringing his vast experience and talentsstandards established by my prede                  using electronic means, including social         to bear. A composite of all the covercessor, Jeremy Walsh, and ensuring that             media. However, rest assured that there          images of the journal from this period isThe Messenger remains an effective                  will be no compromise to the excellent           shown on p. 71. I know our readersmeans to inform the astronomical user               quality of the print edition — as ensured        will join me in wishing Jeremy an excel-community of exciting results and devel-            by the impressive efforts and talents            lent and well-deserved retirement!
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