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ABSTRACT

We presentresultsfrom MUSE observation®f a 21-cmH | absorptiornsystemdetectedwith the AustralianSquareKilometre
Array Path nderradiotelescopeatredshiftz = 0.4503towardsthez = 1.71quasaPKS1610-771We identify four galaxiegA,
B, X, andY) atthesameredshiftasthe21-cmH | Damped.yman- (DLA) absorptiorsystemwith impactparametersanging
from lessthan10kpcto almost200kpc from thequasarsightline.Cail andNai absorptioris seenin the MUSE spectrunof the
backgroundQSO,with velocitiescoincidingwith the initial H 1 21-cmdetection but tracinglessdenseandwarmergas.This
metal-linecomponenglignswith therotatingionizeddiscof galaxyB (impactparameted.8 kpc from the QSO)andappearso
be corotatingwith the galaxydisc.In contrastthe21-cmH | absorbeis blueshiftedrelativeto the galaxiesnearestheabsorber
andhasthe oppositesignto thevelocity eld of galaxyB. SincegalaxiesA andB areseparatedy only 17 kpc on the sky and
70km s>1 in velocity, it appearsikely thatthe 21-cmdetectiortracesextragalacticloudsof gasformedfrom theirinteraction.
This systenrevealsthatthecold 100K neutralgascritical for starformationcanbe associateavith complexstructureseyond
the galaxydisc,andis a rst casestudymadein preparatiorfor future large 21-cmabsorptionsuneys like the ASKAP First
LargeAbsorptionSuney in H1.

Key words: intergalactiomedium- galaxieskinematicsanddynamics- quasarsabsorptiorines—radiolines: ISM.

1 INTRODUCTION

The reservoirsof cold gaswithin galaxiesserveas fuel for star
formation, which in turn drives the morphologicaland kinematic
propertiesof galaxies.It follows that the availability of hydrogen
andphenomenghataffect this availability play animportantrolein

how galaxiesevolve (Péroux& Howk 2020. Placingobsenational
constrainton theamountanddistributionof gasacrossll redshifts
will improve our understandingf galaxyevolution.Processethat
affect gas abundancesuch as in ows and out ows also require
characterizatiorfrom observationsas we pursuemore complete
simulationsof thebaryoncycle.

The amountand distribution of neutralhydrogen(H1) is well-
constrainedtlow redshift(z  0.1)from H1 emission-linesuneys
(Rosenberg& Schneider2002 Zwaanet al. 2005 Giovanelli &
Haynes2015 Hoppmannet al. 2015 Joneset al. 2018. Beyond

E-mail: swen2649@uni.sydney.edu.au

this redshift, 21-cm emissionis too faint for detectionwithout
stacking techniques(e.g. Kanekar, Sethi & Dwarakanath2016
Rheeet al. 2018 Chowdhuryet al. 2020 asthe transitionrate is
highly forbidden.While H | emission-linestackingcan extendthe
searchfor neutralgasbeyondthe local Universe,the amountand
distribution of gasstill remainsuncertainat intermediateredshifts
(0.2 z 1.7). At z 1.7, optical observationsof Lyman-
1215 A absorptionin backgroundquasarspectraconstrainthe
cosmicdensity of hydrogen(e.g. Noterdaemeet al. 2012. These
dampedLyman- absorber§DLAs) trace columndensitiesabove
2 x 10?°atomscm? and accountfor 80 percentof the cosmic
neutral gas density (Peroux et al. 2003 Noterdaemeet al. 2009
2012 Zafaretal. 2013 Bergetal. 2019. This techniquehasbeen
extendedo lowerredshiftshy rst selectingcandidatesystemswith
strongMg Il absorptionand then following up with Hubble Space
TelescopgHST) Ultraviolet spectroscopyto searchfor Lyman-
(Rao & Turnshek200Q Rao, Turnshek& Nestor2006 Raoet al.
2017. In suchstudies the selectionbiasesaredif cult to quantify
andthe limited samplesize resultsin the cosmicH | massdensity
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remainingpoorly constrainedAlternatively, untargetedsurveysfor
DLAs in theUV spectraof quasarsvoid potentialbiasegNeeleman
et al. 2016, but are statistically limited by the small number of
detections.

Analogousto Lyman- studiesin the spectraof quasarsthe
21-cm H1 absorptionline is a useful tool for tracing neutral
gasin the distant Universe.While methodologicallysimilar (i.e.
using a backgroundsourceto probe sightlinesthrough gas), 21-
cm absorptionpreferentiallytracesthe coldest(Ts 100 K) H1
and assumptionsn the spin temperatureare requiredto obtaina
total column density. Unlike H1 emissionstudies,absorptionline
spectroscopys not limited by redshift, but ratherby the intensity
of the backgroundsource.However, untargetedsureys of 21-cm
absorptionhave thus far beenlimited by poor spectralbandpass
andterrestriaradiofrequencynterferencgBrown & Mitchell 1983
Darling etal. 2004). It is only with the recentconstructionof SKA
(SquareKilometre Array) path nder telescopedustralian Square
Kilometre Array Path nder(ASKAP) (Johnstoretal. 2007 DeBoer
etal. 2009 andMeerKarooArray TelescopgMeerKAT) (Jonas&
MeerKAT Team2016, with wide-bandcorrelatorsandlocationsin
radioquietsites,thatthesdimitationsareovercome.

TheFirst Large AbsorptionSurney in Hi (FLASH; Allison etal.
2022 is an all-sky surwey using the ASKAP radio telescopeto
searcHor neutralgassystemsASKAP comprises86 12-mantennas
equippedwith novel phasearray feed technologyand possessea
30deg eld-of-view (Hotanetal. 2021). The FLASH projectwill
searcHor H1 absorptiorin thelargelyunexplorededshiftrange0.4
< z< 1.0andcommissioningandearlyscienceaesultshavealready
yielded severalnew detections(Allison et al. 202Q Sadleret al.
2020. Suchuntargetedsurweys for neutralhydrogenareunaffected
by dustobscurationPontzen& Pettini2009 Krogageretal. 2019
andremainunbiasedyy spectroscopipre-selectiorof targetsusing
theMg Il absorptioriine (Neelemaretal. 2016).

While 21-cmabsorptiorine spectroscopis apowerfultechnique
for probing the neutral gas contentof galaxies,it providesonly
a single sightline through systems.The origin of the gasdetected
in interveningsystemsremainsunclearwithout follow-up imaging
of the galaxy or galaxiesassociatedvith the neutralgas.Integral-
eld spectroscopy(IFS) provides both spectraand imaging for
objectsin a eld andso allows ef cient identi cation of galaxies
associatedvith the absorbinggas.The techniqueof combiningUV
absorptionspectroscopwvith IFS observationsn the near-infrared
hasbeenappliedat redshiftsz 1 andz 2 with the SINFONI
instrument(Boucte et al. 2007 Péroux et al. 2011, 2013. This
allows propertiessuchasthe SFR, gaskinematics,and metallicity
of thesesystemso be analysedand usedto interpretthe physical
behaviouof thegasseerinitially in absorptior(i.e.out ows,in o ws
or corotationwith halo). More recently, the Mus GAs FLOw
and Wind (MEGAFLOW) surwey comparedthe propertiesof the
gastracedby Mg Il absorptionwith the kinematics stellarmasses,
star formation rates (SFRs), and orientation of their associated
galaxiesat z 1 to investigategas accretionand galacticwinds
(Schroetteetal. 2019 Zabletal. 2019. The MUSE-ALMA Halos
Sunwey study the environmentsof strong H1 absorbersat z
1.4 and reveal an increasingnumberof galaxy groupsassociated
with a single absorber(Péroux et al. 2016 2019 Klitsch et al.
2017 Rahmaniet al. 2018 Hamanowiczet al. 2020 Szakacs
et al. 2021). These studies, using the complementarymethods
of absorptionand 3D spectroscopyreveal that the environment
of absorbersis often complex and larger, more representative
samplesare necessanto understandhe cycling of gasin these
systems.

Cold extragalacticgascloudsatz= 0.45 3639

Thus far, absorbersat 0.2 z 1.7 have column densities
measuredising HST observationof the Lyman- line in the UV
spectraof quasi-stellambjects(QSOs),which resultsin a limited
samplefor follow-up imaging and spectroscopyNeelemanet al.
2016 Raoetal. 2017). We expectto detect 100021-cmabsorbers
with theFLASH project providingamuchlargersampleof absorbers
that will allow usto examinethe relationshipbetweenthe galaxy
environmentand neutral gas behaviourat intermediateredshift.
Moreover, in contrastto previousstudiesthatusethe Mg 11 doublet
in absorptionto tracegasthatis T 1000K in the circumgalactic
medium (CGM), H1 21-cm absorptiontracesthe cold neutralgas
that is requiredfor star formation. Mapping the coldestneutral
gasin the CGM of galaxiesenablesus to directly explore the
effects of accretion,out ows and interactionson star formation
in galaxies.Here,we preseninew MUSE observationf galaxies
associatedvith a 21-cm DLA at z,,s = 0.4503 detectedfrom a
ASKAP commissioningproject(Sadleretal. 2020 towardsthez =
1.71quasaPKS 1610-771(Hunstead® Murdoch1980. Section2
presentsheinitial H 1 detectionandrelevantancillary obsenations.
Details of the data processingand additional sky correctionsfor
the new MUSE observationsare found in Section3. In Section4,
we analysethe MUSE observationgndidentify objectsin the eld
associateavith theabsorberFinally, we discusghe physicalnature
of thegasdetectedvith ASKAP in Sectionb. In this paperwe adopt
a at- CDM cosmologywith parametergly = 70 km s> Mpc>?,

= 0.7,and = 0.3.

2 THE FIELD OF PKS 1610-771

2.1 ASKAP detectionof 21-cmabsorption

Theobservationsf PKS1610-77werepartof aFLASH pilot study
towardsbright(20GHz ux densityabove 0.5Jy)andcompactadio
sourceqSadleret al. 2020 without pre-selectiorbasedon criteria
suchasMg Il absorptionThe21-cmH | absorbemas rst detected
with datatakenusing the six-antennaBoolardy EngineeringTest
Array (ASKAP-BETA; Hotanet al. 2014 McConnellet al. 2016

in the period 2014 July to 2016 February.During commissioning
time with the ASKAP Early Sciencearray(ASKAP-12;Hotanetal.

2021, the absorberwas re-observedvith greatersensitivity (rms
noise 12.7 mJy per channelcomparedto 16.5 mJy per channel
for BETA) in 2017 Januaryto February.In total, PKS 1610-771
was observedfor 7 h using ASKAP-BETA and ASKAP-12. For

both observationsthe frequencyresolutionwas 18.5 kHz, corre-
spondingto a velocity resolutionof 5.7 km s°* in the absorberest
frame.

The21-cmabsorbedetectedowardsPKS 1610-771is atredshift
Zaps= 0.4503.As canbeseenfrom Fig. 1 (reproducedrom Sadler
et al. 2020 herefor clarity), there are two components30kms>*
apartin radial velocity. Very-long-baselinenterferometry(VLBI)
imaging of the quasarat 8.4 GHz (Ojha et al. 2010 revealsa
sourcesize of around5 mas,equialentto roughly 30 pc at zaps =
0.4503.In calculatingthe columndensityof the neutralhydrogen,
we assumea covering factor f = 1, becausehe projectedsize of
the backgroundsourceat the absorberredshiftis smallerthanthe
typical sizeof H1 clouds( 100pc; Braun2012. TheresultingH |
columndensity,assuminghe ducial spintemperaturef 100K, is
Np, = (2.7+ 0.1) x 10 - [T¢/ 100K] - atomscm2. As the optical
depthof the21-cmline is inverselyproportionalko spintemperature,
andthe harmonicmeanspin temperaturef galacticH1 is 300K
(Murray etal. 2018, we expectthe absorbetto bea DLA (Ny, >
2 x 107° atomscme?). We useTs = 100 K becausehis tracesH |
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Figure 1. 21-cmH | absorption-linepro le alongthe line of sightto the
brightradiosourcePKS1610-771Thelight greybandindicateshel limit
in opticaldepth.Therearetwo distinctvelocity componentglabelledlaand
1b) thatare 30kms>! apart. The spectrumis reproducedrom Sadleret al.
(2020.

Table 1. Modelparameterderivedfrom tting H1absorptiortowardsPKS

1610-771(Sadleret al. 2020. Column 1 gives the Gaussiancomponent
correspondingo Fig. 1; column 2 the redshift; column 3 the log of the

H1 columndensity(Ts = 100K, f = 1); column4 the velocity FWHM for

the optical depth;column5 the peakcomponentdepthnormalizedby the

continuumux density.

ID z 10910 NH; dv. ( YSondpeak
(atomscmP?)  (kms>1) percent
(1) (2 (3) 4) (5)
0.000014 06 5 0.0012
la 0450184000012 20350% 4758 0.0194 55015

b 0450327§500000is 200505 112857 0.0455503
Note.Thel errorsfor eachparametearedeterminedrom the marginal
posteriordistributions calculatedusing a Monte Carlo NestedSampling
algorithm (Allison et al. 2012, andare particularly small dueto the high
signal-to-noiseatio (S/N) of theseobservations.

gasin thecold neutralmediumthatis likely to collapseinto H,, and
thenform stars.We tabulatethe redshiftsand column densitiesof
theindividual GaussiarcomponentgSadleretal. 2020 requiredto
t theabsorptiorpro le returnedrom a Bayesiardetectionrmethod
(Allison, Sadler& Whiting 2012 in Tablel.

2.2 Ancillary obsewations of the PKS1610-771beld

ThequasaPKS1610-77lwas rst observedy Courbinetal. (1997

with the New TechnologyTelescopgNTT) in 1995to con rm the
natureof a gravitationallylensedquasarcandidatelmagingcentred
onthequasarevealedour galaxy-likeobjecty(referredto asobjects
A, B, C, & D) within afew arcsecondsf the quasarwith objectD

only visible aftera 2D PSFsubtractionof the QSOlight (see g. 1

in Courbinetal. 1997).

Early spectroscopiobservationef PKS1610-77Irevealthatthis
quasais highly reddeneqHunstead& Murdoch198Q Courbinetal.
1997, implying thatthereis signi cant dustabsorptionin the host
galaxyof thequasaor in interveninggalaxiesalongtheline of sight.
Sucha reddened)SOmay be excludedfrom optical DLA samples

MNRAS 512,3638-36502022)

(Krogageret al. 2019, which highlights how 21-cmH 1 suneys
without pre-selectiortanovercomeselectionbiasegelatedto dust.

More recent spectroscopimbservationsof objects A (impact
parameteB.8kpc) andB (impactparameted 7.8kpc) with the 8-m
Gemini-Southelescopeevealedhemto begalaxiesvhoseredshifts
fell within 100km s>2 of the neutralgasdetectedy ASKAP (Sadler
etal. 2020. While this suggestshatthe H 1 absorptionis likely to
be associatedvith oneof thesegalaxiesthe exactnatureandorigin
of theH | gasseenin absorptiorremainedunclear.

3 MUSE OBSERVATIONS OF THE PKS 1610-771
FIELD

Of the two new interveningdetectionsfrom the pilot study, only
the absorbertowards quasarPKS 1610-771had candidatehost
galaxiesnearredshift z,ps = 0.4503(Sadleret al. 2020. Follow-
up MUSE observationsvere takencentredon PKS 1610-771for
a total of threehourson source.They were carriedout in service
mode (programme0103.A-0656,PI: E. Sadler)in three separate
‘observingblocks’ (OBs) on the nights of 2019 April 12, May 8
and 9. Eachobservingblock was divided into two sub-exposures
(Texp = 2 x 1800s)with a 90 rotationanda sub-arcsedithering
patternwasappliedbetweerntheseto minimize artefactsandobtain
more uniform noise propertiesin the dataset. The eld-of-view
was60arcsecx 60arcseowith a 0.2 arcseqoixel> scaleusingthe
Wide Field Mode and the instrument’'s‘nominal mode’ usedhas
a spectralcoveragespanning4800—-9300A. At the redshiftof the
interveningH | gasz,ps = 0.4503,this coversstrongemissionlines
from[ON] 3727, 3729to [Om] 4959 5007.The GALACSI
Adaptive Optics(AO) systemwasusedto improve the seeing.This
AO systemconsistsof four arti cial sodiumLaserGuide-Stardo
correctfor atmospheridurbulenceat the costof blocking 200 A
centredaroundthe rest-frameNal D line to preventcontamination
andsaturatiorof thedetectorConsequentitheH  4102line atthe
DLA redshiftis not covered,but strongerBalmerlines(H 4861
andH  4340)areavailablein thewavelengthcoverage.

Theraw MUSE exposuresverereducedisingversion2.6.20f the
ESOMUSE pipelineandassociatedtatic calibrations(Weilbacher
et al. 2016. Eachraw exposurewas correctedusing masterbias,

at- eld, and arc lamp exposureshasedon datataken closestin
time to the scienceobservationsThe MUSE line-spreadfunctions
(LSF)partof thepipelinepackagevereusedastheparametersf the
LSF areconsideredstable. The raw exposuresverethenprocessed
with the scCIBASIC recipe, using the above calibrationsto remove
theinstrumentsignature During the removalof the sky background
with scIPosT correctionsfor the Ramanscatteredight from the
laserswere madeanda barycentricreferencevasadoptedto make
sure the wavelengthcalibration was consistentwith the ASKAP
data.Thesendividual exposuresverethenalignedusingexp-ALIGN
to ensureaccurateastrometryandthen nally combinedusingthe
EXP_COMBINE recipe.

The datareductionpipeline (v 2.6.2)for MUSE hassuboptimal
sky subtractiorthatleavesartefactsn the nal product.lt is essential
to remove thesesky residualdfor the detectionof emission-lineob-
jectswithout detectableeontinuumandlater,accurateneasurement
of emission-line uxes. The principal componentanalysis(PCA)
methodfrom Husemanretal. (2016 wasfoundto be effective and
it signi cantly improvedthe nal sky subtractionPCA components
werecreatedor regionsof sky selectedy theuser,andthenapplied
tothedatacube Theseminimalizedskyresidualsparticularlyaround
the bright night sky emissionlines at 5577 and 6300 A, and the
resultingspectraare presentedhere. The knownwavelengthof the
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OH night sky emissionlines were usedto checkthe wavelength
calibrationby turningoff thesky subtractiorfor oneexposureUsing
this method,the wavelengthsolution was found to be accurateto
20kms°L. Theresultingpoint spreadunction (PSF)measuredrom
brightsourcesiearthe eld centreusingaGaussiamro le hasafull
width athalf-maximum(FWHM) of 0.68arcse@t7000A. Measured
uxes are estimatedto have an uncertaintyof + 30 per cent after
comparingR-band magnitudesof PKS1610-771and nearbystars
with valuesfoundin theliterature.

4 ANALYSIS AND RESULTS

4.1 Associatedgalaxies

ThepProrFouND algorithm(Robothanetal. 2018 is usedto identify
continuumsourcesn the eld. Thereareseveralmisidenti cations
dueto variousoverlappingsourcesuchasthe QSOPKS 1610-771
and galaxy A, which are correctedfor manually using profound-
SegimFix (Bellstedtet al. 2020 Fosteret al. 2021). To searchfor
objectswithout detectablecontinuum,the MUSE Line Emission
Tracker(MUSELET) moduleof the MPDAF? packagg(Baconet al.
2016 is usedto systematicallysearchfor emission-linegalaxies
in the eld. Combinedwith PROFOUND and a visual inspection,
a completesearchfor associatedjalaxieswas performeddown to
the detectionlimit of 25.5mag(in the R band)and ux limit of
3x 10°'8ergs®! cmP? at7000A. Thiscorrespondto astellarmass
limit of log(M /M )  8anddust-uncorrectestarformationrateof
0.02M yr°! atthe absorberedshiftzy,s = 0.4503.Galaxieswith
stellarmassesnd SFRsbelow thesevalueswill not be detectedn
the MUSE data,andit is possiblethatsmall, passivegalaxiesat the
absorberedshiftaremissedduringsource nding.

Spectrafor continuum sourcesare extractedusing 1 arcsec
circular aperturescentredon the ux-weighted centresdetermined
by PROFOUNDfor eachobject. Customaperturesfor objectsnear
the bright QSO (galaxiesA andB) are createdto minimalize ux
contaminationwhen generatingthe spectra.For emissionobjects
detectedby MUSELET,a0.5arcseaadiusaperturds usedo extract
spectra.Redshiftsare obtainedusing the 4XP® (Davies et al. in
preparationpackagen R.4XPis in developmentor the4-m Multi-
ObjectSpectroscopidelescopg4MOST) extragalactiaedshifting
pipelineandis basednthespectratross-correlatioprogramautoz
(Baldryetal.2014. Thespectraarealsovisuallyinspectedo search
for objectsat the absorberedshift. The resultingwhite-lightimage
in Fig. 2 contains84 markedsourcesof which only thefour marked
in redhavemeasurededshiftswithin + 1000km s> of theabsorber
atzaps = 0.4503.Thesefour galaxiesform a possiblegalaxygroup
with velocity dispersiorl 90km s>,

ObjectsC and D (Courbinet al. 1997 detectedat low angular
separationto the quasarare found not to be associatedvith the
absorber.Object C is identi ed as a faint M-type star from its
prominentTiO bands(seeFig. B1 for the spectrum).ObjectD is
obscuredy thepointspreadunctionof thebrightquasarHorizontal
and vertical slices acrossthe expectedposition of galaxy D are
initially usedto determinecandidateemissionlines by visually
inspectingchangesn the spectrumof the quasar.Then,a spectral
PSFsubtraction(Hamanowiczet al. 2020 is usedto revealthese
obscuredines. We note that this methoddoesnot allow recovery

1github.com/asgr/ProFound
2https:/fmpdaf.readthedocs.io/éatest/index.html
Shttps://github.com/lukejdavies/FourXP

Cold extragalacticgascloudsatz= 0.45 3641

20 arcsec = 115 Epc
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Figure 2. Overlaid on a white-light image of the eld are all identi ed
objectswith thequasaiPKS 1610-77 latthecentremarkedby awhite cross.
Galaxiesdetectedwithin 1000km s> of the H1 21-cmabsorbeihavebeen
markedin red,while otherobjectsin the eld aremarkedin yellow. Sources
neartheedgeof the eld arenotidenti ed. Northis up andeastis left.

of the object’s continuum.Potentialemissionlines are found near
5587and 7290 A (seeFig. B2), correspondindo [On] andH at
z= 0.5001 AlthoughthepossiblgO11] line is very nearthe5577A
sky emissionline, Hunstead® Murdoch (1980 observeda similar
emissionfeaturenear5590A four decadegprior. TheH emission
at 7290 A is well-supportedby the shifting centroid of the line
acrossspaxelssignifying rotationof theionizedgas,andthis places
galaxyD nearz = 0.5. We notethatuponinspectionof individual
exposuregshesdinesdonotconsistenthappearRegardlesshereis
no evidentemissionfrom stronglinessuchas[O11], [O 1], andH
nearzaps= 0.4503in front of thequasarandsoobjectD is likely to
beabackgroundbjectto thez = 0.45galaxies.

The positionsand redshiftsof the galaxiesassociatedvith the
DLA atzyps= 0.4503aretabulatedn Table2. For galaxiesA and
B, the continuumemissionis clearandthereis evidentCall H&K
andNal D absorptionTheremaininggalaxies(X andY) havefaint
continuumemission,but Call absorptionis still presentEmission
lines[O1] andH canbe seenin all four galaxies(Fig. 3), with
H also prominentin galaxiesB andY (seeAl for a synthetic
continuum-subtractedarrow-bandmagecentredon [O11]). Fig. 4
showsthat the spectraof galaxiesA, B, andY alsofeaturehigher
orderBalmerlines(H ,H , H9, H10,H11,andH12, seeFig. C1).
While analysisof theunderlyingstellarpopulationfor thesegalaxies
is dif cult dueto the low signal-to-noiseratio of the continuum,
the lines reveal the presenceof a signi cant populationof A- or
F-type stars.Indeed, this is supportedby ts usingthe Penalized
Pixel-Fitting softwarerpxr* v7.0.0 (Cappellari& Emsellem2004
Cappellar2017) andMILES stellarlibrary (Sanchez-Blazquezt al.

4https://pypi.org/projedppxi/
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Table 2. Positionof galaxieswith redshiftswithin 1000kms>! of the DLA. Column1 givesthe ID markedin thewhite-
light imageof Fig. 2; column2 theright ascensiongolumn3 the declination;column4 the angularseparatiorin arcsec;
column5 theimpactparametem kpc; column6 theredshift;column7 theredshifterror;column8 thevelocity with respect
to the peakof the H 1 absorberpolumn9 the absoluter-bandmagnitude.
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Galaxy RA DEC b z z VDLA M,
(J2000) (arcsec)  (kpc) kms>1 mag
(1) (2 (3) (4) (%) (6) (7 (8) 9)
A 16:17:48.29  S77:17:24.72 153 8.82 045061 0.00008 60+ 20 $212
B 16:17:47.40 $77:17:24.81 3.08 17.8 0.45038 0.00007 20+ 20 S211
X 16:17:42.06 S77:17:35.34 236 136 0.45129 0.00008 200+ 20 $17.9
Y 16:17:55.52  $77:17:00.83 330 190 0.45279 0.00009 520+ 30 $205
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Figure 3. Emissionlines for galaxiesA, B, X, andY from top to bottomplottedin the restframe.Includedare[On], H , H

, and[O], with expected

positionsmarkedby red vertical lines. The continuum-subtractedpectrumis in black, with the vertically offset and arbitrarily scaledsky spectrumin blue
(bottompanel).Residualsrom the subtractionof night sky lines near6300A and 7200-73004 affectintegratedux measurementfor theH and[O1i]

doubletemissionlines.

2006 Falon-Barrosaetal. 2011), whereA-type starsareamongthe
highestweightedstellartemplatesor the threegalaxies.

4.2 Star formation rates

Fluxesfor the dominantemissionlines[O1], H ,H , and[O1]

are determinedusing the 1D Gaussiantting tool in the MPDAF

module.The ts were performedon continuum-subtractedpectra
madeusing PPXF This helpedus obtainmore accurateux values
by accountingfor the stellarabsorptionnearH andhigherorder
Balmerlinesnear[O11]. The ux valuesaretabulatedn Table3. We
estimatehestarformationratefor galaxiesA, B, X, andY usingthe
empiricalrelationfrom Kennicutt(1998:

SFR = (L4+ 0.4)x 103*TL([Om) M yrdt. (1)

MNRAS 512,3638-36502022)

This calibration assumesa SalpeterIMF, which we adopt for
consistenttomparisonswith the literature. TheseSFR valueshave
notbeencorrectedor dustextinctionasH lies outsidethe MUSE
wavelengthrange at z,ps = 0.4503.Hence,the H /H Balmer
decrementcannotbe calculated.We nd that galaxy B is a star-
forminggalaxyatz = 0.45with SFR= 3.4M yrél,anditsposition
within the star-formingregionof the blue-BPTdiagram(Lamareille
2010 suggestsux contaminationfrom an active galacticnucleus
(AGN) is unlikely. GalaxiesA, X, andY arelessactivebut without
dustcorrectionsit is dif cult to decisivelylabelthesethreegalaxies
aspassivebecaus¢hedust-correcte@FRmaybelarger.In addition,
we cannotdeterminevhethergalaxiesA, B, X, andY arequiescent
or main-sequencealaxies using the SFRS M main sequence
(Schreiberetal. 2015, becausestellarmassesannotbe accurately
estimatedrom thelimited photometryinformationavailable.
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Figure 4. Spectraof higherorderBalmerlinesfor galaxiesA (left-handpanel),B (centre),andY (right-handpanel)in therestframe.Theoriginal spectrumis
in blackwith templatets from ppxrFoverlaidin red. Thegreyshadedreadndicateregionsthathavebeenmaskeduring tting — thesecorrespondo emission
lines(e.g.[ON1]), the5577A sky line, andotherregionswith strongsky residualsin greenaretheresidualghatarevertically offsetfrom the black horizontal

line andthe maskedesidualsarein blue.

Table 3. Emissionline uxes andstarformationratesfor galaxiesA, B, X, andY. Column1 givesthe galaxyID; column2 the[Onl] ux;

column3theH ux; column4theH

ux; columns5and6 the[O111] 4960A and5008A ux es,respectiely; column? thedust-uncorrected

starformationrate.

Galaxy F((Ou]). FH ) FH ) F({Om]) F((Om]) SFR
(ergs>cme?) (ergs®lcmP?) (ergs®lcmr?) (ergs>cme?) (ergs®lcmr?) M yrot

1) 2 3) 4 (5) (6) Q]

A (5.1% 1.7)x 10517 <0.2x 1057 (1.1% 0.2)x 10517 <0.3x 107 (1.8 0.4)x 10°%7 0.56+ 0.18

B (52+ 8)x 10°17  (9.3+ 2.0)x 10°17  (23% 4)x 10°Y7  (7.2% 2.0)x 10°Y7  (17+ 4)x 10°Y7 34+ 11

X (2.4 1.0)x 10°Y7 <0.2x 10°%7 (5.8 3.0)x 10°18 (6.4+ 3.0)x 10°'8 (1.5+ 0.6)x 10°Y 0.25% 0.11

Y 4.1+ 1.7)x 10°Y7  (9.1+ 5.0)x 10°¥® (2.5+ 1.1)x 10°Y7 <0.3x 10°Y7 1.6+ 1.2)x 1017 0.28+ 0.18

4.3 Gaskinematics

4.3.1 Neutralgas

In the MUSE spectrumof QSOPKS 1610-771at z = 1.71,there
arevariousmetalabsorptionlines. A closerinspectionrevealsthat
theselinesbelongto two separatesystemsatredshiftsz  0.45and
z 1.61(seeFig.D1). Wefocusonthez 0.45systemconsisting
of low ionizationpotentialmetallinesNal D; & D, andCail H &
K astheDLA is found at zaps = 0.4503.vPFIT v10.4(Carswell&
Webb 2014 is usedto t the doubletsafter convertingthe MUSE
spectrunmto vacuumwavelengthsandtwo componentsrefoundto
be necessaryor theline pro le. Thisis in agreementith a visual
inspectionof the line pro les, wherethereis an extendedwing in
theCall K absorptiorfeatureandtheNal D doubletappearsiouble
peakedTheseparateomponentand nal ts aredepictedn Fig.5.
In the intergalacticenvironmentof the Milky Way, theseions
generallytrace extraplanarhigh velocity cloudswith Hi column
densitiegangingfrom 107 to 10?° atomscm>? (Richter,Westmeier
& Briins 2005 Bekhti et al. 2008. Similarly, we nd from \Voigt
pro le ts of thesaonsthattheredshiftof thehighercolumndensity
componentaligns with the velocity of the neutralgasdetectedby
ASKAP. Dueto the poorervelocity resolutionof MUSE, we cannot
link the NaI andCail detectionto a singlecomponenfoundin the
ASKAP data(1aor 1b). Thereis only a30km s°* separatiometween
the Gaussiarcentroidsof componentsla and 1b, which cannotbe
resolvedby the MUSE instrumentthat hasa velocity resolutionof
110 km s3! at 7000 A. In addition, we seein Fig. 5 that thereis

1.00 \.1 212
Na I ]
w0751 .
3 _
o I
?,-ﬁ 0.50 b
= i ]
= 025 b
) L
Z I L AN 1
0.00 f~~~ [ e A N ]
_ A R A R Y 1 . . . . 1
0.25 5695 5720 8530 8580

Observed Wavelength [A]

Figure 5. NormalizedMUSE spectrunof Call K (left-handpanel)andNal

doublet(right-handpanel)in front of QSOPKS 1610-771.The spectrums
plottedin blackwith Voigt ts in red(thin, dashedinesrepresenindividual
componentsandresidualsn green.Therearetwo component$or bothions,
mostclearin the Nal t. The rst componentcoincideswith the redshift
from ASKAP nearzaps= 0.4503 while theweakercomponents ataredder
wavelengthThe scaledandoffsetsky spectrumis in blue.

asecondtted componentredshifted110km s51 from the former.
An examinatiorof the 21-cmabsorptiorline in Fig. 1 revealsthere
is no correspondingeaturenearz = 0.4509, suggestingthe gas

probedis of lower HI columndensityor higherspin temperature.
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Regardlessthe MUSE datahaveuncoveredanothercomponento
theabsorber.

4.3.2 lonizedgas

Absorption-line studiesprobe pencil-beamsightlinestowardsthe

backgroundsourceand allow statisticalstudiesof the neutralgas
amountanddistribution at intermediateredshifts(e.g. Sadleret al.

2020. However, the interpretationof the H1 kinematicsrequires
further optical spectroscopyand imaging of associatedgjalaxies.
To unravelthe relationshipbetweenthe neutralgasandthe galaxy
overdensityatz = 0.45,it becomegssentiato analyseheabsorber
velocity relative to the stellaror ionized gaskinematicsof galaxies
A, B, X, and Y. The S/N of the stellar continuumis too low

(<3) in individual spaxelsto measurethe line-of-sight velocity

distribution (LOSVD) for starsreliably. Instead,we use PPXF to

derivethe LOSVD for theionizedgasandgeneratevelocity maps.
The prominentemissionlines in each spaxel of the galaxy are
constrainedo havethe samevelocity V anddispersion , andare
tted usingemissiorine templatesOnly theemissiorinesof galaxy
B meetthe signal-to-noiseratio cutoff SN > 3 for a signi cant

numberof individual spaxelsandthe remaininggalaxiesA, X, and
Y cannothavetheirionizedgasmapped.

[On] andH arethe emissionlines usedto createthe observed
rotationalvelocity mapin Fig. 6 astheyarethestrongestinesin the
spectrumallowing moreaccuratemeasurement® the outskirtsof
thedisc.All velocitiesarerepresentecklativeto galaxyB'’s systemic
redshift,which is calculatedby applyinga further correctionto the
original4XP t usingPAFIT (Krajnovic etal. 2006. Thiscorrectiorto
the4XPredshiftis usefulbecauseve wantto comparghekinematics
of theneutralgasin frontof thequasawwith galaxyB’s ionizedgas As
4XP is a spectralcross-correlatiorsoftware thereare contributions
from othercomponent®f the spectrumin the nal redshiftsuchas
thestellarabsorptiorines.Forcomparisondetweergaskinematics,
thePAFIT correctionenablesisto moreaccuratelymeasurehe zero-
pointof galaxyB’s ionizedgasrotationmap.Additionally, PAFIT also
returnsa kinematicpositionangle(PA) of 114+ 5 from the tting
of [On]andH rotationcurves GalaxyA isincludedin thediagram
to illustrateits projectedpositionandrelativevelocity. Velocitiesof
the neutralgasare also depictednearthe expectedposition of the
absorbefor comparisorio galaxyB's rotatingdisc. Thesevelocities
are unresolvedas they representoincidentsightlinesthroughthe
gas.The PSFFWHM of 0.68arcsecat 7000A is representeih the
bottomleft-handsideof Fig. 6 by thediameterof thecircle.

5 RELATIONSHIP BETWEEN THE NEUTRAL
GAS AND ASSOCIATED GALAXIES

In total, we havethreekinematicmeasurementsf the neutralgasat
z 0.45.Two velocitiesarederiveddirectly from the components
of theinitial ASKAP detection(Fig. 1), andathird by proxy using
the low-ionization metal absorptionlines Nal and Cail (Fig. 5).
Due to the overlap in redshift betweenthe ASKAP H1 detection
andcomponentl’ from the MUSE spectrathey arelikely tracing
the samegas.We henceforthonly considerthe 21-cmcomponents
becauseASKAP has a signi cantly better velocity resolution of
5.7 km s°! at zyps = 0.4503comparedto 110 km s> at 7000
A for MUSE. If the metallines areindeedtracingthe neutralgas,
the distinct componentseenin the ASKAP dataare possiblynot
resolvedn theMUSE dataandhenceappeagasasinglecomponent.
Thethreecomponentsvill be henceforthreferredto asla,1b,and2
in orderof increasingedshift. Their propertiesarelistedin Table4.
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With therelevantneutralgasvelocitiesidenti ed, andassociated
galaxiesanalysedwe can now try to understandhe relationship
betweenthe gas and surroundinggalaxies.In Fig. 7, the impact
parametersandredshiftsof galaxiesA, B, X, andY arecompared
to the velocitiesof the gasseenin absorptionby both ASKAP and
MUSE. GalaxiesA and B havethe smallestprojectedseparations
to the absorberand are closestto it in velocity space.Since the
21-cmabsorbedetectedvith ASKAP hasDLA-equivalentcolumn
density,therearerestrictionson which galaxiesaredirectly related
to the neutralgasin front of the quasarThe characteristicadiusof
21-cmDLA sourcess estimatedo belessthan20 kpc from studies
atlower redshift(Borthakur2016 Curranetal. 2016 Reevestal.
2016 Duttaetal. 2017, constraininghe sourceof theH |1 to beata
similarimpactparameteWe henceexcludegalaxiesX andY from
havingadirectrelationshipwith theDLA. Theyhavelargeprojected
separationg136and189kpc, respectivelycomparedo galaxiesA
andB, which haveimpactparameters 20 kpc. Furtherdiscussion
revolvesaroundthis pair of galaxiesnearesthe quasassightline.

5.1 Corotation with galaxy BOslisc

Thesizeof theH I discin isolatedyalaxieds roughlytwicetheoptical

diameter(e.g.Rao& Briggs1993 Boomsmaetal. 2009. Thus,the
absorbeiis possiblyprobing gascorotatingwith a galaxy,andthis

can be testedby extrapolatingfrom the kinematicsof the ionized
disc determinedusingPPxF. GalaxyA's rotationmapis dif cult to

measurebecausehe [O11] emissionspans).8 x 0.8 arcsecwhich

is mamginally largerthanthe PSFFWHM. Therefore pur discussion
focuseson galaxyB, which hasresolvedrotation.

FromFig.6, weseehattheredshiftedsideof galaxyB is orientated
towardsthpQSOsightIine.Thus,componentia(S 40kms>Y) andlb
(S10kms>?) correspondindp thevelocitiesof theH | detectiorfrom
ASKAP arenot consistentvith galaxyB’s rotatingdisc, evenafter
accountingor uncertaintiesn redshiftmeasurement€omponeng
fromtheNal andCail alignsin velocity with this phenomenomsit
is alsoredshiftedwith respecto the systemicvelocity of galaxyB.
Giventhatthereis nocorrespondindd | absorptiorfor componeng,
the neutralgasis likely warmer,andmaytracegasin the outerdisc
of galaxiesheatedby theradiation eld (Maloney1993. However,
other processesre requiredto accountfor the kinematicsof the
ASKAP H 1 detection.

5.2 OutRBows

In currentmodelsout ows areexpectedo be preferentiallyaligned
with agalaxy’sminor axisasenhancedesistancalongthe galactic
planeeffectively collimatesout ows into a biconicalshapegNelson
etal. 2019 Peérouxet al. 2020. The azimuthalangle , de ned as
the anglebetweenthe galaxy major axis and projectedposition of

the quasari,is typically usedto distinguishbetweenaccretionand
winds(e.g.Schroetteetal. 2019 Zabl etal. 2019. For galaxyB, it

isfoundthat = 57 (i = 47, PA=114) which indicatesthatthe
absorbeis preferentiallyalignedwith the minor axis. Stellarwinds
arefound in emission-linegalaxiesat intermediateredshifts,(Zhu

etal. 2015 andthealignmentwith theminoraxissuggesttheneutral
gasdetecteds wind material. Thesewindsarelikely notdrivenby an
AGN asthe galaxyis classi ed asstar-formingusingthe blue-BPT
diagram(Lamareille2010. GalaxyA hastoolow S/Nemissiorlines
in individual spaxelsto be modelledusing PPxF, andits proximity

to the quasarpreventsaccuratemeasurementsf its photometric
positionangle.GalaxiesX andY areunlikely candidateslueto their
> 100kpcimpactparameteto theDLA andlargevelocity difference
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Figure 6. Observeckinematicmapof theionizedgasin galaxyB, with zerovelocity at its systemicredshift. At the positionof the QSOPKS 1610-771the
threeverticalstripescorrespondo theneutralgasvelocitiesalongthe quasasightline. Theblueandwhite stripesre ect thevelocitiesof thetwo H | components
measuredvith ASKAP, while theredstripeis from Voigt pro le tting of theCai andNal doubletsWe noteherethatthesevelocitiesarenot spatiallyresolved
andoccurfrom coincidentsightlinesthroughthe gas.The positionof galaxyA is markedwith a singlevelocity correspondingdo its systemicredshift. At the
bottomleft is a circle with diameterequivalentto the FWHM of the seeingat 7000A. The spatialsamplingis 0.2 arcsecpixel>?, correspondindo 1.15kpc

pixel°! atzaps= 0.4503.

Table 4. Propertiesof the threegascomponentsonsideredComponents
laandlbaretakenfrom the ASKAP detectionwhile componen® athigher
redshiftis obtainedfrom tting low-ionizationionsin the MUSE spectrum
of the quasarColumn1 is the componentD; column2 theredshiftof the
componentrolumns3 and4 the velocitiesof the componentvith respect
to the systemicredshift of galaxiesA and B, respectively;column5 the
absorptioriinesassociateavith eachcomponent.

Component z va VB Lines
(kms>1) (kms>1)

(1) 2 (3) (4) (5)

la 0.45018 S90 S40 H1, Cai, Nai?

1b 0.45033 $60 $10 H1, Cail, Nal

2 0.4509 +60 +110 Cail, Nal

Note.2 Can andNal componenhearz = 0.4503in MUSE spectruncould
traceboth ASKAP H 1 componentslueto insuf cient velocity resolution.

of +200 and+ 520kms>?, respectivelyto the absorberedshift. If
out owing gasisresponsibldor theabsorptiorfeaturesit is farmore
likely that the winds originatefrom galaxy B dueto its proximity
andhigher SFR.However, we cannotrule out out owing gasfrom
galaxyA beingresponsibldor theneutralgasdetectedn absorption
dueto thelack of kinematicmodelling.

The high H1 columndensitiesof componentdaand 1b suggest
that cold denseneutralgasis being traced.While galacticwinds
havebeenubiquitouslyobservedat all redshiftsuptoz 3 (Rupke
2018, an importantconsiderations whetherthe out owing cold
gas can survive out to 20 kpc from galaxy A or B without
breakingdown or being heatedand ionized. Simulationspredict
starburst-drren out ows to be multiphase consistingof a hot and
fast ionized componententrainingcolder gasfrom the interstellar
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Figure 7. TheASKAP H I absorptiorline pro le in velocity spaces plotted
in blackwith thevelocitiesof its two componentsabelledby thedashedlue
(1a) andgreen(1b) lines. This spectrumis to scaleand plotted againstthe
fraction of absorbedackgroundcontinuum S&:. Thedashedspectrunis
Cail K absorptiorfrom MUSE andhasits secondcomponenmarkedin red
(2). Note thatthe rst componenbf the Call K metalline alignswith the
ASKAP componentandis not plotted. Eachof the galaxiesarerepresented
by bluemarkersusingtheir respectiveedshiftsandimpactparameterso the
gas(b, right axis). At the positionof galaxy B, a horizontalline marksthe
extentof its rotation.All velocitiesarewith respecto the systemicredshift
of galaxyB (z = 0.45038)to be consistentvith Fig. 6.
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disc (Veilleux, Cecil & Bland-Hawthorn2005. More recenthy-

drodynamicalsimulationssuggestmechanismgor the cold gasto

accelerate¢o wind speedsand grow in mass(Gronke& Oh 2018

2020. Out ows of low-ionized gastracedusing Mg 1l absorption
have beenseento extendbeyond 100kpc (e.g. Schroetteret al.

2019, but this tracesgasat temperature®f 1000 K. While the

spin temperatureof neutralhydrogenis always lessthan or equal
to the kinetic temperatureof the gas(e.g. Purcell & Field 1956,

a mean harmonic spin temperatureof 1000 K for our absorber
requiresan order of magnitudeincreasein the H1 columndensity
(Ny, = 2.7+ 0.1x 10 atomscm?) to reproducethe observed
absorptionline. These higher spin temperaturesand super-DLA
column densitiesare not unusual (Kanekar et al. 2014 Curran
2019 Allison 2021, and the possibility that the ASKAP neutral
gasdetectiontracesout owing materialremains.

Out ows of coolgashavebeenobservedthigherredshiftin other
galaxiesusingNal D absorptionagainstbackgroundstellarcontin-
uum (the so-called‘down-the-barrel’spectroscopye.g. Heckman
etal. 200Q Cazzolietal. 2016. While the detectedbut ow regions
in thesestudiestypically extend< 10 kpc from the source this is
morelikely causedy thefaintnesdn thestellarcontinuumatlarger
radii ratherthananintrinsic propertyof the out ow. Theabsorption
in this systems notdown-the-barrelbutthe quasassightlineis only
18(9) kpc from galaxyB (A). Hence componen®, whichis traced
by Nal and Cail without corresponding21-cm absorptionin the
ASKAP data,is possiblywind material.

5.3 InBows

Galaxiegequirereplenishmentf theirgasreservoirdo sustairtheir
starformationrates.Contraryto out ows, cold gasaccretingfrom
dark matter laments are expectedo align preferentiallywith the
galaxy major axis in the form of an extendedcold gasdisc (Ho,
Martin & Turner2019. For galaxy B, its inclinationi = 47 and
azimuthalangleof 57 indicatethattheorientationis notfavourable
for probingan extendedjaseouslisc. Further,authorsin studiesof
gasaccretionselectasingle‘primary’ galaxymostlikely associated
with the absorbemwithin a searchradius (Zabl et al. 2019. This
ensureghatin ows are responsiblefor the absorberIn our case,
both galaxiesA andB arelocatedwithin 20 kpc and100kms>! of
theabsorberandit becomesmpossibleto guaranteghe absorbeis
uniquelytracingin owing material.

5.4 Extragalactic gasclouds

H 1 emissiomrmapsof localinteractinggalaxypairsandgroupsreveal
extragalacticclouds of gas (e.g. Verdes-Montenegret al. 2001
Lee-Waddellet al. 2019. This phenomendasalso beenpossibly
detectedithigherredshiftin aradiogalaxyinteractingwith asatellite
(Allison etal. 2019 usingH | absorptiorand ALMA observations.
Thesecloudsaretypically high columndensity(  10°° atomscn?)
and of similar velocity to nearbygalaxies.GalaxiesA andB are
separatedy 17 kpc, with only a 60kms>* velocity difference,and
Fig. 6 revealgheysharethe samevelocity plane with theredshifted
side of galaxy B extendingtowards galaxy A. Additionally, the
signi cant contributionof A-typestellartemplatesluringPpxF tting
isindicativeof asigni cant youngstellarpopulation Thissuggests
periodof enhancedtarformationseverallO0Myr in the past,most
likely inducedbyinteractiondbetweergalaxiesA andB. Klitschetal.
(2019 similarly nd thatabsorption-linestudiesmay preferentially
selectinteractinggalaxieswith a wider distributionof gas,andthat
thegalaxiesassociateevith theabsorbehavemoreexcitedISMs. It
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becomegpossiblehenthatcomponentdaandlbseerin absorption
areprobingextragalacticloudsformedfrom interactions.

5.5 Nature of the gas

The wealth of information obtainedfrom the ASKAP and MUSE
instrumentsallows us to gain a greaterunderstandingf the gas
seenin absorption.Componentsla and 1b from the initial radio
detectioncannotbe explainedby the rotatingdisc of galaxyB, and
the emissionlines of nearesgroupmembergalaxyA, aretoo low
S/Nto discernionizedgasvelocitiesfor comparisorwith the neutral
gaskinematics.Instead,a more likely scenariois that the 21-cm
detectionprobesextragalacticgas clouds formed by interactions
betweengalaxiesA and B. While out ows from galaxy B cannot
be excludedit is questionablevhethersuchdenseamountsof cold
neutralgaswill still befoundin ejectedmaterialroughly20kpcfrom
the source.Additional constraintson this scenariocan be applied
if the DLA metallicity is measuredand then comparedwith the
galaxy metallicity. Finally, we note the possibility of a quiescent
log(M /M ) < 8stellarmasgyalaxyalongthequasasightlinebelow
our continuumand ux densitydetectionlimits. For componen®,
we favour the scenariathatit tracesgaspartof galaxyB’s discdue
to its alignmentin velocity with theredshiftedsideof the galaxy.

Recentstudiesfrom MEGAFLOW (Schroetteret al. 2016 and
MUSE-ALMA Halos (Hamanowiczet al. 2020 have also found
multiple galaxiesassociatedvith Mg and Lyman- absorbers,
respectively. The systemstudied here is found to be similar in
redshift, spatial and SFR distribution to galaxiesassociatedvith
Lyman- absorbergHamanowicztal. 2020. Howeverwhile Mg i
andLyman- tracescool 1000K gas,the 21-cmabsorptionline is
more sensitiveto cold gasthat is likely to collapseinto H,, and
subsequentlyorm stars.Typically, intervening21-cmH | absorbers
are associatedwith the inner disc of galaxiesdue to declining
detectiorratesathigherimpactparameter¢Borthakur2016 Curran
etal. 2016 Duttaet al. 2017). In the caseof PKS 1610-771,it is
clearfrom the oppositesignsof the projectedonizedandmeasured
neutralgasvelocitiesin front of the QSOthat this is not the case.
If componentsla and 1b are indeedextragalactiogasclouds, this
systememphasizetheimpactof interaction®nhowgalaxiesvolve
ascold gasrequiredfor starformationis beingremoved. Thedirect
connectionbetweencold H1 and starformationallows us to draw
moretangiblelinks betweergasprocessesuchasout ows, in o ws
and stripping, and the effects of theseprocesse®n how galaxies
evolve.

6 CONCLUSION

Through the novel and powerful combination of ASKAP and
MUSE instruments,the nature of gasin this systemhas been
successfullyprobed. The neutral hydrogen absorptiondetection
with the Australian SquareKilometre Array Path nder telescope
revealstwo componentg(la and 1b) nearz = 0.4503 separated
by 30kms>? (Sadleret al. 2020. From the MUSE spectrumof
QSO PKS 1610-771,strong absorptionfrom ions Cail and Nal
are found. A componentof theselow-ionization metalscoincides
with theneutralgasdetectedy ASKAP, while the othercomponent
(2) revealsanothercloud of gasredshiftedby 110kms>! from
the rst. Componen® is likely of lower columndensityor higher
temperatureandthus,is not foundin the initial radio detection.In
total, threecomponent®f gasarefoundin front of PKS 1610-771
dueto anoverlapbetweerthe neutralhydrogenandlow-ionization
metalcomponents.
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Imaging of the systemfrom Courbin et al. (1997 revealsfour
galaxy-likeobjects(A, B, C, andD) nearPKS 1610-771 Fromthe
MUSE observationswe nd objectC to be a faint M-type star. To
uncover the redshift of galaxy D outshoneby the bright QSO, a
1D spectralPSFsubtractions performedandrevealsits redshiftto
likely bez 0.5 using corroboratingevidencefrom Hunstead&
Murdoch(1980. While objectsC andD arenot associatedvith the
absorberwe nd two othergalaxiesn the eld (X andY) locatedat
a projecteddistanceof morethan100kpc from the quasarln total,
therearefour objectsfoundat theredshiftof the DLA.

GalaxiesA andB arelocatedat projecteddistancesf 8.82and
17.8kpc from the absorberrespectivelywhile X andY arefurther
aeld (136 and 190 kpc, respectively).In velocity space galaxies
X andY haveseparationsf 200and520kms>?, respectivelyfrom
Zaps= 0.4503.In contrastgalaxiesA andB areseparatedy 60 and
20kms°* from the DLA redshift.Curiously,threeof thefour galaxy
spectraA, B, andY) havehigherorderBalmerlines,suggestingn
enhancegeriodof starformationin the pastseveralhundredMyr
causedy interactionsFrom tting theionizedgaskinematicsthere
is clearrotationin theionizeddisc of galaxyB. GalaxiesA, X, and
Y haveemissionlines with low S/N or aretoo compactto t for
resolvedkinematicmaps.

Thethreecomponent®f gasin front of the quasahavevelocities
of $40 (1a), $10 (1b), and + 110kms>* (2) with respectto the
systemicvelocity of galaxy B. Component2 likely arisesfrom
corotationwith galaxy B’s disc asthe redshiftside of the ionized
gasalignswith theQSOsightline.In contrastcomponentdaandlb
havethe oppositesignto the projectedrotationalvelocity for galaxy
B andmustoriginatefrom otherprocessed/Ve nd thatextragalactic
gascloudsarethemostlikely explanatiorfor thesewo components,
with galaxiesA andB only separatethy 17 kpcandshowingsigns
of intensestarformationin thepastseverahundredviyr. Out owing
gasfrom galaxy B ( = 57 ) may alsobe responsibleor the H1
absorberput it remainsunclearwhethercold, denseneutralgascan
surviveentrainedn hotwind material20 kpc from thegalaxycentre
without breakingdown.

Thegastracedn absorptioris ultimatelyacombinatiorof thesce-
nariosmentionedabore. While exactidenti cation of thephenomena
responsibléor theabsorptiorfeatureseerin theASKAP andMUSE
spectraare uncertain,this work alreadyillustratesthe intricacies
of cold gasbehaviourat a largely unexploredredshift. With the
emergencef largeH 1 suneys suchasthe First Large Absorption
Sunwey in H1 (Allison et al. 202Q 2022 andthe MeerKAT Large
AbsorptionLine Suney (MALS) (Guptaet al. 2016, the amount
and kinematicsof cold neutral gasin hundredsof systemswill
be determinedat redshiftz > 0.5. Containedwithin eachof these
individual detectionds a puzzlewaiting to be unravelled:whatare
the origins of the neutralgasin relationto its associatedjalaxies?
If answeredwithin enoughsystemshy combiningradio datawith
optical or millimetre observationswe areableto gaininsightsinto
theimpactof gason galaxyevolutionduringan erain the Universe
notwell understood.
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APPENDIX A: SYNTHETIC
CONTINUUM-SUBTRACTED NARROW-BAND

Fig. Al depictsasyntheticcontinuum-subtractedarrow-bandNB)
imagecentredaroundthe[O 11] doubletattheredshiftof theabsorber
Zaps= 0.4503 .1t revealdour objectswith [O11] emissiomearzaps=
0.4503andtheseare markedin red (A, B, X, andY). In addition
to galaxiesA and B, which were known to be associatedvith the
DLA from opticalspectroscopySadleretal. 2020, we nd another
two galaxieg(X andY) with impactparametersf 136 and190kpc,
respectively,from the QSO sightline. This galaxy overdensityis

Yy 20 arcsec = 115 kpc
ACO B
LIX

N

e

Figure Al. Syntheticcontinuum-subtractedarrow-bandmagewith width

1000 km s°1 around [On] doublet at zaps = 0.4503. The background
continuumis estimatedoy applyinga median Iter on a regionwith width

3000 km s°1 offset from the edgesof the narrow-bandby 10 pixels.

Orientationis north-east(up-left). Galaxiesassociatedvith the H1 21-cm
absorbehavebeenmarkedin red, andthe centreof quasaiPKS 1610-771
by ablackstar.In additionto objectsA andB, we nd two galaxieg(labelled
X andY) with projecteddistancesnorethan150kpc from theabsorberThe

positionof the groupmemberds a possible lamentary structurestretching
from galaxyY (north-east}o galaxyX (south-west).

€202 Yore £z U0 1senb Aq LETSS9/8E9€E/E/2TS/BI0Ie/Seluw/wo dno-olwapese//:sdny Wolj papeojumoq



alignedin whatmaybea lamentary structureextending’rom north-
eastto south-west.

APPENDIX B: OBJECTS C AND D

Despitethe proximity of objectsC andD to theabsorbeon thesky,
neitheris associatedvith the DLA. The formeris evidentlya faint
M-type starfrom Fig. B1.

After the 3D PSFsubtractionto unearthobjectD, thereare two
candidateemissionlinesin its spectrunnear5587and7290/3\, and
thesearedepictedin Fig. B2. Thetwo emissionlinesareconsistent
with [O1] andH atz = 0.5001.Thus,galaxyD is unlikely to be
associateavith the DLA.
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Figure B1. A smoothed3 pixel moving averagespectrumof objectC is
plottedin blackwith the correspondingky spectrumin blue (not to scale).
An arbitrarily scaledspectrumof M5V type starHD 173740is plottedin
greenfor comparison.
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Figure B2. Candidateemissionlines Ol (left-handpanel)andH (right-
handpanel)foundin front of QSOPKS1610-771aftera3D PSFsubtraction
(black).Scaledandvertically offsetsky spectrumis in blue. The best- tting
redshiftis z = 0.5001for the pair of lines.
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Figure C1. Spectrafthefourgalaxiesassociatewith thez= 0.45absorber
(A, B, X, andY from top to bottom)from MUSE. Emissionandabsorption
lines are markedon the spectrumof galaxy B and canalsobe seenin the
remaininggroup members A scaledand vertically offset sky spectrumis
includedin blue. Eachspectrumhasbeensmoothedusinga 3 pixel moving
average.

APPENDIX C: GALAXY SPECTRA

The MUSE spectreof galaxiesA, B, X, andY aredisplayedin this
appendixForthreeof theobjectgA, B, andY), thestellarcontinuum
is clearly detectedwhile emissionlines areprevalentin all spectra.
Poorersky subtractionnearthe edgesof the MUSE eld resultin
artefactsat 6500 and 6850 A in the spectraof galaxiesX and.
Thespectragapfrom 5820A to 5970A correspondo anotch Iter
betweerb820and5970A inherentto AO-assistedbservations.

APPENDIX D: PKS 1610-771METAL LINES

Anothersystematredshiftz = 1.621canbeseenin thebackground
quasarthrough various absorptionlines (Sill, Al i, Fel. Mnii,

Mg i1, andMg 1). Thesearemarkedn greenin Fig. D1 alongwith the
broademissiorlinesof the QSO(red),andCall andNal absorption
linked to our H1 detection.However, the signi cant disparity in

redshift meansthis higher redshift systemis not relatedto our

absorber.
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Figure D1. A smoothed3 pixel moving average)spectrunof the QSOwith the correspondingky spectrumin blue (notto scale) Markedin redarethebroad
emissiorlinesof thequasa(Mg Il andCin) atz = 1.71.A separatenetalsystem(green)is foundatredshiftz = 1.621 butthisis notassociatedvith the DLA.
Insteadthe Call andNal metalabsorptiorinesmarkedin blue areattheredshiftof thez = 0.45absorber.

This paperhasbeentypesetrom a TEX/IATEX le prepareddy theauthor.
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