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Thenature of low redshift damped Ly-a systems
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Abstract. DampedLy-a systemsarethe majorrepositoryof the obsered neutralHI at high red-
shift. Thesesystemsaremostefficiently detectedsia absorptiorspectraakenagainsistantQSOs.
In this paper we review someof the obserationalconstraint®nthenatureof theseobjects,andalso
discusgheimplicationsof recentobsenationsof two low redshiftdampedabsorbersmnadewith the
GiantMetrewvave RadioTelescopeWe find that,for the lowestredshift(z = 0.0912) damped.y-a

system.,if the systemis a rotating gasdisk, thenthe total associatedHl masshasto be lessthan

2 x 10° Mg, if thediskis atlow inclinationangles andlessthan10'® M, if the systemis edgeon.
All limits are3o.
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1. Introduction

Neutralgas,beingthe building materialout of which the luminousmaterialof galaxiesis
formed,is animportanttracerof thehistory of galaxyformationin theUniverse.Themost
efficientwayto detectneutralgasathighredshiftis via spectraakenagainsbright quasars
at a higherredshift. At the highestHI columndensitiesNgr > 2 x 102° atomscm™2,
thewidth of the Ly-a absorptiorprofile becomesiominatedby the broaddampedwings,
makingthesesystemgarticularlyeasyto identify. As a consequencef anumberof large
systematicsuneys (eg. [1] andreferencesherein)it is now well establishedhatthetotal
neutralhydrogenmassin dampedLy-a absorbersatz ~ 3 is atleastcomparabldo the
massin luminousgalaxiesat z ~ 0. Thisis consistentvith the ideathat dampedLy-a
systemsregalacticprecursorsandthat,in theinterval between: = 3 andz = 0, thegas
in damped.y-a system$becamalepletedvia cornversioninto stars.The HI gasdensityin
damped.y-a systemss indeedobsenedto fall rapidly with decreasingedshift,consistent
with thisidea.

Thefundamentabuantitythatis constrainedy surwysfor damped.y-a absorberss
the probability (per unit redshift) of finding a dampedsystem.This is proportionalto no,
wheren is thevolumenumberdensityof suchsystemsando is theiraveragecrosssection.
Neithern nor o is separatelyconstrainedy the detectionratesin blind suneys. If one
assumeshat dampedLy-a systemsarethe progenitorsof z = 0 L, galaxies,andthat
eachabsorbegivesriseto exactly one L, galaxy(i.e. thatnumberis consered)thenone
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canestimatethe averagecross-sectiong. Theseestimateg/ield a o thatis a factorof 3
timeslargerthanthatof low redshiftspiralgalaxies.t hasthereforebeensuggestef] that
dampedsystemsaregiantgaseouslisks,whoseextentgetstruncatedasthesystemevolves
andgasis progressiely convertedinto stars. Anotherpossiblescenarias that numberis
not consered,andonehasa very large numberof smallabsorbersat high redshift,with
thesesystemameming over a period of time to producethe galaxiesthat are seentoday
Thiswould bebroadlyin keepingwith thecurrenttheoreticamodelsof hierarchicabalaxy
formation.

The mostdirectway of differentiatingbetweerthe above two scenarioss to determine
thetypical trans\ersesize of dampedsystemsThis is not possiblevia absorptiorspectra,
becausehe backgroundUV continuumsourcehas negligible transwerseextent. Since
somefractionof quasarslsohave associatedadio continuumemissionpnecan,for these
guasarsattemptto obsene absorptionn the 21cmspectraline of HI. If the background
radiocontinuumsourcds extended spatiallyresohedimagingof the21cmabsorptiorcan
be usedto measureahetrans\ersesizeof the absorberThis techniquehasbeentried only
for oneabsorbesofar, theobjectatz = 2.04 towardsthequasalPKS0458-02.Thesingle
dishspectrunof this absorbemwasfoundto beidenticalto thatobtainedon atwo element
VLBI interferometef3], implying thatthe absorbingsystemhasno internal structureon
scales~ 8 kpc.

Anotherpossibleapproacho constraininghetranswersesizeof damped.y-a systems
is to determinethe extent of the optical emission(if ary) associatedvith the absorber
This would, of course,at bestplacea lower limit on the absorbersize, sincethe optical
emissioncould be spatiallymuchlessextendedthanthe gas. A handfulof systemshave
beendetectedat high redshifts,and their sizesand impact parameterareall ~ 10 kpc
[4]. Many of thesesystemsarehowever atypicalin thatthey have an absorptiorredshift
Zabs gQreatetthantheemissiorredshiftz.n, of thequasarindicatingthatthey arephyscially
associateavith the quasar

Sincethewidth of theLy-« profilein damped.y-a systemss determinedsolelyby the
columndensity it containsno informationon the kinematicsof theabsorberOn the other
hand,the absorptiordueto low ionizationmetals,suchasSill 1808is typically not satu-
rated;theseprofileshencedo containinformationon the kinematicsof the absorbinggas.
Further sincesuchions areassociatedvith neutralhydrogen theseprofilesalsotracethe
kinematicsof theneutralgas.Of course pneonly hasinformationalongthenarrow line of
sight towardsthe unresohed backgroundJV continuumfrom the QSO.High resolution
spectroscopiobsenationsof a large sampleof dampedsystemg5] have shaovn thattheir
metalprofilesaretypically asymmetricj.e. the largestoptical depthoccurspreferentially
atthe edgeof the profile. ProchaskandWolfe [5] usedMonte Carlo simulationsof such
profilesandfound that their obsenationsare bestfit by modelsin which dampedLy-a
systemsarethick, rapidly rotating(Vzo¢ ~ 225 km/s) disks;this appearseasonablsince
edgeasymmetriesarisenaturally in suchrotating gaseouglisks. Thesemodels,if con-
firmed, would be difficult to reconcilewith theoreticalmodelsof hierarchicalgalaxyfor-
mation,wheredark haloswith massegorrespondingo arotationvelocity of ~ 225 km/s
areextremelyrareat high redshift[6,7]. It turnsout, however, thatasymmetrianetalline
absorptionprofiles are also obtainedin hierarchicalmemging scenarios. Hydrodynamic
simulationsof galaxyformationthroughthe mergerof smallersub-unitsshow thatlines of
sightpassinghroughsuchmerging clumpsalsoleadto characteristicallasymmetricab-
sorptionprofiles[8]. Further McDonaldandMiralda—Escudg9] show that suchprofiles
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canalsoarisefrom gasmoving randomlyin asphericahalo.

Therecentidentificationof a numberof low redshift damped_y-a systemshasled to
anumberof detailedstudiesof theseabsorbersAt theselow redshifts follow-up ground-
or HST-basedmagingallows the luminaosity of the associatedalaxyto be measuredand
often, evenits morphologicaltype to be determined.A study of 7 intermediateredshift
dampedabsorberdiy Le Brun et al [10] shows that thesesystemsare associatedvith
galaxiesof a variety of morphologicaltypesandluminosities,andnotwith L, spirals,as
would be expectedin thethick rotatingdisk models.Similarly, oneof the lowestredshift
systemsthe z = 0.16 absorbetowardsQSO 0850+440[11] is associatedvith an SO
galaxy Further thevelocity of theabsorbeis theoppositeof thatexpectedrom the sense
of rotationof the disk of the associatedjalaxy In fact,for QSO-galaxypairsat the very
lowestredshifts,a large fraction of the 21 cm absorptionappeargo arisefrom extended
tidal features.

At low redshiftsz < 0.22, existingradiotelescopebave sufficient sensitvity to beable
to obsene HI emissiorfrom L, spirals.Therequiredintegrationtimeis large,~ 30 — 50
hours,but notimpracticallyso; one canhenceattemptto obsene the neutralgasat these
redshiftsin emission.This hasanadwantageover opticalemissionin thatthe obsenations
aresensitve to the total gasextent of the absorber(and not just to the region wherestar
formationhastaken place,which is typically muchsmallerin sizethanthe gaseouslisk),
and also becausehe emissionspectrumwill directly give the rotationalvelocity of the
galaxy

For damped_y-a systemghatlie in front of radioloud quasarst is possibleto augment
the optical/UV spectrawith HI 21 cm absorptionspectra. Sucha comparison,yields,
amongotherthings(andundersuitableassumptions)the spintemperature], of the Hl
gas.Derivedspintemperaturesf damped.y-«a systemdiave,in generalpeenmuchlarger
thanthoseobsenredin the disk of the Galaxyor in nearbygalaxieg12,13],implying that
eitherdamped.y-a systemarenotdisks,or thattheISM in thedamped_y-« proto-disks
is considerablydifferentfrom thatin thelocal z = 0 disks,presumabhdueto evolutionary
effects.

We report,in this paper spintemperatureneasurement®or two low redshift damped
Ly-a systemsandalsolimits ontheHI gasassociateavith thelowestredshift damped.y-
a towardsOl 363,basednobsenationsmadewith theGiantMetrewave RadioTelescope.

2. Observations and data reduction

Theline of sighttowardsthe quasarOl 363intersectdwo damped.y-a systemspneat

z = 0.0912, andthe otherat z = 0.2212. Both thesesystemswere obsened usingthe

GMRT [14,15]. The baclendusedwasthe proto-typeeight stationFX correlator which

givesa fixed number(128) of spectralchannelsover a total bandwidththat canbe varied
from 64 kHz to 16 MHz. Dueto variousongoingmaintenancendinstallationactiities,

theactualnumberof antennaghatwereavailableduringourobservingunsvariedbetween
six andeight.

For the obsenationsof the z = 0.0912 system the bandwidthwassetto 1.0 MHz. No
spectrataperwasapplied,giving achannebkpacingof ~ 1.8 km s~1. Two observinguns
weremade,oneon 27 Junel1998 andthe otheron 5 July 1998. The on sourcetime for
eachrun wasaboutsix hours. Two observingrunswere alsotaken for the z = 0.2212
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system(on 26 Junel998and4 July 1998),thefirst with atotal bandwidthof 1.0 MHz (i.e.
achannekpacingof ~ 2.0 km s~1) andthe otherwith atotal bandwidthof 0.5 MHz (i.e.
achannekpacingof ~ 1.0 km s=! ). Eachof theseobservingrunshadanon sourcetime
of ~ 4 hours. Bandpasgalibrationat both redshiftswasdoneusing3C 295, which was
obsenedatleastonceduringeachobservingrun.

Thedatawascorvertedfrom theraw telescopdormatto FITS andthenreducedn AIPS
in the standardvay. Mapswereproducedaftersubtractingout the continuumemissionof
thebackgroundjuasausingUVLIN, andspectraextractedfrom theresultingthreedimen-
sionalcube. The GMRT doesnotdo onlinedopplertracking;thisis, however, unimportant
sincethe doppler shift within any one of our observingruns was a small fraction of a
channel.For thelower redshiftsystem datafrom the obsenationson differentdayswere
correctedo the heliocentricframeandthencombined.

Thefinal spectrumfor the z = 0.0912 systemis shown in figure 1. The peakoptical
depthis ~ 0.18 (i.e. adepthof 390 mJywith the continuumflux of OI363being2.0 Jy),
andoccursataredshiftof z = 0.09123+0.00001. TheFWHM of theline is small,~ 5 km
s~L. Finally, the detectechbsorptioriines weredeletedfrom this spectrumandthe latter
smoothedo a velocity resolutionof ~ 30 km s~, to searchfor 21 cm emission. RMS
noisevaluesreachedwere 0.57 mJy (per 30.6 km s channel)No evidencefor 21 cm
emissionwas seen. In the caseof the higherredshift system,the peakoptical depthis
~ 0.07 andtheredshiftmeasuredrom the 2.0 km s~ spectrumis 0.2212 4 0.00001. See
ChengaluandKanekar{16] for the 21cm spectrunof the z = 0.2212 system.

Flux (Jy)

1301.2 1301.4 1301.6 1301.8
Frequency (MHz Heliocentric)

Figure 1. GMRT redshifted21cmabsorptionspectrumof the lower redshift system
towards OI363. The channelspacingis ~ 1.8 km s~ 1. The deepesbptical depth
(~ 0.18) is at a heliocentricredshiftof 0.09123. The width (FWHM) of theline is

~5kmst.
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3. Discussion
3.1 HI mass estimates

For emissionfrom optically thin HI gas,the emissionspectrumis directly relatedto the
total HI massyiz.,

D2
My = 2.35 x 105ﬁ /S(v)dv Mo, (1)

whereDy, is the luminosity distanceof the emitting gas(in Mpc), S(v) is theflux in the
line in Jy, andw is the velocity in km/s. This expressionis true aslong asthe gashas
a spin temperaturdarger than that of the backgroundcontinuumi.e. in the absenceof

ary backgroundsource,oneis sensitie to gasin both the cold andthe warm phase.In

nearbyz ~ 0 galaxiesthecold phaseof theISM appeardo be mamginally optically thick,

however, evenin this casethe errorintroducedby usingeq. (1) is not substantialln case
thereis abackgroundourcepneis sensitve only to thegasthatis notcoincident(spatially
andin velocity) with thebackgroundsource.

The lack of detected21cm emissioncanbe usedto placeupperlimits on the HI mass
of the dampedabsorber The luminosity distanceof this systemis D = 373Mpc (z =
0.0912), using Hy = 75km s™! Mpc~! andgy = 0.5. Thus,the 1o upperlimit on the
mass(per30km s~! channel)is 6 x10® M. As discussedbove, thisis only for gasthat
is not spatiallyco-incidentwith the backgroundsource.Sincethe sizeof the background
source(see§3.2) is <30 pc, ordersof magnitudelessthana typical galaxysize, spatial
coincidencas notamajorconstraint.Furthersincetheabsorptiorprofile is alsoextremely
narrow, it is unlikely thatmuchHI hasbeenmissedbecausét coincidesin velocity with
theabsorbinggas.

Translatingthis limit on the HI massperchannelinto a constrainton the total gaseous
masf theabsorbingyalaxyis complicatedy thefactthattheHI emissiorprofile of spiral
galaxiesarestronglydependentn their inclinationto theline of sight. For relatively face
on orientationsyherethetotal width is <30 km/s,we directly have a 30 HI masdimit of
~ 2 x 10° M. For moreinclined spirals,the velocity width of the profile increasesand
the HI massperunit velocity decreasesHowever, evenin this casea sizeablefraction of
themassis concentrateéh a narrav velocity rangebecausef velocity crowding. Hence,
evenfor relatively largeinclinations,atotal H massof > 10'° M, would have resultedn
asignaldetectablatthe 3o level.

Groundbasedimaging of the Ol 363 field [17] shaws that thereare no bright spiral
galaxiesat the right redshift, at small impact parameterso the line of sight. Thereare
however somedwarf galaxies,andalsosomelow surfacebrightnessobjectswhich could
beassociatedvith theabsorberOur obsenationsrule out the possibility thatthe absorber
is associatedvith a gasrich, low surfacebrightnessgalaxy eitherof intrinsically small
total luminosity or whosetotal luminositymay have beenunderestimatetly groundbased
obsenations.
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3.2 Estimates of spin temperature

Thetotal HI columndensityof adampedsystemcanbe determinedrom its Ly-« profile;
this canbethenused,in conjunctionwith the measuredd! 21 cm optical depth,to deter
mine the spintemperaturef the absorbinggas(underthe assumptiorthat the absorbing
gasis homogeneouskFor a multi-phaseabsorberthis derived temperatureas the column
densityweightedharmonicmeanof thespintemperaturesf thedifferentphasesprovided
all the phasesreoptically thin.). We note,further, thatOI1363is a highly core-dominated
source[18,19], with a coresize[20] of ~ 10 milli arcsecond$é~ 16 pc and~ 31 pc at
redshiftsof 0.0912and0.2212respectiely, for Hy = 75km s~! Mpc—! andge = 0.5).
Giventhe small size of this centralcore,the covering factorsof the absorbingcloudsare
likely to be closeto unity (for furtherdetails,see[16].)

The HI column densitiesinferred from the presentobsenations,in termsof the spin
temperaturesf thetwo dampedsystemsare1.82+0.02 x 1087, atomscm~2 and0.71 +
0.04 x 10'8T, atomscm~2, for the lower and higherredshiftsystemsrespectiely. The
columndensitiesmeasuredy Raoand Turnshek[17], from the dampedLyman-+« lines,
are7.9 + 1.4 x 1020 atomscm~2 and1.5 & 0.2 x 10?' atomscm™2, againin order of
increasingredshift. From this and our HI 21 cm spectra the spin temperatureshat we
derivefor theabsorberare825 + 110 K (for thez = 0.0912 absorberand1120 + 200 K
(for the z = 0.2212 system). For the higher redshift system,our measuremenagrees
within the errorswith thatof Laneet al (1998). The overwhelmingsourceof the (formal)
uncertaintyis in the determinatiorof the HI columndensityfrom the UV measurements.
Thus, even at redshiftswhereno evolution is expected,the derived spin temperaturas
significantly higher than that typically seenin the Galaxy If one assumeghat the HI
21 cm spectralwidth is entirely dueto thermalmotions,the requiredkinetic temperatures
are~ 625 K and~ 750 K for the lower and higherredshiftedsystemrespectiely, i.e.
comparabldo the derivedspintemperaturesThis high spintemperatur@ppearcommon
atbothhigh andintermediateedshifts(seeeg. [21-25]).

In summaryit appearghateven at the lowestredshifts,gasoutsidethe disksof spiral
galaxiesand with apparentphysical parametersonsiderablydifferentfrom the ISM of
nearbygalaxieshasa non-trivial contribution to the total absorptiorncross-sectionThis is
consistenwith obsenationsthat, evenfor intermediateaedshiftdampedLy-a absorbers,
the metallicity is considerablylower thantypical solarvalues[21]. The presentGMRT
obsenationssuggestfurther, that evolutionaryeffectsmay not play animportantrole in
understandingvhy the derived spin temperature$or dampedLy-a systemsare higher,
in general,thanthosemeasuredn nearbyspiral galaxy disks. Finally, the upperlimit
obtainedon the HI massof the lower redshiftabsorbeiindicatesthat the systemis not a
high-masspiralandthusappearso supporthierarchicaimodelsof galaxyformation.
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