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Abstract. DampedLy- � systemsarethemajorrepositoryof theobservedneutralHI at high red-
shift. Thesesystemsaremostefficiently detectedvia absorptionspectratakenagainstdistantQSOs.
In thispaper, wereview someof theobservationalconstraintsonthenatureof theseobjects,andalso
discusstheimplicationsof recentobservationsof two low redshiftdampedabsorbers,madewith the
GiantMetrewave RadioTelescope.Wefind that,for thelowestredshift( �����	� ��
��� ) dampedLy- �
system,if the systemis a rotatinggasdisk, then the total associatedHI masshasto be lessthan��������� M � , if thedisk is at low inclinationangles,andlessthan ������ M � if thesystemis edgeon.
All limits are ��� .
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1. Introduction

Neutralgas,beingthebuilding materialout of which the luminousmaterialof galaxiesis
formed,is animportanttracerof thehistoryof galaxyformationin theUniverse.Themost
efficientwayto detectneutralgasathighredshiftis via spectratakenagainstbrightquasars
at a higherredshift. At the highestHI columndensities,�����! #"%$'&�(	)+* atomscm,�) ,
thewidth of theLy- - absorptionprofile becomesdominatedby thebroaddampedwings,
makingthesesystemsparticularlyeasyto identify. As aconsequenceof a numberof large
systematicsurveys (eg. [1] andreferencestherein)it is now well establishedthat thetotal
neutralhydrogenmassin dampedLy- - absorbersat .0/21 is at leastcomparableto the
massin luminousgalaxiesat .3/#( . This is consistentwith the ideathat dampedLy- -
systemsaregalacticprecursors,andthat,in theinterval between.5461 and .547( , thegas
in dampedLy- - systemsbecamedepletedvia conversioninto stars.TheHI gasdensityin
dampedLy- - systemsis indeedobservedto fall rapidlywith decreasingredshift,consistent
with this idea.

Thefundamentalquantitythat is constrainedby surveys for dampedLy- - absorbersis
theprobability(perunit redshift)of finding a dampedsystem.This is proportionalto 8:9 ,
where8 is thevolumenumberdensityof suchsystemsand 9 is theiraveragecrosssection.
Neither 8 nor 9 is separatelyconstrainedby the detectionratesin blind surveys. If one
assumesthat dampedLy- - systemsarethe progenitorsof .;4<(!=?> galaxies,andthat
eachabsorbergivesriseto exactly one =@> galaxy(i.e. thatnumberis conserved)thenone
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canestimatethe averagecross-section,9 . Theseestimatesyield a 9 that is a factorof 1
timeslargerthanthatof low redshiftspiralgalaxies.It hasthereforebeensuggested[2] that
dampedsystemsaregiantgaseousdisks,whoseextentgetstruncatedasthesystemevolves
andgasis progressively convertedinto stars.Anotherpossiblescenariois thatnumberis
not conserved,andonehasa very largenumberof small absorbersat high redshift,with
thesesystemsmerging over a periodof time to producethe galaxiesthat areseentoday.
Thiswouldbebroadlyin keepingwith thecurrenttheoreticalmodelsof hierarchicalgalaxy
formation.

Themostdirectway of differentiatingbetweentheabove two scenariosis to determine
thetypical transversesizeof dampedsystems.This is not possiblevia absorptionspectra,
becausethe backgroundUV continuumsourcehasnegligible transverseextent. Since
somefractionof quasarsalsohaveassociatedradiocontinuumemission,onecan,for these
quasars,attemptto observe absorptionin the21cmspectralline of HI. If thebackground
radiocontinuumsourceis extended,spatiallyresolvedimagingof the21cmabsorptioncan
beusedto measurethetransversesizeof theabsorber. This techniquehasbeentried only
for oneabsorbersofar, theobjectat .!47"BA (C towardsthequasarPKS0458-02.Thesingle
dishspectrumof this absorberwasfoundto beidenticalto thatobtainedon a two element
VLBI interferometer[3], implying that theabsorbingsystemhasno internalstructureon
scales/7D kpc.

Anotherpossibleapproachto constrainingthetransversesizeof dampedLy- - systems
is to determinethe extent of the optical emission(if any) associatedwith the absorber.
This would, of course,at bestplacea lower limit on the absorbersize,sincethe optical
emissioncouldbe spatiallymuchlessextendedthanthegas. A handfulof systemshave
beendetectedat high redshifts,and their sizesand impactparametersareall /E&�( kpc
[4]. Many of thesesystemsarehowever atypicalin that they have an absorptionredshift.�F+G�H greaterthantheemissionredshift .�IKJ of thequasar, indicatingthatthey arephyscially
associatedwith thequasar.

Sincethewidth of theLy- - profile in dampedLy- - systemsis determinedsolelyby the
columndensity, it containsno informationon thekinematicsof theabsorber. On theother
hand,theabsorptiondueto low ionizationmetals,suchasSiII 1808is typically not satu-
rated;theseprofileshencedo containinformationon thekinematicsof theabsorbinggas.
Further, sincesuchionsareassociatedwith neutralhydrogen,theseprofilesalsotracethe
kinematicsof theneutralgas.Of course,oneonly hasinformationalongthenarrow line of
sight towardsthe unresolvedbackgroundUV continuumfrom the QSO.High resolution
spectroscopicobservationsof a largesampleof dampedsystems[5] haveshown thattheir
metalprofilesaretypically asymmetric;i.e. thelargestopticaldepthoccurspreferentially
at theedgeof theprofile. ProchaskaandWolfe [5] usedMonteCarlosimulationsof such
profilesandfound that their observationsarebestfit by modelsin which dampedLy- -
systemsarethick, rapidly rotating( LNMPO+QR/S"	"UT km/s)disks;this appearsreasonablesince
edgeasymmetriesarisenaturally in suchrotatinggaseousdisks. Thesemodels,if con-
firmed,would bedifficult to reconcilewith theoreticalmodelsof hierarchicalgalaxyfor-
mation,wheredarkhaloswith massescorrespondingto a rotationvelocity of /V"U"	T km/s
areextremelyrareat high redshift[6,7]. It turnsout, however, thatasymmetricmetalline
absorptionprofiles are also obtainedin hierarchicalmerging scenarios.Hydrodynamic
simulationsof galaxyformationthroughthemergerof smallersub-unitsshow thatlinesof
sightpassingthroughsuchmerging clumpsalsoleadto characteristicallyasymmetricab-
sorptionprofiles[8]. Further, McDonaldandMiralda–Escude[9] show thatsuchprofiles
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canalsoarisefrom gasmoving randomlyin asphericalhalo.
Therecentidentificationof a numberof low redshift dampedLy- - systems,hasled to

a numberof detailedstudiesof theseabsorbers.At theselow redshifts,follow-upground-
or HST-basedimagingallows theluminosityof theassociatedgalaxyto bemeasured,and
often, even its morphologicaltype to be determined.A studyof 7 intermediateredshift
dampedabsorbersby Le Brun et al [10] shows that thesesystemsare associatedwith
galaxiesof a varietyof morphologicaltypesandluminosities,andnot with = > spirals,as
would beexpectedin thethick rotatingdisk models.Similarly, oneof the lowestredshift
systems,the .W4X(YAZ&�[ absorbertowardsQSO0850\ 440 [11] is associatedwith an S0
galaxy. Further, thevelocityof theabsorberis theoppositeof thatexpectedfrom thesense
of rotationof thedisk of theassociatedgalaxy. In fact, for QSO-galaxypairsat the very
lowestredshifts,a large fraction of the 21 cm absorptionappearsto arisefrom extended
tidal features.

At low redshifts,.^]_ (NA`"	" , existingradiotelescopeshavesufficientsensitivity to beable
to observeHI emissionfrom = > spirals.Therequiredintegrationtime is large, /a1U(cbdT	(
hours,but not impracticallyso;onecanhenceattemptto observe theneutralgasat these
redshiftsin emission.This hasanadvantageoveropticalemissionin thattheobservations
aresensitive to the total gasextentof the absorber(andnot just to the region wherestar
formationhastakenplace,which is typically muchsmallerin sizethanthegaseousdisk),
andalso becausethe emissionspectrumwill directly give the rotationalvelocity of the
galaxy.

For dampedLy- - systemsthatlie in front of radioloudquasarsit is possibleto augment
the optical/UV spectrawith HI 21 cm absorptionspectra. Sucha comparison,yields,
amongotherthings(andundersuitableassumptions),thespin temperature,egf , of theHI
gas.Derivedspintemperaturesof dampedLy- - systemshave,in general,beenmuchlarger
thanthoseobservedin thedisk of theGalaxyor in nearbygalaxies[12,13], implying that
eitherdampedLy- - systemsarenotdisks,or thattheISM in thedampedLy- - proto-disks
is considerablydifferentfrom thatin thelocal .h47( disks,presumablydueto evolutionary
effects.

We report,in this paper, spin temperaturemeasurementsfor two low redshift damped
Ly- - systemsandalsolimits ontheHI gasassociatedwith thelowestredshift dampedLy-- towardsOI 363,basedonobservationsmadewith theGiantMetrewaveRadioTelescope.

2. Observations and data reduction

The line of sight towardsthequasarOI 363intersectstwo dampedLy- - systems,oneat.i4j(YA (UkN&l" , andthe otherat .;4j(NA`"	"N&�" . Both thesesystemswereobservedusingthe
GMRT [14,15]. The backendusedwasthe proto-typeeight stationFX correlator, which
givesa fixednumber(128)of spectralchannelsover a total bandwidththatcanbevaried
from 64 kHz to 16 MHz. Dueto variousongoingmaintenanceandinstallationactivities,
theactualnumberof antennasthatwereavailableduringourobservingrunsvariedbetween
six andeight.

For theobservationsof the .�4V(NA (	kY&�" system,thebandwidthwassetto 1.0 MHz. No
spectraltaperwasapplied,giving achannelspacingof /m&	A D km s,gn . Two observingruns
weremade,oneon 27 June1998andthe otheron 5 July 1998. The on sourcetime for
eachrun wasaboutsix hours. Two observingrunswerealso taken for the .�4<(NA`"	"B&l"
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system(on26June1998and4 July1998),thefirst with a totalbandwidthof 1.0MHz (i.e.
a channelspacingof /o"BA ( km s,gn ) andtheotherwith a total bandwidthof 0.5MHz (i.e.
a channelspacingof /p&	A ( km s,:n ). Eachof theseobservingrunshadanon sourcetime
of /qC hours. Bandpasscalibrationat both redshiftswasdoneusing3C 295,which was
observedat leastonceduringeachobservingrun.

Thedatawasconvertedfrom theraw telescopeformatto FITSandthenreducedin AIPS
in thestandardway. Mapswereproducedaftersubtractingout thecontinuumemissionof
thebackgroundquasarusingUVLIN, andspectraextractedfrom theresultingthreedimen-
sionalcube.TheGMRT doesnotdoonlinedopplertracking;this is, however, unimportant
sincethe dopplershift within any one of our observingruns was a small fraction of a
channel.For thelower redshiftsystem,datafrom theobservationson differentdayswere
correctedto theheliocentricframeandthencombined.

The final spectrumfor the .d4r(NA (	kY&�" systemis shown in figure 1. The peakoptical
depthis /m(NAs&�D (i.e. a depthof 1	kU( mJywith thecontinuumflux of OI363being2.0 Jy),
andoccursataredshiftof .h46(NA (	kY&�"1gtu(YA (U(	(	(Y& . TheFWHM of theline is small, / 5 km
s,:n . Finally, thedetectedabsorptionlinesweredeletedfrom this spectrumandthe latter
smoothedto a velocity resolutionof / 30 km s,:n , to searchfor 21 cm emission.RMS
noisevaluesreachedwere0.57 mJy (per 30.6 km s,gn channel)No evidencefor 21 cm
emissionwasseen. In the caseof the higher redshift system,the peakoptical depthis/6(NA (wv andtheredshiftmeasuredfrom the "NA ( km s,gn spectrumis (NA`"	"N&�"xt;(YA (U(	(	(Y& . See
ChengalurandKanekar[16] for the21cm spectrumof the .h47(YA "U"B&l" system.
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Figure 1. GMRT redshifted21cmabsorptionspectrumof the lower redshiftsystem
towardsOI363. The channelspacingis yz��� { km s| � . The deepestoptical depth
( y#��}��{ ) is at a heliocentricredshift of 0.09123. The width (FWHM) of the line isy 5 km s| � .
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3. Discussion

3.1 HI mass estimates

For emissionfrom optically thin HI gas,the emissionspectrumis directly relatedto the
totalHI mass,viz.,

~ ��� 46"NA 1wT5$d&�(	� � )�&�\�.
�#�c�P�B���B� �d�?�

(1)

where
� � is the luminositydistanceof theemittinggas(in Mpc),

�R�����
is theflux in the

line in Jy, and
�

is the velocity in km/s. This expressionis true as long as the gashas
a spin temperaturelarger than that of the backgroundcontinuum,i.e. in the absenceof
any backgroundsource,oneis sensitive to gasin both the cold andthe warm phase.In
nearby.h/6( galaxies,thecold phaseof theISM appearsto bemarginally optically thick,
however, evenin this casetheerror introducedby usingeq. (1) is not substantial.In case
thereis abackgroundsource,oneis sensitiveonly to thegasthatis notcoincident(spatially
andin velocity)with thebackgroundsource.

The lack of detected21cm emissioncanbeusedto placeupperlimits on theHI mass
of the dampedabsorber. The luminosity distanceof this systemis

� � = 373 Mpc ( .34(NA (	kY&�" ), using � * = 75 km s,gn Mpc ,gn and � * 4r(NA`T . Thus,the &�9 upperlimit on the
mass(per30 km s,gn channel)is 6 $R&�(U� M

�
. As discussedabove,this is only for gasthat

is not spatiallyco-incidentwith thebackgroundsource.Sincethesizeof thebackground
source(see � 3.2) is ]_ 1	( pc, ordersof magnitudelessthana typical galaxysize,spatial
coincidenceis notamajorconstraint.Furthersincetheabsorptionprofile is alsoextremely
narrow, it is unlikely thatmuchHI hasbeenmissedbecauseit coincidesin velocity with
theabsorbinggas.

Translatingthis limit on theHI massperchannelinto a constrainton the total gaseous
massof theabsorbinggalaxyiscomplicatedby thefactthattheHI emissionprofileof spiral
galaxiesarestronglydependenton their inclinationto theline of sight. For relatively face
on orientations,wherethetotal width is ]_ 1	( km/s,we directly havea 1	9 HI masslimit of/�"u$�&�(	� M

�
. For moreinclinedspirals,thevelocity width of theprofile increases,and

theHI massperunit velocity decreases.However, evenin this case,a sizeablefractionof
themassis concentratedin a narrow velocity rangebecauseof velocity crowding. Hence,
evenfor relatively largeinclinations,a totalHI massof �6&�(wn�* M

�
wouldhaveresultedin

a signaldetectableat the39 level.
Groundbasedimaging of the OI 363 field [17] shows that thereare no bright spiral

galaxiesat the right redshift,at small impactparametersto the line of sight. Thereare
however somedwarf galaxies,andalsosomelow surfacebrightnessobjectswhich could
beassociatedwith theabsorber. Our observationsrule out thepossibilitythattheabsorber
is associatedwith a gasrich, low surfacebrightnessgalaxy, eitherof intrinsically small
total luminosityor whosetotal luminositymayhavebeenunderestimatedby groundbased
observations.
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3.2 Estimates of spin temperature

Thetotal HI columndensityof a dampedsystemcanbedeterminedfrom its Ly- - profile;
this canbethenused,in conjunctionwith themeasuredHI 21 cm opticaldepth,to deter-
mine the spin temperatureof the absorbinggas(undertheassumptionthat theabsorbing
gasis homogeneous.For a multi-phaseabsorber, this derived temperatureis the column
densityweightedharmonicmeanof thespintemperaturesof thedifferentphases,provided
all thephasesareoptically thin.). We note,further, thatOI363is a highly core-dominated
source[18,19], with a coresize[20] of /<&�( milli arcseconds( /<&�[ pc and /�1N& pc at
redshiftsof 0.0912and0.2212respectively, for � * = 75 km s,:n Mpc ,gn and � * 4#(NA`T ).
Giventhesmall sizeof this centralcore,thecoveringfactorsof theabsorbingcloudsare
likely to becloseto unity (for furtherdetails,see[16].)

The HI columndensitiesinferred from the presentobservations,in termsof the spin
temperaturesof thetwo dampedsystems,are &UA Dw":t�(YA (w"@$5&�(wn���e f atomscm,�) and (NA}v�&�t(NA (C�$�&�(�n���e f atomscm,�) , for the lower andhigherredshiftsystems,respectively. The
columndensitiesmeasuredby RaoandTurnshek[17], from the dampedLyman-- lines,
are v�A k�t�&UA C�$�&�(U)�* atomscm,�) and &UA T�t6(NA`"%$'&�(	)�n atomscm,�) , againin orderof
increasingredshift. From this andour HI 21 cm spectra,the spin temperaturesthat we
derive for theabsorbersare DU"UT@t &	&�( K (for the .547(NA (	kN&l" absorber)and &	&l"(@t�"(U( K
(for the .74¡(YA "U"B&l" system). For the higher redshift system,our measurementagrees
within theerrorswith thatof Laneet al (1998).Theoverwhelmingsourceof the(formal)
uncertaintyis in thedeterminationof theHI columndensityfrom theUV measurements.
Thus, even at redshiftswhereno evolution is expected,the derived spin temperatureis
significantly higher than that typically seenin the Galaxy. If one assumesthat the HI
21 cm spectralwidth is entirelydueto thermalmotions,therequiredkinetic temperatures
are /<[w"	T K and /zvT( K for the lower andhigherredshiftedsystemrespectively, i.e.
comparableto thederivedspintemperatures.Thishighspintemperatureappearscommon
at bothhighandintermediateredshifts(seeeg. [21–25]).

In summary, it appearsthatevenat the lowestredshifts,gasoutsidethe disksof spiral
galaxiesand with apparentphysicalparametersconsiderablydifferent from the ISM of
nearbygalaxieshasa non-trivial contribution to thetotal absorptioncross-section.This is
consistentwith observationsthat,even for intermediateredshiftdampedLy- - absorbers,
the metallicity is considerablylower thantypical solarvalues[21]. The presentGMRT
observationssuggest,further, that evolutionaryeffectsmay not play an importantrole in
understandingwhy the derived spin temperaturesfor dampedLy- - systemsare higher,
in general,than thosemeasuredin nearbyspiral galaxy disks. Finally, the upperlimit
obtainedon the HI massof the lower redshiftabsorberindicatesthat the systemis not a
high-massspiralandthusappearsto supporthierarchicalmodelsof galaxyformation.
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