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Cosmology with the intergalactic medium
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Abstract. We discussa few new resultswhich points out the importanceof the intergalactic
mediumas a diagnosticfor the formation and evolution of galaxiesin the Universe. We discuss
therecentstudiesto determinethe power spectrumof fluctuationfrom QSO-absorptiofine studies,
andthensomefeedbackprocessefrom early galaxieswhich influencetheintergalacticmedium.
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1. Introduction

The last few yearshave seensignificantdevelopmentsin the field of the intergalactic
mediumin the context of structureformationandcosmologyin general.Theintergalactic
medium,whichwasoncethoughtto beasa merespectatoin the scenarioof structurefor-
mationis now beingseernasanimportantparticipantin thewhole processAt oneend,the
intergalacticmediumis now thoughtto fragmentand collapseonto structuresof various
sorts,dueto densityfluctuationin the Universeat small scales.Thesestructureghen,in
the hierarchicalstructureformation models,form bigger structuresultimately leadingto
galaxies.

At the otherend,thereis alsofeedbackontothe intergalacticmediumfrom the process
of galaxyformationandevolution. Theradiationfrom hotandyoungstarsin galaxiesand
radiationfrom QSOscould have reionizedthe intergalacticmedium(IGM) andheatedit.
The galaxiescould alsohave enrichedthe IGM, just asthe intraclustermediumhasbeen
enriched.Theseaspect®f thefeedbackrom galaxyformationandevolutionhave become
aninterestingtopic recently

2. Structureformation and |GM

Until recently the IGM usedto be thoughtof as consistingof a diffuse homogeneous
mediumin which discrete‘clouds’ of overdensegaswere embedded. Thesediscrete
clouds,oftensimplifiedto be sphericakystemswerethoughtto causeheabsorptiorlines
in the spectraof distantQSOs.Understandinghe physicalnatureof these'clouds’ posed
alot of problemsmostlybecausef the simplified manneronethoughtof them.
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Recenhumericakimulationshave shovn amuchmoreelegentwayto think of theIGM
andto interprettheseabsorptionlines. Also, high resolutionspectrafrom high redshift
QSOshave enabledhe astronomer$o comparesomeof theseideaswith obsenationsto
ahighaccurag.

Insteadof dividing the QSO spectrainto discretelines of variousHI columndensities,
one now thinks of the spectrabeing causedby a continuouslyvarying densityfield in
the line of sight. Lines with smallHI columndensity sayof order Ny < 1045 cm—2
comesfrom regionswith overdensitief orderp/p < 10 at z ~ 2-5. Most of the gas
is only slightly non-linear andit looks like that effects of shockheatingetc influences
regionswith asmallvolumefilling factor The behaviour of this mildly overdenseyascan
be understoodrom simple considerationof photoionizationfrom the backgrounduVv
radiationandrecombination.Theseconsideratiorieadsto a simplerelationbetweerthe
HI contentof theregion andthe overdensityor, equivalently, the HI opacity which canbe
directly measuredandthe overdensity

Firstly, consideringhe heatingdueto photoionizatiorandcooling dueto adiabaticex-
pansionandrecombinationpnecanderive the evolution of thetemperaturef the gas[1].
For atypical backgroundadiationspectrumandfor typical reionizationhistories,it turns
outthatT = Ty(p/p)®, where4000 < Tp < 10* K and0.3 < a < 0.6. Secondly Since
the recombinatiorrateis o 77, the equilibrium HI contentis o< p?T'yr/T %7, where
I'y; is thephotoionizatiorrate. This turnsoutthat,

T=Alp/p)",
a~03( ) (G5 i) (o)
% (10—111}21;—1)71 (107}1()70.7’ @

wheres ~ 1.6, A is aparameteto be determined.

Giventhisrelationbetweerthe opacity(or lack of flux) andthe overdensityonecanre-
covertheunderlyingdensityfield which causesheabsorptiorfeaturesn the QSOspectra.
Croft et al [2] haverecentlydeterminedhe 1-D line of sightdensityfield from ahighreso-
lution spectrumafterdetermininghevalueof A from comparisorof numericakimulation
resultswith differentvaluesof A with the obsenedspectra.They thencorvertedthe 1-D
power spectrumo a 3-D power spectrumandcomparedvith the theoreticakexpectations.

Theseexercisegyive the power spectrunuptolengthscale@nr /k ~ 700 km s~1, where
it hasnever beenprobedearlier The slopeof the power spectrumseemsto agreewith
with inflation+CDM models. Croft et al [2] found from a studyof 17 QSO spectrathat
for openCDM modelsthe bestfit givesQy ~ 0.5 £ 0.1 andfor flat model, 2y ~ 0.35 £
0.1. Although thesevaluesare to be treatedas being tentative, they alreadyshow the
importanceof studyingthelGM in thecontext of structureformationin the Universe.One
big advantageof gettingthe power spectrumfrom IGM is that one neednot worry about
the‘bias factor’ thatcropsup whenonerecoversthe power spectrunfrom galaxysureys.

Thereforepnenow looksatthe |IGM asfragmentingundertheinfluenceof the primor-
dial densityfluctuationat high redshift,andwhich hasa web-like structurewith filaments,
sheetsnterconnectedhroughvortices. Simulationsshav that gasin the IGM collapses
onto thesestructureqfilaments/sheets)yhich aretransientasthe gasflows towardsthe
vorticeswith atimescaleof a Hubbletime.
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Thelineswith HI columndensitiesmuchlargerthan10'® cm—2, however, needto be
treatedwith caution.Theseabsorptiorinesareusuallyaccompaniethy metallines,which
suggestsomeamountof chemicalevolution. They are definitely causedby in-situ star
formationin thesegalaxiesor proto-galaxiesandthe evolution in time of the metallicity
andline densityhave beenmodeled.We will insteadfocuson the enrichmenof thelower
columndensitylinesbelow.

3. Feedback from structur e formation

As far asthe feedbackprocessedrom galaxyformationon the IGM is concernedpne
importantquestionis whatkeepsthe IGM ionizedat high redshift. The cluesto this ques-
tion is to be foundin the spectrumandamplitudeof theionizing backgroundadiation,if
photoionizatioris the causeof reionization.The UV backgroundadiationat high redshift
hasbeendeterminedo someaccurag by the so-calledProximity effect from the studyof
Lyman+ forestclouds. Theintensityatthe Lymanbreak(912 A) hasbeenfoundto be of
orderJ = 10~2'#93 egem=2 s~ ! sr ! Hz L. It is supposedo peakaroundz ~ 2-3
althoughthe evolution at higherredshiftis not yet conclusve. One,therefore hasto look
for sourcesvhich cangive riseto sucharadiationwith this evolutionin time.

In additionto theamplitude pnealsohassomeideasaboutthespectrunof thisradiation.
The differencebetweenabsorptiondueto HI andthatdueto other speciesndicatesthe
differencebetweenthe abundanceof HI and other differentionization speciesof other
elements,say helium. This in turn indicatesthe ratio of the intensity of the ionizing
radiationat frequenciesorrespondingdo thresholdof ionizationof therespectie species.
For example thecomparisorof absorptiordueto HI andHell, theabsorptiordueto which
hasbeendetectedn the lastfew years,is suggestie of the differencein the intensity at
912A and304A. In otherwords,onehasanideaof thespectrunfrom theseobsenations
althoughthe accurag is limited by the factthattherearea numberof stepsin the process
andmary assumptioninvolved. For example,we have foundthat obsenationsconstrain
theratio of theintensityat thesewavelengths,S;, canbebetweenl6and650atz ~ 2.5
[31.

The spectrumis a diagnosticof the sourcesof the ionizing background.For example,
if QSOsarethe primary causeof the radiation,thenthe spectrums expectedto be harder
thanif starforming galaxiesarethedominanisourcegahardspectrummeansasmallvalue
for Sp). Recently usingsemi-analyticakalculationsof galaxyformationandevolution,
whichusessomeprescriptiorfor starformationandincludestheeffect of dustobscuration
in early galaxiesandwhich usesthe hierarchicalstructureformationmodels,it hasbeen
found that galaxiescould not have beena dominantsourceof the ionizing radiation[4].
Theconstraintaisedare(1) obsenedevolutionof theluminositydensityin differentbands,
UV, optical, nearandfarinfrared(2) evolution of HI contentof the Universeasdeduced
from the obsenationsof damped_yman-« systemsand(3) evolution of metallicity in the
Universe,againdeducedrom dampedLyman-« systems.It wasfound thatgalaxiescan
becomeasdominantasQSOsatverylow redshiftsout QSOsaredominantby alargefactor
athigherredshifts.

This exercisewas, however, donewithin a redshiftrangeof 1 < z < 4, althoughone
knows from QSO spectrafrom higherredshiftthat the Universehasbeenreionizedeven
beforethis. Whatcould have ionizedthe Universethenandkeptit ionizedbeforez ~ 4 is
yetto bedeterminedandit is atopic of interestnow.

Pramana-J. Phys.,Vol. 53, No. 6, December 1999 1023



Biman B Nath

Anotherfeedbackprocesss that of enrichingthe IGM by the early galaxies. Nearby
starlurstgalaxieshave beenobsenedto have galacticwinds, poweredby superneaefrom
a frenzy of starformation. The samemechanisnis supposedo be at work in enriching
theintraclustermedium,the hot gasin clusters.It is thereforepossiblethatearly galaxies
hadenrichedthe IGM throughgalacticwinds. This is very interestingbecause¢he IGM
hasbeenrecentlyfoundto beenrichedatz ~ 3.

The metallicity of Lyman-<« absorptionsystemswith large HI column densitiesmen-
tionedabove are definitely dueto in-situ starformation. The causeof the enrichmentof
the Lyman- forest systemswith Ny; 2 10'45 cm~2 is yet to be determined. In the
numericalsimulationsthesdinesusuallycomefrom the gasnearthevorticesin the IGM-
weh The questionis whetherthe enrichmentis dueto in-situ starformation, or dueto
a more penadingenrichmentof the IGM at someearlierepoch. Cowie et al andothers
foundin thelastcoupleof yearsthatthe metallicity of systemswith Ny 2 10145 cm—2 is
almostindependentf theHI columndensityandis of order10~2-5 solar Oneshouldkeep
in mindthatthedeterminatiorof the metallicity depend®n theknowledgeof theionizing
backgroundadiationspectrum.RecentlyLu et al [5] claimedthatthey could not detect
ary CIV linesin systemawith lowercolumndensitiesandthe upperlimit to themetallicity
is 1073 for Ng; < 10'* cm~2. Cowie andSongaila[6], however, claimedrecentlythat
theeventhesesystemaareenrichedo almostthe sameevel.

If the enrichmenthasbeenmore penasie, thenonepossibilityis thatit wasdoneby
pregalacticobjectsat very high redshifs,andnumericalsimulations(Gnedinand Ostriker
[7]) shaw thatit is possibleto enrichthe IGM to the obsenedlevel, andthey alsoshov
thatthemetallicity will besmallin systemswith smalloverdensitiesthatis low HI column
density It is alsopossibleto enrichthe IGM with cornventionalgalacticwinds form early
galaxiesat5 < z < 10 [8,9] in theframawork of standardstructureformationmodels.

Thedetectionof heary elementsn IGM raisesthe questionwhetheror not thereis also
dustandif dustheatingcanbe becomeimportantas comparedo the simple photoion-
ization heating.Hot electronsejectedby ionizing backgroundphotonsimpinging on dust
grainscanheatup theambientgas.We have donedetail calculationfor this scenariowith
differenttype of dustanddifferentmixtures,with differentionizing backgroundadiation
spectraandfoundthatdustheatingcanbecomparabléo andin somecasesnoreimportant
thansimplephotoionizatiorheating. The temperaturef Lyman-« systemsregionsover
denseby afactorof ~ 10, canbeincreasedy afactorof ordertwo morethanin thecase
of only photoionization.Therearesomeevidencedor temperaturevolutionin redshiftin
Lyman-« systemsalthoughthey arenotyet conclusve [10].

If thereis dust,thenin additionto heatingthegas,it will alsoradiateandwill distortthe
backgroundadiationin theinfraredregion. Althoughthe spectradistortionof the CMBR
hasbeenfoundto be small, we recentlyfoundthatif the overdenseegionsareclustered,
thenthe resultinganisotropy is still an orderof magnitudesmallerthanthe upperlimits
obsenrednow but it couldbe significantfor future obserations((AI2)}/2(1,) ~ 1075 at
10" scalesandat 360 GHz) [11].

Anotherinterestingfeedbackprocesss from the mechanicaknegy input from early
quasarsf theformationof blackholeshadbeenefficientin the past.Accordingto Ensslin
et al [12], it is possibleghatsuchenegy inputcouldhaveraisedthepressur®f theIGM to a
few x 10718 erg/cc,comparedo theusualvalueof pressur@ssumedrom photoionization
heating,of order10~18 em/cc.

1024 Pramana-J. Phys.,Vol. 53, No. 6, December 1999



Cosmol ogy with the IGM

We thereforefind that the IGM hasbecomean importantdiagnostictool for probing
galaxyformationandevolution.
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