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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
mediumasa diagnosticfor the formation andevolution of galaxiesin the Universe. We discuss
therecentstudiesto determinethepower spectrumof fluctuationfrom QSO-absorptionline studies,
andthensomefeedbackprocessesfrom earlygalaxieswhich influencetheintergalacticmedium.
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1. Introduction

The last few yearshave seensignificantdevelopmentsin the field of the intergalactic
mediumin thecontext of structureformationandcosmologyin general.Theintergalactic
medium,whichwasoncethoughtto beasamerespectatorin thescenarioof structurefor-
mationis now beingseenasanimportantparticipantin thewholeprocess.At oneend,the
intergalacticmediumis now thoughtto fragmentandcollapseonto structuresof various
sorts,dueto densityfluctuationin theUniverseat small scales.Thesestructuresthen,in
the hierarchicalstructureformationmodels,form biggerstructuresultimately leadingto
galaxies.

At theotherend,thereis alsofeedbackontotheintergalacticmediumfrom theprocess
of galaxyformationandevolution. Theradiationfrom hot andyoungstarsin galaxiesand
radiationfrom QSOscouldhave reionizedthe intergalacticmedium(IGM) andheatedit.
Thegalaxiescouldalsohave enrichedthe IGM, just asthe intraclustermediumhasbeen
enriched.Theseaspectsof thefeedbackfrom galaxyformationandevolutionhavebecome
aninterestingtopic recently.

2. Structure formation and IGM

Until recently, the IGM usedto be thoughtof as consistingof a diffuse homogeneous
medium in which discrete‘clouds’ of overdensegas were embedded. Thesediscrete
clouds,oftensimplifiedto besphericalsystems,werethoughtto causetheabsorptionlines
in thespectraof distantQSOs.Understandingthephysicalnatureof these‘clouds’ posed
a lot of problems,mostlybecauseof thesimplifiedmanneronethoughtof them.
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Recentnumericalsimulationshaveshown amuchmoreelegentwayto think of theIGM
andto interprettheseabsorptionlines. Also, high resolutionspectrafrom high redshift
QSOshave enabledtheastronomersto comparesomeof theseideaswith observationsto
a highaccuracy.

Insteadof dividing theQSOspectrainto discretelinesof variousHI columndensities,
one now thinks of the spectrabeing causedby a continuouslyvarying densityfield in
the line of sight. Lines with small HI columndensity, sayof order ��������
	������� � cm���
comesfrom regionswith overdensitiesof order ������ ��
	�� at � ��� –� . Most of the gas
is only slightly non-linear, and it looks like that effects of shockheatingetc influences
regionswith a smallvolumefilling factor. Thebehaviour of this mildly overdensegascan
be understoodfrom simple considerationsof photoionizationfrom the backgroundUV
radiationandrecombination.Theseconsiderationleadsto a simplerelationbetweenthe
HI contentof theregionandtheoverdensity, or, equivalently, theHI opacity, whichcanbe
directlymeasured,andtheoverdensity.

Firstly, consideringtheheatingdueto photoionizationandcoolingdueto adiabaticex-
pansionandrecombination,onecanderive theevolutionof thetemperatureof thegas[1].
For a typical backgroundradiationspectrumandfor typical reionizationhistories,it turns
out that �! "��#%$&������('*) , where + �,�%� �� ��# ��-	.�/� K and ��0 1 ��32 ��3�40 5 . Secondly, Since
therecombinationrateis 6
� � # � 7 , theequilibriumHI contentis 6"� ��8 ��� �9� � # � 7 , where8 ��� is thephotoionizationrate.This turnsout that,:  <;=$&������('?>A@

; � ��0 BDC 	FE �+HGJI C�KMLON ���0 � � G � CPN��0 5 ��G �  CRQ $S�T'O� Q #+ 0 � G � U C 8 ���	.� �  �WV,�  G �  C � #	�� �YX G � # � 7 @ (1)

whereZ � 	%0 5 , ; is a parameterto bedetermined.
Giventhis relationbetweentheopacity(or lackof flux) andtheoverdensity, onecanre-

covertheunderlyingdensityfield whichcausestheabsorptionfeaturesin theQSOspectra.
Croft et al [2] haverecentlydeterminedthe1-D line of sightdensityfield from ahighreso-
lution spectrum,afterdeterminingthevalueof ; from comparisonof numericalsimulation
resultswith differentvaluesof ; with theobservedspectra.They thenconvertedthe1-D
powerspectrumto a3-D powerspectrumandcomparedwith thetheoreticalexpectations.

Theseexercisesgive thepowerspectrumuptolengthscales�/[ �/\ �^] �%� km s�  , where
it hasnever beenprobedearlier. The slopeof the power spectrumseemsto agreewith
with inflationE CDM models.Croft et al [2] found from a studyof 17 QSOspectrathat
for openCDM modelsthebestfit gives K # � ��0 ��_ �40`	 andfor flat model, K # � �40 1 �a_��0b	 . Although thesevaluesare to be treatedas being tentative, they alreadyshow the
importanceof studyingtheIGM in thecontext of structureformationin theUniverse.One
big advantageof gettingthepower spectrumfrom IGM is thatoneneednot worry about
the‘bias factor’ thatcropsupwhenonerecoversthepowerspectrumfrom galaxysurveys.

Therefore,onenow looksat theIGM asfragmentingundertheinfluenceof theprimor-
dial densityfluctuationathighredshift,andwhichhasaweb-likestructure,with filaments,
sheetsinterconnectedthroughvortices. Simulationsshow that gasin the IGM collapses
onto thesestructures(filaments/sheets),which aretransientasthe gasflows towardsthe
vorticeswith a timescaleof a Hubbletime.
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The lineswith HI columndensitiesmuchlarger than 	���c� cm��� , however, needto be
treatedwith caution.Theseabsorptionlinesareusuallyaccompaniedby metallines,which
suggestsomeamountof chemicalevolution. They are definitely causedby in-situ star
formationin thesegalaxiesor proto-galaxies,andtheevolution in time of themetallicity
andline densityhavebeenmodeled.We will insteadfocuson theenrichmentof thelower
columndensitylinesbelow.

3. Feedback from structure formation

As far as the feedbackprocessesfrom galaxy formation on the IGM is concerned,one
importantquestionis whatkeepstheIGM ionizedat high redshift.Thecluesto this ques-
tion is to befoundin thespectrumandamplitudeof theionizing backgroundradiation,if
photoionizationis thecauseof reionization.TheUV backgroundradiationathighredshift
hasbeendeterminedto someaccuracy by theso-calledProximity effect from thestudyof
Lyman-2 forestclouds.Theintensityat theLymanbreak( d 	 � Å) hasbeenfoundto beof
order e3 	�� ��� *f # � g erg cm��� s�  sr�  Hz �  . It is supposedto peakaround� �h� –1
althoughtheevolution at higherredshiftis not yet conclusive. One,therefore,hasto look
for sourceswhich cangiveriseto sucha radiationwith this evolution in time.

In additionto theamplitude,onealsohassomeideasaboutthespectrumof thisradiation.
The differencebetweenabsorptiondueto HI andthat dueto otherspeciesindicatesthe
differencebetweenthe abundanceof HI and other different ionization speciesof other
elements,say, helium. This in turn indicatesthe ratio of the intensity of the ionizing
radiationat frequenciescorrespondingto thresholdof ionizationof therespectivespecies.
For example,thecomparisonof absorptiondueto HI andHeII, theabsorptiondueto which
hasbeendetectedin the last few years,is suggestive of the differencein the intensityat
912Å and304Å. In otherwords,onehasanideaof thespectrumfrom theseobservations
althoughtheaccuracy is limited by thefactthat therearea numberof stepsin theprocess
andmany assumptionsinvolved. For example,we have foundthatobservationsconstrain
theratio of theintensityat thesewavelengths,iJj canbebetween16 and650at � �k� 0 �
[3].

The spectrumis a diagnosticof the sourcesof the ionizing background.For example,
if QSOsaretheprimarycauseof theradiation,thenthespectrumis expectedto beharder
thanif star-forminggalaxiesarethedominantsources(ahardspectrummeansasmallvalue
for i j ). Recently, usingsemi-analyticalcalculationsof galaxyformationandevolution,
whichusessomeprescriptionfor starformationandincludestheeffectof dustobscuration
in earlygalaxies,andwhich usesthehierarchicalstructureformationmodels,it hasbeen
found that galaxiescould not have beena dominantsourceof the ionizing radiation[4].
Theconstraintsusedare(1)observedevolutionof theluminositydensityin differentbands,
UV, optical,nearandfar-infrared(2) evolution of HI contentof theUniverseasdeduced
from theobservationsof dampedLyman-2 systemsand(3) evolution of metallicity in the
Universe,againdeducedfrom dampedLyman-2 systems.It wasfound thatgalaxiescan
becomeasdominantasQSOsatverylow redshiftsbut QSOsaredominantby alargefactor
at higherredshifts.

This exercisewas,however, donewithin a redshiftrangeof 	ml � �� + , althoughone
knows from QSOspectrafrom higherredshiftthat the Universehasbeenreionizedeven
beforethis. Whatcouldhave ionizedtheUniversethenandkeptit ionizedbefore � � + is
yet to bedeterminedandit is a topic of interestnow.
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Anotherfeedbackprocessis that of enrichingthe IGM by the early galaxies.Nearby
starburstgalaxieshavebeenobservedto havegalacticwinds,poweredby supernovaefrom
a frenzy of starformation. The samemechanismis supposedto be at work in enriching
theintraclustermedium,thehot gasin clusters.It is thereforepossiblethatearlygalaxies
hadenrichedthe IGM throughgalacticwinds. This is very interestingbecausethe IGM
hasbeenrecentlyfoundto beenrichedat � � 1 .

The metallicity of Lyman-2 absorptionsystemswith large HI columndensitiesmen-
tionedabove aredefinitelydueto in-situ starformation. The causeof the enrichmentof
the Lyman-2 forest systems,with � ���an� 	��Tc��� � cm��� is yet to be determined. In the
numericalsimulations,theselinesusuallycomefrom thegasnearthevorticesin theIGM-
web. The questionis whetherthe enrichmentis due to in-situ star formation,or dueto
a morepervadingenrichmentof the IGM at someearlierepoch. Cowie et al andothers
foundin thelastcoupleof yearsthatthemetallicityof systemswith ����� n� 	������� � cm��� is
almostindependentof theHI columndensityandis of order 	.� ��� � � solar. Oneshouldkeep
in mind thatthedeterminationof themetallicitydependson theknowledgeof theionizing
backgroundradiationspectrum.RecentlyLu et al [5] claimedthat they could not detect
any CIV linesin systemswith lowercolumndensitiesandtheupperlimit to themetallicity
is 	�� � gW� � for ����� ��
	��Tc� cm��� . Cowie andSongaila[6], however, claimedrecentlythat
theeventhesesystemsareenrichedto almostthesamelevel.

If the enrichmenthasbeenmorepervasive, thenonepossibility is that it wasdoneby
pregalacticobjectsat very high redshifs,andnumericalsimulations(GnedinandOstriker
[7]) show that it is possibleto enrichthe IGM to the observed level, andthey alsoshow
thatthemetallicitywill besmallin systemswith smalloverdensities,thatis low HI column
density. It is alsopossibleto enrichtheIGM with conventionalgalacticwindsform early
galaxiesat � �� � �� 	�� [8,9] in theframework of standardstructureformationmodels.

Thedetectionof heavy elementsin IGM raisesthequestionwhetheror not thereis also
dustand if dustheatingcanbe becomeimportantascomparedto the simplephotoion-
izationheating.Hot electronsejectedby ionizing backgroundphotonsimpingingon dust
grainscanheatup theambientgas.We havedonedetailcalculationfor this scenario,with
differenttypeof dustanddifferentmixtures,with differentionizing backgroundradiation
spectraandfoundthatdustheatingcanbecomparableto andin somecasesmoreimportant
thansimplephotoionizationheating.Thetemperatureof Lyman-2 systems,regionsover-
denseby a factorof � 	�� , canbeincreasedby a factorof ordertwo morethanin thecase
of only photoionization.Therearesomeevidencesfor temperatureevolution in redshiftin
Lyman-2 systemsalthoughthey arenot yet conclusive [10].

If thereis dust,thenin additionto heatingthegas,it will alsoradiateandwill distortthe
backgroundradiationin theinfraredregion. Althoughthespectraldistortionof theCMBR
hasbeenfoundto besmall,we recentlyfoundthat if theoverdenseregionsareclustered,
thenthe resultinganisotropy is still an orderof magnitudesmallerthanthe upperlimits
observednow but it couldbesignificantfor futureobservations( oqpsr �tTu *v � owr t u � 	�� � � at	��%x x scalesandat 1%5,� GHz) [11].

Another interestingfeedbackprocessis from the mechanicalenergy input from early
quasarsif theformationof blackholeshadbeenefficient in thepast.Accordingto Ensslin
et al [12], it is possiblethatsuchenergy inputcouldhaveraisedthepressureof theIGM to a
few U 	�� �  I erg/cc,comparedto theusualvalueof pressureassumedfrom photoionization
heating,of order 	.� � cy erg/cc.
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We thereforefind that the IGM hasbecomean importantdiagnostictool for probing
galaxyformationandevolution.
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