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Abstract

The properties of cosmt shodk waves are studied throuch numericé simulatiorsin two cosmologichscena
ios (SCDM andACDM). Thescalirg relatiorsfor the average radius and velocity associaté with the accretion
shocls are somewhat different yet qualitaively similar to the sef similar solutiors for aflat Q3; = 1 uni-
verse The eneagy supplied by infalling gas at accretio shok waves is large enoudn to sustan production of
abundan cosmc ray populatiorsif aviable acceleratio mechanim can take place there Finally, in addition
to shocls createl by the encounte of the merging ICMs of two clustes of galaxies accretiam shocls asso-
ciated with the merging clustes generat strorg “relic” shocls which propagag through the ICM producing
additiond heatirg of the ICM, and associaté CR acceleration.

1 Introduction:

Cosmt Rays (CR9 acceleratia ard transpotin Galay Clustes (GC9 environmensisan importart topic
for severd reasonsln fact being characterize by a huge size (~ severd Mpc) ard very large Mach numbers
(~ 10 — 102, Miniati et al. 1999) accretio cosmtc shok waves have been propose as sites for acceleration
of highenagy CRsupto 10'® —10'%eV. Sud enagieswould bein fad achievable through Jokipii diffusion of
the relaivistic particles if about10~* of the kinetic enagy associaté with the accretim flow can be injected
into CRs (Kang, Ryu & Jones 1996 Kang Rach& & Biermam 1997).

In addition the recen detectia of diffuse exces EUV emissian compare to tha expectal from the X-ray
emitting Intra Clusteg Medium (ICM) for all GCs obseved by the EUVE satellie (Lieu et al. 1999 Bowyer,
Lieu & Mittaz 1998 ard reference thereir) suggeste nonthermacontributions much highe than previously
expected Theinterpretatio of the EUV exces asInvere Comptm (IC) emissian due to low enagy relaivis-
tic electrors scatterirg off the cosmt microwave backgroun looks preferabé to a therma modd for several
reasos (Sarazn & Lieu 1998) However, while viable acorred IC-basel modé which accouns for the radio
emissio and the magnett field datis nat straightfoward (Sarazin & Lieu 1998 Bowyer & Berghdfer 1998,
Ensslin Lieu & Biermam 1999) From publishal studiesa numbe of consequenssemeage Most dramatic,
the electron componehof CRs could amourt to afew percet of the therma enegy contert in GCs (Sarazin
& Lieu 1998) Inturn, thisimpliestha proton CRs due to their mudh longe cooling time, could contribute a
large fraction of thetotd pressuethere (Lieu et al. 1999) Thisresut could have agred impad on cosmolog,
becaus GCs mas estimats are usually base on the assumptia of hydrostatt equilibrium for the ICM gas
in the potentid well of the totd cluste mass In generalit is clea tha a single population of CRs cannot
accoun for all the obsewed nontherméemissio ard tha the relaive distribution of CRs and magnett fields
playsacrucid rolein acorred interpretatim (Ensslin Lieu & Biermam 1999).

Finally, Ryu, Kang & Biermam (1997 addressé the issie of topologicad characteristis of cosmt mag-
netic fields, concludirg tha sincethe magnett flux is strongly aligned along cosmc structures sud as“sheets”
ard “filaments”, values ~ 1uG are permitted by currert rotationd measurs (Kronbag 1994) In a follow-
up pape the sane authos discussd the implicatiors of their resuls for the transpot of Ultra High Enagy
Cosmt Rays (Biermann Kang & Ryu 1996).

In this pape we descrile the properties of shok waves occurrirg as aresut of accretio flows onto GCs
ard of cluste mergers with respetto their potentid contribution to CRs production.



2 Method

We have studiedthe propertiesof shocksformedin numericalsimulationsof large scalestructurein the
universeusingthe hydrodynamiaccoderecentlydevelopedby Ryu et al. (1993). The simulationsinvolved a
cubic region of currentepochsize85 h~! Mpc, inside a computationabox with 270 cellsand135% dark
matterparticles.This providesa spatialresolutionof afew times0.31A~! Mpc.

We investigatetwo particularcases:1) a standardCold Dark Matter (SCDM) model(Kang et al. 1994)
with b = Hg /(100 km s~ Mpc~!) = 0.5, Qo = Qs = 1, baryonicfractionQ, = 0.06, and2) aCDM +
A model(Cen& Ostriker 1994)with A = 0.6, Qg = Qar + Qp = 1,Q3 = 0.45, Qp = 0.55, Q, = 0.043
(seeKangetal. 1994andCené& Ostriker 1994 for moredetails). Finally, we referto Miniati et al. (1999)
for adescriptionof the methodusedto selectclustersandto determingheirtemperatur@andaccretionrshock
properties.

3 Reaults

Fig. 1 illustratesa slice of a typical cos-
mic structure.It shavs contoursof compression
(V -v) correspondingo shockwaves,superposed
on a grayscaleimage of X-ray bremsstrahlung
emissionfrom the hot ICM (brighter regions
correspondto higher emission). The figure
shaws shockwavesforming aroundclustersand
filaments as a result of supersonicaccretion
flow. Shocksaround clustersare responsible
for the heatingof the ICM and several models
have beenproposedo describetheir properties
(Bertschingern984,Ryu & Kang1997). In par
ticular, in self similar solutionsfor a Q;; = 1
universe thefollowing relationsbetweernv, and
T, aswell asr, andT, areexpectedor accretionshockgBertschinged 985):

Figure 1: A typical Cosmic Structue: sho& waves
contous superposedon grayscale image of X-ray
bremsstahlungemission(text for details).
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In additionto stationaryshocksaroundGCs, shockstraveling throughthe ICM arealsoof greatinterestfor
their potentialcontritution to heatingthe ICM and/orCR accelerationSuchshocksarecommonlyproduced
duringamegereventattheinterfacebetweertwo cluster However, duringthemeiging procesgheaccretion
shocksassociatedvith theinitial clustersalsocollide, producingstrong“relic” shocksthatpropagaten the
outerregionsof theICM of thenew-born cluster Over the evolutionaryhistory of a cluster severalmeging
processesccur creatingan ICM rich in shockstructuregMiniati et al. 1999). Both meiging and “relic”
shocksareclearlyvisiblein Fig. 1.

Somequantitatve propertiesof cosmicshocks,asderived from our numericalstudy are summarizedn
Fig. 2. It shawvs the averageaccretionshockvelocity (top panels)andradius(bottompanels)asa function of
theclustercoretemperaturéoneof GCsbestmeasuredjuantities) definedasthe averagetemperaturénside
acentralregion of radius0.5h~! Mpc. Thetrendis qualitatively similar, but quantitatvely differentfrom the
analyticalrelationsof eq. 1 and2. In the SCDM modelwe find bestleastsquardit with K,,, = 1400 Kms™ 1,
ay, = 0.33andK,, = 3.4 Mpc, a,, = 0.15.While numericalerrorsbothin the cosmologicasimulationand
in the dataanalysismustbe consideredsuchstrongdeviationsfrom the self similar modelshouldbe not too
surprisinggiventhehighly idealizedassumption$or clusterformationunderwhich eq. 1 and2 werederved.



Thelargerdiscrepang for theaccretiorradius
probablyreflectsthe complex shockstructure
in the simulation. We mentionfor complete-
nesghatin the ACDM casewe obtaink,,
1960 Km s7!, o, = 0.29and K,, = 2.8

Mpc, a,, = 0.18. We notethatfor boththe
SCDMandACDM, overtherangeof temper

aturesof theselectedtlustergT}, ~ 6 x 106K

- 108K), theaccretiorvelocity extendsover at
leastone order of magnitudefrom a few 102

Km s~! to afew 102 Km s~!. Theshockra-
dius, on the otherhand,only variesby a fac-
tor of a few. Whereasthe shockspeedsare
comparabldo thosecharacterizinggoungsu-
pernvaremnantfSNRs),shocksizesassoci-
atedwith GCsareenormouslygreater In ad-
dition, sincethe accretionflows aroundGCs
aremuchcolderthantheinterstellarmedium,
Mach numbersassociatedvith the accretion
shocksaremuchlargerthanfor SNRs.In this
respectwe notefurther that accretionshocks
occurringin a ACDM scenariohave consis-
tently muchlarger Mach numberghanin the
SCDM (Miniati etal. 1999).
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Figure2: Propertiesof accretion shok waves:aveage ve-
locity (top)andradius(bottom)asa functionof average clus-
ter core tempeature for SCDM(left) and ACDM (right).

Anotherguantityof interestis theflux of kinetic enegy associateavith the gascrossingheshock.Thisis

givenby
®(Ej)

and is plotted, as a function of cluster core temperature, in Fig.

supplies a large amount of enegy,
ity.
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The flux ®(Ey)

not surprisingly comparableto the cluster X-ray luminos-
It is clear that if a modest fraction of this inflowing kinetic enegy can be corverted into

CRs, those CRs may become important sources of emission and even play a dynamical role.

We alsopoint out that ®(E}) is a steepfunc-
tion of clustertemperaturdoc 7%, a ~ 1.7
for SCDMand1.4for ACDM), spanningser-
eral ordersof magnitudein the temperature
rangeof the selectedclusters. This means
thatif anacceleratioomechanisnmataccretion
shocksaroundGCspossessegjectionmech-
anismand an efficiengy independenbn the
cluster properties(e.g., mass, temperature),
thenwe would expecthotterclustersto store
a relatively larger amountof nonthermalen-
emgy in theform of relatvistic particles.This
shouldscalewith ®(Ej) andshouldproduce
consequenbbserationaleffects.
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Figure3: Average kinetic enepy flux at accretion shoks as
a functionof clustercore tempeature for SCDM (left) and

ACDM (right).



4 Discussion and Conclusions

Accretionshockwavesarethelargestshocksin the universe.We have pointedoutthatthey arecharacter
izedby acomple structureyettheir averagepropertiessuchasradiusandaccretiornvelocity, shav qualitative
similaritieswith theoreticalpredictions. The enegy of accretionflows aroundGCsare powverful enoughto
accounfor theproductionof copiouspopulationsf CRsin thelCM. For enegiesupto 2 10'¢ eV CRsareef-
ficiently trappedby the clustermagnetidield (for B ~ few uG; Berezinsk, Blasi& Ptuskin1997).Different
spectracomponent®f CRsmayberesponsibldor thevariousnonthermakmission®bseredfrom GCs(see
§1). In addition,CR protonsundegoing p-p collisionscould be responsibldor a fair fraction of the diffuse
gamma-rayackgroundColafrancescé Blasi1998).

In additionto accretionshocks,we have identified shockspropagatinghroughthe ICM and generated
duringthe formationhistoriesof clusters.Theseshockscouldalsobe importantsitesof particleacceleration
andmustbeincludedwhena detailedstudyof thethermalandnonthermapropertiesof ICM is carriedout.

Sincethereis evidencefor a significantmagneticfield inside GCsof the orderof a 4G (Kronbeg 1994)
shockacceleratiorshouldbecertainlyapplicablan thelCM, providedthatshocksarepresenthere.However,
the questionstill remainsaboutthe magnetidield strengthat the accretionshocksandthereforethe viability
of Fermiacceleratiormechanisnthere. Obsenationsseemto imposea strict upperlimit of 10~?:G on both
theregularandrandomcomponentf the magnetidield outsideGCs(Vallee1990,Kronbeg 1994),although
Biermannetal. (1996)suggeshigherupperlimits ( N 11 G) atleastalongcosmicfilaments.

We will exploretheseissuedurtherin plannednumericalstudiesof structureformationin viable cosmo-
logical modelstakinginto accountexplicitly CRsshockacceleratiorandtransport.
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