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Abstract

We investigate the redshift dependence of X-ray cluster scaling relations drawn from three
hydrodynamic simulations of the ACDM cosmology: a Radiative model that incorporates
radiative cooling of the gas; a Preheating model that additionally heats the gas uniformly at
high redshift and a strong Feedback model that self-consistently heats cold gas in proportion to
its local cooling/accretion rate. While all three models are capable of reproducing the observed
local Lx-Tx relation, they predict substantially different results at high redshift (to z = 1.5),
with the Radiative model predicting strongly positive evolution, the Preheating model mildly
positive evolution and the Feedback model mildly negative evolution. These variations are
mainly due to the amount of low entropy gas delivered to cluster cores in sub-haloes, whose
overall accretion rate decreases with time. Heating diminishes this supply, leading to hotter,
extended cores and weaker evolution in the Lx-Tx relation. Based on our results, we can
conclude that the latest observations which predict positive evolution of the Lx-Tx relation,
point to a scenario where heating must have occured at high redshift, allowing radiative cooling
to drive its evolution at lower redshift. Future large-scale observations of scaling relations at
high redshift will therefore place interesting constraints on the nature of galaxy formation in

clusters as well as on cosmological parameters.
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Executive Summary

va o

Aol 3o ldvhmsdnniTamnmynosquantimesediendaosngumuaninnauuniassionamn

LY

moldanuisui Unngmsaineanuieusesialungumuanilueia azasnsndinadams

o

o ¢ o a1 a | ) ¢ o o | o aa v
ENLﬂ@]mimﬂiwaﬂﬂmﬂuummﬂ1/] ﬂvléﬂuﬂ']ui\t]ﬂl,aﬂqﬂ auﬂguqvlﬁﬂQﬂjﬁauﬂﬂ%uﬂqﬂaﬂtﬂﬂ]ﬂa\‘]

[y

fumsnefnoslaraneluennn g liinifedmenaninesihquant@angaldmnnma

' ]
LS < < IS <

Fanamsal ldnuiengidieiluaiosflionialumadendefuanuiiBangu i
=3 o AV vqy ° a = o a ¢ v 9]
msdnmaseitldlfuouiassenawsiin ACDM duflugamnninesiianuasandoaiy
a I3 | A < o o [ ! X v
wnfweinasenanhfiiimsdnmluiiiu lasluenawiassdinani asilsznoulide
AUMANWINNATAIUOUMA TINTNOUNAFaITHA (dark matter particle) WagauMANBIMY
(gas particle) lagldimsaninngmssineanudounssis 3 uuuiuandeiu ldua wwuiasa
Radiative Tamaannsadudhasldimonssinumimsusianuiow wwuiaoy Preheating $9yn
oy Vo v = o A £ (4 ° < o v oy )
oumamaldsuanusoumiloniuiisnduigs uasuuuiaoy Feedback Bavhldmanifusna
FOUTUMNINTINMINTINA AT
' ° v v [y ! a& o L) (4 ' 14
Tuudazuupiassldfiimsaheuamasniagussinnngumuandauiiisadui (2) 4 M doiu
1duadi 0, 0.5, 1.0 uag 1.5 lagldhmsmmamquantidaiegmaesedienddeansaussuiioy
lafumsdanamsaiafannndesnsnsaioamasadiond udnhanfinsanifammsnogany

o Y

¢ 1 { a V1 ° ) [y} ay
d HﬁﬂW\T"]ﬁ%ﬂLE}ﬂﬂW’JVIUWﬁMiW I@]Uﬁ'lﬂ\l'ﬁﬂﬁj:‘]Jvl@]T]LL“]J‘UT’HQQQ“I/NﬁTNﬁaﬂngﬂaﬂﬁlﬁNHWﬂWi

e

fuandaiu dadiuldfanuigadeanuduiuissnin masdesaiauasgounginesssdiond

' ]
d 5

(Lx-T%) ?jqqmauﬁaﬁqﬂaqﬁlﬁ%’uEm?iwaf»nnmzmumimqmwu%aulﬁ‘[mmmqw ooy

aouaniiong lasunuassiandsmaiunngmsimeanadeuiiuandeiudananinng



N wuuAaey Radiative $Tamimsrasanuduiinsidannegndanu wuuitaes Preheating
HwITamnmaBainegeon wazuiuaasy Feedback \Wwuiiuinalog oo dwioan1am
UsinoesiaenlnsiimimasaglulanansiivSinoaiuansaiu
< o = 3 P q' ' 1Y) daa o '
mydnmeiianitldhmenazesnngmysineanuieuiiunndedu Afidninadems
uanaeanmMIITammIzosquaniiimesadendiidunamsotld eagdioidonde WMitnionaw

a ) v o ¢ v ' a v o
'EI"I/I‘EJ'IVIQVI'IQ@]"IHVIf]‘l?lf]Ltagﬁﬂtﬂ(ﬂﬂ'ﬁmaﬂ’ﬂ}l‘ﬁu'lﬂLLagL?l'lﬁlﬂﬂfﬂﬂ\lLﬂuN"I?Jaﬂﬂ'ﬁﬂﬂLﬂ@Tﬂi\‘]ﬁi'}\‘]Wﬁﬂ

lwonnuld



NWIAY

1  unw

TumsfnudTooniuenaniit TnenanIngme e NN ANe 5L o51NueNAN YD

!
o

mangu ey luihaiuilidngs lasannsarmlduasitmedu Gedmududdesads

msfanamsoifluiiupuiididn suldunmsdunamsainnlnngmsaiaieg uSemuingnau

o

wingula Aansnsadenlssanuduiiusiifuanuiuinuasanmingduluewmaanosonan

' '
=

muiagnaunii ldsuanuanlanninifoimninn lGunngumuand (cluster of galaxies)

v '
(% S o W

naiiiosnngumuandenatuiufiulasauudniiddn lwaduido asnmnenawlassin

o

'
[y d

uastﬂumjmm 1/]’dﬁﬂiﬂﬁ\‘lLﬂ(ﬂﬂTimvl,ﬂﬂ’JfJﬂﬁ@\ﬂ%iﬂiiﬂ%ﬂ)ﬂ?ﬂiﬁﬁwﬂ?ﬁ mawmmﬂunau
o v oy v ° a ly o ' o [
ﬂ'lLLaﬂ"ﬁ‘ﬂigﬂE]‘]J@YJﬂﬂ?”ﬁiﬂHQWH’JHNWﬂﬂLLNiQﬁiHﬂWHi\iﬁL@ﬂ”ﬁ
' s o a i o 3 1 o eV v )
E]Eﬂ\‘ivliﬂﬂ %ﬂLﬂﬂﬂWTVIEJTV]STUG]Nﬂ?iﬂﬂmﬂﬂiiﬂﬂuﬂ1%i\‘lﬂLE’]ﬂﬁvlﬂdﬂWNTiﬂel‘I/‘m”IWi?NVNMN@]
' d‘ v U d‘ v oy 1% o IS5
ilaﬂﬂQNﬂ’]LLﬂﬂ”ﬁlﬂLWS’lSﬂ’lﬂﬁl%ﬂQNﬂ’]LLﬁﬂﬁ%@ﬂﬂ’]ﬂ’f’\gﬂigﬂaﬂ(ﬂ]ﬂﬂ’muﬂ’; INHAd1THA (dark mat-
ter) L‘ﬂ%ﬂ’lu‘ﬂiuﬂﬂﬂﬂﬁT nmﬂuammummﬂﬂmﬂimmamiwummuvlﬂauvl,mmmml,aw

anenegni 5-6 whdeiumsnaglingumuandmndnmanuiiusuaslassafumeluennu

]
(S} v

Afluiagdesnnuhamsiiauaasdninastinlsdemsainlizesifawimsluenan Gemsi
agihlamsnssnefinedassailuenauldmaniiuigdesannialssinadesnanengs
muanilifldlngidueiiaa

wih luifqituag i msdunumaeu immesmganiofuanus uas Snw o uiasanes

aanyiia uddlddnivensuiulasimlii meiassuuumeiianlwszduenanlagnmsmaagin



aoanifAsguaingresaasiia ansovinednwaemsnssnofnodlanailuenanmui
lasimsdunamsaiaseiainunuassenaniluaiosiefidardndnsunilumsdnmiTawms
< ° YY) ¢ o o '3 Y v
roanAn Tz liiindunamyoinasinnaujidenlosesdanuidemuld
L2 ‘4‘ v ! 14 ! ! ‘dld | ° 2 < ¥ L2 é’l
wanldnaninuiimanesnaumuandeithmned o lumsdnnlassahaluenaw datu
Y o o ¢ ' o oa o of o A
Faldfianuwnmulumanmanuduiussznunafuquaniiaous idanaldlasase feilwng

amsialimansaanataldlasass sndumslfuamausalinmiandnu wu msandolnngmsal

o o ¢ 9

andanulinde deliansavildhein quanifinmesadiondodusniiduiug lndda iy

o
a o

wagnd (M) sesngumuandldungompil (Tx) deilandnlfednetiuliginndudeuuds

(Y]

a < L o 4 [ vy ° o 1 ' < v o e  od
Sndunihdaindunamsntansanialdfie mavdesain (Lx) Tadesodoildnddn
ueunilumseding iileannmasdesaneiudosfinsananumnuinsesaasmolungs

q’ . . 4! 1 dy [~ v 1 1 g o
muangd (intracluster medium) ”KNﬂ'J']Nﬂ%']LL%%%L‘]J%Nﬁ?lﬂ\?Iﬂi\?ﬁi'l\‘lﬂ'liﬂ% LL@IBEJNVliﬂﬂ%ﬂ

[y a

wwnAWInnIniazaanudaiusssningmuniiena (Tx-M) wasmasdesainiugmnni

LY

o v
(% o/

(Lx-Tx) annduiusiieasaiiimnlilumsdnwimsnssnodineslaseasielwonnn faiui

'
L v IS)

ufluededeiagdesianuduiusAlanuuwinowidodald fagiuaziluawvgdrfouesanny
« v 1 < o o ¢ ) S o o da o ¢ S a
amandaeunld adlsAd anuduiug Tx-M stu nanuduiusimsdunamsoinaog dud

ANNADANFDITUDING UAGUTUANNTNITUS Ly-Tx i usazmadn liranuandaiuagia

FALAU

[
<K a o a

nauiniiiesinemsiiazeddanaiiinldiauenlasahnliennniiaduwuuadodie
& aa ' . . < all v 1 1 v o a ' < v a
wiafiSun Self-similar Theory Bunnuildnanilassahefiiismaluajuasidndiwiann
L) v v ! 'ﬂ' L4 S v o v Q‘J v
msgushmeldusalinds wazannsafiazanalinnssuuianuasioiuld lasmludims

Funamsotyalnidldnaseandasiuin ngufdenanithionamnsassinsnamsdnansol



v & oa 3 [V VN 3 ) v ' ' a0 a
Tavanne lawmmzosndelumsdnmanudinius Ly-Tx i Idwuihngumuand lidsswgd
Fimunquidingn Mililesnnmadesanuduwannuginssumamesulamiindnesa
asmelunaumuanddeuginsrudenanitlivswudiiaiunnanuouduiiiosnamnmyudn
moldusslindrudianuounnaungdu i ligmaiininseveunlnsildessunnma luajuas
@nldsuansuabivhdudu nszonumsmsiiamuandagiisninamnnfussunmnadn ¥iili
Tananssautiuann udliahewhiiasazdlunningueildimeld dudu

YY) < ! a1 a o 1 o Y a ¢ 1 <

Faiulumsdnmhqaanifseg Bfamnmyedily wennnasi iiiaaisglomidemsdn
anuilwinzeslaseadinmesenanudy fsasnsav i lainnssmumsmeanudounnylad
HafeI T Besnamsdanamacicsnasalnsnssmisnmadmyunanmuand o 15aBuigey

NNN&DY Chandra way XMM-Newton Amaadluwiianlalwamedd azvihldaimnsawlssuiioumad

v < 8 o Y 1 a
vLW’i'lﬂﬂ'ﬁﬂﬂ“]EY'IL“INGI'JLa?.IVl@]LﬂHE]‘EJNﬂ

2 mMdunamsomaImuIng

nanguimsiialassaiuuuaiedies Kaiser (1986) ld lfanuduiusssninguantifoes

ngumuand3n

Tx o« M3 (1+2) (1)
Lx o M3 (1+2)2 )
x Tx2(1+z)2 3)

Taanninmsnssnonosmauazaasiia lunaumuand ullednadsdiosuas msun



o [

) S ley 1 @ v ' v o '
3\‘]6L@ﬂ“ﬁL‘lJ%vliJ@ﬂNﬂ’liLLNi\‘iﬁLLUULUSNﬁ@]i’]ﬁq\‘] afJ’NvLiﬂ(ﬂ(ﬂ\lelﬂﬂﬁ’]’JLLa’J‘QﬂLﬂNU@]?JE]\‘]ﬂQNﬂ’lLLﬁﬂ

a1 og PN v P [y d q' N o o ¢ ! e
“ﬁleLﬂuVlﬂWWNﬂﬂHgTﬂi\‘]ﬂiNLL‘]J‘]JﬂaWEJ@nLE]\‘l "ﬁ\‘lL‘ﬂﬂWNWiﬂVIQ%L?IEJ%ﬂﬂNﬂNW%ﬁigﬂiNﬂmﬂNUW

Tugﬂﬁavlﬂt,tuu power-law G4

Y =Yy X (14 2)4, (4)

lav Y, @ wosialaniuisadwiiagiie (z = 0) a deanuiuuesanuduiuglu log-space

v ¢ a

awv o 9) LA T < au &
ey A LaaaIMUINTIDNANNANWWINULIATUN “ZNLﬂu‘ﬂimm‘v]mauiﬂummwu

4 v
. o o

pamydunamsoiangasening Tx-M st faatfuiifaiieg imnavhlainieiifumne
ansadszinaanalduindiindmsungumuandfiogos 1sadnligey udwamsdnmiiehun
wuhifiulumanguilaseaiuamediesiuie 4 ~ 1 Fudulu Maughan et al. (2005) uag
Kotov & Vikhlinin (2005)

AMTUANNTNINE Lc-Tx 30U a1 sammnmMadanamao ldudng1nd Mnmsdananmso
N4 ﬁmiﬂﬁaqﬂL‘fluuwun”nwzlawammm Vikhlinin et al. (2002), Arnaud et al. (2002),
Novicki et al. (2002), Holden et al. (2002), Lumb et al. (2004) Maughan et al. (2005)
wag Kotov & Vikhlinin (2005) éﬁ’ﬂugﬂﬁ 1 Taom lglEwnfiwesdmsuenanunuuna
ANNUUIUUUA LHUMWHLEAI NN Ty A fu 1+ 2 gesanuduiiusdanan lag

d‘ d’ 1 v %4 (=1 v 1 1 1'% a v QS
uaazatmanNamadsumuiudasnanuldszy 3 asdinldhdmlnajudiaeiivmmmaas
10 0 $ A < 2) lasnanuinagaasivaypuifanmslasaheuunadodie aglsAd
ISy o <1 o v ' [y} ' A a ¢ aa & P |dy 1 '
fenwniniluiidosaginnngudeduinlanuanysoineadfnniu wasinmaluajlivedadu

NNMIE1392 XMM-Newton Cluster Survey



4 [ T T T I T T T I T T T I T T T T T T I T T T I T T T I T ]

. A\ Vikhlinin et al, 2002 .

F < Arnaud et al. 2002 ]

- @ Kotov & Vikhlinin 2005 ]

F Q=1 Self—similar evolution 7

/N 1 A e m
2 : S ]
< 1TF E
0 E Positive evolution ¢3

C Negative evolution ¢:

: 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 :

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
142z

= av o o ¢ M v o ¢ 1 Y ' ' o
;ﬁJ‘V] I: MIHUINMTINANNANNWUD Lx-Tx ‘I/]l@]ﬂ'lﬂﬂ']iﬂﬂm@]ﬂ’]im@nﬂ‘]?lENﬂ’JE]fJ']\‘lﬂQNﬂ'ILLﬂﬂ”ﬁ



3 wuuaseiild

s l§lEmsiassunuiilgannmswamwlisunsu HYDRA (Couchman, Thomas & Pearce 1995:
Pearce & Couchman 1997) Aalisanassuuun Adaptive Particle Particle/Particle-mesh (AP3M)
Lﬁa@hmmuiﬂﬁudw (Couchman 1991) wag Smoothed Particle Hydrodynamics (SPH) 113y
usamslalaslawing daldesinelu Thacker & Couchman (2001)

wunsasenanilifluenanuunuunny anEnILHRe FeimnimesanuuuiLn
Qp = 0.35 maeiiguda b = 0.71 masfiennw Qp = 0.65 anunwmIUnINIooun Q, =
0.01922 NAA331I5198849 cold dark matter power spectrum w38 I' = 0.21 uazuaiialaf
i g = 0.9

dmsumsinsandsingmsatmeanudon FunlFiiwnszuums lwmydisenlnsilne
ﬁmblumjumuan%ﬁ"fu finsonuuuiase 3 wwnimeiu laomawhadiasdnmnsainumsladu

Nz kM A Tamsdeiagan s o dana [ nmMIdunamynkasy Lwuias

& Mo
VIQHWNHVL@ILLT]

1. uuUAaes Radiative Iwuuiniassii Maannsogadsndanuldlosmsuwianuson (ra-
diative cooling) Tagin 14 cooling table AN Sutherland & Dopita (1993) &1
WitaddAZ = 0.3(t/t))Zs lav t/t, fedandimszuinergienaunmsiiinsoniu

=

ogenawiatiu aasildiiudhud @unmwualivinsieymamaidanunuumn

VAN %38 § agx1NNI 1000 v wasigaangienni 1.2 x 10*K)

L]

2. WUAABY Preheating \IMUIUMA0URNTUTULLY Radiative udaymafms ldsuany
fousdnasnanamondinuanuiou 1.5 kev fisaiuiivhiy 4 dadioulddumsdia

10



gaunpiilazanar 1.2 x 107K

3. WuuMaes Feedback \fluuuiasfiidsuununazasmsainmuand lasimualdduniia
roamaiduuimannyaiadluen wagdmiimiagninliieniudonssinumsiiaen

gutumaiimsfouiuluuuuiaesiuandean wuy Preheating Mownsiliingu

Ty
a K

mwweluﬁnmﬁﬁmmﬁmuulumwhﬁu iuﬂmgﬁtmu Preheating T LEJ%I“I/]TTJL‘WN?IHVIﬂ
y 8

q

duluuuihasludinaneniagiimsahalassahanmalva)

dmFuLUTasauuDil 1 wag 2 1u awazesndesitlinassuuuiiswmadiuag 100 A~ Mpe
sgnaudmeaymatosdarsianasMauInsiaas 409600 (139 160%) auma Faudazilssinnil
1@ 2.1 x 1010 A~ Mg, uag 2.6 x 10° o~ My, muaiu lagisudumsiasuuumnmssuniu
oA o o o < o ° L I3 a I3
ANANNUMIUUTATABUIN 49 Aunseiiaiaifatiu msnassuwnitldléglulosaenfinmes Cray
T3E 1 Edinburgh Parallel Computing Centre swasduadimdnldananilu Muanwong et al.

(2002)

1
a

wuusaeIuuuil 3 Wnawazenaesiilidediuay 120 A 'Mpe Gvlfoyumaniinay 2563
ouma laginanesaymaaasiauasmade 7.3 x 1095~ Mg uag 1.3 x 10° b~ My m
awiu laosuduiisadui 49 wutu lagliiosnoniinmeiCOSmology MAchine Tuniminendy

Durham Mgagidsadng linanlilu Kay et al. (2004)

31 MIssynguMuand luuuudiaes

mamuunassimn ldlinssoumsidofulumsssymadumuand lasisunnmsaheay

1
S a

1090UMANATINAAK 317 WhreNaNNNIKULIR AgIeda1THATINNATI Do N oUMAmAIH

11



MmN 1 Nwanngumuaninisadnndie

Redshift

Model 00 05 1.0 15

Radiative 340 190 85 31

Preheating 283 147 59 22

Feedback 342 98 45 13

v
I

< o a = N ¢ v ) ' ' ° o | ' ' ¢
Lﬂuﬂﬂ']‘ﬁﬂﬂWUiuﬂiL]leﬂLiﬂﬂvlaﬁl,l,fn QWf‘luulfi’ﬁﬁLLUQﬂQNa']ﬂU%LﬂuﬂQNEJE]U NGUINAMNABN

uAaE NN I8 A MU T OUMANHANHUWILUU NG NNURIBIIMIMNNauNaiay

1)

IS ]

NP ¢ v ' ) =4 a o !
molunsananiiiqaguinandinaniin lasnsenanitfionumnuiwadodiu 500 whossany
NLURINGA udazngnauaasieslInanmMasdutossiiaas 500 [uag 1400] auna
Twwuusaeauiy Radiative Way Preheating [Wag Feedback] lavudiagngw hioyanalvagfon

muluwanesmsmuuaiiweymaium v lkyauusase iInamnsaafeuamasniiiana

geananMuandfiniigade 1.2 x 103 h~! My annsatiouldianazesngunmuanimelu

a

I

o 5 O | | | a ad LYV
AN RA MNIINANUUNANINUWILLLYL A L‘I/I'ITIEN@]’J’]N‘]/‘I%”ILLH%’JﬂQﬂNﬂ’J’]NﬂNW%ﬁLﬂ%

4
Mp = gwRi A peo (14 2)3, 5)

108 poo = 3H2/87G dluenunmuwiningdzesenawiie z = 0 uas H, demduda
wsiime3 (Hy = 100hkm s Mpe™h) wildidan A lu 500 wesnnifludnluaweanas

nqouanifalassnesngumuanias ligniiafennnqmanifaildnnusnmlanasesngum

12



v
o

wand dnnailuusnaimsdunamoiamnsnasauagy ldisagansaaalamawngumuan

v
o ! (Y] 1

Fvranne lwudaz wpuiaseneudazsadni eeluamsnn 1 deaguinldminansogn

Q

o 16 ¢ vy o o = a8 e &
WasWnguaaylseaar 300 NANMITAK LATAANWINAINIATNNNFIIW

13



32 qmantidamimsdnu

[y

ngimsdnnauaniiainefostinag gamgiiiiuunld 3 Ussian wagmdidesaing 3

gﬂmﬁﬂagjmﬂ@lu Rsoo damsusnaimslin

Msqo = Z m; (6)

Fuflwmsrugneymamsluiin udazeypmaiiang m,. gouplidawamans (T, dy-

namical temperature) Ao

1,2
Yigas Mk T; + X2, 5m,v;
>oimy

k:Tdyn = (7N

lawit o = (2/3)ppmy ~ 4.2x 10710 keV dmFumaamasdniignloss ludiauna mmua
Tigandmanudouiunngnosmaganailuianaldonie v = 5/3 uazinassnoNAdon0Imy
«:'Vlvq U aaad —24 ﬁl 4 U U oy P
nNfaddane pmy = 107*g wannlwwanusnzasnauiunmsnummgaymama 39

a ¢ o) o g P Py [y I3 !

gouuil T) uazkanuwaiiasailumsnuinnoyma duadeuiidhodasisi v; molungum

<
wan

wanMniin i ldfinsongamaifdresimnauna (Tyas, mass-weigted temperature)

1

mwmwmﬂﬁmﬁiau (T > 10°K)

> inot Mk T

Zi,hot my

kTgas = ) 3)

wae lédlse NIHQMUNNLD ndisdlasmatraiminuuululawasn(Th,, bolometric emission-

weighted temperature) G4%

14



MmN 2: Mwungumuandudazisadunilfluudasanudniuissuhgmandd

Redshift
Model Relation 00 05 10 15
Radiative Total 340 190 85 31

Tagn — Mspo 330 186 84 31
Tpas — Msop 332 186 82 31
Tool — Msoo 319 151 64 24
Lpo — Msoo 317 186 85 31

Lol — Tho 256 95 34 14

Preheating Total 283 147 59 22
Tayn — Msoo 273 143 56 22
Tgas — Msgo 271 143 56 22
Thor — Msog 264 134 53 22
Lpoy — Msoop 269 143 59 22

Lot —Thor 190 92 48 14

Feedback  Total 342 98 45 13
Tagn — Mspo 328 96 43 12
Tyas — Msgo 327 89 41 11
Toor — Msgo 305 90 39 10
Lbol — Mspo 339 98 45 13

Ly —Ther 269 67 32 12
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0.74,1.0,1.25,1.35] keV wund1aey Preheating Ui kTpormm = [0.70,0.96,1.1,1.37]

keV waswiuiaad Feedback W kTyo1min = [0.59,1.12,1.31, 1.58] keV
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@97 3: Best-fit scaling relations

Relation Model « A log(Yp)
Tayn — Ms00  Radiative  0.70 1.1 0.34
Preheating 0.70 1.1 0.33
Feedback  0.69 1.2 0.33
Tgas — Msoo  Radiative  0.61 0.9 0.33
Preheating 0.61 0.9 0.35
Feedback  0.61 1.1 0.35
Tvor — Msgy  Radiative 059 0.5 0.38
Preheating 0.61 0.8 0.35
Feedback  0.64 1.2 0.33
Lyo — Msgg  Radiative  1.82 3.9 1.36
Preheating 192 3.1 1.40
Feedback  2.10 3.2 1.40
Lyoy — Ther  Radiative  3.06 1.9 0.19
Preheating 3.05 0.7 0.26
Feedback  3.13 -0.6  0.28
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EVOLUTION OF X-RAY CLUSTER SCALING RELATIONS IN SIMULATIONS WITH RADIATIVE COOLING

AND NON-GRAVITATIONAL HEATING

ORRARUJEE MUANWONG!, ScorT T. KaY?? AND PETER A. THOMAS®
Draft version June 7, 2005

ABSTRACT

We investigate the redshift dependence of X-ray cluster scaling relations drawn from three hydrody-
namic simulations of the ACDM cosmology: a Radiative model that incorporates radiative cooling of
the gas; a Preheating model that additionally heats the gas uniformly at high redshift and a strong
Feedback model that self-consistently heats cold gas in proportion to its local cooling/accretion rate.
While all three models are capable of reproducing the observed local Lx-Tx relation, they predict sub-
stantially different results at high redshift (to z = 1.5), with the Radiative model predicting strongly
positive evolution, the Preheating model mildly positive evolution and the Feedback model mildly
negative evolution. These variations are mainly due to the amount of low entropy gas delivered to
cluster cores in sub-haloes, whose overall accretion rate decreases with time. Heating diminishes this
supply, leading to hotter, extended cores and weaker evolution in the Lx-Tx relation. Based on our
results, we can conclude that the latest observations which predict positive evolution of the Lx-Tx
relation, point to a scenario where heating must have occured at high redshift, allowing radiative
cooling to drive its evolution at lower redshift. Future large-scale observations of scaling relations at
high redshift will therefore place interesting constraints on the nature of galaxy formation in clusters

as well as on cosmological parameters.

Subject headings: galaxies: clusters: general, cosmology: theory

1. INTRODUCTION

X-ray scaling relations of galaxy clusters, namely the
temperature—mass, Tx-M, relation and the luminosity—
temperature, Lx-Tx, relation, play a pivotal role when
using the abundance of clusters to constrain cosmological
parameters (Henry & Arnaud 1991; White, Efstathiou
& Frenk 1993; Eke et al. 1996; Viana & Liddle 1996,
1998; Henry 1997, 2000; Borgani et al. 2001; Pierpaoli
et al. 2001; Seljak 2002; Pierpaoli et al. 2003; Viana
et al. 2003; Allen et al. 2003; Henry 2004). It is well
known, however, that accurate calibration of scaling re-
lations is crucial to avoid a major source of systematic
error. For example, the Tx—M relation is widely used
by many of these authors to constrain the amplitude of
mass fluctuations, conventionally defined using the pa-
rameter, og. Systematic deviations in the normalization
of the Tx—M relation, particularly due to how cluster
mass is estimated (e.g. see Horner et al. 1999) is am-
plified by the steep slope of the temperature function,
leading to large variations in og (see Henry 2004 for a
discussion of recent results).

As far as the Lx-Tx relation is concerned, the discrep-
ancies are more prominent as Lx is highly sensitive to the
thermodynamics of the of the inner intracluster medium
(ICM), and can yield different values for both normaliza-
tions and slopes (Edge & Stewart 1991; White, Jones &
Forman 1997; Allen & Fabian 1998; Markevitch 1998;
Xue & Wu 2000). The situation is further complicated
by the fact that clusters do not scale self-similarly, as

I Department of Physics, Faculty of Science, Khon Kaen Uni-
versity, Khon Kaen, 40002, Thailand; orrmua@kku.ac.th.
2 Astrophysics, Denys Wilkinson Building, Keble Road, Univer-
sitg of Oxford, Oxford, OX13RH, UK.
Astronomy Centre, Department of Physics and Astronomy,
School of Science and Technology, University of Sussex, Falmer,
Brighton, BN19QH, UK.

would be the (approximate) case if the only source of
heating was via gravitational infall (Kaiser 1986). This
makes the problem more difficult to investigate theoret-
ically although allows studies of cluster scaling relations
to reveal more information on the physics governing the
structure of the intracluster medium.

The reason for the departure in self-similarity can be
attributed to an increase in the entropy of the gas due
to the galaxy formation process, that particularly affects
low-mass systems, leading to hotter, less-luminous con-
centrations (Evrard & Henry 1991; Kaiser 1991; Bower
1997; Tozzi & Norman 1998; Ponman et al. 1999; Voit
& Bryan 2001; Voit et al. 2002, 2003). Many theoretical
studies have been performed to investigate the effects of
various physical processes that can raise the entropy of
the gas, based on models involving heating (Metzler &
Evrard 1994; Balogh, Babul & Patton 1999; Kravtsov
& Yepes 2000; Loewenstein 2000; Wu, Fabian & Nulsen
2000; Bower et al. 2001; Borgani et al. 2002; Muanwong
et al. 2002) , radiative cooling (Knight & Ponman 1997;
Pearce et al. 2000; Bryan 2000; Muanwong et al. 2001,
2002; Davé, Katz & Weinberg 2002; Wu & Xue 2002),
and both (Kay, Thomas & Theuns 2003; Tornatore et
al. 2003; Valdarnini 2003; Borgani et al. 2004; Kay et al.
2004; McCarthy et al. 2004).

Measurements of how cluster scaling relations evolve
with redshift allow even tighter constraints to be placed
on cosmological parameters (and entropy generation
models), and results of cluster properties at high redshift
are now starting to become available, owing primarily to
the high sensitivity of Chandra and XMM-Newton. From
a theoretical point of view, this is an exciting phase as
we can now fully exploit the availability of our simulated
distant clusters and compare their X-ray properties with
real observations. It is therefore timely to investigate
further the effects of entropy generation on the evolu-
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tion of cluster scaling relations as the available data for
high-redshift systems accumulates.

In this paper, we will use cosmological hydrodynam-
ical simulations described in Muanwong et al. (2002),
hereafter MTKP02, and in Kay et al. (2004), hereafter
KTJP04, to trace the evolution of the cluster popula-
tion to high redshift (z = 1.5). Our results will primarily
focus on three (Radiative, Preheating and Feedback) mod-
els, all able to reproduce the local Lx-Tx relation. The
aims of this paper are to determine how the scaling re-
lations evolve with redshift in the three models and to
discover what the evolution of scaling relations can teach
us about non-gravitational processes occuring in clusters.

The rest of this paper is outlined as follows. In
Section 2 we introduce the X-ray scaling relations and
summarise our present observational knowledge of these
quantities. Details of our simulated cluster populations
are presented in Section 3. In Section 4 we present our
main results, first at z = 0, where the models are in good
agreement with each other and the observations, then as
a function of redshift, where the models predict widely
different results. We discuss the implications of these
differences in Section 5 and demonstrate that the degree
of X-ray evolution is driven by the supply of cold, low
entropy gas to the cluster core. Finally, we summarise
our conclusions in Section 6.

2. X-RAY CLUSTER SCALING RELATIONS

Kaiser (1986) derived the following relations for tem-
perature

Tx o< M3 (1+ 2), (1)

and luminosity
Lx o< M5 (14 2)% (2)
xTx2(1+2)2, (3)

assuming the distribution of gas and dark matter in clus-
ters is perfectly self-similar and the X-ray emission is
primarily thermal bremmstrahlung radiation. Observed
clusters do not form a self-similar population but it is
nevertheless convenient to describe their behaviour us-
ing a generalised power-law form

Y =Yy X (1 +2)4, (4)

where Y, determines the normalisation at z = 0, « is the
slope of the relation (in log-space) and A determines how
the relation evolves with redshift. Our main results will
focus on the determination of A.

Observationally, attempts to measure the Tx—M re-
lation at high redshift are currently in their infancy, as
they require temperature profiles to be measured so that
their mass can be estimated, but initial results are con-
sistent with self-similar evolution (A ~ 1, Maughan et
al. 2005; Kotov & Vikhlinin 2005).

Measuring the Lx-Tx relation at higher redshift is a
somewhat simpler prospect, and has been attempted by
many authors (Mushotzky & Scharf 1997; Fairley et al.
2000; Holden et al. 2002; Novicki et al. 2002; Arnaud,
Aghanim & Neumann 2002; Vikhlinin et al. 2002; Lumb
et al. 2004; Ettori et al. 2004; Maughan et al. 2005;
Kotov & Vikhlinin 2005). We summarise recent results
that adopt a low-density flat cosmology in Figure 1, at-
tempting to include in the size of the error bars the un-
certainty in A due to the choice of local relation (when

Y/N S B L A L A B B
/\ Vikhlinin et al. 2002
F < Arnaud et al. 2002
3F 3
g @ Kotov & Vikhlinin 2005
2F # E
Q=1 Self—similar evolution
-~~~ - """ ="-">7" 44\ -~"—""""~-"~—-"—-"—="=-"=—="=== = — - —
N : o
< 1F =
0 : Positive evolution ¢
s Negative evolution ¢
o ]
A N N B R R R
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
14z
FiG. 1.— Evolution in the Lx-Tx relation as measured from

various high redshift cluster samples.

quoted by the authors). Although the present situation
is by no means clear, taking all results at face value gen-
erally favours positive evolution (0 < A < 2) with the
latest results being consistent with self-similar evolution
(A = 3/2). Larger, statistically homogeneous samples
of high redshift clusters (such as that expected from the
XMM-Newton Cluster Survey; Romer et al. 2001) will
be crucial to accurately constrain the degree of evolution
in the Lx-Tx relation.

3. SIMULATED CLUSTER POPULATIONS

Our results are drawn from three similarly-sized N-
body/SPH simulations of the ACDM cosmology, whose
details have already been published elsewhere (Muan-
wong et al. 2002, hereafter MTKP02, and in Kay et al.
2004, hereafter KTJP04). The key difference between
the simulations is the model used to raise the entropy of
the intracluster gas, summarized as follows

1. A Radiative model where the excess entropy origi-
nated from the removal of low entropy gas to form
stars, causing higher entropy gas to flow adiabati-
cally in to the core from larger radii (MTKP02).

2. A Preheating model where entropy was generated
impulsively by uniformly heating the gas by 1.5 keV
per particle at z =4 (MTKP02).

3. A Feedback model where the entropy of (on aver-
age) 10 per cent of cooled gas in high density re-
gions was raised by 1000 keV cm?, mimicking the
effects of heating due to stars and active galactic
nuclei (KTJP04).

3.1. Cluster identification and properties

Clusters were selected at four redshifts (2 =
0,0.5,1,1.5) using the procedure outlined in MTKP02.
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They are defined to be spheres of matter, centred on the
dark matter density maximum, with total mass

4
Ma = g”RZ A peo (1 + 2)3, (5)

where pcg = 3H3/87TG is the critical density at z = 0. We
set A = 500 as it corresponds to a sufficiently large ra-
dius such that the results are not dominated by the core,
as well as corresponding approximately to the extent of
current X-ray observations. Furthermore, as was shown
by Rowley, Thomas & Kay (2004), the X-ray properties
of simulated clusters within an overdensity of 500 exhibit
less scatter than within the virial radius. Our choice of
scaling with redshift 4 is independent of cosmology and
would allow the simple power-law scalings to be recov-
ered (equations 1,2 & 3) if the clusters were structurally
self-similar.

We consider scaling relations involving mass, three
measures of temperature, and luminosity, for particle
properties averaged within Rsg0. The mass,

Msgo = > mi, (6)

where the sum runs over all particles, of mass m;. The
dynamical temperature,

ZLgas mlkT’l + O[Zi %mZ’UZQ
— NG

where o = (2/3)ump ~ 4.2x107 1 keV for a fully ionized
primordial plasma, assuming the ratio of specific heats
for a monatomic ideal gas, v = 5/3, and the mean atomic
weight of a zero metallicity gas, ympy = 1072%g. The
first sum in the numerator runs over all gas particles,
of temperature, T;, whereas the second sum runs over
all particles, of speed v; as measured in the centre of
momentum frame of the cluster.

We also consider the mass-weighted temperature of hot
(T > 10°K) gas,

kT gyn =

Ei,hot mlkTZ
FTgne = oot " (8)
ZLhot mg
and we approximate the X-ray temperature of a cluster
using the bolometric emission-weighted temperature,

ELhot mipiAvol(Ti, Z)T; o)
> i hot MiPilAvol (T3, Z) ’

where p; is the density and Ay is the bolometric cool-
ing function used in our simulations (Sutherland & Do-
pita 1993); for the Radiative and Preheating runs,
Z = 0.3(t/to)Zs, (MTKPO02), and for the Feedback run,
Z = 0.3Zg (KTJP04). Finally, the X-ray luminosity is
approximated by the bolometric emission-weighted lumi-
nosity

kThol =

mipiAvor(Ti, Z)
Ly = — ' 7 (10)
g:ot (ppm)?

It has been shown recently that the emission-weighted
temperature is not an accurate diagnostic of cluster tem-
perature, underpredicting the spectroscopic temperature

4 Many authors prefer to adopt the redshift scaling of the critical
density, F(2)%2 = Qm(1+2)3 +Qx (for a flat universe), rather than
the background density, (1 + z)3.

by ~ 20—30 per cent when the emission is predominantly
thermal brehmsstrahlung (Mazzotta et al. 2004; Rasia
et al. 2005). At lower temperatures (kT < 3keV), line
emission from heavy elements makes the problem signif-
icantly more complicated (Vikhlinin 2005). The vol-
ume sampled by our simulations (~ 100 A~1Mpc) means
that we have very few clusters with 7" > 3keV, and so a
more accurate measure of the cluster temperature would
require significantly more effort than applying a simple
formula to our data. We therefore leave such improve-
ments to future work, when larger samples of simulated
clusters are available. It would not affect the conclusions
of this paper.

3.2. Cluster catalogues

TABLE 1
NUMBERS OF CLUSTERS AT VARIOUS REDSHIFTS

Redshift
Model Relation 0.0 0.5 1.0 1.5
Radiative Total 340 190 85 31

Tayn — Msoo 330 186 84 31
Tgas — Msoo 332 186 82 31
Thol — Msoo 319 151 64 24
Lyor — Msoo 317 186 85 31
Lyor — Thot 256 95 34 14
Preheating Total 283 147 59 22
Tayn — Msoo 273 143 56 22
Tgas — Msoo 271 143 56 22
Thol — Msoo 264 134 53 22
Lyol — Msoo 269 143 59 22
Lyot — Thor 190 92 48 14
Feedback  Total 342 98 45 13
Tayn — Msoo 328 96 43 12
Tgas — Msoo 327 89 41 11
Thor — Mspoo 305 90 39 10
Lyor — Msoo 339 98 45 13
Lyor — Thot 269 67 32 12

Table 1 lists the numbers of clusters in our catalogues
for each of the simulations at all 4 redshifts. The first
row for each model gives the total number of clusters
in our catalogues, down to a minimum mass, M5y =
1.2 x 10¥* h=t Mg, corresponding to ~ 500 dark mat-
ter particles in the Radiative and Preheating simulations,
and ~ 1400 dark matter particles in the (higher resolu-
tion) Feedback simulation. At z = 0, each model contains
around 300 clusters above our mass limit, decreasing by
around an order of magnitude by z = 1.5.

We also made a number of additional cuts to the
catalogues, specific to each scaling relation. Firstly,
we noted a small number of systems that were sig-
nificantly offset from the mean relation. On inspec-
tion, such objects were found to be erroneous and
so for each relation, we discarded all objects with
Alog(Y) > 0.1, larger than intrinsic scatter in the re-
lations. [JOY, DID YOU USE 0.1 FOR THE L-M/L-
T RELATIONS ALSO? I'M ALSO ASSUMING THAT
THE SVEL CRITERION WAS DROPPED, IS THIS
TRUE? — STK] Secondly, for the Ly, — Thol relation,
we made an additional cut in temperature, such that
the catalogues were approximately complete in Ti,,). For
the Radiative model, the minimum temperatures are
kETvol,min = [0.74,1.0,1.25,1.35] keV; for the Preheating
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TABLE 2
BEST-FIT SCALING RELATIONS

Relation Model a A log(Yo)
Tayn — Ms00 Radiative 0.70 1.1  0.34
Preheating 0.70 1.1  0.33
Feedback 0.69 1.2 0.33
Tyas — Msoo Radiative 0.61 0.9  0.33
Preheating 0.61 0.9 0.35
Feedback 0.61 1.1 0.35
Tvol — Msoo Radiative 0.59 0.5 0.38
Preheating 0.61 0.8 0.35
Feedback 0.64 1.2 0.33
Ly,o1 — Mso0 Radiative 1.82 3.9 1.36
Preheating 1.92 3.1 1.40
Feedback 2.10 3.2 1.40
Lyol — Thot  Radiative 3.06 1.9 0.19
Preheating 3.06 0.7 0.26
Feedback 3.13 -0.6 0.28

log KTy, /keV

13.5 14 14.5
log Msge/h™ Mg

Fi1G. 2.— The dynamical temperature-mass relation within Rsgg
at z = 0. Radiative clusters are plotted as circles (with the solid
line denoting the best-fit relation), Preheating as squares (dashed
line) and Feedback as triangles (dash-dotted line) respectively.

model, kTl min = [0.70,0.96,1.1,1.37] keV; and for the
Feedback model, kTpol,min = [0.59,1.12,1.31,1.58] keV,
for z =[0,0.5,1,1.5]. The numbers of clusters remaining
in each of the relations after these cuts are also listed in
Table 1.

4. RESULTS
4.1. Scaling relations at redshift zero

We first present the scaling relations at z = 0 as they
will form the basis for measuring evolution in the clus-
ter properties with redshift. Columns 3 & 5 in Table 2
summarise values of the best-fit slope, «, and normal-
isation, log(Yp), from applying equation 4 to the three
sets of cluster data at z = 0. Here, Y; is determined us-
ing units of 10'*h~! My, 1keV and 10*2 h=2ergs~! for
mass, temperature and luminosity, respectively. We will
consider each relation in turn.

Figure 2 illustrates the Tyyn — Msqp relation for each
of the three simulations at z = 0, with best-fit relations
overplotted as straight lines. The dynamical temperature
is dominated by the contribution from the more massive
dark matter particles, and so the resulting three relations
are almost identical. The predicted slope of the relation

log KTp/keV

13.5 14 14.5
log Msge/h™ Mg
FiGg. 3.— The bolometric emission-weighted temperature-mass
relation within Rspp at z = 0 for clusters in the 3 simulations.

Symbols and lines are as in Figure 2.
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F1G. 4.— The bolometric luminosity-temperature relation within
Rs00 at z = 0 of clusters in the 3 simulations. Symbols and lines
are as in Figure 2.

is a ~ 0.7 (Table 2), close to, but slightly larger than the
self-similar value (a0 = 2/3); this deviation is due to the
variation of concentration with cluster mass. When the
mass-weighted temperature of hot gas is used instead, the
relation becomes flatter than the self-similar prediction,
with a ~ 0.6. This is expected as the excess entropy due
to cooling and heating is more effective in lower mass
clusters (MTKP02).

Shown in Figure 3 is the T}, — M50 relation for each of
the 3 models. Gas in the cluster core dominates T}, and
so this temperature is more susceptible to fluctuations
caused by merging substructure, leading to an increase
in the scatter when compared to Figure 2. Again, the
slope is flatter than the self-similar prediction, due to the
effects of excess entropy. Differences between the models
are larger than for the dynamical temperature but are
less than the intrinsic scatter.

Finally, we consider relations involving the bolometric
luminosity of the cluster. Fitting the relation between
luminosity and mass, we find a slope in the range o ~
1.8 — 2.1, significantly steeper than the self-similar pre-
diction (o = 4/3). The departure from self-similarity is
exacerbated when we plot bolometric luminosity against
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temperature (Figure 4). Here, a ~ 3.1 in all mod-
els, compared to @ = 2 for the self-similar case. The
Lyo1—Tho relations from the three simulations are in rea-
sonable agreement with one another and in good agree-
ment with the observed luminosity—temperature relation
(see MTKP02,KTJP04).

In summary, all three models successfully generate ex-
cess entropy in order to break self-similarity at the level
required by the observations at low redshift (z ~ 0).
Thus, based on the local scaling relations alone, we can-
not easily discriminate between the source of the entropy
excess in clusters: whether it is mainly due to radia-
tive cooling, additional uniform heating at high redshift
(prior to cluster formation) or localised heating from
galaxy formation at all redshifts.

4.2. Fvolution of scaling relations with redshift

We now examine whether this degeneracy between
models in the scaling relations at z = 0 can be broken
by examining the cluster population at higher redshifts
(z =0.5,1,1.5). To make our results easier to interpret,
we fix the value of the slope, «, to the z = 0 value given
in Table 2. This is justified as we do not find a significant
variation in « with redshift when we allow it to vary, at
least for the relations studied in this paper. [THIS IS
TRUE, YES? - STK]. To be consistent with equation 4,
we first calculate the normalisation of each relation at
each redshift, then find the value of A that best describes
the data by fitting the results with a straight line

log(Co) = log(Yy) + Alog(1 + 2), (11)

normalised to the z = 0 value. The resulting values of A
are listed in Column 4 of Table 2.

4.2.1. Temperature-Mass Evolution

In Figure 5, we present values of log(Cy) versus redshift
for the three temperature-mass relations, with the best-
fit straight line overplotted. Each panel illustrates results
for individual models. For the Ty, — Msgo relation (solid
line), we find A = 1.1 — 1.2, only slightly larger than
the self-similar prediction (A = 1), again suggesting that
including the effects of baryonic physics does not signifi-
cantly affect cluster dynamics [AGAIN, IS THIS TRUE?
- STK]. When we consider gas mass-weighted tempera-
ture (dashed line) however, the results are significantly
different between the models. For the Radiative simu-
lation, the normalisation of the Tgas — Msgo relation at
z = 0 is similar to that of the Tqyn — Ms0o relation, but
the former evolves more slowly with redshift (4 = 0.9),
leading to a colder relation at high redshift. This effect
is even more dramatic when we consider the T} — M50
relation (Figure 6), which has a higher normalisation at
z = 0 than the T4y, — Msog relation, but evolves even
more slowly than the Tyas — Moo relation (A = 0.5). As
we shall see in the next section, the distribution of gas
temperature at higher redshift is more skewed to lower
values due to a larger amount of cooler material. At low
redshift the supply of cool gas diminishes, leaving behind
hotter, higher entropy material.

A similar result also occurs for the Preheating simula-
tion, even though the gas was heated at z = 4. Cooling
could still proceed in this simulation and thus still alters
the z < 2 evolution of the Tyas — Msoo and Ti,o1 — Ms00
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F1Gc. 5.— The normalisation of the temperature-mass relation

at Rso0 as a function of redshift, for the dynamical temperature
(triangles and solid line), the gas mass-weighted temperature (di-
amonds and dashed line) and the bolometric emission-weighted
temperature (crosses and dotted line). The top panel is for the
Radiative simulation, the middle panel for the Preheating simula-
tion and the bottom panel for the Feedback simulation. [I GUESS
WE SHOULD REMOVE THE TSPEC RESULTS? - STK]

relations, albeit less dramatically than in the Radiative
simulation. Specifically, the additional heating did not
alter the evolutionary rate of the T,as — Ms0p relation
but increased its normalisation at fixed redshift. The
Thol — Msgo relation, with A = 0.8, did not evolve as
rapidly as the Radiative case, however, suggesting that
the heating played a stronger role in altering the thermal
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F1G. 6.— The bolometric emission-weighted temperature-mass
relation at Rsop, for clusters at z = 0,0.5,1, 1.5 (solid,dashed,dot-
dashed,dotted lines respectively). The top panel is for the Radia-
tive simulation, the middle panel for the Preheating simulation and
the bottom panel for the Feedback simulation.

history of the core gas than in the rest of the cluster.
For the Feedback model, all 3 temperature—mass rela-
tions evolve similarly to one another (A = 1.1 — 1.2).
In this case, cooling and heating are no longer separate
processes, with the two rates occuring in proportion, and
at all redshifts. Here, the supply of cool gas is forever
restricted by the associated feedback and thus never sig-
nificantly alters the evolution of cluster temperature.
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FiGc. 7.— The normalisation of the bolometric luminosity—mass
relation as a function of redshift, for clusters in the Radiative (solid
line), Preheating (dashed) and Feedback (dot-dashed) simulations.

4.2.2. Luminosity-Mass Evolution

We now consider how the luminosities of the clusters
evolve with redshift. Figure 7 illustrates the normalisa-
tion of the Ly, — Msoo relation versus redshift for all
three models. Interestingly, the Preheating and Feedback
models evolve almost identically with redshift (A ~ 3),
but the Radiative run evolves more strongly (A ~ 4).

4.2.3. Luminosity- Temperature Fvolution

Finally, we consider the evolution of the Ly, — Thol
relation, with the relations at each redshift shown ex-
plicitly for each model in Figure 8, and the log(Cy)
values illustrated in Figure 9. Strikingly, the values of
A are significantly different between all three models:
the Feedback model predicts mildly negative evolution
(A = —0.6), the Preheating mildly positive evolution
(A = 0.7) and the Radiative strongly positive evolution
(A =1.9). Note, the latter two models straddle the self-
similar value (A = 1.5).

To determine what is driving the differences in A be-
tween the models, we can compare the evolution in lumi-
nosity and emission-weighted temperature for a cluster
of fixed mass. For the Ly, — T relation, the evolu-
tion parameter, A = (20, +7)/2 — (1 + 07)«, where «
is the slope of the relation and dr,, d7 quantify the devi-
ation from self-similar evolution in the Ly, — M500 and
Tho1 — Msop relations respectively.

Both the Radiative and Preheating simulations have
Thol — M50p relations that evolve more slowly than ex-
pected from self-similarity (67 ~ 0.5), but this effect
is cancelled by the steeper slope (o ~ 3). Thus, the
different degree of Ly, — Tho evolution between the
two models is due to the difference in the evolution of
the Lyo — M50 relation. In other words, the stronger
Lyo1 — Thor evolution in the Radiative simulation is due
to its clusters being much brighter at high redshift (67, ~
0.5) than for the Preheating case (6, ~ —0.5).

For the Feedback simulation, the luminosity evolution
is also slightly slower than expected from self-similarity,
but the negative evolution of the Lyo — Tho1 relation is
driven by the temperature evolution of the clusters. The
near-self-similar evolution of the T,o1 — M50 relation in
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F1c. 8.— The bolometric luminosity—temperature relation for

clusters at z = 0,0.5,1,1.5 (solid,dashed,dot-dashed,dotted lines
respectively). various redshifts. The top panel is for the Radia-
tive simulation, the middle for the Preheating simulation and the
bottom for the Feedback simulation.

this case (07 ~ 0) is amplified by the steeper slope, lead-
ing to dimmer clusters at fixed temperature at higher
redshift.

5. DISCUSSION

[THIS SECTION NEEDS WORK BY PAT - STK]

In this paper, we have focused on the evolution of clus-
ter scaling relations in three simulations, each adopting a
different model for non-gravitational processes that affect
the intracluster gas. In the first, Radiative model, the gas

log C,

od .+ v oy by ey A
0 0.1 0.2 0.3 0.4
log (1+2)
Fic. 9.— The normalisation of the bolometric luminosity—

temperature relation as a function of redshift, for clusters in the Ra-
diative (solid line), Preheating (dashed) and Feedback (dot-dashed)
simulations.

could cool radiatively and a significant fraction cooled
down to low temperatures and formed stars (MTKP02).
In the Preheating model, the same was true, although the
gas was additionally heated uniformly and impulsively by
1.5 keV per particle at z = 4, before cluster formation.
In the third, Feedback model, the heating rate was local
and quasi-continuous, in proportion to the cooling/star
formation rate. All three models are able to generate the
required level of excess core entropy in order to reproduce
the Lx — Tx relation at z = 0 (MTKP02,KTJP04).

The most striking result presented in this paper is that
the three models predict widely different Lx — Tx rela-
tions at high redshifts. The Radiative model predicts
strongly positive evolution, the Preheating model mildly
positive evolution and the Feedback model, almost no
evolution at all.

It is very interesting to note that the bolometric X-ray
temperature exceeds the dynamical temperature of the
clusters only at very low redshift, z < 0.1. At higher
redshifts it lies below the dynamical temperature and is
a factor of 1.66 lower by z = 1.5. We shall see in the next
section that the behaviour of the Preheating simulation
is similar, though not so large in magnitude. The effect
cannot, therefore, be due to the cooling of intracluster
gas in the cluster cores at high redshift. Instead, we at-
tribute the presence of cool gas to the accretion of low
temperature subclumps at high redshift. Such accretion
is a ubiquitous feature of clusters (see, for example, (?)
MERGERS PAPER). Cool gas is seen in maps of clus-
ters at low redshift ((?)) and would be expected to be
much more prevelant in clusters at high redshift in the
Lambda-CDM cosmology.

To test this hypothesis, we measured the temperature
variation within each cluster as follows. First we av-
eraged the temperature within 20 spherical annuli out
to Rs00, to create a smoothed temperature profile, T(r).
Then we measured the root-mean square deviation of the
temperature, o, from the mean, in log space:

1 —
ek Y oot tond) 12

where the sum runs over all particles within R509 and
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N = }",. Figure ?? shows the values of op for each
cluster at z = 0 and z = 1.5. As can be seen, there is a
signficant increase in the spread in temperatures at high
redshift. In fact the mean value of o for our clusters
rises from 0.42 to 0.77 over this redshift range.

Our result has two very important implications for ob-
servations of high redshift clusters. Firstly, the num-
ber of high redshift clusters places strong constraints on
cosmological parameters, and surveys such as the ongo-
ing XMM-Newton Cluster Survey. The behaviour of the
Lx — Tx relation at high redshift will determine how
many clusters are found above the effective flux limit
of the survey and significantly impact upon the overall
strength of the constraints. For example, if the Lx — Tx
relation does not evolve at all with redshift (if, for exam-
ple, the Feedback model is the representative case) then
far fewer clusters are predicted at high redshift than the
self-similar case, and thus providing weaker cosmologi-
cal constraints. If the latest high-redshift observations
faithfully represent the amount of evolution in the over-
all population (i.e. positive evolution of the Lx — Tx
relation) then the prospect for cosmological application
is favourable.

Secondly, our results predict that observational con-
straints on the degree of evolution of the Lx — Tx rela-
tion should allow interesting constraints to be placed on
nature of galaxy formation in clusters, in particular the
relative role of cooling and heating and whether most of
the heating of the intracluster gas occured at high red-
shift (as in the Preheating model) or was a continous
function of redshift (as in the Feedback model). Taking
our results at face value with recent observations would
suggest that our Feedback model is generating too much
excess entropy at z < 2 and that the bulk of the heating
must have occured at higher redshift.

6. CONCLUSIONS

The evolution of X-ray cluster scaling relations are a
crucial component when constraining cosmological pa-
rameters with clusters. Observational studies at low red-
shift have already shown that the scaling relations de-
viate from self-similar expectations, attributed to non-
gravitational heating and cooling processes, but their
redshift dependence is only starting to be explored. In
this paper we have investigated the sensitivity of the X-
ray scaling relations out to z = 1.5 to the nature of heat-
ing/cooling processes, using three numerical simulations
of the ACDM cosmology with different heating/cooling
models. While all three simulations more or less predict
the same scaling relations at z = 0 (as they were designed
to produce the correct level of excess entropy), they pre-
dict significantly different results for the evolution of the
Lx-Tx relation to z = 1.5.

In conclusion, our findings strongly suggest that the
relative abundance of high and low redshift clusters will
not only independently constrain cosmological parame-
ters from other methods, they will also place interesting
constraints on the nature of non-gravitational physical
processes in clusters.
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in this paper was carried out, and for partial financial
support from Khon Kaen University. She and PAT also
acknowledge support from the Thailand Research Fund
and the Ministry of University Affairs through the Thai
Government grant MRG4680129.

REFERENCES

Allen S. W., Fabian A. C., 1998, MNRAS, 297, L57

Allen S. W., Schmidt R. W., Fabian A. C., Ebeling H., 2003,
MNRAS, 342, 287

Arnaud M., Aghanim N., Neumann D. M., 2002, A&A, 389, 1

Balogh M. L., Babul A., Patton D. R., 1999, MNRAS, 307, 463

Borgani, S., Rosati, P., Tozzi, P., Stanford, S. A., Eisenhardt, P. R.,
Lidman, C., Holden, B., Della Ceca, R., Norman, C., & Squires,
G., 2001, ApJ, 561, 13

Borgani S., Governato F., Wadsley J., Menci N., Tozzi P., Quinn
T., Stadel J., Lake G., 2002, MNRAS, 336, 409

Borgani, S., Murante, G., Springel, V., Diaferio, A., Dolag, K.,
Moscardini, L., Tormen, G., Tornatore, L., Tozzi, P., 2004,
MNRAS, 348, 1078

Bower R. G., 1997, MNRAS, 288, 355

Bower R. G., Benson A. J., Lacey C. G., Baugh C. M., Cole S.,
Frenk C. S., 2001, MNRAS, 325, 497

Bryan G. L., 2000, ApJ, 544, L1

Couchman H. M. P.; 1991, ApJ, 368, .23

Couchman H. M. P., Thomas P. A., Pearce F. R., 1995, ApJ, 452,
797

Davé R., Katz N., Weinberg D. H., 2002, ApJ, 579, 23

David L. P., Slyz A., Jones C., Forman W., Vrtilek S. D., 1993,
AplJ, 412, 479

Edge A. C., Stewart G. C., 1991, MNRAS, 252, 414

Eke V. R., Cole, S., & Frenk, C. S., 1996, MNRAS, 282, 263

Eke V. R., Navarro J. F. N., Frenk C. S., 1998, ApJ, 503, 569

Ettori S., Tozzi P., Borgani S., Rosati P., 2004, A&A, 417, 13

Evrard A. E., Henry J. P., 1991, ApJ, 383, 95

Fairley, B. W., Jones, L. R., Scharf, C., Ebeling, H., Perlman, E.,
Horner, D., Wegner, G., & Malkan, M., 2000, MNRAS, 315, 669

Henry, J. P., 1997, ApJ, 489, L1

Henry, J. P., 2000, ApJ, 534, 565

Henry, J. P., 2004, ApJ, 609, 603

Henry, J. P., & Arnaud, K. A., 1991, ApJ, 372, 410

Holden B. P., Standord S. A., Squires G. K., Rosati P., Tozzi P.,
Eisenhardt P., Spinrad H., 2002, ApJ, 124, 33

Horner, D. J., Mushotzky, R. F., & Scharf, C. A., 1999, ApJ, 520,
78

Kaiser, N., 1986, MNRAS, 222, 323

Kaiser, N., 1991, ApJ, 383, 104

Kay S. T., Thomas P. A., Theuns T., 2003, MNRAS, 343, 608

Kay S. T., Thomas P. A., Jenkins A., Pearce F. R., 2004, MNRAS,
355, 1091 (KTJP04)

Knight P. A., Ponman T. J., 1997, MNRAS, 289, 955

Kotov O., Vikhlinin A., 2005, ApJ, submitted (astro-ph/0504233)

Kravtsov A. V., Yepes G., 2000, MNRAS, 318, 227

Loewenstein M., 2000, ApJ, 532, 16

Lumb D. H., Bartlett J. G., Romer A. K., Blanchard A., Burke
D. J., Collins C. A., Nichol R. C., Giard M., Marty P., Nevalainen
J., Sadat R., Vauclair S. C., 2004, A&A, 420, 853

Markevitch M., 1998, ApJ, 504, 27

Maughan B. J., Jones L. R., Ebeling H., Scharf C., 2005, MNRAS,
submitted (astro-ph/0503455)

Mazzotta P., Rasia E., Moscardini L., Tormen G., 2004, MNRAS,
354, 10

McCarthy, I. G., Balogh, M. L., Babul, A., Poole, G. B., Horner,
D. J., 2004, ApJ, 613, 811

Metzler C. A., Evrard A. E., 1994, ApJ, 437, 564

Monaghan J.J., 1992, ARA&A, 30, 543



S YRRV AESE S A 2 YR YR el

Muanwong, O., Thomas, P. A., Kay, S. T., Pearce, F. R., &
Couchman, H. M. P., 2001, ApJ, 552, L27

Muanwong, O., Thomas, P. A., Kay, S. T., & Pearce, F. R., 2002,
MNRAS, 336, 527 (MTKP02)

Mushotzky, R. F., & Scharf, C. A., 1997, ApJ, 482, L.13

Navarro J. F., Frenck C. S., White S. D. M., 1997, ApJ, 490, 493

Novicki M. C., Manuela S., Henry J. P., 2002, ApJ, 124, 2413

Pearce F. R., Couchman H. M. P., 1997, New Astronomy, 2, 411

Pearce F. R., Thomas P. A., Couchman H. M. P., Edge A. C., 2000,
MNRAS, 317, 1029

Pierpaoli, E., Scott, D., & White, M., 2001, MNRAS, 325, 77

Pierpaoli, E., Borgani S., Scott D., White M., 2003, MNRAS, 342,
163

Ponman, T. J, Cannon, D. B., & Navarro, J. F., 1999, Nature, 397,
135

Press W. H., Schechter P. G., 1974, ApJ, 187, 425

Rasia E., Mazzotta P., Borgani S., Moscardini L., Dolag K.,
Tormen G., Diaferio A., Murante G., 2005, ApJ, 618, L1

Romer A. K., Viana P. T. P., Liddle A. R., Mann R. G., 2001, ApJ,
547, 594

Rowley D. R., Thomas P. A., Kay S. T., 2004, MNRAS, 352, 508

Seljak, U., 2002, MNRAS, 337, 769

Spergel D. et al., 2003, ApJS, 148, 175

Sutherland R. S., Dopita M. A., 1993, ApJS, 88, 253

Thacker R. J., Couchman H. M. P., 2000, ApJ, 545, 728

Thomas P. A., Couchman H. M. P., 1992, MNRAS, 257, 11

Thomas P. A., Muanwong O., Pearce F. R., Couchman H. M. P.,
Edge A. C., Jenkins A., Onuora L., 2001, MNRAS, 324, 450

Tornatore L., Borgani S., Springel V., Matteucci F., Menci N.,
Murante G., 2003, MNRAS, 342, 1025

Tozzi P., Norman C., 1998, ApJ, 546, 63

Valdarnini R., 2003, MNRAS, 339, 1117

Viana, P. T. P., & Liddle, A. R., 1996, MNRAS, 281, 323

Viana, P. T. P., & Liddle, A. R., 1998, MNRAS, 303, 535

Viana P. T. P., Kay S. T., Liddle A. R., Muanwong O., Thomas
P. A., 2003, MNRAS, 346, 319

Vikhlinin A., VanSpeybroeck L., Markevitch M., Forman W. R.,
Grego L., 2002, ApJ, 578, L.107

Vikhlinin A., 2005, ApJ, submitted (astro-ph/0504098)

Voit G. M., Bryan G. L., 2001, Nature, 414, 425

Voit G. M., Bryan G. L., Balogh M. L., Bower R. G., 2002, ApJ,
576, 601

Voit G. M., Balogh M. L., Bower R. G., Lacey C. G., Bryan G. L.,
2003, ApJ, 593, 272

White S. D. M., Efstathiou G., Frenk C. S., 1993, MNRAS, 262,
1023

White D. A., Jones C., Forman W., 1997, MNRAS, 292, 419

Wu K. K. S, Fabian A. C., Nulsen P. E. J.; 2000, MNRAS, 318,
889

Xue Y.-J., Wu X.-P., 2000, ApJ, 538, 65

Wu X.-P.; Xue Y.-J., 2002, ApJ, 569, 112



