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Abstract. We investigate the evolution of clusters of galaxies ithe related quantity temperature depend e.g. sensitively on the
a sample of distant clusters with redshifts between 0.3 and Ic6smological parametefsandA (see e.g. Oukbir & Blanchard
We show the abilities and limitations of combined ROSAT antP92; Cen & Ostriker 1994). Even the amount of dispersion in
ASCA data to draw cosmological conclusions. For the first tinrelations can reflect different cluster formation epochs (Scharf
bolometric luminosities, masses, gas masses, gas mass fracti@rdushotzky 1997). Deviations from theoretical scaling rela-
and iron masses are derived in such a distant sample in a corgigs (e.g. Kaiser 1986) can give useful insights into physical
tent way. We compare these quantities with the correspondprgcesses going on in clusters.
quantities in nearby samples. Furthermore, we analyse relationsThe differences in observables predicted by cosmological
between these quantities and the gas temperature, metallittigories are becoming larger and larger with increasing redshift.
and the morphological parameters and compare them with Tests of theories are therefore most powerful, when clusters with
lations in nearby samples. Fits to all relations with power lathe largest possible redshifts are used.
functions are given. We find relations between X-ray luminos- In this paper we analyse relations between the X-ray quanti-
ity, temperature, mass, gas mass, core radiussasimilar to ties of a sample of distant clustees= 0.3—1.0) and the evolu-
those found in nearby clusters. Furthermore, we find gas mées of these quantities by comparing them with the correspond-
fractions increasing with radius, with the effect being strongering nearby results. Most relations are well measured for nearby
less massive clusters. Within errors we find no evidence for ewdusters (e.g. thé x — 7" relation: Arnaud & Evrard 1999; Allen
lution in any of the quantities nor in any of the relations. ThesFabian 1998; Markevitch 1998, Reiprich 1998). The reasons
results favour a low2 universe, but without strong constraintswhy only few attempts have been made to determine X-ray re-
We point out how promising the next generation of X-ray satdhtions in medium distant and distant clusters (e.g. Mushotzky
lites XMM, CHANDRA and ASTRO-E are for cosmological& Scharf 1997), despite their importance to constrain cosmo-
studies with clusters. From the new observations primarily togical models, are the large uncertainties in the measurements
measurements are required: detection of more distant clustand the paucity of clusters found at high redshifts.
and measurements of the spectral and spatial parameters withThe sample used in this paper consists of all clusters at
much higher precision. z > 0.5 with measured ASCA temperature and measured mor-
phological parameters from ROSAT/HRI observations, comple-
Key words: galaxies: clusters: general — galaxies: intergalactigented with 5 clusters fulfilling the same criteria within the red-
medium — cosmology: observations — cosmology: dark matthift range).3 < z < 0.5. No scaling relations are used, but for
— X-rays: galaxies thefirsttime in such a distant sample all quantities are derived di-
rectly from the measured parameters: temperature, countrate or
luminosity in the ROSAT band, metallicity and morphological
parameters. Masses and bolometric luminosities are calculated
in a consistentway and masses are determined within equivalent

Distant clusters of galaxies provide important diagnostics féplumes. Unlike ouranalysis, which compares comprehensively
cosmology. They are the largest bound systems in the univepederivable quantities, previous studies of cluster samples up
and as such can be used to test theories of the origin and ha redshift of 1 showed only few relations of directly measured
evolution of structure. Different cosmological models prediétuantities.

different relations between quantities obtainable from X-ray We demonstrate what the abilities and limitations of cos-
observations like the bolometric X-ray luminosity, the intra1ological studies with distant clusters are when using a combi-
cluster gas temperature, the total mass and the gas mass {&#en of the best X-ray data available today, spatially resolved
Cavaliere et al. 1998b). A different evolution of these relatioftata from the ROSAT/HRI (Timper 1983) and X-ray spectra

is predicted as well by different theories (see e.g. Bower 19970M ASCA (Tanaka et al. 1994). We show that with these data
\oit & Donahue 1998). The evolution of the cluster mass arffle sees similar relations as for nearby clusters, but of course

1. Introduction
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Table 1. X-ray quantities as measured from ROSAT/HRI and ASCA observations. The clusters (Column 1) are ordered according to redshift
(Column 2). Columns (3), (4) and (5) list the bolometric X-ray luminosity, the metallicity in solar units and the temperature, respectively. In
Columns (6), (7) and (8) the fit parameters of thenodel are shown, central surface brightness, core radiaad the slopg. S is in units

of 1072 ROSAT/HRI counts/§t’. Columns (8) and (9) give the total number of source counts in the ROSAT observation and the radius out to
which the X-ray emission could be traced. Column. (10) denotes the references: (a) Mushotzky & Loewenstein 1997, (b) Mushotzky & Scharf
1997, (c) Neumann & Schindler 1999, (d) Schindler & Wambsganss 1997, (e) Ota et al. 1998, (f) Schindler et al. 1998, (g) Schindler et al. 1997,
(h) Neumann 1999, (i) Neumann &Bringer 1997, (j) Hughes & Birkinshaw 1998, (k) Donahue 1996, (I) Hattori et al. 1998, (m) Gioia et al.
1999, (n) Donahue et al. 1998, (o) Hattori et al. 1997

cluster z Lx bot m T So Te B source  Tior ref.
(10*° erg/s) (solar) (keV) (kpc) counts  (Mpc)
AC118 0.31 6.6 0.23+0.09  9.3%2 1.5 370440 0.634+0.4 5300 21  abc
Cl0500-24 0.32 0.6 0.0-1.5 72738 08  30t4° 0.470% 440 0.9 de
Cl0939+4713  0.41 1.6 0221023 76738 079 66759 0.36792 1100 1.0 f
RXJ1347-1145 0.45 21. 0.334+0.10  9.3%7} 61. 57+12 0.5740.04 2200 1.7 g
3C295 0.46 2.6 - 71732 33. 26+16 0.5240.07 680 0.8 b,h
Cl0016+16 0.55 5.2 0.0755:0% 76105 16 283753  0.687042 3700 15 i
MS0451-0305  0.55 7.0 0157915 104+1.2 22 25678  0.68T0% 1400 1.6 k
Cl2236-04 0.55 15 0.075:28 6.2173:8 39 6675 0.53%0 0% 480 0.6 |
RXJ1716+6708 0.81 1.4 0.4315:2° 57703 085 56+£50  0.4270 790 1.0 m
MS1054-0321  0.83 7.1 0.0-0.22 12.3%3) 059 =~ 500 0.7-1.0 1100 205 n
AXJ2019+112 1.01 1.1 L7852, 86735 033 =~ 150 ~ 0.9 76 0.5 0

with much less accuracy. For solid cosmological conclusiofess for a study of the evolution of clusters. As all the clusters
we have to wait for the new missions XMM, CHANDRA andn the sample above a redshift of= 0.5 show the gravita-
ASTRO-E with their much enhanced collecting area, spatial atidnal lensing effect we chose 5 clusters in the redshift range
spectral resolution. z = 0.3-0.5, which show a gravitational lensing signal as well
Other tests for cosmological models would be the investis meetthe above mentioned criteria. In total the sample consists
gation of the evolution of the luminosity function or the temef 11 clusters.
perature function (see e.g. Burke et al. 1997; Henry 1997) or Obviously, the sample is not complete in any sense, there-
using the distribution of clusters to determine the correlatidare no analyses of distribution functions can be made with it.
function (e.g. Mo et al. 1996; Guzzo et al. 1999). For these teftst the analyses of correlations between the different quantities
the selection function of the sample must be known very wedlhould not be affected by the incompleteness because the clus-
As the selection function for the sample in this paper is corters were detected by only ONE criterion, e.g. high X-ray lumi-
pletely unknown, we make no attempt to determine any of thesesity or high mass in case of the lensing cluster AXJ2019+112.
functions. All other quantities, apart from this one that was used to detect
The paper is organised as follows. After a description tiie cluster, are therefore not biased in any way. Therefore the
the data sources and analysis methods (Sect. 2) we show uaknown selection function can hardly influence the results on
ious relations in Sect. 3: relations of total mass, gas mass aodrelations.
iron mass (Sect. 3.1), relations with temperature (Sect. 3.2) and|In literature different methods are used to determine the
relations with the X-ray luminosity (Sect. 3.3). Finally, Sect. #olometric luminosity and we found considerable variations
gives our summary and conclusions. Throughout this paper fsem author to author. In our analysis we derive the bolometric
useH, = 50 km/s/Mpc andyy = 0.5. luminosity in a uniform way for all the clusters with the ROSAT
data analysis software EXSAS. We start from the ROSAT/HRI
countrate. Only for the clusters AC118 and Cl0016+16, for
2. Data which also ROSAT/PSPC observations are available, we use
the countrates from the ROSAT/PSPC observation as this is the

We select the most distant clusters with published ASCA tem

peratures which were also observed with the ROSAT/HRI (Sré"nore sensitive instrument and provides therefore a more accu-

Table[1). The sample includes all the clusters meeting this die measurement of the luminosity. We use the temperature,

terion above a redshift of = 0.5. These are 6 clusters. For th%rretalhuues and hydrogen column densities given in the pub-
redshift range: = 0.3-0.5 only a few clusters of the many ob- e listed there as well
served ones were selected. Including more of these low redsAlft '

: . . As the mass of a cluster is increasing with radius masses
clusters would have resulted in a sample heavily dominated (?a/n only be compared when derived within equivalent volumes
clusters at redshifts = 0.3—0.5 which would have made it use- y P q '

cations listed in Tablg]1. The derived bolometric luminosities
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Table 2.Total mass, gas mass and gas mass fraction. The first and the second column give the cluster name and redshift, respectively. Column (3)
denotes the radius,oo which comprises an overdensity of 500 over the critical density. Columns (4), (5) and (6) list the total mass, the gas mass
and the gas mass fraction withigyo, respectively. In Columns (7), (8) and (9) the same quantities are listed for a €a8livg500. The errors

listed are only the errors coming from the uncertainty in the temperature measurement.

cluster z 7500 Miot,500 Myas,500 foas500 Mot 5002 Mgas,s00/2 fgas,500/2
(Mpc)  (10M'Me)  (10™Mo) (10"Mp)  (10™Mo)
AC118 031 1.3575% 8177 175 022800 33713 054  0.16%002
Cl0500-24 0.32 097707 3.0%7 025  0.087003 1570 0.07 0.05%505
Cl0939+4713  0.41 0.86%51;  2.5105 044 0187002 12703 0.11 0.09+9:92
RXJ1347-1145  0.45 1147007  6.6703% 220 0337007 3.3%0% 0.85 0.2670:03
3C295 046 0.9470%% 3871 059  0.16%50;  1.9%5% 021  0.1175:92
Cl0016+16 0.55 0987007  5.1703 1.31 0.257005 21553 0.42 0.2079:03
MS0451-0305  0.55 1.17700%  8.6719 1.68 0.201903  3.870% 0.60 0.1670:03
Cl2236-04 055 0817315  2.9+12 054 0197900 14799 019 014799
RXJ1716+6708 0.81 0.557(03  1.470% 0.23  0.16%00;  0.7107 0.06 0.097003
MS1054-0321  0.83 1.027013  9.4%% 1.61 0171903  3.0103 0.46 0.1575:03
AXJ2019+112  1.01 0.84%037  6.9%3 0.18  0.03%001 32417 0.93 0.037007

The masses in literature are usually determined at arbitrary ratie radius where the mass is determined. Compared to this the
and are therefore not directly comparable. We determine all thffect of the point spread function of the ROSAT/HRI on the
masses at a radiugyg which encompasses a density 506he mass is small (< 10%).
critical densityp.(z) = 3H3/(87G)(1 + 2)? (see TablgR2). A With the assumption of hydrostatic equilibrium, the inte-
comparison with the X-ray extent of the clusters (see Table dnated total mass can be calculated from the equation
shows that in most clusters the X-ray emission could be traced
S . —kr dlnp dlnT

out torsgo. For the determination of the radial dependence aff (r) = T < ) ,
the gas mass fraction we determine additionally the mass at the pmpG - \dlnr * dlnr
radius0.5 x r500. wherep andT are the density and the temperature of the intra-

To deproject the two-dimensional X-ray emission to threetuster gas, and, k, , m,,, andG are the radius, the Boltzmann
dimensional densities and masses we usg thedel (Cavaliere constant, the molecular weight, the proton mass, and the grav-

(@)

& Fusco-Femiano 1976; Jones & Forman 1984) itational constant, respectively. For distant clusters it is very
o\ —8641/2 diﬁicglt to measure a tempe_rature gradient. But in any case the
S(r) = Sy <1 n <r> ) 1) density gradient is dominating t_he brackets in Eq. 2. Therefore
Te ’ we assume that the clusters are isothermal with the temperatures

listed in Tabld L. The resulting masses and gas masses within
whereS(r) is the surface brightness at distancérjs the cen- 5 are listed in Tablgl2. The listed errors on the mass are only
tral surface brightness, is the core radius, andis the slope. the errors coming from the uncertainty in the temperature. The
We use onlyg-models fitted to ROSAT/HRI data for all clus-true mass uncertainties are larger because of the additional un-
ters. A comparison witls-model parameters of ROSAT/PSPQertainties coming from deviations from spherical symmetry,
data shows that the ROSAT/PSPC parameters are systenu#idations from hydrostatic equilibrium and projection effects
cally larger for these high redshift clusters, even when they debout 15%; see Evrard et al. 1996; Schindler 1996), but these
deconvolved with the point spread function. While for nearlgre hard to quantify for each cluster individually. Therefore we
clusters the ROSAT/PSPC data give a good estimate of the masdy show the errors from the temperature but keep in mind that
for clusters at high redshifts the point spread function distottse true errors are larger.
the profile, i.e. it flattens the profile in the centre. The resultis a For the luminosity an error of 10% and for the gas mass
(B-model fit with a larger core radius in the ROSAT/PSPC datm error of 15% is used to derive the error on the power law
and this is compensated by a largerThis larger yields a index. Only for AXJ2019+112 much larger errors, 33% and
steeper slope in the outer parts and thus results in a larger n&3%, respectively, are used. These errors are estimated to in-
estimate at the radius considered here. This effect can overedtide the uncertainties in the conversion of luminosities in the
mate the mass for high redshift clusters up to almost 50% (eROSAT band to bolometric luminosities, uncertainties in the
in Cl0016+16 using fit parameters by Neumann &HhBinger background determination and possible contributions of AGNs
(1997) and Hughes & Birkinshaw (1998) or in Cl0939+4718r background quasars. The AGN contribution is assumed to
using the parameters of Schindler & Wambsganss (1996) delsmall. For the cluster 3C295, which hosts a luminous radio
Schindler et al. (1998)). The difference depends of course source and an AGN contribution to the X-ray emission could
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be expected, a thorough spatial analysis of the ROSAT/HRible 3. Symbols used for the various clusters in the figures
data was done, and it was concluded that there is no X-ray point

source presentinthe cluster (Neumann 1999). For the other chis——————

ters only minor contributions are expected as the mean AGN - Aete

minosity in the ROSAT band is only abolik 10%3 erg/s (Grupe #  C10000-=4

et al. 1998). Furthermore, in none of the spectra a strong nen- €10939+4713

thermal component was required to fit the data. In Cl0939+4%2 RxJ1347-1145

the X-ray contribution of a background quasar could clearly he 3cz95

identified and was subtracted from the luminosity of the clus- 16216

ter (Schindler et al. 1998). The contribution to the count rate | ois1 0305
was less than three percent. Therefore, if there are background
quasars in other clusters, which were not identified, we expéct
that their contribution is even less than three percent. Anotifer "X71716+6708

possible contamination of the luminosity can come from coot MS1054-0321

ing flows (Fabian et al. 1994). As will be seen later thisis very  axi2019+112

obvious for the cluster RXJ1347-1145 with its very strong cool-—

ing flow of > 3000M/year (Schindler et al. 1997). Unfortu- )

nately, it is very difficult in distant clusters to separate clust&fS1054-0321 are not well constrained (Donahue at al. 1998).
emission from cooling flow emission as many assumptions ha{#¢ used the central value of their error range/for 0.85 and

to be made and only few observational data are available. Thetglimate the error on the core radiusB00kpc.

fore we do not make an attempt to correct for the cooling flow

emission, but exclude the luminosity of RXJ1347-1145 for tt& Results

correlation analysis as will be shown later. For the other clus- . .

ters in the sample (including 3C295 which has a cooling flow1- Relations of total mass, gas mass and iron mass

4-9 times weaker than the one in RXJ1347-1145 (see Neumgaiest whether there is any dependence on redshift within our
1999)) the cooling flow contribution to the luminosity is probasample we plot various quantities versus redshift [Big. 1). In this
bly small because for none of them a deviation fromthe expectgglire, as well as in all other following figures, each cluster is
luminosity is visible. plotted with a different symbol (see Tahle 3). The open symbols
We fit power law functions to all relations for which the(open circle, open triang|e, opensquare and open hexagon) show
linear correlation coefficient predicts a probability of more thahe most nearby clusters of the sample, the starred and skeletal
95% that the data are correlated. The fits take into account #ygnbols (star, cross and asterisks) show the clusters at interme-
errors in both axes. Note that for the total masses we use only ifige redshift and the filled symbols (filled circle, filled triangle
errors induced by the uncertainty of the temperature measusfid filled square) indicate the most distant clusters.
ment as listed in Table 2. Increasing the errors on all data points Fig[Ja shows the total mass and the gas mass, both de-
by a fixed factor on both axes yields the same best fit resulé$mined within the radiuss,, (see Tablé€l2). Both quantities
only the errors on the fit parameters would be larger. Therefajigow a considerable scatter, but no trend with redshift. The
the errors on the power law indices are strictly speaking ongtal masses range froin4 x 10'4M, in RXJ1716+6708 to
lower limits. 9.4 x 10" M, in MS1054-0321. The gas masses vary between

Finally, we list some details about particular clusterg.g x 103 M, (AXJ2019+112) an@.2 x 10" M, (RXJ1347-
For AC118 two different temperature measurement are pqpt45).

lished: 9.3 keV (Mushotzky& Loewenstein 1997) and 12.1 keV From the total mass and the gas mass we derive the gas
(Mushotzky & Scharf 1997). We use the former value, but agass fractionf,,. atrso (Fig.[b). Also in the gas mass frac-
sume a large error which comprises also the error rangetigh we see no clear trend with redshift (only AXJ2019+112 is
Mushotzky & Scharf (1997). For Cl0016+16 two slightly differan obvious outsider). This result does not confirm the trend of
ent temperatures and metallicities are published by Furuzagétreasing gas mass fractions by Tsuru et al. (1997). The mean
etal. (1998) and Hughes & Birkinshaw (1998). We use the lafalue is(f,..) = 0.18, which is in agreement within the scat-
ter ones. For RXJ1347-1145 we use in addition to the data ggtwith the values for nearby samples, e.g. Arnaud & Evrard
used in Schindler et al. (1997) two more data sets observectilggg);fgaS — (.16 and 0.20, respectively, Mohr et al. (1999):
the meantime resulting in slightly differefitmodel parameters. f_ - — 0.21 and Ettori & Fabian (1999)f,,. = 0.17. There-

No analysis of the MS0451-0305 ROSAT/HRI datais publishefbre we conclude, that we do not see evolution in the gas mass
therefore we determine countrate aidhodel parameters from fraction in these data. This result does not confirm the result by
the data in the archive. For two clusters with strong subclusterstori & Fabian (1999) where evolution of the gas mass fraction
AC118 and CI0939+4713, thefitis centred on the main max-is found in a nearby sample.

imum and the region around the second maximum is neglected we see large variations in the gas mass fraction of more than
for the fit. As shown in Schindler (1996) this is a good wayn order of magnitude between individual clusters, ranging from
to obtain a reliable mass estimate. Thenodel parameters of the exceptionally low fraction of 0.026 in AXJ2019+112 to 0.33

CleR236-04
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in RXJ1347-1145, very similar to what Ettori & Fabian (1999processes taking place in the gas must be taken into account,
and Reiprich (1998) found in nearby samples, but contradictitige e.g. energy input by supernovae, galactic winds or ram-
the result by Wu et al. (1999). pressure stripping (see e.g. Metzler & Evrard 1997; Cavaliere
The gas mass fraction is not constant with radius. We coet-al. 1998a). There is no trend of this relative gas extent with
pare the gas mass fractionrgg, with the gas mass fraction atredshift.
0.5 X r500. The mean gas mass fractiorda x r5qq is 0.13, i.e. Using the gas masses and the metallicities determined from
smaller than the mean of 0.18ak. In Fig[dc we show the ASCA observations (see Talilé 1) we can determine the iron
ratio of these fraction& for the individual clusters. We see ammass in the intra-cluster gas. Unfortunately, the metallicities
increase of gas mass fraction with radius (Ee> 1) inall clus- have large uncertainties and only for 5 clusters they are not
ters apart from AXJ2019+112. The physical interpretatiof of compatible with zero, which makes it difficult to see any trends
is the extent of the gas distribution relative to the dark mattésee Fid.1ld). As far as one can see there is no dependence of
extent. This means that in general the gas distribution is mahe iron mass on redshift.
extended than the dark matter, which is in agreement with the re- The lowest two panels of Figl 1 show the metallicity and the
sults for nearby cluster samples by David et al. (1995), Joneddmperature versus redshift. Also here no trend is visible within
Forman (1999), and Ettori & Fabian (1999). Obviously, clusténe sample. Within the error bars both distributions are consis-
evolution is not completely a self-similar process, but physictnt with a horizontal line. The same result for the temperature
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was found for a medium redshift samplel4d < z < 0.54) by This can be explained easily. The gas mass is proportional to the

Mushotzky & Scharf (1997). Also for the metallicity the resultigotal mass4 constant gas mass fraction) while the metallicity

in agreement with the result for medium distant samples (Tsusuindependent of the total mass. As the iron mass is a product

et al. 1996; Mushotzky & Loewenstein 1997) and with theoretf gas mass and metallicity, it must increase with increasing

ical predictions by Martinelli et al. (1999). The mean value dbtal mass. But because of the large errors on the data we do not

the metallicity in our sample iém) = 0.36. Considering the attempt a fit through these data.

large error this is in good agreement with iron abundances of The relative extenE of the gas distribution with respect to

nearby clusters: = 0.2-0.3 (Fukazawa et al. 1998). the dark matter (expressed as the ratio of gas mass fractions at
In Fig.[2 we compare different masses with each other. By and0.5 x 7500) shows an interesting dependence on the total

trend of an increasing gas mass with total mass which was foundss (Fid.2d). Clusters with larger masses have smaller relative

for nearby clusters by Arnaud & Evrard (1999) is also visible igas extents. A fit without taking into account AXJ2019+112

our sample when omitting AXJ2019+112 (Higy. 2a). A fitwithouyields

taking into account AXJ2019+112 yields

Myas.500 = 0.12 ]\/[t(oli?sigg-Q)' ©) E = fgas(TE)(]O)/fgas (rs00/2) = 1.9 Mt(ot?f;ggio.ll)a 4)
Myas,500 @and M 500 a@re in units ofl0** M. Note that the with M, 500 in units of10*4 M. A similar dependence of the
error on the power law index in Eq. 3 and all following relationeelative gas extent on the total mass was confirmed by Reiprich
is probably even larger than indicated here, because we cofgdv. comm.) for a nearby sample.

not take into account all possible error sources.

Because the exponent in Eq. 3 is close to unity, we firgj
basically no dependence of the gas mass fraction on the tota
mass (see Figl2b). Again AXJ2019+112 is lying clearly fakssuming self-similarity and a velocity dispersion propor-
away with a gas mass fraction an order of magnitude too ldi@nal to the X-ray temperature, the viral theorem provides
for its total mass. a relation between total mass, radius and X-ray temperature:

In Fig.[Ac the total mass is plotted versus the iron massl;: 500/7500 x 1. We see this correlation in our data (see
Again the iron mass is very uncertain because of the large rig.[3a). But the slope is different from unity which is the ex-
certainties in the metallicity measurements. One can see hepzated slope from virial considerations, although the expected
marginal trend of more massive clusters having more iron maskpe is almost within the error. For comparison, in nearby lens-

. Mass — temperature relation
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r &A; i 1 shown in FiglBb as solid lineM;. 500 IS again in units of
TEy1l B i 10** M, andT in units of keV. The slope is again steeper than
g s the 1.5 expected from the virial theorem. For comparison we plot

3 also a line with this slope in Figl 3b. Obviously, the errors and

=

1 the scatter are so large that no final conclusions can be drawn as

the virial value is included in the errors. Also in nearby clusters

] slopes larger than 1.5 were found. Ettori & Fabian (1999) find

in a sample of cluster with redshifts between 0.05 and 0.44 an

exponent ofi.93 + 0.09. Horner et al. (1999) find an exponent

L | of 1.8-2.0 and Reiprich (1998) finds an exponent of 2.0.
Another way of putting the same relation is relating the

radius to the temperaturesoo o< 7/2 /(1 + 2)3/2. Of course,

Fig. 3a and b.Mass — temperature relatiors The best fit curve is the relation is also visible in this way (see Higy. 4). The fit gives

shown by the solid line. The dashed line is not a fit but the curve ex-slightly smaller slope than the expected 0.5, but 0.5 is well

pected from virial considerations with the normalisation of Evrard gicluded in the error:

al. (1996).b Equivalent diagram with r being expressed by the def-

inition of the overdensity contrast. For comparison, the dashed line

shows again the slope expected from virial assumptions, here with'aR0 = 0.73 (

arbitrary normalisation.

1014

temperature/(1+z) [keV]

(1+2)?

with r5q9 in Mpc and T in keV. Mohr & Evrard (1997) found also
a radius —temperature relation for nearby clusters. But different

ing observations — 0.17-0.54) Hjorth et al. (1998) found from r509 they used the isophotal radius of the X-ray emission

good agreement with a slope of 1. Our best fit is and found a larger slope of 0'93'.
Furthermore, we test the relation of the gas mass and the gas

Mot 500/7500 = 0.14 TATE0-6) (5) Mmassfractiononthe temperature. As expected from the gas mass
— total mass relation, there is also a relation between gas mass
(compare solid and dashed line in [Elg. 3%, 500 is in units and temperature (see Fig. 5a), in particular when the gas mass
of 10 Mg, 500 is in units of Mpc andl” is in units of keV.  outsider AXJ2019+112is removed. Afitwithout AXJ2019+112
Equivalently, 7500 can be expressed by the definition oyields

the overdensityrsog oc M, %s0/(1 + 2) yielding the rela-
tion Myor 500 o (T/(1 + 2))3/2. For comparison with nearby
clusters we plot also this relation (Fig. 3b). We find a trend @fith M, 500 in units of10** A/, and T in keV. This correlation
increasing mass with increasifig/ (1 + z). A fit taking into was also found in nearby clusters (Reiprich 1998; Jones & For-
account the errors in the temperature and the error in the mesn 1999). For comparison, Reiprich (1998) finds an exponent
yields the following relation of 2.9.

As expected from the non-correlation of gas mass fraction
T ) (2.3£0.8) with the total mass, we find also no correlation between the gas

(0.40+0.24)
) , @)

Mgas,E)OO =2.0x10"* T(4'1i1~5)’ ®)

Mzot,500 = 0.10 (1 T2 (6) mass fraction and the temperature (see[Big. 5b). This result is
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1013

0.5

gos(T00) /' Fas(T500/2)
—
metallicity [solar]
T
L

1+ §
“ 09l - ] Fig. 5a—d. Various quantities ver-
0.8 ] 0.1 -|  sus the temperature Gas mass,
o7 | ‘ B B 1 b gas mass fractior ratio of gas
L | L | ] i | | | 1 mass fractions atsoo andrsoo/2),
6 8 10 6 8 10 d metallicity. AXJ2019+112 (solid
temperature [keV] temperature [kev] square) is excluded in the fits.

in good agreement with Mohr et al. (1999). They find a mild
dependence comparing low temperature clustérs:(5 keV)
with high temperature clusterg’ (> 5 keV). For the high tem-
perature clusters alone, in which category all our clusters fall,
they find no dependence.

We find an interesting correlation between the relative gas
extent and the temperature (Fib. 5¢), which is of course relategdo 9
to the dependence of the relative extent on the total mass, shown
above. The extent of the gas relative to the extent of the dark 98 |
matter tends to be larger in lower temperature clusters. Exclud-, - |
ing again AXJ2019+112 one finds L

0.6 - —
E = foas(7500)/ fgas (r500/2) = 3.9 T~ 050034 (©) L ‘;‘ | | ]
with the temperature in keV. 1o’ M5X1[Ol\f] Lo
We see no correlation between temperature and metallicity gee O
in our sample (Fid.J5d) confirming the result by Tsuru et atig. 6. Gas mass +s00 relation.
(1997).
As the definition of the overdensity contains a relation be-
tween total mass and radius, and there is alsp arelation betwgen o | tions with the X-ray luminosity
total mass and gas mass, we expect a relation between the gas
mass andsgg, which is indeed visible in Fi¢]6. A fit yields  The relation between the X-ray luminosity and the temperature,
two directly observable quantities, is often used to compare gas
500 = 0.97 Mg(gfgaioom)’ (10) gnd dark matter distribution ilj clusters, as the X-ray luminosity
' is connected with the gas while the temperature is related to the
total mass of the cluster. Also we find in our data the well-known
luminosity — temperature relation (see Fib. 7). RXJ1347-1145
is lying above the other clusters, which is expected because of

with 500 in units of Mpc andM 4 500 in 1014 M.
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r IERS ] Mot 500 = L8 L1001, (12)

(L x pot in units of 105 erg/s,Mot 500 in units of 104 M,). For

e 7 comparison, in a sample of 106 nearby clusters an exponent of
E S . 0.8 was found (Reiprich & Bhringer 1999).

- . The luminosity shows a tight correlation with the gas mass
- & . (see FigBb)

10

b /
7 Myas 500 = 0.29 LYy 07, (13)

Lyoot [10% erg/s]
S}

(Lx bor in units of 10*° erg/s, Myqs 500 in units of 1014 M,
+ RXJ1347-1145 excluded). As the X-ray emission is propor-
tional to the square of the gas density this relation gives hints
é* ‘ ‘ on the gas distribution. The small scatter in the above relation
8 10 shows that the gas in these clusters has similar distributions, e.g.
temperature [keV] not different degrees of clumpiness.

Fig. 7. Luminosity — temperature relation. The best fit which excludes Th'.s tight correlation of gas mass and luminosity was also
RXJ1347-1145 (dotted hexagon) is indicated by a solid line. Sorfnd in @ nearby sample by Jones & Forman (1999) although
Lx — T relations for nearby clusters are also shown: Arnaud & Evraffiey measured the mass with a fixed radius of 1 Mpc. Our re-
1999 (dotted line), Allen & Fabian 1998 (long-dashed line) and Markgult is also in relative good agreement with the result for a
vitch 1998 (short-dashed line). Apart from RXJ1347-1145 (dottatearby sample by Reiprich (1998) who used the luminosity
hexagon), which lies well above the other clusters because of the strimghe ROSAT band (0.1-2.4 keV) and found a slope of 1.08.
cooling flow, all other clusters are consistent witk — 7" relations for Cooray (1999) finds a different slope @66 + 0.06 using the
nearby clusters: Arn_aud & Evrard 1999 (dotted line), Allen &_Fabialﬂjminosity in the 2=10keV band. The reason for the difference
1_998 (Iong-dashed line) and Markevitch 1998 (s_ho_rt-(_jashed line). qgrprobably that gas masses within a fixed radius of 0.5 Mpc
}‘il;,eexcludlng RXJ1347-1145 (dotted hexagon), is indicated by a sowere used in the analysis by Cooray.

' The gas mass fraction shows a marginal trend to increase

with luminosity (see Fid.J8c, again the gas mass fraction out-

its very strong cooling flow (Fabian et al. 1994). Therefore it iter AXJ2019+112 is excluded). This trend is mainly caused by
excluded for the fit the very low and very high luminosity clusters CI0500-24 and
_ 4 (A1£1.7) RXJ1347-1145. The other clusters would be perfectly consis-
Lxpor =6.9x 10T ’ (1) tent with a horizontal line. As the linear correlation coefficient
with L in units of 10% erg/s and T in keV. We find a |argerpretjicts a high probability for.a correlation .between the lumi-
slope than recently deriveidy — T relations for nearby clusters"OSity and the gas mass fraction, we try to fit these data, but the
(Arnaud & Evrard 1999: 2.9; Allen & Fabian 1998: 2.9; Markel@rge error on t_he slope reflects the consistency with a constant
vitch 1998: 2.6; Jones & Forman 1999: 2.8) and for a sam#ias mass fraction
including distant cluster but being heavily dominated by nearby 0.29+0.86
clusters (Wu et al. 1999: 2.7), but the slopes for nearby clustépes:300 = Mgas 500/ Mior 500 = 0.13 Lgf»bol , (14)
are still within the error. Some nearlby — T relations are also (With L 4; in units of10%* erg/s). For comparison, in a nearby

shown in Fig[¥ for comparison. Introducing a tefin+ z)4 ) o
(see Oukbir & Blanchard 1997) does not reduce the scattersignplewlthammh larger range oflumlnos!tlesJo_nes_&Forman
@ 99) find an increase of the gas mass with luminosity.

the data and does not improve the agreement with the nearby .’ ! o .
relations. This can be seen directly in Ei. 7 where the term Fig [8d shows the iron mass versus luminosity. There might

(1+ 2)A would shift the starred symbols slightly and the fillege a marginal trend of increasing iron mass with luminosity, but

symbols considerably to the right. As these symbols lie on bt the error bars on the iron mass are too large to get any
significant result.

sides of the fit curve, it would not help to reduce the scattér: ; :
. - - : The relative gas extent (Fig.[8e) — expressed as the ra-
Our conclusion from this is that we cannot see significant sigps .
i0 of gas mass fraction at;og and 0.5 x 7509 — shows a

of evolution in theL x — T relation. The same conclusion wa ) . L .
also drawn from medium distant samples by Tsuru et al (1938 S propounced cqrrelanon with luminosity thap with tqtal
‘ J'%YL(SS (Fig2d) or with temperature (HigJ. 5c). A fit excluding

and Mushotzky & Scharf (1997) and from samples covering .
redshifts up toz = 1 by Tsuru et al. (1997) and Sadat et al. J2019+112 yields
(1998). E— _ g7 [,(50-09140.063) 15

As expected from the correlations between mass— Foas (7500)/ fgas (7500/2) X,bol ’ (15)
temperature and luminosity—temperature, the luminosity apg
the total mass show a correlation as well (see[Fig. 8a). A fit
with a power law (again excluding RXJ1347-1145) yields

h L x e in units of 10%° erg/s.
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Lo [10% erg/s] strong cooling flow. In the fits of ande the gas mass outlier AXJ2019+112 is excluded.
3.4. f-model parameters a very elongated ellipse from the lower left corner to the upper

ight corner.
A fit with a power law taking into account the errors in both
%rameters yields

Neumann & Arnaud (1999) found a correlation between the %
parameters of thé model — the core radius. and the slope&

—when normalising the core radius. They normalised their copr
radii to rog9. As the X-ray emission of distant clusters cannot
be traced out to such large radii we normalised the core radiigo- (. g (

r500 (See Fig-Pa).
Obviously, there is also a correlation between the core radius

r. and the slopg in distant clusters. The error bars in Fily. 9&0°r comparison we plotin Figl 9a also the fit curve by Neumann
seem large and are somewhat misleading. The error range issaéynaud (1999) for nearby clusters after converting their nor-

the whole rectangle defined by these error bars, but more I[R@lising radius with a factor 0.63 to ours. Due to the large error
bars we cannot determine which fit function is the better one.

Tc

(0.1340.04)
) ) (16)

500
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DT — total mass
— gas mass

— temperature
— luminosity
— T'500

-p

— normalised core radius.

and a negative correlation of the

— relative gas extent

r i ] with the other quantities. No correlations are found between the
gas mass fraction and the other quantities.

0° L Ll All relations are in agreement within the errors with rela-
0.01 0.09 /0'1 0.5 tions found in nearby cluster samples, i.e. consistent with no
‘ ‘r° ‘r“’(" ‘ evolution, although we find for some relations slightly differ-
ey | ent slopes, but the differences are not significant because of the
0.9 7 large uncertainties. Furthermore, we find no trend with redshift
08 L ] in the quantities themselves.
L [ , A low Q is required to explain the high gas mass fraction
0.7 = N of (fgas) = 0.18, because in af = 1 universe this value is
0.6 I \ B much higher than the baryon fraction predicted by primordial
@ L —6— i nucleosynthesis. Alof is also favoured by the fact that we see
0.5 _ no evolution in temperature or mass with redshift, because in
L i Q = 1 universe one would expect on average cooler clusters at
04 —® B high redshift (Oukbir & Blanchard 1992). Furthermore, as the
changes in the luminosity temperature relation are expected to
I ) be larger in an higf universe (Eke et al. 1998), our results are
0.3 4 consistent also here with lof¥, butQ = 1 can not be excluded
‘ 5‘3 1‘0 because of the large uncertainties. Summarising, these quanti-
T [keV] ties point towards a low? universe, but for final conclusions

they need to be measured with higher accuracy.
Fig. 9. aCore radius 3 relation. The dashed line is the best fit core  While some relations have been known for a long time
radius —4 relation by Neumann & Arnaud (1999). The full line is afrom nearby samples, e.g. the luminosity-temperature relation
fit with a power law tak_ing into account the errors in both parametefgyiushotzky 1984) or the increase of the gas mass fraction with
b Temperature 5 relation. radius, others are not well known yet: a negative correlation
of the relative gas extent and cluster mass or temperature and
@Might correlation between the bolometric luminosity and gas
mass. Both give interesting insights into cluster structure and
formation.

Both come close to all clusters with small error bars and se
to fit the data equally well.

In Fig.[db we show the dependenceddn the temperature. . i .
There is atrend to find largérvalues for larger temperatures as Thfe retlatlvztgas e>(<jt8r§7, deflngd as the ratio ;)fhthefgats
was also found for more nearby clusters (Mohr & Evrard 19971aSS raction atseo ando.s x seo, IS @ Measure of how fas

Arnaud & Evrard 1999; Jones & Forman 1999). We find tHie gas mass fraction is Increasing W'.th rgdps apd as such a
measure of how extended the gas distribution is with respect to

B = 0.048 T(1-2+0-5) (17) the dark matter distribution. Large values of the rdfie- cor-
responding to very extended gas distribution — are found in the
with T in keV. clusters with low mass and low temperature, while low rafios

of almost unity — corresponding to similar distributions in gas
and dark matter —are found in massive and hot clusters. This can
have different reasons. One possibility is that it hints to physical
Using ROSAT and ASCA results of distant clusters we deriyocesses in the gas, which are assumed to be responsible for
bolometric luminosities, total masses, gas masses, gas nthssincrease of gas mass fraction with radius (e.g. Metzler &
fractions and iron masses. We compare these with directly m&arard 1997; Cavaliere et al. 1998a). If gas is placed artificially
sured quantities: temperature, metallicity, redshift, core radiummso a model cluster potential in hydrostatic equilibrium the dis-
and the slope parametgr We find clear positive correlationstributions of gas and dark matter have the same slope at radii
between the following quantities: larger than the core radius (Navarro et al. 1996), therefore one

4. Summary and conclusions
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would expect a priori a ratid’ =~ 1. It might be that this ad- § was 0.6 (instead of the best fit vale= 0.9), one finds a
ditional heat input affects low mass clusters more that masste¢al mass ofM;; s—0.6 = 3.6 X 10 M, and a gas mass
clusters, so that a massive cluster can maintain a fatie 1 of Myqs 306 = 0.32 x 104 M. Comparing these with
while in the smaller clusters the gas is becoming more and méne masses fo = 0.9, Myt 5-00 = 6.9 x 10 M, and
extended. Another possibility is that this relation points to sond€,,s s5—0.9 = 0.18 x 10'*M,, and with the masses expected
other hidden correlation. For example, if the clusters have tefram the luminosity — mass relation®;o: ., = 2.0x 1014 M,
perature profiles declining with radius, with our assumption @nd M4 exp = 0.28 x 10 M, one sees that with = 0.6
isothermality we are underestimatiig If e.g. the temperature the masses are already much less exceptional. Also the gas
profiles in less massive cluster were steeper than in more masss fraction with 9% would be much closer to the expected
sive clusters we would also expect a gradienEinvith mass. values. Only the relative gas exteA—o¢ = 0.85 would
This is just an example to show how different correlations coudill be unexplainable. Further investigation of this interesting
be connected. In this case it is probably not an effect of tempeluster is definitely necessary.
ature profiles, because Markevitch et al. (1998) found the same In this work we showed that important relations in distant
temperature gradient in hot and cool clusters. This dependenktesters can be found by a combination of ROSAT and ASCA
of the relative gas exterit should be tested in nearby clustergjata. But we also showed that there are limitations in these
where the masses can be measured with higher accuracy. data for distant clusters. We could not find any significant ev-
We find large variations in the gas mass fraction, similar tdence for evolution. But on the other hand, due to the large
the results of nearby clusters (Reiprich 1998; Ettori & Fabiamcertainties in the mass determination, in the temperature and
1999). These large variations, which span an order of magtkie metallicity measurements we could not rule out differences
tude, have some implications on cluster formation. If all theetween distant and nearby cluster. We are expecting huge im-
clusters had originally the same small gas mass fraction andmtbvements of the situation with the upcoming X-ray missions
the differences came later by different amounts of gas releas@dM, CHANDRA and ASTRO-E. In terms of cosmology with
by the cluster galaxies, larger metallicities in clusters with higlistant clusters clearly two ways are to be followed. (1) The
gas mass fraction would be expected. But this is not observellister parameters used in this work need to be measured with
Therefore the difference must be caused at least partially by thach better accuracy for clusters with redshifts considered here.
primordial distribution of baryonic and non-baryonic matter. In particular, a more accurate temperature measurement is es-
The tight correlation of gas mass and bolometric luminosigential for the determination of the total mass and the gas mass
gives a hint that there is not a lot of clumpiness on small scakeaction. Metallicities with much smaller errors are required to
in the intra-cluster gas. If there would be different degrees explain the origin of the intra-cluster medium. (2) As the evolu-
clumpiness one would expect a large scatter around the fit, benary effects become stronger with larger redshifts it is crucial
cause with the same amount of gas a clumpier medium produttefnd clusters at very high redshifts (= 1) like first studies
more photons as the emission is proportional to the square of tia&e shown is possible (e.g. Dickinson 1996; Deltornetal. 1997,
density. Although a non-clumpy medium is implicitly assume@arilli et al. 1998).
for the calculation of the gas mass, the fact that everything is
consistent is an interesting result. It confirms results found Bgknowledgementd.am grateful to Doris Neumann for many helpful
the comparison of X-ray data and Sunyaev-Zel'dovich measup@_mments_, and fpr providing PSF-deconvoI_ved fit§. It i_s a ple_asure to
ments. As the two measurements have different dependen i§§k Chris Collins and Doug Burke for enlightening discussions and

on the gas density a large dearee of clumpiness could be r ed0 Izzo for his most helpful EXSAS support. | am also grateful to
9 Y 9 9 P L& € ROSAT and the ASCA team for their excellent support over many
out (e.g. Holzapfel et al. 1997).

ears.
Unfortunately, the errors in the metallicity measurement a¥e

very large (only half of clusters in the samples have metallicities
non-consistent with zero). Hence, also the errors in the iri¢ferences
masses are very large, so that no definite conclusions abgiitn s ., Fabian A.C., 1998, MNRAS 297, L57
the metal injection into the intra-cluster medium and its timgnaud M., Evrard A.E., 1999, MNRAS 305, 631
dependence can be drawn. Bower R.G., 1997, MNRAS 288, 355

The comparison with other clusters shows th&urke D.J., Collins C.A., Sharples R.M., et al., 1997, ApJ 488, L83
AXJ2019+112 is really an exceptional cluster. It is ndEarilli C.L., Harris D.E., Pentericci L., et al., 1998, ApJ 494, L143
only the most distant cluster in the sample, but it is aldeavaliere A., Fusco-Femiano R., 1976, A&A 49, 137
the only cluster found indirectly by the gravitational lensin§avaliere A., Menci N., Tozzi P. 1998a, ApJ 501, 493
effect. It has by far the highest metallicity, the lowest gas masgvaliere A., Menci N., Tozzi P. 1998b, astro-ph/9810498
fraction and the lowest relative gas extent. Unfortunately, tfgg" R+ Ostriker J.P., 1994, ApJ 429, 4
morphological parameters could not be very well constrain GOrAY AR, 1999, astro-ph/9905095
from the ROSAT/HRI observation because only about vid L.P., Jones C., Forman W, 1995, ApJ 445, 578

. eltorn J.-M., Le [évre O., Crampton D., Dickinson M., 1997, ApJ

source counts were detected (Hattori et al. 1997). Therefore, 483, 121
we test what effects a small change of the morphologigsickinson M., 1996, astro-ph/9612178
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