
Pro ceedings of The Ridd le of Cooling Flows in Galaxies and Clusters of Galaxies: E35
May 31 { June 4, 2003, Charlottesville, Virginia, USA
Ed. T. H. Reipric h, J. C. Kempner, & N. Soker

Cooling Cluster Cores and Cosmology
Thomas H. Reiprich and Craig L. Sarazin
Department of Astronomy, University of Vir ginia, 530 McCormick Road, Charlottesville, VA 22903-0818,USA

Galaxy clustershave beenvery important cosmologicalprobes. Currently , uncertain-
ties in cosmologicalparameter estimatesare dominated by systematic e�ects caused
by an incomplete understanding of cluster physics. A project is under way to study
these systematics in X-ray 
ux, temperature, gas, and gravitational massdetermi-
nations. First results of detailed observations of the centers of the X-ray brightest
galaxy clusters on the sky (HIFLUGCS ) obtained with Chandra and XMM-Newton
are described.

1. In tro duction

The study of galaxy clustersresulted in important con-
tributions to fundamental questionsof physics and cos-
mology in the past, e.g., through the indirect detection
of dark matter 70 years ago (Zwicky 1933) and by pro-
viding one of the �rmest evidencethat the cosmicmass
density, 
 m , is lower than the critical density (e.g.,White
et al. 1993). In the future, the study of galaxy clusters
may even contribute to the uni�cation of the two most
important physical theories,generalrelativit y and quan-
tum theory.

Applying simple quantum theoretical estimatesto the
wholeuniverse{ asdescribedby generalrelativit y { leads
to a striking discrepancywith astrophysical observations.
This is the socalled cosmologicalconstant problem (e.g.,
Weinberg 1989). The problem recently got worseby the
�nding that the cosmologicalconstant, or in general the
contribution to the cosmologicalenergybudget by some
form of dark energy, is small but �nite (� > 0, e.g.,
Perlmutter et al. 1999). There is hope that a better
understanding of the properties of such a dark energy
component will yield clues and constraints for a more
fundamental theory (e.g., Peebles& Ratra 2003).

Fortunately, there are several methods to study dark
energy properties, e.g., the equation of state parameter
w = p=� (ratio of pressureto density of the dark energy
component). They include, for instance, measurements
of distant supernovae (e.g., Tonry et al. 2003) and of
temperature 
uctuations in the cosmicmicrowave back-
ground (e.g., Spergel et al. 2003). The use of galaxy
clusters is a very promising complementary method to
constrain w and especially a possibleevolution with red-
shift, w(z), becausethe cluster number density asa func-
tion of massand redshift is a�ected by the nature of dark
energy.

Currently , the main limiting factor in the useof X-ray
clusters as cosmologicalprobes is an incomplete under-
standing of cluster physicsresulting in signi�can t system-
atic uncertainties (seealso Fig. 1). Processesin cluster
coresthat a�ect the X-ray luminosity are not completely
understood (seethe many articles in theseproceedings).
The presenceof cooling coresbiasesthe luminosity{mass
relation (Fig. 2) and, therefore, possibly the cluster se-
lection in X-ray surveys. The temperature structure in

Fig. 1.| Shown are examples for constrain ts on � 8 for given

 m = 0:3 from galaxy cluster studies (adapted from Reipric h
2003). Clearly , the trend with publication date suggests that sys-
tematic uncertain ties play an imp ortan t role. Additionally shown
are the COBE result (open diamond, Bunn & White 1997) and
the WMAP result (their strongest constrain t from Tab. 10, open
triangle, Spergel et al. 2003).

cluster outskirts, which is important for a precisedeter-
mination of the total cluster mass under the assump-
tion of hydrostatic equilibrium, is not well known. High
precision measurements of statistically complete cluster
samplesare the key to solve theseproblems.

A project is under way to addressthese problems us-
ing Chandra and XMM-Newton observations of a com-
plete X-ray selected and X-ray 
ux-limited sample of
the 63 brightest galaxy clusterson the sky (HIFLUGCS ,
Reiprich & B•ohringer 2002). Chandra observations for all
63clustersand XMM-Newton observations for 52clusters
will have beenperformedby the end of 2004. Herewe re-
port on the nine HIFLUGCS clusters observed by Chan-
dra in AO-4 and on A1664 observed by XMM-Newton in
AO-1.

2. Observ ations

2.1. HIFLUGCS

HIFLUGCS contains the 63 X-ray brightest (
ux limit
f X ;lim (0.1{2.4 keV) = 2 � 10� 11 ergss� 1 cm� 2) galaxy
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Fig. 2.| X-ra y luminosit y as a function of gravitational mass for
the (extended) HIFLUGCS clusters (Figure taken from Y. Chen
et al., in prep.). Blue points represent large relativ e cooling 
o ws
( _M =M 500 > 10� 13 /y ear), green points represent small relativ e
cooling 
o ws ( _M =M 500 < 10� 13 /y ear), and red points represent
non-cooling 
o w clusters. Clusters with strong apparent relativ e
cooling 
o ws (note that mass depositions rates have simply been
calculated from the surface brigh tness deprojection for comparison
to previous studies and, therefore, most lik ely represent overesti-
mates of the true mass deposition rates) segregate out to the high
luminosit y side of the relation, increasing the overall scatter.

clusters in the sky (excluding the Galactic band). It is a
complete sample based on deeper samples constructed
from the ROSAT All-Sky Survey (RASS). Clusters
have been reanalyzed using primarily pointed ROSAT
PSPC and ASCA observations. The X-ray luminosity{
gravitational mass relation has been studied in detail
for the �rst time and tight statistical cosmologicalcon-
straints have been derived from the cluster mass and
temperature functions (Reiprich & B•ohringer 2002;Ikebe
et al. 2002).

The Chandra and XMM-Newton observations of the
HIFLUGCS clusters will be used to signi�can tly reduce
the systematic uncertainties related to uncertainties in
luminosity, temperature, and massestimates.

2.2. Chandra

In Fig. 3, some examplesof Chandra observations of
clusters included in HIFLUGCS are shown (ACIS-S or
ACIS-I). Tools for automated reduction have been de-
veloped by Greg Sivako� at UVa and will be used for a
homogeneousreduction of the entire sample of 63 clus-
ters. These observations will be used to determine the
contribution of cooling coresand Activ e Galactic Nuclei
(AGNs) to 
uxes/luminosities and the central tempera-
ture pro�les. Additionally , analysis of the complete sta-
tistical samplewill yield constraints on bubble statistics,
cold front statistics, and a correlation between cooling
coresand AGNs.

Figure 4 shows ACIS-I imagesof the nine HIFLUGCS
clusters observed in AO-4. Not all clusters exhibit a
bright center. The two AGNs in the center of A400 are
clearly visible. X-ray and optical centers coincide nicely
as shown in Fig 5.

Fig. 3.| Shown are examples of Chandra observations of clusters
included in HIFLUGCS .

Fig. 4.| Shown are the centers of A119, A400, I I IZW54,
EX O0422, ZW CL1215, A1651, A1736, A2063, and A4038 (from
left to righ t and top to bottom) observed by Chandra in AO-4.

2.3. XMM-Newton

In Fig. 6 someexamplesof XMM-Newton observations
of clusters included in HIFLUGCS are shown (MOS1).
Tools for automated reduction and analysis have been
developed and will be usedfor a homogeneousreduction
of the entire sample. Theseobservations will be usedto
determine the temperature pro�les in the intermediate
and outer cluster parts and to 
ag major mergersbased
on hardnessratio and temperature maps.

A1644 is an especially complicated caseand somere-
sults for this cluster are summarized in the following.
For a more complete description seeReiprich, Sarazin,
& Kempner (2003).
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Fig. 5.| HST image of the central region of A400. Overlaid
are the Chandra contours. The AGN optical and X-ra y centers
coincide nicely.

Fig. 6.| Shown are examples of XMM-Newton observations of
clusters included in HIFLUGCS .

2.3.1. Imaging

Figure 7 shows the combined MOS1-MOS2-pn image
of nearly the full XMM-Newton �eld-of-view of A1644.
The cluster has a very complicated surface brightness
distribution on all scales. A main cluster to the south-
west and a smaller sub cluster to the northeast are easily
identi�ed. The emissionsurrounding both core regions
is highly non-spherical. There is stronger emission to
the south of the sub clump than to the north. The core
region of the main clump itself contains a displacedcore-
within-a-core.

The Digitized Sky Survey (DSS) imagein Fig. 8 shows
that the X-ray peaksof main cluster and sub cluster co-
incide with two Bright Cluster Galaxies (BCGs). The
relative line-of-sight velocity component of the two cen-
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Fig. 7.| Background, exposure, and vignetting corrected, adap-
tiv ely smoothed, combined MOS1-MOS2-pn count rate image of
A1644 in the energy range 0.3{5.0 keV (R.A. and Dec. in equa-
torial coordinates). The linear artifacts are due to an imp erfect
exposure correction near the chip boundaries.
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Fig. 8.| X-ra y contours from the image in Fig. 7 overlaid onto
an optical DSS image.

tral galaxies is about 600 km s� 1. The X-ray contours
to the north of the sub clump appear to be slightly com-
pressed.Radio observations of the two BCGs show that
they are both radio sources(e.g., Owen & Ledlow 1997).

The regionsaround the two BCGs are shown in more
detail in Figs. 9 and 10. Included are X-ray contours
of a 19ks Chandra observation taken on the same day
as the XMM-Newton observation and available from the
public archive. Thesecontours illustrate the complexity
of the emissionin the very cluster cores. Note that also
in the very center of the sub clump the X-ray contours to
the north appear slightly compressed(Fig. 8). Optical,
radio, and X-ray centers coincidealmost exactly for both
sub clusters.
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Fig. 9.| The DSS image of the inner region of the main clump,
overlaid with the X-ra y contours from Chandra (black) and, in the
very center, the 1.4 GHz radio data (red; from M. Ledlow).

194.450194.460194.470

-17.280

-17.270

-17.260

Fig. 10.| The DSS image of the inner region of the northeast
sub clump overlaid with the X-ra y contours from Chandra (black)
and, in the very center, the 1.4 GHz radio data (red; from M.
Ledlow).

2.3.2. Spectroscopy

The intracluster gastemperature is a fundamental ob-
servable for a gravitational cluster mass determination
basedon the hydrostatic assumption. The overall best
�t temperature basedon a large elliptical region centered
at R.A. = 194:356� and Dec. = � 17:363� encompass-
ing both sub clusters (semi-major axis = 73300, semi-
minor axis = 52800, position angle = 45� ) is kTX =
3:83� 0:06keV. The best �t metal abundanceis 0:32+0 :02

� 0:03
solar for the sameregion.

Note that the column density of neutral Galactic hy-
drogen, NH , has been�xed at the value inferred from 21
cm radio measurements for our Galaxy (5:33� 1020 cm� 2;
Dickey & Lockman 1990) for all results. In general this
value is marginally larger than but consistent with best
�t valuesfrom direct spectral �ts. Best �t valuesfor tem-
peratures and abundanceschangeonly well within their

Fig. 11.| Radial temp erature pro�le for the main clump. The
open diamond shows the best �t temp erature if a third thermal
component is included (see text).

Fig. 12.| Radial temp erature pro�le for the sub clump. The
open diamond shows the best �t temp erature if a third thermal
component is included.

uncertainties if the column density is treated as a free
parameter.

Figures 11 and 12 show the radial temperature pro-
�les for the main and sub clump, respectively. Note that
the center for the innermost bin of the main clump is
o�set from the center of the other bins in order to ac-
count for the core-within-a-core structure. The reduced
� 2 values(and the best �t NH values if left as a free pa-
rameter) for the innermost bin of both sub clusters are
too large. This is likely causedby higher temperature
gas in the line of sight. For these two regions we there-
fore included a third thermal component, i.e., the model
(wabs*(mekal+mekal))+mek al was �tted. The limited
statistics require freezing the temperatures and abun-
dancesof the third components to the values found fur-
ther out. We therefore �xed the abundancesat 0.5 so-
lar and the temperatures at 3.5 and 3keV for the main
and sub clump, respectively. As a result the best �t cen-
tral temperaturesdecreasefurther for both main and sub
clump (open diamonds).

Each of the two temperature pro�les appears surpris-
ingly similar to temperature pro�les of relaxed, appar-



COOLING CLUSTER CORES AND COSMOLOGY 5

Fig. 13.| Metal abundance pro�le for the main clump. The
open diamond shows the best �t abundance if a third thermal
component is included.

Fig. 14.| Metal abundance pro�les for the sub clump. The open
diamond shows the best �t abundance if a third thermal component
is included.

ently undisturbed clusters: a drop in the center to about
1/3 of the ambient gastemperature, an isothermal struc-
ture in the outer parts, and weak indications for a slight
temperature drop in the very outermost regionsaccessi-
ble. Note that accounting for PSF e�ects would likely
result in an increaseof the secondinnermost bins (e.g.,
Majerowicz et al. 2002).

The corresponding metal abundancepro�les are shown
in Figs. 13 and 14. In general, the abundancesincrease
towards the centers of the two clumps, although there
seemsto be a drop in abundancein the innermost region
of the subclump. However, this abundancedrop vanishes
when performing the �t with three thermal components
(open diamond). This drop can therefore be regardedas
arti�cial, even though it should be noted that the precise
valuesdepend on the temperature and abundancevalues
adopted for the third component.

Figure 15 shows a hardnessratio (HR) map. To create
this map, �rst, sourcephoton imagesfrom MOS1, MOS2,
and pn (using only singleevents) in the energyband 2.0{
10.0keV havebeencreatedand combined. Then, the cor-
responding exposure maps have been created and com-
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Fig. 15.| Hardness ratio map of A1644, based on the ratio
of the combined MOS1-MOS2-pn count rates in the energy bands
0.3{2.0 keV and 2.0{10.0 keV. The map has beencorrected for back-
ground, exposure, and vignetting, and is adaptiv ely smoothed. Soft
emission appears dark and hard emission brigh t. Also shown are
surface brigh tness contours from Fig. 8 and regions selected for
spectral analysis.

bined, which alsoaccount for vignetting. Using the com-
bined image and exposuremap, an adaptively smoothed
and exposureand vignetting corrected sourceimage has
beencreatedwith the SAS task asmooth (signal-to-noise
ratio = 15). Subsequently , a similarly created (though
simply smoothed with � = 7:5), exposureand vignetting
corrected, combined background image has been sub-
tracted from the sourceimage. The sameprocedurehas
been followed to create an image in the 0.3{2.0keV en-
ergy band, using the samesmoothing template ascreated
for the 2.0{10.0keV image. The ratio of the latter two
images is shown in Fig. 15. Soft emission is shown in
dark and hard emissionin bright.

The hardnessratio map and the X-ray image suggest
a number of interesting regionsin the cluster which may
have di�ering temperatures and/or abundances.In gen-
eral, clustersas irregular asA1644often show more com-
plex temperature structure. Therefore, we alsoextracted
spectra in segments of annuli for the main clump. Fig-
ure 15 shows theseand other selectedregionsas well as
surfacebrightnesscontours overlaid onto the HR map.

Best �t temperature and metal abundancevalues for
the segments are shown in Figs. 16 and 17, respectively.
It is apparent that there is signi�can t nonradial tem-
perature structure, and that the relatively regular radial
temperature pro�le in Figure 11 is the result of averaging
over annuli with large azimuthal temperature variations.
In particular, the temperatures of the segments to the
west of the main clump (R3, R6, and R9) are all signif-
icantly lower than all regions to the east (R1, R2, R4,
R5, and R7) except for R8.

We also determined temperatures and abundancesfor
more complicated regions selected as being of interest
basedon the XMM-Newton imageand the HR map. This
allows us to search for cool/metal-ric h trails (dark in the
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Fig. 16.| Gas temp erature determinations of selected regions
of the main clump (see Fig. 15).

Fig. 17.| Metal abundance determinations of selected regions
of the main clump.

HR map) or hot spots (bright in the HR map). Whether
brightness
uctuations in the HR map correspond to sig-
ni�can t temperature/abundance changesis evaluated by
direct spectral �ts of selectedregions. Note that not all
artifacts, e.g., inexact exposurecorrection closeto CCD
chip boundaries, have been removed in the HR map in
Fig. 15. The spectral analysis, however, is not a�ected
by this.

The region to the south of the sub clump (R3) ap-
pearsfairly soft, whereasa small region to the southeast
(R4) appearshard. The spectral �t results (Fig. 18) re-
veal that indeedthe temperature determination for R3 is
signi�can tly lower than the value for the rest of this an-
nulus (R2, which excludesR1) and especially than that
for R4. Furthermore, the metal abundance of R3 ap-
pears enhanced(Fig. 19). The best �t temperature for
R5 (the small dark tail to the south of R3 in Fig. 15) is
similar to that for R3. On the other hand, R1, the region
north-northeast of the sub clump, has a high tempera-
ture similar to R4.

2.3.3. Discussion

We �rst consider some implications of these observa-
tions for the use of clusters of galaxies as cosmological

Fig. 18.| Gas temp erature determinations of selected regions
of the sub clump.

Fig. 19.| Metal abundance determinations of selected regions
of the sub clump.

probes. How much do the X-ray 
ux estimatesbasedon
resolved observations di�er from simple estimatesbased
on global measurements, such as those for clusters only
observed with the RASS? How much do massestimates
di�er when only a broad beam overall gas temperature
estimate is available?

The overall 
ux from A1644, which extends beyond
XMM-Newton's �eld-of-view, is f X (0.1{2.4 keV) = 4:03�
10� 11 ergss� 1 cm� 2 (Reiprich & B•ohringer 2002) based
on RASS data. (A1644 was not observed in pointed
mode with the PSPC.) The XMM-Newton image indi-
catesthat the X-ray 
ux (f X ) ratio betweenthe main and
subclump is about 3:1. This meansinsteadof onecluster
with f X � 4 � 10� 11 ergss� 1 cm� 2 one actually has two
clusters with about f X � 3 and 1 � 10� 11 ergss� 1 cm� 2

each. This could a�ect luminosity and mass functions
signi�can tly if such major mergerswere common. The
e�ect of an incorrect treatment would be to arti�cially
increasethe number of high massclusters and decrease
the number of low massclusters. Using the shape of the
massfunction to constrain the cosmicmassdensity, 
 m ,
and the amplitude of mass
uctuations, expressedas � 8,
individually would then result in arti�cially low values
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for 
 m and high values for � 8. With the ongoing analy-
sis of the complete sample of HIFLUGCS clusters with
Chandra and XMM-Newton, we will be able to quantify
the fraction of such clusters and their in
uence on de-
rived cosmologicalparameters.

A simple broad beamtemperature estimate may be bi-
asedlow compared to the ambient gas temperature due
to cool emissionin the dense(high emissivity) cores. For
instance, the temperature in a large annulus around the
main clump in A1644 (201{32500) is 4.40keV. If we take
this as the ambient temperature which is characteristic
of the cluster gravitational potential, it is a factor of 1.15
higher than a broad beam temperature estimate includ-
ing both clumps (3.83keV). Since M / T 1:5� 2:0 (e.g.,
Finoguenov, Reiprich, & B•ohringer 2001), this factor
translates into an underestimate of a factor of 1.23{1.32
in the cluster mass.

The surfacebrightnessstructure of both sub clumps is
obviously messy. However, the radial temperature pro-
�les (Figs. 11 and 12) are smooth and appear rather
similar to pro�les of relaxed clusters (e.g., compare to
Fig. 1 in Allen, Schmidt, & Fabian 2001). This might
suggestthat A1644 is moderately relaxed, and that the
temperature structure may not be strongly a�ected by
the interaction of the two sub clumps. However, a more
detailed examination of the thermal structure shows that
the cluster is not at all relaxed. As the HR map (Fig. 15)
indicates and Figs. 16 and 18 con�rm, the temperature
structure is also quite complex. The region betweenthe
two clumps is signi�can tly hotter than the region to the
west of the main clump (the region which appears least
disturb ed in X-ray surface brightness). This may in-
dicate that the gas in the region between the clumps
has beenheated up by adiabatic compressionor shocks.
Also, the core-within-a-corestructure of the main clump
(Fig. 7) may be causedby core oscillations induced by
the passageof the sub clump (e.g., Tittley & Henriksen
2003) or possibly by a remnant of a previous merger.

Furthermore, both the surfacebrightnessand tempera-
ture structure around the sub clump are peculiar. Based
on the X-ray image, the gasappears to be slightly com-
pressedto the north and clearly elongated to the south
and west. This suggeststhat this sub clump is mov-
ing through the intracluster medium (ICM) of the main
clump, and losing somefraction of its gas in a trail be-
hind the core of the sub clump. Given this dynamical
picture what temperature structure might be expected?
One may expect heated gas in front of the sub clump
(pro jected roughly to the north) due to adiabatic com-
pressionor shocks. Onemight alsoexpect the trail to the
south to consistof somewhatcooler, more metal-rich gas
stripp ed from the sub clump. This appears to be con-
sistent both with the HR map and with the extracted
spectra in the sub clump regionsR1, R3, and R5.

Figs. 8 and 10 show that the X-ray peak of the sub
clump and the optical center of the brightest galaxy co-
incide. This suggeststhat the sub clump has not passed
through the core of the main clump; if it had, the very
high ram pressure would have stripp ed the sub clump
core, which would lag behind the collisionlessdark mat-
ter and galaxies(e.g., Markevitch et al. 2002). The angle

of the cool, metal-rich gastrail alsosuggestsan o�-center
collision. One concernwith this picture is that the dense
gasin the core of the sub clump would then be interact-
ing with lower density gasin the outer parts of the main
clump. Would one expect the densesub cluster to lose
an observable amount of gas during its travel through
the ICM?

We have compared A1644 to a hydrodynamical sim-
ulation of a small cluster undergoing an o�-axis merger
with a larger cluster. This simulation has beenprovided
by E. Tittley and wasdonecompletely independently; no
e�ort wasmade to adjust the initial conditions to match
the observation of A1644. Comparison of a temperature
map of this simulation at a time when the smaller clus-
ter has passedby the core of the main cluster for the
�rst time to the HR map of A1644 (Fig. 15) shows an
interesting similarit y. There is hotter gas in front of the
smaller cluster and cooler, ram-pressurestripp ed gasbe-
hind. This trail of stripp ed gas cools adiabatically as it
expands. There is a hotter region to the southwest,which
is similar to regionR4 seenin A1644. The larger scaleTX
distribution around the main cluster in the simulation is
also similar to that observed in A1644. There appears
to be slightly cooler gas to the southeast in the simula-
tion due to stripp ed gas from the smaller cluster, which
agreeswith the R8 region in the HR map and spectra.1

The indication for an increasedmetal abundancein the
cool trail of A1644'ssubclump makesother scenarioslike
cooling of intracluster gasonto the moving sub clump (as
seenin A1795on much smaller scales,Fabian et al. 2001)
more di�cult to reconcilewith the data. Note that the
radio sourcein the center of the sub clump (Fig. 10) may
provide additional energy for gas removal from central
denserregions.

3. Summary

X-ray galaxy clustershavegreat potential to contribute
to the understanding of fundamental cosmologicaland
physical problems. In order to stay competitiv e to al-
ternativ e astrophysical observations, cluster physics has
to be understood in more detail. Observations of sta-
tistically complete sampleswith the great X-ray obser-
vatories currently available, and comparisonsto hydro-
dynamical simulations and observations in other wave-
lengths are the keys to further this understanding. Suc-
cessor failure of such studies will determine the future
role clusters can play in observational cosmology.

We are grateful to Yong Chen for providing Figure 2
prior to publication. M. Ledlow made available the ra-
dio images. This work was supported by the National
Aeronautics and SpaceAdministration through Chandra
Award Numbers GO3-4160Xand AR3-4014X, issuedby
the Chandra X-ray Observatory Center, which is oper-
ated by the Smithsonian Astrophysical Observatory for
and on behalf of NASA under contract NAS8-39073,and

1 Note that cool trails from sub clusters are commonly
seen in simulations. For example, compare to the sim-
ulations by Motl et al. (2003, see also the movie at
http://www.astro.virginia.edu/co ol
o w/abs.php?regID=184).
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by NASA XMM-Newton Grants NAG5-10075, NAG5-
13088, and NAG5-13737. T. H. R. acknowledgessup-
port by the Celerity Foundation through a Post-Doctoral
Fellowship. The XMM-Newton project is an ESA Sci-
enceMission with instruments and contributions directly
funded by ESA Member States and the USA (NASA).

The Digitized Sky Surveys were produced at the Space
TelescopeScienceInstitute under U.S. Government grant
NAG W-2166. The imagesof thesesurveysare basedon
photographic data obtained using the Oschin Schmidt
Telescope on Palomar Mountain and the UK Schmidt
Telescope.
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