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Dark Matter Profile in Clusters of Galaxies
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Using X-ray observation we have obtained the deprojected gas density and temperature profiles for a sample
of cluster of galaxies. We show that cool-core clusters, which are expected to be the largest relaxed structures in
the universe, have central steep mass density profiles, similar to the cold dark matter density profiles resulting
from cosmological N-body simulation. We will present detailed results for two clusters, Abell 85 and 586.

I. INTRODUCTION of a cold dark matter dominated universe support the hierar-
chical formation of structures. Analysis of the matter distri-
aQution on relaxed halos obtained in cosmological simulations

predicted by theACDM scenario, larger objects are formed show that the shape of the density profile seems to be steep,
with a cuspy center — how steep is the density profile is a mat-

through merging and/or accretion of smaller systems and th N =
most massive structures should be the latest to collapse af@ Of debate, butitis likely to be somewhere betwpénr

-2
reach equilibrium. Today, massive clusters of galaxies are th@"dP LT o _
upper limit of the mass function of (nearly) virialized struc- An important effort exists in order to obtain and understand

tures. This feature makes clusters well suited objects for thE€ total mass, gas density and temperature, specific entropy,
study of structure formation and the nature of dark matterP@ryon fraction profiles [see, e.g., in the past 2 years, 3, 20,

which is believed to play a major role in this process [e.g.m’ 23, 27]-_ ) ]
10, 26, 28]. Here, we investigate the shape of the total mass density pro-

Cluster of galaxies are composed of three main Compof_iIe using the standard hydrostatic equilibrium hypothesis with

nents:~ 5% in mass is the optically luminous baryonic mat- simple analytica] gas d?”s“y and temperature profiles. This
ter in hundreds of bright galaxies (i.&.,~ L*, whereL* ~ allows us to easily obtain the 3D profiles needed to solve the

100, _ is the break of the luminosity function); 15% is in Euler equation. Applications are made for two rich clusters of

the form of a bright X-ray inter-cluster gas; and the remaininggalax'es' Abell 85 and 586.
~ 80% is in some non-baryonic dark matter.

Cluster masses can be estimated by several techniques, each
one relying on different principles and simplifying hypothe- Il DENSITY AND TEMPERATURE DEPROJECTION
sis. Two techniques — the use of the virial theorem applied to
the kinematics of the member galaxies and the observation of In order to deproject the observed 2D surface brightness,
temperature and density of the X-ray emitting intra-cluster gag(R), and the emission-weighted temperatufep(R), we
(ICM) — assume dynamical equilibrium. On the other handwill assume spherical symmetry.
gravitational lensing, strong or weak, does not require such The X-ray emission comes from a hot, rarified and ionized
an assumption, but depending directly of the projected clustgulasma with about 30-40% solar metal abundance (metal-
mass, including fore- and back-ground mass along the line-oflicity). The bulk of the photons are emitted through the
sight [see the reviews by, e.g., 9, 15]. bremsstrahlung process [see, e.g., 24, for a comprehensive re-

Consequently, the use of different techniques to measuré@ew]. The bolometric emissivity of such a plasma is:
mass distributions will likely give different mass estimates.
This difference can be used as a probe of the dynamical his- g(r) = Kn?(r) TY2(r), 1)
tory of the cluster. Miralda-Escéd Babul [17] found a sys-
tematic difference by a factor of 2-3 between strong lens- with K ~ 2.4 x 10-?’in CGS units. We take for simplicity the
ing and X-ray mass measurements, with the second methahunt factor as a constar(T) = 1.2. The above approxi-
systematically producing smaller values. Allen [1] could mation should be accurate fdr> 10’K or kT > 1keV. For
interpret this discrepancy by comparing mass estimates fqerimordial gas (no metals) this approximation is very good,
clusters with and without cooling flows. He found that, for while for aZ; gas the approximation gets worse because there
cool-core clusters, X-ray and lensing mass estimates tend #&re other mechanisms occuring that cools the gas.
agree, whereas for the latter the opposite happens. Then, The 2D emission-weighted temperature can be writen as:

In a Universe where structures are formed hierarchically,

he concluded that cool-core clusters are more dynamically 7

evolved, while clusters without a cooler center have non- oK wT(r)[nz(r)Tl/Z(r)] rdr

thermal process acting on them (shocks from cluster mergers, R 12_R2

AGN activity, thermal conductivity, etc...) affecting the ICM. To(R) = e rdr )

20\ T1/2
Theoretical analysis and-body cosmological simulations K R [n™(r)T=5(n)] 7_R2
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Such temperature corresponds to the temperature we mea- Ill. ABELL 586
sure using X-ray observations. The denominator of the above
equation is the surface brightness, i.e: Abell 585 is a regular cluster at= 0.17. This cluster was
Z rdr recently observed both with GMOS at Gemini-North and the
SRy =2K [m?(NTY2(r)] - (3)  Chandrasatellite [see 2, for details]. With these observations,
R r°*—R it was possible to determine the total cluster mass with the
Therefore we have a system of two equations and two unthree independent methods described above: weak lensing,

known functions: hydrostatic equilibrium and virial theorem.
Z rdr The comparison of independent mass determination meth-
YRTp(R =2  T¥2(1)n(r)—— ods show us that indeed, in a relaxed cluster, all methods
ZR re—Re ) should give approximate the same result. The differences can
’ ® 1/2/00,2 rdr be ascribed to the particular bias of each method. Figure 1
SR =2 TYV2)n(r)—
T TR 2_R2 shows the comparison of the different mass determinations.
where¥'(R) = Z(R)/K is the normalized surface brightness. R 5] kpel
The above equations can be solved with the Abel transform, 0 200 400 600 800 1000 1200 1400
such as: 2L
R F
— oo ydy = 6f
9(x) = 2.7h(y) 7%
hiy) — _ 1= (3g) _dx ®) =0
V) = %y (& Vol R
— 3 i
Then, the solutions for the 3D quantities are: % 2§
z g%
17> /9%'(R dR g
Tl/z(r)nz(r) _ _= ( ) 1 :
T« oR V RZ2 —r2 (6) 1) =
Z, 012
TS/Z(I’)I‘]Z(I’) _ _E (a[Z’(R)TZD(R)]) dRrR £ 0
T oR VRE—r2 2008
i . : . . 2006¢
Finally solving for the deprojected (3D) function, we obtain §0.04f
the temperature: 8 002 L :
Zoo , 0:““\““\““\““\““‘:
0[Y(R)Tap(R)) dR 0 100 200 [amsec]_%oo 400 500
T() = RV g
cw 0¥ (R) dR ' FIG. 1: Abell 586 mass determination using different methods. The
r oR RZ_ 2 agreement between the mass profiles is better tbaThe lines la-
beled isothermal and polytrope correspond to different adopted tem-
and the number density: perature profiles. AMD is aperture mass densitometry, a technique

that employs weak lensing.

n(r) {1 ik <GZ’<R>> dR }1/2 ®)
- /T /o2 _ 2 : Using the X-ray emitting gas as a tracer of the mass is both
Ty R Rt accurate and provides us with a good spatial resolution and
Except for very special cases, the above de-projected prgeach farther than other methods. For this cluster — given its
files will be rather cumbersome functions. Numerical solu-distance and the short exposure time of the X-ray observation
tions, however, involve the evaluation of only two integrals. — We cannot resolve the central region where a cool-core is
We will assume two projected analytical profiles for the ob-expected to be present is this is a relaxed cluster. We can,

served quantities. The surface brightness is given by however, trace the temperature profile almost to the virial ra-
v dius and conclude that the gas temperature is well modeled by
2(R) = Zoexp[— (R/a)"] (9)  apolytropic equation of state.

As is usually the case, the cluster mass is dominated by dark
matter, with an estimated baryon fractien0.12, assuming a
?J'olytropic temperature profile.

the well known ®rsic profile shown by Demarco et al. [4] to
be a good description of cool-core clusters, and the temper
ture profile used by Durret et al. [8]:

VR
Top(R) =To+2Tg———, 10 IV. ABELL 85
20(R) =To T+ (RN )2 (10)
which represents well the shape of cool-core clusters of galax- As another example we use the cluster Abell 85. Thisis a
ies temperature profile, with a steep rise from the center andery well studied structure both at X-ray [with ROSAT [11,
slow decrease outwards. 22], and with BeppoSAX [12]] and optical wavelengths, with
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extensive redshift and imaging catalogues [5, 25]; the mean Abell 85 is relaxed in the centre, but shows clear signs of

galaxy redshift of Abell 85 iz = 0.0555 at this redshift, 1 recent mergers. It has a cool-core and the brightness profile is

arcmin= 90.5th1 kpc, assumind2y = 0.3, Qp = 0.7. With  well fitted by a cuspy profile — the&ssic profile [8].

this kind of resolution we can probe the inner region of the

cluster. It comprises a main cluster, a south blob (a group a&u

the same redshift), a brighter zone south-west of the clustedri

center coinciding with a Very Steep Spectrum Radio Sourc%

relic (hereafter the VSSRS) and an extended filament at leaSE

4 Mpc long. This filament was first discovered with ROSAT  In fact, if the cluster presents a cool-core, the brightness

by Durret et al. [6] and confirmed by XMM-Newton [7]; itis profile must be steep, so that the total mass is always positive.

likely to be a chain of several groups of galaxies, falling on toln other words, if the brightness profile is indee@-anodel

the main cluster. (with a central, flat core), then the cluster cannot have a de-
For this cluster, we have an accurate temperature and sutreasing temperature profile towards the center.

face brightness profiles, obtained with both XMN&wton

andChandra Fitting the observed profiles and deprojecting

Consequently, the total mass density profile (Fig. 3) is as
spy as the\CDM cosmological N-body simulations pre-
ctions. Moreover, a fit of the NFW profile [19] gives a con-
ntration parameter~ 5.

we obtain the 3D quantities. Fig. 2 shows the temperature fit 01 R [arcmin] 0
and the 3D deprojection. 1000¢+ T T
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FIG. 2: Abell 85 temperature profile obtained with BeppoSAX, The gas “entropy” profile is shown in Fig. 4, right panel.
XMM-Newton, and Chandra. The 2D temperature fit is the full line; We call “entropy”, following the trend in cluster literature,
the computed 3D temperature is the dashed line. S= kT/n2/3, which is related to the true measure of the gas
specific entropy, e.g., Metzler & Evrard [16]. The entropy
profile shown here was derived from the surface brightness
R [arcmin] and temperature analytical fits, cf. [8].

. 1 1
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The bulk of the cluster shows a power-law entropy profile,
with SORP9, close to the relatio 0 R®%° found by Piffaretti
et al. [21] for a sample of 13 “cool-core” clusters. The profile

101 |

102

- LI R ] slightly flattens near the center; however, down to the limit-
g : Moore 99 N\ﬁw ] ing resolution & 8arcsec) there is no indication of an entropy
2108 L 4 floor, as seen in some groups and clusters [e.g., 13, 14, 27],
= N ] reaching a value as low a@hgol/3 keV cn? atR = 10hzkpc.
o 10% ¢ 3 Nevertheless, the entropy value estimatedRat 0.1Ria

w5 L | 1 (R = 2hgtMpc for Abell 85 is S ~ 200h; keV cn?,

| < aalabledala———> X ] comparable to the values derived by, e.g., Lloyd-Davies et al.
106 Looiin | PR SR [13]
10 100 1000

R [hggkpc] The low entropy observed in the core may indicate that the
ICM has only a mild heating source in the center, as expected
FIG. 3: Dynamical mass density as a function of radius derived fronfrom the fact that its temperature profile decreases towards
our data:pgyn 0 r—19 (full line) and compared to a Navarro etal. [19] the center but not below 2keV. This implies that no recent
model (dashed line) and to a Moore et al. [18] profile (dotted line).merger has strongly affected the gas temperature at the center,
The two vertical dotte_d lines indicate the spatial resolution (left) andyng therefore that mergers have not had any strong effect on
the limit of our data (right). the entropy profile in the central regions.
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V. CONCLUSION galaxies, i.e., virialized objects withl < 10°M.,,, as indi-
cated by the Tully-Fisher relation and the near absence of dark

Recent high resolution, sensitivity X-ray observations ofmatter at the solar neighborhood. Perhaps something happens
rich clusters of galaxies have shown that cool-core clusterdt the groups/poor cluster scale that is not taken into account
have steep gas density profiles. For the clusters with enougfoPerly in cosmological simulations. Baryon physics is now
spatial resolution, the temperature profile of these clusters dding currently used in simulations but we still lack precise
creases towards the center, reaching a value areufigtay3  KNOwledge on, e.g., stellar formation, SN feedback. This tran-
(Tmean iS the mean emission-weighted temperature of theSition from steep to flat dark matter profile may also be reIaFed
whole cluster. These two profiles, steep density and falling® the substructure problem in dark haloes: Local Group like
temperature in the center, implies a steep total mass profile f#bjects present much more halos in simulations than are actu-
the hydrostatic hypothesis holds. ally observed.

The cool-core clusters are relaxed structures, while non
cool-core clusters show almost always show signs of inter-

action. Therefore, a central steep total mass (density) profile Acknowledgments
seems to be a characteristic of the most massive, relaxed struc-
tures in the universe. | wish to thank my collaborators F. Durret, E. Cypriano,

The steep matter profile observed in objedds; 101°M;, L. Sod#, and W. Forman. This work is partially support the
is in agreement with cosmologicah\CDM models and lens- FAPESP, CAPES/Cofecub french-brazilian cooperation, and
ing measures. Nevertheless, steep profile is not observed ®©NPg.
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