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When the cold dark matter particles are allowed to relax to approach an asymptotic ther-
modynamic equilibrium at the cluster center via, for example, collisions or other forms of
relaxation, the cluster center can develop a dense inner core, which has a size much smaller
than that of the usual outer core. The cluster mass distribution for such kind of dark matter
particles is constructed. Reasonable agreements are found for the predicted lensing mass,
galaxy and z-ray gas distributions with the observations.

1 Introduction

The interior mass distribution within few tens of kpc from the cluster center has recently been
recognized to be a puzzle. (See Wu et al. (1998) and references therein.) The mass estimate
from the strong lensing observations gives about twice as high a value as those derived from
the weak lensing and z-ray observations. Though the discrepancy tends to diminish in the
strong-cooling-flow clusters, the evidences in the non-cooling-flow clusters are convincing 2. A
possible account for this mass discrepancy can be that the cluster center contains a dense inner
core, which cannot be interpolated from the mass measurements in the cluster bulk by the weak
lensing and z-ray observations.

The universal distribution of the cold dark matter advocated by Narravo, Frenk and White
3 does indeed contain a density cusp, proportional to r~!, at the cluster center. However,
such a density singularity is too weak to contribute in any significant way to strong lensing 2.

Even for the more singular density cusp (o< r=!%) recently found by high-resolution numerical
simulations®®®, it is still too weak for strong lensing. Unless the currently best numerical

simulations for structure formation are still too inaccurate to address the gravitational dynamics
within few tens of kpc from the cluster center, one needs to seek new physics in order to allow
for the existence of the dense inner core. The additional piece of physics must be such that the
dark matter at the cluster center is built up with efficient heat exchange with the cluster bulk.
This is possible through either particle collisions “®or collective waves. Since the self-gravitating
system has negative heat capacity, removing the energy from the core and heating up the bulk
simply make the cluster core become even more tightly bound, and drive the system closer
to the asymptotic thermodynamic equilibrium. This situation is not unlike that occurs in the

center of a globular cluster. However, in order to create such an environment that prompts the



gravitational system to reach this unusual state, an initial dense seed core is needed.

Below, we summarize our recent work on an infall model for the formation of a twin-core
galaxy cluster seeded by an initial density peal®. This work incorporates the aforementioned
components and intends to model a cluster with a collisional inner core and a collisionless
bulk. Such a cluster presently contains a usual 2-ray core of about 150 h™' kpc and an inner
dense core within a few kpc. Specifically, the core physics is modeled by an appropriate inner
boundary condition of the bulk flow, and the cluster bulk is in turn modeled to consist of a hot
isothermal gas, infalling subsonically with the heat carried from the cluster interior outwards.
The isothermality arises because of the large mean-free-path and efficient heat conductivity
of the dark-matter particles. Outside the cluster, the background cold dark matter falls in
supersonically till it impinges onto a heat conduction front, which defines the cluster boundary.
We then use the gravitational potential of the mass distribution to construct the equilibrium
galaxy and gas distributions for comparisons with the observed galaxy and z-ray distributions.

2 Results and Comparisons with Observations

Figure (1) shows the scaled density a(z), infall velocity v(z) and mass m(z) distributions, where
the radial distance r has been rescaled as @ = r/oyr, with o4 and 7 being the velocity dispersion
of cluster dark matter and the time, respectively. Both outer core and inner dense core are visible
in Fig.(1 a); a conduction front at 2 ~ 0.7 is also seen. The discontinuity at the conduction front
should not be taken too literally and it is an artifact resulting from our treatment of dark matter
as an isothermal fluid; in the outskirts of a cluster the dark matter should have already become
collisionless and the conduction front should have been a smooth transition rather than a sharp
transition. On the other hand, the sudden density rise of the inner core results from the fact
that the infall speed originally approaches the sound speed near the cluster center but it gets
retarded in order for the infall to land at the center at a vanishing speed. (See Fig. (1b).) In
Fig.(1d), we also show the density profile of a saturated cluster where the infall has terminated.
This profile is constructed by assuming that the inner core mass remains intact regardless of
whether the infall has ended or not.

The galaxy distribution in the cluster can be constructed from our mass distribution by as-
suming that the galaxies are in virial equilibrium, where the observed galaxy velocity distribution
is used as an input. Figure (2) shows the comparisons of two predicted galaxy distributions with
the observed ones '9. It shows reasonably good agreements. The z-ray surface-brightness dis-
tribution can also be predicted by assuming that the gases have a polytropic equation of state.
Shown in Fig.(3) is a comparison of the predicted surface brightness with the observed one for
Cl0016+16 L. Note that the predicted distribution can fit the 3 model quite well.

The predicted mass distribution can also be compared with the mass estimates derived from
various strong and weak lensing measurements, and Fig.(4) shows a comparison of our result
with the statistical distribution of the lensing masses of clusters !''2. The downward turn of
the predicted mass beyond 0.5 Mpc that matches the weak lensing mass is due to the density
deficiency outside the conduction front shown in Fig.(1a) for the on-going growing clusters.
The saturated clusters have smooth density distributions and are not expected to have a mis-
match between the strong-lensing mass and the weak lensing mass. We fix the only two free
parameters, the amplitude and length scale, of our density profile from the lensing data of
Fig.(4). This unique profile will be used for further comparisons with the observed statistical
distributions of tracers in clusters.

Our expected result for the statistical distribution of galaxies in clusters on average is plotted
in Fig.(5); it is compared with the CNOC galaxies'®. Again, a reasonable agreement is found. For
the z-ray gases in clusters, we may again assume the cluster gases are polytropic and construct
the expected gas distribution to be compared with that of the 8 models, which have been found



to fit the z-ray surface brightness remakably well. To constrain the gas parameters, we demand
that the mean kinetic energy per mass for dark matter particles is the same as that for the gas.
Various polytropic indices are used, and they seem to agree well with the § models of various
f’s , as revealed in Fig.(6). For 3 = 2/3, the average § value of most clusters, we find that the
polytropic index v = 1.2.

3 Concluding Remaks

Finally, we discuss why the strong cooling-flow clusters tend not to have mass discrenpacy but
the non-cooling-flow clusters do, as suggested by observations. It is known that the cooling-flow
clusters are rich clusters, which have formed long ago. Therefore the cooling-flow clusters are
saturated clusters, and the non-cooling-flow clusters are on-going growing clusters. The on-
going growing cluster has a conduction front in the outskirts surrounded by a lower-density cold
background in its immediate neighborhood, and therefore the mass determination through weak
lensing measurements can be smaller by a factor of two, c.f., Fig.(4).

An alternative explanation for this problem can be that the cooling-flow cluster does not
contain an inner core at all. It can be due to that the cooling flow clusters are old rich clusters,
therefore having a higher chance to accrete clusters of comparable sizes in the past. The kinetic
energy pertinent to the violent major mergers may eventually penertrate into the original inner
dense cores, thereby evaporating them. The system then bifurcates away from the configurations
accessible to the asymptotic thermodynamical equilibrium, at least within the Hubble time scale.
By contrast, the non-cooling-flow clusters are young, and formed mostly through the quiescent
growth, as represented by our model with infall of the surrounding small clumps. It is therefore
conceivable that the dense inner cores are not too much disturbed to dissappear.
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Figure 1: (a)Dimensionless density profile, (b)flow speed and (c) cluster mass obtained from the recent-infall,

self-similar solutions under the initial and boundary conditions of a mass concentration mg = 1.6 X 10~?° within

z = r/oqr = 0.0005. Also shown are the density (d) and mass (c) variations for a saturated cluster (dashed

lines) expected under the same inner boundary condition. Analytic fits of the density profiles can be obtained
and shown with dotted lines.
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Figure 2: A comparison between the projected cluster masses derived from the weakly distorted images of back-

ground galaxies behind clusters MS1137466 and RXJ1716467 and those from our saturation model. Data sets

of the lensing cluster masses are from Clowe et al. (1988). Our best fitting yields (oq,747) = (850 km s7' 1.5
Mpc) and (o4, a47) = (1000 km s7*,0.6 Mpc) for MS11374-66 and RXJ1716467, respectively.
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Figure 3: An examples of fit of the theoretically predicted X-ray surface brightness (solid lines) to the observation
of Cl0016+16 (Neumann & Bohringer 1997). The best 8 model fit is also displayed (dotted lines) for comparison.
A background surface brightness of 5.5 x 1078 s™! arcsec™ is assumed.
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Figure 4: An overall radial variation of the projected cluster masses revealed by the gravitational lensing methods:
the strongly (arcs/arclets) and weakly distorted images of background galaxies (for references see Wu et al. 1998)
as well as the deficit of red galaxies behind A1689 (Taylor et al. 1998). The results predicted by the recent-infall
solution (dotted line) and the saturated configuration (solid line) are shown for o4 = 1300 km sl and og7 = 1

Mpc.
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Figure 5: Surface number density profile of galaxies over an ensemble of 14 distant clusters from CNOC (Carlberg,

Yee, & Ellingson 1997). Solid line is our expected result of the saturation model for o4/04q:(0) = 0.78 and

r200 /047 = 0.4 under the assumption that galaxies trace the gravitational potential of dark matter particles in
clusters. The conventional King model fit is illustrated by the dotted line.
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Figure 6: X-ray surface brightness profiles predicted for different polytropic indices v = 1.05 1.1, 1.2 and 1.3

in the equation of state 7' o n¥™! (solid lines). The requirement that the mean kinetic energy of dark matter

particles is equal to that of gas, o2 = (kT/ump) has been employed. Also plotted are the conventional 3 gas
profiles (dotted lines).



