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Hydrostatic balance and gas–mass fractions in cooling clusters are investigated, by using a
N-body + hydrodynamics code. We find that the clusters of small gas–mass fractions (. 0.1)
cool keeping the quasi-hydrostatic balance. We calculate the central gas–mass fraction based
on the β-model, and find that radiative cooling does not alter the fraction very much from
its initial value.

§1. Introduction

Observations have shown that in some clusters the gas temperature of the core
region follows a scaled profile and approaches a value of ∼ 1/3 of the ambient gas
toward the cluster center.1), 2) It is suggested that the temperature appears to ap-
proach a constant value toward the cluster center, when the gas is cooling with
quasi-hydrostatic balancing.3) Using a hydrodynamics code, it is shown that the in-
tracluster gas which is initially in hydrostatic balance cools keeping quasi-hydrostatic
balance until the initial central cooling time has elapsed.4) They also demonstrate
that such clusters can explain the observed core-radius distribution which exhibits
distinct two peaks at ∼ 50 kpc and ∼ 200 kpc (H0 = 70 km s−1 Mpc−1),5), 6) an-
alyzing the model clusters with the double β-model in the same manner as the
observation. In the quasi-hydrostatic cooling stage, the gas is flowing moderately
toward the inner region so as to keep hydrostatic balance, and thus the core radius is
being altered. Then, it may be expected that the gas–mass fraction in the core is af-
fected as well by radiative cooling. In the following sections, we discuss the gas–mass
fraction of cooling clusters based on hydrodynamics and N-body simulations.

§2. Model and Calculations

We investigate the evolution of cooling intracluster gas which is initially in hy-
drostatic balance under the presence of dark matter. We apply the King or NFW
model as the initial dark matter distribution, and apply the β-model for the initial
gas with the temperature (isothermal), T , higher than the virial temperature, Tvir,
as βspecT ' Tvir = µmσ2∗r/k for βspec = 2/3 (the same as ref. 4), where σ∗r is the
radial velocity dispersion of dark matter, m the proton mass, and µ = 0.6 is the
mean molecular weight. We investigate four models of clusters (Table I) which have
the initial core radii, rc = 200–300 kpc, the virial radii, rvir = 3 Mpc, and the mass
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Table I. Initial properties of the simulated clusters (the King case).

β-model parameters∗

Model M(rvir) fgas(0) fgas(rvir) rc ng0 β tcool
∗ Potential

(1015 M¯) (kpc) (0.01cm−3) (Gyr)

(A) 1.054 0.038 0.143 219 2.02 0.84 0.763 fixed

(B) 1.054 0.038 0.143 229 1.47 0.79 0.984 N-body

(C) 1.633 0.038 0.122 275 1.24 0.85 1.308 N-body

(D) 1.583 0.100 0.284 310 1.68 0.78 0.799 N-body

∗ Values are estimated after 1.6 Gyr of the hydrostatic balance test without cooling.

Fig. 1. Radial profiles of integrated cluster mass and the gas–mass fraction of the four simulated

clusters (the King case) at ∼ 0.5, ∼ 0.8, and ∼ 1.0 tcool (from the thick to thin lines). The solid

lines are the direct output from the simulations. The dotted lines are the estimations by using

the hydrostatic balance equation.

ratios between the gas and dark matter, Mgas : MDM = 1 : 2.5–7.2. The asymp-
totic values of the gas–mass fractions at the center are fgas(0) = 0.038–0.1, where
fgas(r) ≡ Mgas(r)/M(r) is the mass fraction of gas to cluster within r. These pa-
rameters are chosen to see the evolutions of typical large-core clusters for which the
self-similar relation at collapse is expected to remain.6), 7) We calculate the evolution
until tcool of our practical interest is reached, where tcool ≡ 3ng0kT/(ng0

2Λ) is the
initial central cooling time, ng0 the central density, and Λ is the cooling function.

§3. Results and Discussion

Fig. 1 shows radial profiles of integrated cluster mass and gas–mass fractions,
and the estimations for their profiles by using the hydrostatic balance equation. We
found in the clusters (A), (B), and (C) that the mass estimation reproduces the
direct output within errors of ∼ 15% until ∼ 0.8 tcool. Actually, the clusters attain
quasi-hydrostatic balance within at least the initial core radius. At ∼ tcool, however,
the balance breaks in a region where the fraction reaches & 0.1, i.e. within at least
∼ 50 kpc. As for the cluster (D) of the fraction & 0.1 in the core, the balance is
not kept well all the time. Therefore, we may say that quasi-hydrostatic balance is
satisfied in the cooling core of the small gas–mass fraction (. 0.1).
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We also investigate the case of the NFW dark matter model, where its initial
profile is determined so that the cluster has nearly the same initial density and
temperature profiles of the gas as model (B). Because the NFW profile has a cuspy
shape toward the center, the resultant cluster exhibits the much smaller gas–mass
fraction than ∼ 0.1 (Fig. 2), and therefore the gas cools with quasi-hydrostatic
balancing until ∼ tcool at least.

Fig. 2. Thermal evolution of the gas–mass

fractions at 50 kpc (filled squares). The

blue, light blue, green, orange, and black

lines represent the evolutions of model clus-

ters (A), (B), (C), (D), and the cluster

of the NFW dark matter, respectively.

The open stars represent the evolution of

fgas,0(〈T 〉5c). Evolutions of the clusters

over 0.8 tcool (dotted lines) are excluded for

the analysis in Fig. 4.

Fig. 3. Thermal evolution of the mean tem-

peratures, 〈T 〉5c (open stars) against the

temperature at 50 kpc from the center,

T (50 kpc). The colors are the same de-

scription as Fig. 2. The black line repre-

sents 〈T 〉 = T (50 kpc).

We analyze the cooling clusters by using the β-model in the same manner as the
observations,5), 6) and examine the evolution of the central gas–mass fraction. In the
β-model based clusters, the central gas–mass fraction, fgas,0, is defined as

fgas,0 ≡ ρg0

M(r)/(4πr3/3)

∣∣∣∣
r→0

=
4πµmGr2

cρg0

9kβ〈T 〉 . (3.1)

For 〈T 〉 in Eq. (3.1) we take the spectroscopic-like mean temperature denoted by
〈T 〉5c,8) which is the average along the line of sight within the projected radius of the
five times the initial core radius, for comparison with observed values of fgas,0. The
mean temperature of the model clusters are shown in Fig. 3 against the temperature
near the cluster center.

Fig. 4(a) shows the rc–fgas,0 relation. It is interesting that the tight dependence
(fgas,0 ∝ r2

c ) is not clearly seen in the relation, while the cooling reduces rc to about
half. From the obtained time evolution of fgas,0, for each cluster we calculate the
time during which a cluster would have the fraction between fgas,0 and fgas,0 +0.005
until 0.8 tcool, and estimate the relative probability that would fall into a certain
range of the fractions. The resultant probabilities are shown in Fig. 4(b), where one
can see that radiative cooling does not alter fgas,0 very much from its initial value.
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Fig. 4. (a) rc–fgas,0 relation. The colors are the same description as Fig. 2. The black circles are

the ROSAT and ASCA data,5),9) which are classified into the small (open) and large (filled)

core clusters.7) (b) Distributions of fgas,0 within 0.8 tcool (rescaled by multiplying 0.3). The

black solid and dotted lines represent histograms of the fractions for the small and large core

clusters, respectively. (c) Distributions of rc within 0.8 tcool (rescaled by multiplying 0.3). They

are estimated in the same manner as (b) but with the bin of 20 and 10 kpc for the outer and

inner cores, respectively. For model (A) and (B) fitted by the double β-model, we only show

the distributions of the inner cores for clear display.
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