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Abstract

We review different physical mechanisms that are
likely to play a significant role in determining the de-
tailed thermal state of gas in clusters of galaxies. Merg-
ers are the dominant process impacting clusters and
these collisions significantly perturb the cluster state.
The continual loss of energy from the gas to radiation
must also be accounted for and cooling gas can drive
several positive feedback mechanisms. From simple
energy arguments, AGN are likely to make a signifi-
cant contribution to balance the energy lost from clus-
ter cores. We also explore additional positive feedback
mechanisms including supernovae feedback and ther-
mal conduction. If AGN are the sole feedback mecha-
nism, what are to be made of clusters that lack evidence
for AGN activity yet have canonical cool cores? As
cluster samples with high-resolution X-ray data grow
larger, it is likely to be the properties of relaxed, cool-
core clusters that will be the best guides to numerical
simulations.

1 Physical processes impacting energy bal-
ance in clusters of galaxies

We are interested in numerical simulations of clusters
of galaxies, the simulated systems being used to inter-
pret and guide observations of clusters through their X-
ray emission or the thermal Sunyaev-Zeldovich effect
(SZE), for example. To complete this task, we must
implement a predictive numerical model for clusters
of galaxies. A significant part of this effort is to place
the clusters in a realistic cosmological setting to ac-
count for the full complexity of the three-dimensional
structures that form through hierarchical collapse in
the cold dark matter model. However, this is only part

of the story. We must also specify the input physics
that govern the baryonic gas, this gas being the pri-
mary tracer for cluster observations. As we will argue,
the input physics are complex and should include, at a
minimum, the following mechanisms that can signif-
icantly impact energy balance. The simulations must
account for energy losses from the fluid to radiation,
star formation that removes rapidly cooling, collapsing
gas from the hydrodynamic flow, the input of thermal
energy from supernovae that accompany star forma-
tion, feedback from AGN and the transport of energy
through the cluster atmosphere via electronic thermal
conduction.
While all these mechanisms may be expected to play a
significant role, they need not be of equal importance
in all clusters. To quantify their relative importance,
we consider estimates that correspond to the largest,
richest clusters of galaxies as these are the systems that
will be the easiest to uncover and study in any cosmo-
logical survey. For lower mass systems such as poor
clusters and groups, the relative importance of the dif-
ferent mechanisms will change.

To place the different input physics on an equal foot-
ing, we work in units of energy and time that are nor-
malized to the characteristic values for rich clusters.
Specifically, we measure energy in units of the cluster
gravitational potential energy,

�������
10 ��� erg, for rich

clusters and time is measured in units of the dynamical
time, 	�

��� � 1 Gyr. In Table 1, we list estimates of the
potential importance of different physical mechanisms,
relative to the energy scale of a typical rich cluster. In
the following sections we give a more detailed descrip-
tion of how these estimates are obtained.
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Figure 1: Images of the cluster X-ray surface brightness
(left column) and the projected, emission-weighted temper-
ature maps (right column) at the present epoch for the same
cluster evolved under three physical scenarios including adi-
abatic physics only (top row), with radiative cooling (middle
row) and with the addition of star formation and supernova
feedback (bottom row). The field of view is 5 ����� Mpc on a
side.

Energy Balance Scorecard
Mechanism Contribution ��������������� �
Structure Formation 0.1
Radiative Cooling Loss 10 !�"
Supernova Feedback 10 !�#
Thermal Conduction 10 !�# –10 !�"
AGN Feedback 10 !�� –10 !��

1.1 Major mergers

The process of structure formation itself is the dom-
inant perturbation on clusters. For a typical free-fall
velocity of

�
1000 km s !%$ , the collision of two equal

mass subclusters constitutes a perturbation of up to
�

0.1
�����

. A fraction of this available energy is thermal-
ized by the cluster medium and drives the gas out of

equilibrium with the gravitational potential. Mergers
also drive observable signals such as the cluster X-ray
luminosity, temperature or thermal SZE to values far
in excess of the expected values given the true mass of
the cluster. This boosting behavior will be quantified
further in Sect. 2.

1.2 Radiative cooling

Clusters of galaxies radiate in the X-ray band through
thermal bremsstrahlung and line emission. For a typ-
ical cluster luminosity of

�
10 #�� erg s !%$ over 	�
��
�

this amounts to an energy loss of
�

10 !�" �����
. How-

ever, the cooling is not uniform throughout the clus-
ter. Instead, radiative losses occur predominantly in
the dense core regions. For example, compare the
cluster images in the top and middle panels of Fig.
1. These images show the X-ray surface brightness
and projected, emission-weighted temperature maps
for the same cluster evolved in the adiabatic limit and
then with the addition of radiative cooling. With cool-
ing, substructures develop cool (dark in the tempera-
ture map), dense (bright in the X-ray images) cores
of gas. These cool cores are quite resilient in clus-
ter mergers and result in significantly stronger merger
shocks during collisions (Motl et al., 2004).

1.3 Star formation and supernova feedback

In reality, gas in these cool, dense cores has a short
cooling time and naturally collapses into star forming
regions. We find a realistic mass fraction in star parti-
cles for simulations with a moderate amount of thermal
feedback from prompt supernovae (corresponding to

�
4 & 10 $'� erg g !%$ of stars formed). This translates to an
average thermal feedback of

�
0.5 keV per particle in

the clusters. If we assume that the star formation rate
is uniform in time, supernova feedback can provide

�
10 !�# �(���

over 	�

��� . In reality, this overestimates the
importance of supernova heating in the nearby universe
as the star formation rate declines sharply in the red-
shift range from 0 )+*,) 1.

The bottom panels of Fig. 1 illustrate the effect of star
formation and supernova feedback. The dense, cool
cores found in the cooling-only cluster have largely
been erased and the overall cluster appearance is much
closer to the adiabatic realization. While the energy in-
put from supernova is only a small fraction of the en-
ergy lost to radiative cooling, star formation selectively
removes the densest gas with the highest X-ray emis-
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sivity. This effect accounts for the dramatic change in
the cluster appearance between the cooling-only and
star formation versions.

1.4 Thermal conduction

In addition to star formation and supernova feedback,
radiative energy loss may also be compensated for by
thermal conduction. Conduction will transfer energy
from the hot ICM into the cluster core. Assuming that
thermal conduction is only mildly suppressed relative
to the Spitzer level, as indicated by recent theoretical
arguments (Narayan & Medvedev, 2001) and numer-
ical simulations (Cho et al., 2003), conduction alone
may be competitive with radiative cooling.
Using the temperature gradients measured in our sim-
ulated clusters with cooling only, which give the
strongest temperature gradients, we estimate the en-
ergy flux due to conduction as-/.10. 	325476 �8

9 4;:=<�6 �?>A@CBEDGF�H�IKJ7L -/.�M. F 2ON FQPSR !%$ (1)

with

I�J;L > T%IVU�W < :=X J7Y (2)

> T �[Z]\ B &^���S!�� M`_ab�cCd N FQPSR !%$�ef!%$�g
hi!%$ (3)

where
b�cCd

is the Coulomb logarithm and T is the sup-
pression factor. Assuming T = 0.1, our cooling-only
clusters would have a heat flux into the core region of�

10 #�# –10 #�� erg s !%$ so that over 	�

��� thermal conduc-
tion could deposit

�
10 !�# –10 !�" �(���

into the core.
Aside from the caveat that we have estimated the en-
ergy flux in the case with the steepest temperature gra-
dients there are several other factors that must be noted.
First, magnetic fields within clusters and especially or-
dered fields will significantly curtail the impact of ther-
mal conduction. Second, thermal conduction can not
be strong enough to erase the small scale temperature
structure seen as cold fronts and irregular temperature
distributions in recent X-ray observations with Chan-
dra and XMM-Newton. Finally, an additional con-
straint on I�J;L may arise simply from the existence of
hot, massive clusters at high redshift which as Loeb
(2002) pointed out, would be exceedingly difficult if
conduction carried energy out of the clusters at a rate
comparable to IjU�W < :kX J'Y .

Figure 2: Projection of the gas density from the region el-
igible for dynamic refinement for one cluster simulation at
the present epoch. The square highlights a region 5 � �K� Mpc
on a side while the image is 36 � �K� Mpc on a side.

1.5 AGN feedback

The final component of the input physics suite that
we are working to incorporate into our simulations is
feedback from AGN. From published observations of
X-ray bubbles in the cores of nearby clusters (McNa-
mara et al., 2000; Fabian et al., 2000; McNamara et al.,
2001; Blanton et al., 2001; Heinz et al., 2002; John-
stone et al., 2002), the energy input to inflate the bub-
bles is

�
10 ��l –10 ��m erg. If we assume that the AGN

feedback cycle time is
�

0.1 Gyr and neglect evolution
in the AGN luminosity we see that over 	�

��� , AGN can
add energy to the cluster core at a level of 10 !�� –10 !�������

. If the total feedback cycle time is shorter than the
assumed value, the average AGN contribution will be
correspondingly larger.

In recent theoretical work, Ruszkowski & Begelman
(2002) have demonstrated that a combination of ra-
diative cooling, thermal conduction and AGN heat-
ing described by a time-averaged, effervescent heating
model can reproduce the observed thermal properties
of the cluster gas, though their work requires strict as-
sumptions including spherical symmetry for the clus-
ter. More general simulations of the interaction be-
tween AGN jets and the cluster ICM have been per-
formed and we note in particular the work of Omma et
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al. (2004). We are currently incorporating the AGN jet
model from their simulations into fully dynamic, cos-
mological cluster simulations.
To summarize, the processes of thermal conduction,
supernova feedback and AGN feedback are expected
to make contributions to the energy balance in clus-
ters that are roughly comparable in magnitude. At the
very least, none of the mechanisms can be discounted
as insignificant in compensating the energy loss from
radiative cooling. Furthermore, two of the sources of
positive feedback (supernovae and AGN) are fueled at
the cooling rate. In a similar manner, steep core tem-
perature gradients created by cooling can drive a vigor-
ous conductive heat flux from the cluster envelope into
the core. We are thus faced with a complex system of
coupled mechanisms that dictate the detailed thermal
state of the ICM.

However, the dominant perturbation on clusters of
galaxies arises from the formation of structure itself.
Major mergers can impart orders of magnitude more
energy than any other mechanism and can significantly
perturb the cluster structure, bias observational signa-
tures and can effectively reset the thermal state of the
gas in the cluster.

2 Insight from cluster simulations

We now highlight some results and insights derived
from our current generation of cluster simulations.
We use the hybrid N-body/hydrodynamics cosmology
code ENZO (http://cosmos.ucsd.edu/enzo) which im-
plements adaptive mesh refinement (AMR) to achieve
high resolution in dense regions of the simulation. Our
current simulations include radiative cooling using a
tabulated Raymond-Smith cooling curve appropriate
for a 0.3 solar metallicity plasma and we utilize the
Cen & Ostriker (1992) algorithm for star formation
and supernova feedback. We employ the concordanced

CDM cosmological model with n`o = p 100 km s !%$
Mpc !%$ = 70, qsr = 0.3, qst = 0.7, qvu = 0.026 and w l
= 0.928.

Our simulations begin from a periodic sample box
256 p%!%$ comoving Mpc on a side that has been sim-
ulated at low resolution to identify regions that form
clusters. The volume is then re-simulated with the
AMR infrastructure deployed about individual cluster
regions. An example cluster volume is shown in Fig.
2. Two nested, static grids enclose and refine the vol-
ume of interest. Additional, dynamic refinement is em-

* = 0.5

* = 0.25

* = 0

Figure 3: Projections of the gas density along three orthog-
onal axes for selected epochs of the simulated cluster de-
picted in the accompanying animations. The cluster suffers
a major merger that begins shortly after x5y 0.5. The images
show a comoving region 5 � �K� Mpc on a side.

ployed as needed within the cluster volume and we use
7 to 11 total levels of refinement (corresponding to spa-
tial resolutions of

�
16–1 p !%$ kpc). This typically re-

sults in a few thousand grids being used to simulate the
cluster and its immediate neighborhood.

Here, we focus on a simulation of our most massive
cluster with up to 10 total levels of refinement (

�
2 pz!%$

kpc resolution) with cooling, star formation and super-
nova feedback. The virial radius of the cluster is ap-
proximately F H o�o = 2.6 Mpc, corresponding to a spher-
ical over-density of 200 relative to the critical den-
sity. Within F H o�o , this particular cluster has M :k6{: =
2.1 & 10 $'�}|+~ , M 
8� = 2 & 10 $'�s|f~ , M ���{� = 10 $7#C|f~ ,
and a total stellar mass M � = 2 & 10 $'"}| ~ .

Select epochs from the simulation are shown in Fig. 3.
A head on collision between two subclusters, each with
a mass of

�
8 & 10 $7#�|+~ begins at * �

0.5. The first
core passage occurs at * � 0.35 and the cores merge at* �

0.2. An animation of the X-ray surface brightness
and the projected, emission-weighted temperature map
is available from the conference website. The movie
follows the formation of the cluster from a redshift of
4 to the present epoch and shows a comoving region
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Figure 4: The three dimensional temperature field from our
example cluster at an epoch of x = 0.26. The bounding box
is 8 � ��� Mpc on a side comoving and the color coding varies
from white for the hottest gas through yellow, orange and
red for the cooler gas.

8 pG!%$ Mpc on a side.
A rendered animation of the three-dimensional temper-
ature field is also available. One time slice (at * � 0.25)
from this animation is shown in Fig. 4. The hottest gas
is white and we can identify several hot shock fronts
expanding out from the cluster as a consequence of the
major merger event. Note how aspherical and irregular
the temperature structure is.
The animations also illustrate the dynamical nature of
clusters. To quantify the importance of cluster inter-
actions, we have performed a � model analysis of the
thermal SZE and X-ray images taken at

�
350 time

slices from the simulation. We construct projected im-
ages of the Compton parameter� >�� w��/�/��� u Mh � g H .1� (4)

and, effectively, the X-ray emission measure (we do
not include cosmological dimming and focus instead
on the intrinsic emission from the cluster)�G� >�� �/����� d�� M��S. �

(5)

Here
�

is the independent variable along the line of
sight, w�� is the Thompson cross section, ��� is the elec-
tron number density, � � is the proton number density,

� u is Boltzmann’s constant,
M

is the temperature, h � g His the electron rest mass energy and the function
di� M��

is the emissivity for a 0.3 solar metallicity plasma.
We identify halos within the data sets and construct
azimuthally-averaged profiles about the center of mass
of the cluster. At high redshifts, before the cluster
forms, we track the initially most massive sub-cluster
from one time slice to the next. If we assume that the
gas density follows an isothermal � model, � and

���
at projected radius � are given by

� � � � > � o��%�5� - �F�� 2 H8���a !5 a
¡ (6)

�j� � � � > �j� o��G�}� - �F�� 2 H �¢�a !�" ¡ (7)

We jointly fit both equations to obtain the best fit pa-
rameters � oQ£ �j� o[£ F�� , and � . The resulting time se-
quence of model parameters are shown in Fig. 5 where�j�

has been normalized by its maximal value. The
major merger is clearly evident as a strong boost of the
thermal SZE and X-ray data at 10 Gyr. Beyond that
point to the present epoch, the cluster does not interact
with any system more massive than about 10% of the
cluster’s mass, indicating that the significant variations
are due to minor mergers. Looking into the past, we
note a major merger at * �

1 and strong variations as
multiple clumps collide and merge at higher redshifts.

During the major merger at 10 Gyr, the thermal SZE is
boosted by a factor of

�
10 with the rise and fall back

to equilibrium values occurring over
�

1 Gyr. In terms
of the X-ray, the central emission measure is boosted
by

�
20 at its maximum and then

� � o falls by a fac-
tor of

�
50 until equilibrium values are again attained.

By way of comparison, if we assume an isothermal �
model (and that � is independent of mass while the
cluster core radius, FQ� , is proportional to the virial ra-
dius), simply doubling the cluster mass boosts

� � o by
2 H�¤ " and � o doubles. Merger events significantly com-
plicate the mapping between cluster observables and
the fundamental cluster parameter, its mass.

3 An additional argument for AGN feedback

Entropy is a convenient measure of the thermal state
and history of gas in clusters (Voit & Bryan, 2001).
We use the quantity

� > M � ! H�¤ "� to trace the gas en-
tropy. In a recent compilation, Ponman et al. (2003)
have assembled measurements of

�
at one tenth of F H o�o
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Figure 5: The “light curves” for one particular clump that becomes part of the most massive cluster in our sample. The
panels show the ¥ model parameters for the central Compton parameter ( ¦[§ ) and X-ray surface brightness ( ¨�©z§ ) from a
simultaneous fit.

for 66 clusters and groups (including two isolated, gi-
ant ellipticals). With self-similar scaling, one expects�«ª M

. Instead, Ponman reports that
�

= 124
M o
¬ ���

keV cm H and this deviation is claimed as evidence for
non-gravitational heating in clusters and groups, pre-
sumably arising from galaxy formation.

To investigate this result, we have compiled samples of�
400 halos at the present epoch evolved in the adia-

batic limit and with the addition of cooling, star forma-
tion and supernova feedback. We plot these simulated
halos in the

� � F�> �­Z�� F H o�o � @ Mj® < Y < �{¯ plane in Fig. 6.
The least-squares scaling relation from the 100 most
massive halos in the adiabatic sample has a slope of
1, consistent with self-similar scaling, while the star
formation with feedback sample has a slightly steeper
slope of 1.1. The Ponman relation is also plotted in Fig.
6 as a dotted line. Although there is significant scatter,
most of the simulated clusters lie below the observed
relation in the regime of poor clusters and groups (sys-
tems with

MG® < Y < �{¯ � 1–2 keV). As the simulations with
star formation and supernova feedback incorporate the

positive feedback of galaxy formation, this discrep-
ancy may indicate that additional heating from AGN is
required to bring the simulations into agreement with
observed clusters.

4 Constraints from testbed clusters

As has been argued in the previous discussion, detailed
energy balance in the baryonic component of clusters
entails, in general, the interaction of multiple coupled
and competing process. In the face of this complexity,
observations of individual clusters where specific pro-
cesses can be isolated and studied independently will
be most useful. In particular we are interested in clus-
ters that (1) appear to be dynamically relaxed with no
evidence for recent mergers that could drive the clus-
ters out of equilibrium (2) lack evidence for AGN out-
bursts in their X-ray and radio emission and (3) posses
canonical cool cores where the temperature falls by a
factor of

�
3 in the cluster center.

We have analyzed a 45 ks Chandra ACIS-I observa-
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Figure 6: The entropy of the cluster gas at a fiducial radius
of 0.1 °�±²§�§ plotted against the halo’s virial temperature for y
400 halos evolved in the adiabatic limit (black crosses) and
with star formation and supernovae feedback (red squares).
The solid black and red lines indicate the best fit relations
for the 100 most massive halos in the adiabatic and star for-
mation with feedback samples respectively. For both sam-
ples, the slopes are y 1. The dotted line corresponds to the
scaling relation derived by Ponman et al. (2003).

tion of the poor cluster of galaxies AWM7 which we
identify as a possible testbed cluster that satisfies these
three conditions. The top panel of Fig. 7 shows the
adaptively smoothed X-ray image from the central

�
150 kpc region of the cluster. The cluster appears re-
laxed and elongated with no evidence for sharp edges
in the surface brightness arising from shock fronts or
cold fronts. The bottom panel of Fig. 7 shows the
temperature map derived from spectral fits to adap-
tively binned regions in the cluster. Beyond the cooler
core region, the temperature is remarkably uniform
throughout the cluster. The projected temperature pro-
file for AWM7 is plotted in Fig. 8. The temperature
declines by a factor of

�
3 as has been reported for a

number of cool core clusters.

The galaxies within the core region all appear to be ra-
dio quiet (Burns, 1990), including the cD galaxy, and
there is no evidence for X-ray bubbles or cavities indi-
cating that the cluster is not currently being heated by a
feedback cycle nor has the cluster experienced an out-
burst in the recent past (up to the bubble rise and dis-
ruption time of

�
10 l yr). Therefore the gas in the core

is either cooling currently or it is being maintained in a
steady state by thermal conduction. Using the method-
ology of Medvedev et al. (2003), we find that AWM7 is

Figure 7: Adaptively smoothed Chandra image of the core
region of AWM7 in the 0.7–10 keV band (top image), and
the corresponding temperature map (bottom image) with X-
ray contours overlaid.

consistent with thermal conduction balancing radiative
cooling for a suppression factor, T �

0.2.

5 Conclusions³ Energy balance in clusters requires the interplay
of several coupled mechanisms³ Thermal conduction from the hot envelope into
cluster cores can be comparable in magnitude to
radiative losses alone³ AGN feedback is likely to also play an important
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Figure 8: The projected temperature profile for AWM7 de-
rived from spectral fits to the azimuthally-averaged cluster
emission. AWM7 displays a canonical cool core but there is
no evidence for a cooling flow.

role in cluster cores³ Clusters are inherently dynamic, geometrically
complex systems³ Major mergers can significantly boost observa-
tional signatures from their equilibrium values
(e.g., factor of

�
10 boost in the the central ther-

mal SZE and
�

20 in the central X-ray surface
brightness) for periods comparable to the dynam-
ical time.³ Need to observe clusters without X-ray bubbles
where astrophysical mechanisms controlling en-
ergy balance can be isolated
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