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ABSTRACT
X-ray observations of galaxy cluster merger shocks can be used to constrain nonthermal processes in the

intracluster medium (ICM). The presence of nonthermal pressure components in the ICM, as well as the shock
acceleration of particles and their escape, all affect shock jump conditions in distinct ways. Therefore, these
processes can be constrained using X-ray surface brightness and temperature maps of merger shock fronts.
Here we use these observations to place constraints on particle acceleration efficiency in intermediate Mach
number (M≈ 2− 3) shocks and explore the potential to constrain the contribution of nonthermal components
(e.g., cosmic rays, magnetic field, and turbulence) to ICM pressure in cluster outskirts. We model the hydro-
dynamic jump conditions in merger shocks discovered in the galaxy clusters A520 (M≈ 2) and 1E 0657−56
(M≈ 3) using a multifluid model comprised of a thermal plasma, a nonthermal plasma, and a magnetic field.
Based on the published X-ray spectroscopic data alone, we find that the fractional contribution of cosmic rays
accelerated in these shocks is. 10% of the shock downstream pressure. Current observationsdo not constrain
the fractional contribution of nonthermal components to the pressure of the undisturbed shock upstream. Future
X-ray observations, however, have the potential to either detect particle acceleration in these shocks through its
effect on the shock dynamics, or to place a lower limit on the nonthermal pressure contributions in the undis-
turbed ICM. We briefly discuss implications for models of particle acceleration in collisionless shocks and the
estimates of galaxy cluster masses derived from X-ray and Sunyaev-Zel’dovich effect observations.
Subject headings: cosmic rays — galaxies: clusters: general — galaxies: clusters: individual (A520, 1E 0657–

06) — intergalactic medium — shock waves — turbulence — X-rays: galaxies: clusters

1. INTRODUCTION

Astrophysical collisionless shocks are the likely sourcesof
the observed extra-solar high energy cosmic rays (e.g., Bell
1978; Blandford & Ostriker 1978). Continuous observational
effort has not yet yielded direct evidence for accelerationof
cosmic ray nuclei in collisionless shocks, although recently,
tentative indirect evidence for such acceleration was iden-
tified in the morphology of the Tycho supernova remnant
(Warren et al. 2005), and in the high-energy gamma-ray emis-
sion near the RX J1713.7−3946 remnant (Aharonian et al.
2007). The theory of diffusive shock acceleration (e.g.,
Blandford & Eichler 1987, and references therein) predicts
that the acceleration efficiency and the spectrum of accel-
erated particles depend on the Mach number and other pa-
rameters of the shock (e.g., Giacalone et al. 1997, and refer-
ences therein). The presence of fossil cosmic rays in the pre-
shock medium, e.g., from previous shocks, can also affect the
acceleration efficiency (e.g., Kang et al. 2007; Kang & Jones
2007, and references therein). We here argue that merging
galaxy clusters are laboratories in which theories of cosmic
ray acceleration in intermediate Mach number shocks can be
tested. Observational constraints on particle acceleration in
such shocks are especially interesting as numerical simula-
tions suggest that these are the source of a large fraction of
the cosmic rays accelerated in galaxy clusters (e.g., Ryu etal.
2003).

Fossil cosmic rays,1 magnetic field, and turbulence may all

1 Theoretical Astrophysics, Mail Code 130-33, California Institute of
Technology, 1200 East California Boulevard, Pasadena, CA 91125.

2 Department of Astronomy, University of Texas, 1 UniversityStation
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1 Potential acceleration sites of fossil cosmic rays are pastaccretion and
merger shocks, giant radio sources, supernovae, and turbulence in the ICM

contribute to the pressure of the intracluster medium (ICM),
thereby modifying its hydrodynamic behavior. Such contri-
bution may alter the interpretation of observations that ig-
nore them. For example X-ray observations have recently
been used to estimate shock velocities in two merging clusters
(see below) neglecting nonthermal components; improved es-
timates of shock velocities in these and other clusters may
have to take into account the cosmic ray and other nonther-
mal contributions to the ICM pressure. Nonthermal pressure
is also a source of systematic bias when cluster masses are
estimated from X-ray and Sunyaev-Zel’dovich effect (SZE)
measurements that are made assuming an hydrostatic equilib-
rium between gravitational forces and thermal pressure gra-
dients in the ICM (e.g., Enßlin et al. 1997; Rasia, et al. 2006;
Nagai et al. 2007, and references therein). These nonthermal
biases limit the effectiveness of upcoming cluster surveysin
the quest to place constraints on the expansion history of the
universe.

Evidence for the nonthermal activity in clusters is grow-
ing. Observed radio and hard X-ray emissions in clusters sug-
gest a presence of relativistic electrons with Lorentz factor
of ∼ 104. This also suggests a presence of relativistic pro-
tons that could have been accelerated by the same mechanism
that has accelerated the electrons. Direct evidence for cosmic
ray ions in the ICM is, however, still lacking. The nondetec-
tion in EGRET data of gamma-ray emission expected from
neutral pion decay in cosmic ray collisions in the ICM (e.g.,
Reimer et al. 2003) has so far placed upper limits on the frac-
tion of cosmic ray pressure to. 20%− 30% in several nearby
rich clusters (Enßlin et al. 1997; Pfrommer & Enßlin 2004).
Most cluster atmospheres are also substantially magnetized,
with typical field strengths of order a fewµG out to Mpc radii

(e.g., Berezinsky et al. 1997)
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(Carilli & Taylor 2002; Govoni & Feretti 2004; Govoni et al.
2006, and references therein). There is likely to be consid-
erable variation in field strengths (∼ 0.1− 40µG) and topolo-
gies within clusters. Thus while magnetic fields are likely
to provide a significant contribution to the pressure in some
regions (e.g., along some cold fronts; see Vikhlinin et al.
2001), it is yet unclear what is the average energetics in
the cluster outskirts. Numerical simulations of cluster for-
mation also suggest that subsonic gas motions (turbulence)
contribute substantial nonthermal pressure in clusters (e.g.,
Norman & Bryan 1999; Ricker & Sarazin 2001; Nagai et al.
2003; Faltenbacher et al. 2005; Dolag et al. 2005; Rasia et al.
2006; Nagai et al. 2007). Further investigations of nonther-
mal phenomena in clusters are hence critical for the success
of upcoming X-ray and SZE cluster surveys, as our ability to
estimate cluster masses hinges on a precise characterization
of the nonthermal components.

In this work, we show that shock waves that form dur-
ing merging of galaxy clusters can provide unique con-
straints on nonthermal processes in clusters. RecentChan-
dra X-ray observations have revealed that shock waves with
Mach numbersM ≈ 2 − 3 that form during the merging
of galaxy clusters are accompanied by distinct X-ray sur-
face brightness and temperature discontinuities. To date,
a density and temperature jump along axis of symmetry
of a cluster merger bow shock has been recovered in the
cluster A520 (Markevitch et al. 2005) and in 1E 0657−56
(Markevitch et al. 2002; Markevitch 2006). The relative mag-
nitudes of the density and temperature jump depend on the
contribution of nonthermal components (e.g., cosmic rays,
magnetic field, turbulence) to the pressure of the undisturbed,
upstream ICM. They also depend on the efficiency of particle
acceleration in the shock, on the escape of the accelerated par-
ticles from the shock, and on the amplification of turbulence
in the shock.

Here we make the first attempt to use the X-ray observa-
tions of merging clusters to constrain their particle accelera-
tion and the fractional contribution of nonthermal components
to the pressure budget of the ICM. In § 2, we model the hydro-
dynamic jump conditions and Mach number using the multi-
fluid approximation. We model the effect of cosmic rays, a
tangled magnetic field, and turbulence, on observed gas jump
conditions in the shock. In § 3, we utilize this model to de-
rive constraints on nonthermal components in merger shocks
in galaxy clusters A520 and 1E 0657−56. We show that cur-
rent observations can limit the efficiency of particle accelera-
tion, and that the fractional contribution of nonthermal fluids
to ICM pressure may be constrained with future, improved,
X-ray spectroscopy and SZE observations. In § 4, we discuss
implications of these results in context of particle acceleration
models and for the estimates of galaxy clusters masses with
X-ray and SZE observations. In § 5, we summarize our main
conclusions.

2. LIMITS ON PARTICLE ACCELERATION IN MERGER SHOCKS
AND NONTHERMAL PRESSURE IN ICM

2.1. Shock Jump Conditions

The ICM fluid consists of a thermal component (electrons
and ions in mutual thermal equilibrium) and number of non-
thermal components (nonthermal cosmic rays and magnetic
fields comoving with the thermal component). Turbulent gas
motions and electromagnetic waves can also contribute pres-
sure to the ICM. We ignore the electromagnetic waves in the
current treatment. We also temporarily ignore turbulence,but

return to discuss its role on qualitative level in § 2.8. The
ICM fluid can be modeled with an adiabatic equation of state
with an effective adiabatic indexγ.2 In what follows, we use
indices “u” and “d” to denote the shock upstream and down-
stream, respectively. Assuming cylindrical symmetry, conser-
vation of density, momentum, and energy fluxes across the
shock dictates jump conditions on the symmetry axis of the
bow shock that read

ρuvu =ρdvd,

Pu +ρuv2
u =Pd +ρdv2

d,

vu

(
1
2
ρuv2

u +
γu

γu − 1
Pu

)
=vd

(
1
2
ρdv2

d +
γd

γd − 1
Pd

)
, (1)

whereρi is the mass density of the thermal gas (the mass den-
sity of the nonthermal particles is negligible),vi is the fluid
velocity, andPi is the total pressure (i = {u,d})

The pressure is a sum of electronic, ionic, cosmic ray, and
magnetic field contributions,Pi = Pe,i + Pi,i + PCR,i + PB,i. The
effective adiabatic indexγi equals

γi

γi − 1
=

1− ǫnt,i

2

(
γi,i

γi,i − 1
+

γe,i

γe,i − 1

)

+ǫCR,i
γCR

γCR− 1
+ ǫB,i

γB,i

γB,i − 1
. (2)

whereǫCR,i ≡ PCR,i/Pi andǫB,i ≡ PB,i/Pi are, respectively, the
fractional contribution of cosmic rays and magnetic fields to
the total pressure, whileǫnt,i = ǫCR,i + ǫB,i is the total fractional
contribution of nonthermal pressure components. The tem-
perature jump across the shock of the thermal electrons is then

τ ≡ Te,d

Te,u
=

(1− ǫnt,d)[2γu/(γu − 1)− r−1 − 1]
(1− ǫnt,u)[2γd/(γd − 1)− r − 1]

, (3)

wherer ≡ ρd/ρu is the compression ratio.

2.2. Thermal Electron Relativistic Corrections

Thermal ions are nonrelativistic in cluster shocks and thus
γi,i = 5/3. The adiabatic index of thermal electrons may
differ from this value because of relativistic corrections.
The adiabatic index of thermal electrons equals the ratio of
the rest-frame pressure to internal energy density,γe = 1+
Pe/εe, whereεe is the internal electron energy density (e.g.,
Achterberg et al. 1984)

γe = 1+
1
3

∫∞

0 4πp4(p2/c2 + m2
e)−1/2 fe(p)d p∫∞

0 4πp2[(p2c2 + m2
ec4)1/2 − mec2] fe(p)d p

, (4)

where

fe(p) ∝ exp

[
−

(p2c2 + m2
ec4)1/2

kTe

]
(5)

is the thermal electron momentum distribution. Defining
the electron temperature in units of the electron rest energy
Θe ≡ kTe/mec2, the adiabatic index in equation (4) can con-
veniently be expressed in terms of modified Bessel functions
of the second kind (e.g., Kunik et al. 2003)

γe,i = 1+Θe,i

[
3Θe,i +

K1(Θ−1
e,i)

K2(Θ−1
e,i)

− 1

]−1

(6)

2 We define the adiabatic indices viaγ = 1+ P/ε, whereε is the inter-
nal energy density. The adiabatic index thus calculated maydiffer from
∂ lnP/∂ lnρ.
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In the limitΘe≪ 1, relevant to cluster merger shocks, the adi-
abatic index isγe = 5/3− (5/6)Θe +O(Θ2

e). Note that when
kTe,d or kTe,u becomes comparable tomec2, the right side of
equation (3) depends on the electron temperatures. For ex-
ample, if the nonthermal pressures are ignored (i.e.,ǫnt,i = 0),
a relativistic correction of about 10% applies to the expected
temperature jump and inferred Mach number for conditions
similar to those in the bow shock in 1E 0657−56 (Tu = 10 keV
andr = 3), while a correction of only about 1% applies for the
lower-temperature and weaker shock in A520 (Tu = 5 keV and
r = 2.3).

2.3. Fossil Cosmic Rays

The undisturbed ICM may contain an intracluster pop-
ulation of fossil cosmic rays that could have been pro-
duced in the high Mach number accretion shocks (M ∼
10 − 100), in previous merger shocks, in active galactic
nuclei, and in starburst-associated phenomena (see, e.g.,
Berezinsky et al. 1997; Fujita & Sarazin 2001; Miniati et al.
2001; Gabici & Blasi 2003; Sarazin 2004). After a merger
bow shock passes a fluid element in the ICM, the fluid el-
ement will contain the original fossil cosmic rays, some of
which may have been further accelerated in the shock. The
shock may also accelerate new cosmic rays drawn from the
thermal pool and accelerated in the shock for the first time.

The cosmic ray adiabatic index depends on whether their
pressure is dominated by Newtonian or relativistic particles,
which in turn depends on the details of the cosmic ray spec-
trum (e.g., Achterberg et al. 1984). The effective cosmic ray
adiabatic index lies in the range 4/3≤ γCR ≤ 5/3; the elec-
tron cosmic rays are mildly or fully relativistic while the pro-
tons that dominate the cosmic rays pressure can be Newtonian
or relativistic. Thus, assuming that electron and proton cos-
mic rays are close to mutual equipartition, we expectγCR to
range betweenγCR ≈ 4/3 (for relativistic electrons and pro-
tons) andγCR ≈ 13/9 (relativistic electrons and Newtonian
protons; e.g., Konigl 1980). While in principleγCR may dif-
fer between the upstream and the downstream, when there is
a significant population of upstream cosmic rays, it is reason-
able to expect that these will also dominate the downstream,
and thus thatγCR is approximately constant across the shock.

In addition to being reaccelerated by shock acceleration
mechanism, fossil cosmic rays may be accelerated adiabat-
ically during the shock compression of the magnetic field.
However, shock compression may very well be nonadiabatic
as the Larmor radius of a mildly relativistic electron in a mi-
crogauss field,rL ∼ 109 cm, may be much larger than the tran-
sition layer over which the fluid density jumps.3 Therefore, it
is possible that cosmic rays do not gain energy during com-
pression. Nevertheless, the compression increases the cosmic
ray number density and therefore its pressure by at least a fac-
tor of r. Thus we express the fractional cosmic ray pressure
in the downstream as

ǫCR,d = r

(
Pu

Pd

)
ǫCR,u + ǫacc (7)

where the first term is the pressure of the fossil cosmic rays
if the energy of individual cosmic rays remains unchanged
as they pass through the shock, and the second term is any

3 If pressure across the transition layer is not mediated by cosmic rays but
by plasma instabilities, the width of the transition layer will be of the order
of the plasma skin depth of the thermal protons, which isδ ∼ 107 cm. On the
other hand, adiabatic acceleration will take place whenrL ≪ δ.

additional pressure of cosmic rays that are accelerated in the
shock. The acceleration term includes pressure due to accel-
erated particles from the upstream thermal pool that are added
to the nonthermal pool, and also due to fossil nonthermal par-
ticles that are reaccelerated by a shock acceleration process
and/or by adiabatic compression.

2.4. The Cluster Magnetic Field

The effect of the magnetic field on the shock depends on
its strength and topology, both of which are constrained very
poorly, especially in the cluster outskirts. Faraday rotation
measurements suggest that the magnetic pressure can reach
∼ 10% of the thermal pressure in some clusters or regions
within clusters, and that in others it is less than 1% (e.g.,
Carilli & Taylor 2002; Govoni & Feretti 2004; Govoni et al.
2006).4 Given the large uncertainty in the field strength, we
treatǫB as a free parameter in what follows.

We assume that the magnetic field of the undisturbed ICM
is tangled and isotropic on scales relevant to the hydrodynam-
ics of the cluster merger shock. This approximation allows us
to use the unmagnetized form of the jump conditions, equa-
tion (1), to describe the effect of magnetic field on shock hy-
drodynamics. The approximate coherence length of the field
in some galaxy clusters,∼ 10 kpc, is shorter than the curva-
ture scale of the merger shock,∼ 100 kpc, so that one can
average over the fluctuating field orientation near the shock.5

Furthermore, the measurements of density and temperature
jumps across the shock are based on deprojection of the X-ray
map assuming a cylindrical symmetry of a bow shock—thus
an averaging of observables on the shock curvature scale is
implicit in the reported shock jump data.

Even if the upstream field is isotropic, the downstream field
may be anisotropic as a result of a preferential amplification
of the magnetic field component that is perpendicular to the
shock,B⊥. In this case the perpendicular component will still
be isotropic in the plane of the shock, and can thus be param-
eterized by the ratio of the average parallel and perpendicular
field energy densitiesb ≡ 〈B2

⊥〉/2〈B2
‖〉. The effective adia-

batic index of the magnetic fluid,γB, which is defined as the
parameter that correctly quantifies the behavior of the mag-
netic pressure in equation (2) and may depend on the orien-
tation of the magnetic field, can be expressed in terms of the
averages of the componentsT em

µν
of the electromagnetic part

of the energy-momentum tensor in the shock frame via

γB

γB − 1
=

〈T em
10 〉

β〈T em
11 〉 . (8)

Here,β is the shock velocity in units of the speed of light, and
Γ ≡ (1− β2)−1/2 is the Lorentz factor of the shock. Compo-
nents of the energy-momentum tensor read

T em
11 =

1
8π

[(2Γ2 − 1)B2
⊥ − B2

‖],

T em
10 =

1
4π

Γ
2βB2

⊥. (9)

With these, for a nonrelativistic shock we obtain

γB =
4b

2b + 1
. (10)

4 A magnetic field that is tangled on very small scales is not well con-
strained by the Faraday rotation measurements.

5 The same approximation was employed by Markevitch et al. (2005).
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The value ofγB in equation (10) equalsγB = 2 in a perpendic-
ular shock (b = ∞) and vanishes in a parallel shock (b = 0).
If the field is isotropic on average in the shock upstream
(b = 1), we recover the valueγB,u = 4/3. For an isotropic up-
stream field, the downstream field will haveb ≥ 1 and thus
4/3≤ γB,d ≤ 2.

RelatingǫB,d to ǫB,u requires an understanding of the shock
structure. But even if the shock structure is unknown, we can
limit ǫB,d in two extreme cases, when field generation in the
shock itself (as may take place in unmagnetized shocks) is
neglected. Assuming that magnetohydrodynamic jump con-
ditions apply within the shock transition, and that the par-
allel and the perpendicular fields do not transform into each
other, thenB‖,d = B‖,u andB⊥,d = rB⊥,u, implying thatǫB,d =
(2r2 − 1)(Pu/Pd)ǫB,u. The other extreme assumption, which
was previously made by Markevitch et al. (2005), is that the
field is isotropic and remains isotropic throughout the shock
compression, in which caseǫB,d = r4/3(Pu/Pd)ǫB,u, and thus
the magnetic field behaves as a relativistic or photon gas that
is adiabatically compressed in the shock. We expectǫB,d to
lie between these two limits, assuming that no new field is
generated within the shock.

2.5. Escape of the Highest Energy Cosmic Rays

Another process that may affect the shock and that we have
ignored so far is the escape of the highest-energy cosmic rays
that are accelerated in the shock. This process may take place
if the shock efficiently produces a hard cosmic ray spectrum,
and the highest-energy cosmic rays can escape and remove
energy from the shock transition (see, e.g., Achterberg et al.
1984). This energy leakage can be parameterized by the frac-
tion Q of the incoming energy flux that escapes the shock.
The leakage affects the shock jump conservation relations
such that the left-hand side of the energy flux conservation
relation—the last of equations (1)—must be multiplied by the
factor 1− Q. With this, equation (3) generalizes into

τ =
(1− ǫnt,d)[2(1− Q)γu/(γu − 1)− r−1 − 1+ Qr/(r − 1)]

(1− ǫnt,u)[2γd/(γd − 1)− r − 1+ Qr2/(r − 1)]
.

(11)
The effect of escape is similar to the effect of particle accel-
eration, as it removes a fraction of the incoming energy from
the downstream thermal fluid, thereby reducing the tempera-
ture jump. Note, however, that if the measured value ofτ is
below the one expected in a thermal shock, the deviation from
the thermal temperature jump can only partially be attributed
to the escape, since whenǫacc = 0, the value ofQ must by
definition be zero.

2.6. Sensitivity of the Temperature Jump

We have one relation (equation 3 or its generalized form,
equation 11) and several unknown parameters describing the
upstream and downstream contribution of the cosmic rays and
magnetic field to the fluid pressure. Without making assump-
tions about the nature of the nonthermal fluids, given a mea-
surement of the density jumpr and the temperature jumpτ ,
we can place constraints in the joint parameter space spanned
by these parameters, but cannot recover the fractional pres-
sures themselves. Additionally, when only soft X-ray data
are available (as fromChandra andXMM-Newton), the un-
certainties inτ typically exceed the uncertainties inr. There-
fore, before we proceed to explore the joint parameter space,
we discuss the effect of the variation of various parameterson

τ , assuming thatr is accurately measured and is held fixed.
The temperature jump is most sensitive to the fractional pres-
sure in cosmic rays accelerated or reaccelerated in the shock,
ǫacc. A nonzero value ofǫacc reduces the value ofτ , e.g., in
the ideal case in which the upstream nonthermal pressure van-
ishes,ǫnt,u = 0, we find thatτ drops by about a factor of two
betweenǫacc= 0 andǫacc = 0.3 (r = 2− 3). The reason for this
sensitive dependence is that the production of acceleratedpar-
ticles in the shock saps a fraction of the incoming energy flux
out of the thermal component of the downstream, thereby re-
ducingτ . IncreasingQ results in a similar effect, for similar
reason, onτ .

The effect of changingǫCR,u and ǫB,u on the temperature
jump is more subtle since a high nonthermal pressure in the
shock upstream implies that there will also be a high nonther-
mal pressure in the downstream; it is the balance between the
two that determinesτ . Therefore,τ depends only weakly on
the upstream nonthermal components. IncreasingǫCR,u while
keeping the rest of the parameters constant always increasesτ
slowly. For example assuming that the magnetic pressure van-
ishes (ǫB,u = 0) and thatγCR = 4/3, τ increases by a factor of
≈ 1.2 betweenǫCR,u = 0 andǫCR,u = 0.3 for r = 2.3 andǫacc= 0.
Having a constantǫacc= 0.3 reduces the change inτ to a factor
of ≈ 1.1. IncreasingǫB,u also mostly results in a slightly larger
temperature jump. If the perpendicular field is strongly am-
plified in the shock,γB jumps in the shock, thereby increasing
the effective downstream adiabatic indexγd, and thus increas-
ing τ . If on the other hand we treat the field as a relativistic
gas, thenǫB,u andτ are positively correlated forǫacc = 0 and
are weakly anticorrelated forǫacc≈ 0.15.

In conclusion,τ is strongly anticorrelated withǫacc and
is typically weakly positively correlated withǫCR,u andǫB,u.
Therefore an accurate measurement ofτ andr can tightly con-
strainǫacc. If the measured value ofτ falls below that expected
in a purely thermal hydrodynamic shock given a precise mea-
surement ofr, then a nontrivial lower and upper bound can
be placed onǫacc, but such a constraint cannot be obtained for
ǫCR,u andǫB,u. If, on the other hand, the measured value ofτ
is higher than that expected in a purely thermal hydrodynamic
shock, only an upper limit onǫacc can be placed, i.e.,ǫacc = 0
remains viable. Then, however, the measurement places a
lower limit on the upstream nonthermal pressure. However,
based on the measurement ofr andτ alone, one cannot sep-
arate the partial contributions of the cosmic ray and magnetic
components.

2.7. Implications for Shock Velocity Estimation

The velocity of cluster merger shock is of great interest
since it is a stepping stone toward relating the dynamics of
the ICM to the dynamics of the dark matter in galaxy cluster
mergers (e.g., Hayashi & White 2006; Farrar & Rosen 2006;
Milosavljević et al. 2007; Springel & Farrar 2007). Typically
the shock Mach number is inferred from the compression ratio
r, which can be measured relatively accurately in X-ray maps,
under the strict assumption that all pressures are thermal (the
observed constraints onτ are typically used for consistency
check with this assumption). Taking the nonthermal pressure
into account (but ignoring cosmic ray escape; see § 2.5), the
Mach number is given by

M2 =
2rγu/(γu − 1)− 2γd/(γd − 1)

γg,u(1− ǫnt,u)(1− r−1)[2γd/(γd − 1)− r − 1]
, (12)

whereγg,u = 5/3 is the adiabatic index of the upstream ther-
mal gas, for which relativistic corrections are negligible. This
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relation implies that high nonthermal pressure in the upstream
(downstream) increases (decreases)M. For example, assum-
ing thatǫnt,u = 0 and cosmic rays are rather efficiently acceler-
ated in the shock,ǫacc = 0.15, the inferred value of the Mach
number must be revised by≈ 10%− 20% downward of the
value inferred for a thermal shock, whenr is in the range 2−3.

If, in addition tor, the value ofτ is accurately measured, the
constraints that can be placed on the Mach number are tighter,
since the upstream and downstream nonthermal components
are no longer entirely free. In this case, whenr and τ are
held constant, a larger nonthermal pressure results in a higher
Mach number. For example if the nonthermal component be-
haves as relativistic gas (γnt = 4/3) andr andτ are related as
they would be in a purely thermal shock,τ = (4r − 1)/r(4− r),
the shock Mach number equals

M2 =
3(4r − 1)(1− ǫnt,u)/(4− r) + 5r + 3rǫnt,u− 8

γu(1− ǫnt,u)(1− r−1)(7− r)
, (13)

in which caseM increases by≈ 10% forǫnt,u = 0.3, compared
to the purely thermal shock, forr in the range 2− 3.

2.8. Turbulence

In addition to the cosmic rays and the magnetic field, tur-
bulence also contributes pressure to the ICM. Turbulence in
the ICM is expected to be driven by gravitational clustering
(accretion and merging), and by outflows associated with ac-
tive galactic nuclei. Hydrodynamical simulations of galaxy
cluster formation in which the ICM is treated as an ideal fluid
universally demonstrate that turbulent pressure in the ICMis
non-negligible, and that its contribution to the total pressure is
an increasing function of radius from the center of the cluster.
The fractional turbulent pressure measured in the simulations
is ǫtur ∼ 0.06−0.36 (Norman & Bryan 1999),ǫtur ∼ 0.05−0.1
(Ricker & Sarazin 2001),ǫtur ∼ 0.04−0.09 (Nagai et al. 2003;
Faltenbacher et al. 2005), andǫtur ∼ 0.05− 0.3 (Dolag et al.
2005).6 Spatially-resolved gas pressure maps obtained from
XMM-Newton observations of the Coma galaxy cluster show
a scale-invariant pressure fluctuation spectrum on the scales
of 40 to 90 kpc, which was analyzed to place a lower limit on
the fractional turbulent pressure ofǫtur & 0.1 (Schuecker et al.
2004).7

The physics of the interaction of a shock wave with a tur-
bulent upstream is complex and poorly understood even in
unmagnetized, ideal fluids. The primary theoretical uncer-
tainties are the amount of amplification of turbulence in the
shock and the affect of turbulence on the shock structure. The
shock transition becomes nonplanar in the presence of turbu-
lence (e.g., Rotman 1991), and this nonplanarity affects the lo-
cal shock jump conditions that short-wavelength fluctuations
experience while crossing the shock (e.g., Zank et al. 2002).
Different analytical approximations (e.g., the rapid distortion
theory and the local interaction analysis) and direct numer-
ical simulations do not always agree with each other (e.g.,
Andreopoulos et al. 2000, and references therein). Therefore
we do not attempt to include turbulent pressure in our quanti-
tative calculations. However, since turbulent pressure can af-
fect the observed jump conditions, we discuss it qualitatively

6 Hydrodynamic simulations of intracluster turbulence werealso recently
carried out by Fujita et al. (2004), Subramanian et al. (2006), and Vazza et al.
(2006).

7 Turbulence in the ICM can be detected in other clusters givenan
X-ray detector with high spectral resolution (Inogamov & Sunyaev 2003;
Sunyaev et al. 2003).

using a simple model (Lele 1992) based on the rapid dis-
tortion theory applied to homogeneous turbulence (see, e.g.,
Batchelor 1953; Jacquin et al. 1993).

Lele (1992) derives the averaged density, momentum and
energy conservation equations of ideal fluid in the shock
frame (his equations 9− 11). Assuming homogeneous tur-
bulence and a cylindrically symmetric distribution of turbu-
lent fluctuations, the conservation equations are reduced to the
form of equations (1) with a turbulent pressure and effective
adiabatic index of

Ptur,i = ρiṽ′′‖,iv
′′
‖,i, γtur =

3+ 2bi

1+ 2bi
. (14)

Here, the notation is such that any fluctuating quantityf is
decomposed in two waysf = f + f ′ = f̃ + f ′′, with f denoting
the average value of the quantity,f̃ ≡ ρ f/ρ denoting the mass-
weighted average, andf ′ and f ′′ denoting the corresponding
fluctuating parts, while as before,i = (u,d). Just as we did for
the magnetic field (see § 2.4), we use cylindrical symmetry to
parameterize the turbulent field with a single parameterbi =

ṽ′′⊥,iv
′′
⊥,i/(2ṽ′′‖,iv

′′
‖,i), which in the isotropic case equals unity.

The temperature jumpτ and the shock Mach numberM
can be calculated for a given upstream turbulent pressure frac-
tion ǫtur,u ≡ Ptur,u/Pu and anisotropy parameterbu if the ampli-
fication of the turbulence in the shock is known.8 Lele (1992)
uses the rapid distortion theory to derive the shock amplifica-
tion. This approximation assumes that the mean turbulent flux
amplitudes are much smaller than their mean flow counter-
parts, that turbulent fluctuations cross the shock much faster
than the corresponding eddy turnaround times, and that the
mean flow does not vary much on the length scale of an eddy.
In particular, the otherwise planar shock transition is assumed
to have not been distorted, and rendered nonplanar, by the
fluctuations. In this theory, the parallel and perpendicular tur-
bulence is amplified according to (Lele 1992)

ṽ′′‖v′′‖u

ṽ′′‖v′′‖d

=
3
4

r2

[
1

r2 − 1
+

r2 − 2
(r2 − 1)3/2

tan−1
√

r2 − 1

]

≈ 6r − 1
5

,

ṽ′′⊥v′′⊥u

ṽ′′⊥v′′⊥d

=
3
8

[
1−

1
r2 − 1

+
r4

(r2 − 1)3/2
tan−1

√
r2 − 1

]

≈ r + 1
2

, (15)

which in the case of isotropic upstream turbulence,bu = 1 and
γtur,u = 5/3, yields effective adiabatic index and downstream
pressure fraction for turbulence

γtur,d ≈
23r + 2
11r + 4

, (16)

ǫtur,d≈
ǫtur,u(6r − 1)

5τ (1− ǫtur,u) + ǫtur,u(6r − 1)
.

In this simple model of amplification of turbulence in the
shock, the effect of a pre-existing turbulent component is sim-
ilar to that of the pre-existing cosmic rays and magnetic pres-
sure, namely, the upstream turbulence is only weakly, posi-
tively correlated withτ andM. For example, assuming that

8 In case of isotropic turbulenceǫtur = γgM
2
tur/(3+γgM

2
tur), whereMtur

is the turbulence Mach number andγg is the thermal gas adiabatic index.
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turbulence is the only nonthermal component, the tempera-
ture jump increases by a factor≈ 1.15 andM increases by
a factor≈ 1.3 betweenǫtur,u = 0 andǫtur,u = 0.3 for compres-
sion ratior = 2.3. Very similar results are obtained if instead
of the rapid distortion theory, we employ the linear interac-
tion analysis to calculate the jump conditions (e.g., Lee etal.
1993, 1997). Therefore, we conclude that for a weak, sub-
sonic, unmagnetized turbulence of the ICM, the effect of tur-
bulence on the thermal gas temperature jump of the shock is
similar to that expected in the presence of other nonthermal
components.

3. RESULTS

3.1. A520

Markevitch et al. (2005) analyze a 67 kilosecond observa-
tion with Chandra ACIS-I of the bow shock in the galaxy
cluster merger A520 at z=0.203 and estimate the density and
temperature jump along the axis of symmetry of the shock.
The upstream and downstream temperatures are, respectively,
Tu = 4.8+1.2

−0.8 keV andTd = 11.5+6.7
−3.1 keV, while the density jump

is r = 2.3± 0.3 (all errors are at the 90% confidence levels).
These values are consistent with a shock Mach number of
M ≈ 2. We use equation (3) to explore the constraints that
can be placed on the acceleration of particles in the shock
and on the fractional pressure in the nonthermal components
in the shock upstream, and equation (11) to constrain energy
leakage from the shock in A520.

The predicted downstream temperature in the case of a
pure thermal gas,Td = 10 keV for Tu = 4.8 keV andr = 2.3,
is consistent with the measured value. However, given that
the expected temperature is below the median measured tem-
perature, little room is left for significant particle accelera-
tion in the shock. To place constraints onǫacc, we first take
ǫB,i = Q = 0, and carry a Monte Carlo search in the remain-
ing parameter space (ǫCR,u, ǫacc). We draw a large set (105)
of the observed parameters (density and temperature jump)
from the observed distributions.9 For each set of observed
values we find all the combinations of (ǫCR,u, ǫacc) in the do-
main (0< ǫCR,u < 0.3,0 < ǫacc< 0.25) that are compatible
with the observations. For each point in the (ǫCR,u, ǫacc) plane,
we calculate the number of instances that the corresponding
shock is compatible with the generated “observed” values of
r andτ . The resulting number, properly normalized, provides
the Bayesian likelihood of the shock being characterized bya
given pair (ǫCR,u, ǫacc), assuming a uniform prior in the domain
considered here.

Figure 1 shows the probability distribution for (ǫCR,u, ǫacc)
for the relativistic cosmic rays (γCR = 4/3). The two contours
divide the plane so that the cumulative probability constrained
above each is 0.33 and 0.05 of the total. The figure shows that
ǫacc. 0.1 at 95% confidence levels for any value ofǫCR,u, and
that current observations do not provide a constraint onǫCR,u.
Carrying out a similar analysis for relativistic electronsand
Newtonian proton cosmic rays (γCR = 13/9), which would be
expected if the cosmic ray pressure were dominated by parti-
cles with typical energies of 101 − 104 times the thermal en-
ergy, yields an upper limit ofǫacc. 0.15. Finally, the limit on
the efficiency of the acceleration of Newtonian cosmic rays,
γCR = 5/3, as expected if the cosmic rays are accelerated only
to several times the thermal temperature, isǫacc. 0.25. Natu-

9 We approximate each observed distribution by two half-gaussians that
peak at the median observed value and satisfy the 90% confidence range re-
ported by Markevitch et al. (2005).

FIG. 1.— The probability distribution of (ǫCR,u,ǫacc) for relativistic cos-
mic rays in the bow shock in the galaxy cluster A520, assumingǫB,u = 0 and
ǫCR,u < 0.3. The contours divide the plane so that the cumulative distribution
above the contour includes only 0.33 (lower contour) and 0.05 (upper con-
tour) of the total probability. The probability is calculated via a Monte Carlo
simulation (see text).
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FIG. 2.— The marginalized probability distribution ofǫacc for several
different nonthermal contributions to the gas pressure. The probability is
calculated via a Monte Carlo simulation (see text) for various ranges of flat
priors onǫCR,u and ǫB,u, and various levels of magnetic field amplification
in the shocks, as indicated in the legend. The cosmic rays arerelativistic
(γCR = 4/3), unless noted otherwise. The solid and dashed lines contain 90%
of the distributions (the rest is in dotted line tail). This figure shows that the
limits onǫacc are insensitive to the assumptions and the priors that we choose
for the upstream nonthermal components.

rally, allowing forQ > 0 when deriving the constraints onǫacc
yields a tighter upper limit onǫacc. The minor effect of vary-
ing upstream magnetic field and upstream cosmic ray pressure
on the limits that can be placed onǫacc is explored in Figure
2.

Repeating the same analysis for various values of 0<ǫB,u <
0.3 while assumingǫCR,u = 0, or taking a constantǫCR,u and
a flat prior onǫB,u in the same range, for the two limiting
forms magnetic field behavior at the shock (B⊥,d = rB⊥,u and
Bd = r2/3Bu; see § 2.4), yields a similar upper limit onǫacc.
The reason for the weak impact of magnetic pressure on the
constraints that can be placed on particle acceleration is the
strong dependence ofτ on ǫacc and its weak dependence on



NAKAR ET AL. 7

ǫB,u. Therefore, just as we found forǫCR,u, current observa-
tions do not provide a significant constraint onǫB,u.

We also carried out the same analysis assuming no particle
acceleration,ǫacc = 0, but allowing for an escape of cosmic
rays from the shock, in order to constrain energy leakage from
the shock,Q. Although this scenario is artificial (since for
ǫacc= 0 we also expectQ = 0), this analysis provides an upper
limit to the value ofQ. We find that the observation of A520
limit Q . 0.1 in its merger shock.

The dependence of the temperature jump in equation (3) on
ǫCR,u andǫB,u is weak. Therefore current observations do not
put significant constraint the presence of a relativistic com-
ponent in the pre-merger ICM. Figure 1 shows that a future,
improved X-ray spectroscopy across the bow shock, such as
with a longer exposure withChandra or XMM-Newton, may
exclude the purely thermal scenario,ǫacc = ǫCR,u = 0. If mea-
sured value ofτ falls below the thermal prediction, our anal-
ysis will yield a lower limit onǫacc to accompany the current
upper limit. If the measured value ofτ falls above the ther-
mal prediction, the measurement will imply a lower limit on
ǫCR,u. For example, if we artificially reduce the present mea-
surement uncertainties inTu, Td, andr by a factor of 3 while
assuming that the mean values of these observables remained
unchanged, the data would requireǫacc< 0.05 andǫnt,u > 0.05
at 95% confidence levels. However decouplingǫnt,u into its
cosmic ray and magnetic field components cannot be accom-
plished given a measurement ofr andτ alone.

From the density jump data alone and assuming a purely
thermal shock, Markevitch et al. (2005) estimate the Mach
number of the merger shock in A520 to beM = 2.1+0.4

−0.3. As we
discuss in § 2.7, the likely presence of a non-negligible non-
thermal pressure requires a modification of the Mach num-
ber estimate as in equation (12); adding a nonthermal pres-
sure in the upstream increase the Mach number. Figure 3
shows the Mach number probability for several scenarios in
which a nonthermal fluid is present with a fractional contri-
bution to the pressure that is allowed by the present observa-
tions. The true value of the Mach number depends on the
fractional nonthermal pressure and the amplification of the
magnetic field and turbulence in the shock. For example, for
ǫCR,u = ǫB,u = 0.15 and assuming significant magnetic field am-
plification in the shock, the true Mach number can be as high
asM≈ 2.7

3.2. 1E 0657−56

Gas properties across the merger shock in 1E 0657−56 (the
“bullet” cluster at z=0.296) were measured by Markevitch
(2006) using a 500 kilosecond observation withChandra
ACIS-I. They find a density jump ofr ≈ 3, which corresponds
to a Mach number ofM ≈ 3. The measured temperatures
are Tu ≈ 9 keV and a lower limitTd > 32 keV at 1σ confi-
dence levels. The shock in 1E 0657−56 is stronger than that
in A520 and is thus more propitious for detecting particle ac-
celeration. Unfortunately, the high downstream temperature
Td complicates an accurate measurement of the temperature
jump with the high resolution X-ray telescopesChandra and
XMM − Newton.

Markevitch (2006) does not report the errors on some of
the measurements and therefore we cannot quantitatively con-
strain the presence of nonthermal components in the shock
upstream and downstream. Figure 4 shows the model predic-
tion for Td as a function ofǫCR,u andǫacc for the case of rela-
tivistic cosmic rays,γCR = 4/3, assuming thatǫB,u = Q = 0 and
takingr = 3 andTu = 9 keV. The figure shows that constraints
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FIG. 3.— The Mach number probability distribution based on the observed
density and temperature jumps across the shock in A520 for several different
contributions of nonthermal components to the gas pressure. The solid lines
contain 90% of the distributions (the rest is in dotted line tails). In all cases
the cosmic rays are relativistic and the upstream magnetic field is isotropic
(γCR = γB,u = 4/3). The legend indicates the fractional upstream nonthermal
pressure and the shock amplification of the field in each case.

that can be made in 1E 0657−56 are qualitatively similar to,
although less stringent than, those in A520. The minimum
value of the temperature jumpτ allowed by the measurement
is high and barely consistent with a purely thermal shock. It
does not leave much room for particle acceleration; we tenta-
tively infer ǫacc< 0.15.

The nonthermal components may affect also the Mach
number of the bullet cluster merger shock, which recently
stirred a discussion about its compatibility with standardcos-
mological models (Hayashi & White 2006; Farrar & Rosen
2006; Milosavljevíc et al. 2007; Springel & Farrar 2007).
Markevitch (2006) findsM= 3.0±0.4 , which corresponds to
r = 3.0+0.17

−0.23, assuming no nonthermal contribution and neglect-
ing relativistic corrections due to the high electron tempera-
ture. Allowing for cosmic rays with pressure up to equiparti-
tion, 0< ǫCR,u < 0.3 andǫB = 0, while requiring temperature
and density jump consistent with observations,Td > 20 keV
and 2.77< r < 3.17, yields the limits 2.3 < M < 3.7. The
lower bound is obtained forr = 2.77, ǫacc = 0.07, ǫCR,u = 0,
andTd = 20 keV. The upper bound corresponds tor = 3.17,
ǫacc= 0, ǫCR,u = 0.3, andTd = 45 keV.

4. DISCUSSION

4.1. Particle Acceleration in Collisionless Shocks

Current measurements place constraints on the efficiency
of particle acceleration in cluster merger shocks. This of-
fers a very unique opportunity to test models of particle ac-
celeration in astrophysical collisionless shocks. Estimating
the acceleration efficiency in collisionless shocks is a diffi-
cult problem, which is severely complicated by the fact that
it remains unknown which among a number of possibilities
is the primary acceleration mechanism. Even in the lead-
ing candidate mechanism, the diffusive shock acceleration,
estimates of acceleration efficiency range widely because of
a number fundamental theoretical uncertainties, concerning
the fraction of thermal particles that are injected into the
acceleration process (e.g., Malkov & Drury 2001, and refer-
ences therein), the nonlinear influence of the accelerated par-
ticles on the hydrodynamic profile of the shock wave (e.g.,
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FIG. 4.— Td as a function ofǫCR,u and ǫacc (γCR = 4/3) for r = 3 and
Td = 9 keV, which correspond to the values reported for the bullet cluster 1E
0657−56. The 32 keV and 20 keV contours are the 1σ and 2σ lower limits
on Td as measured by Markevitch (2006) (the 2σ limit is a rough estimate
derived from the plots in Markevitch 2006).

Drury & Völk 1981; Achterberg et al. 1984; Giacalone et al.
1997; Kang et al. 2002, 2007), and the amplification of the
magnetic field by plasma instabilities (e.g., Lucek & Bell
2000; Bell & Lucek 2001; Schlickeiser & Shukla 2003; Bell
2004, 2005; Schekochihin et al. 2005; Medvedev et al. 2006).
Therefore, any estimate of particle acceleration efficiency is
strongly affected by the specific assumptions and approxima-
tions employed in a self-consistent shock model. Here we
do not attempt to carry out a detailed comparison of our re-
sults with various scenarios for particle acceleration. But, to
demonstrate the power of the constraints that can be obtained
from merger shock dynamics, we discuss our results in the
context of the predictions of the particle acceleration model
of Kang et al. (2007, see also Kang & Jones 2007).

A variety of investigations point to a strong dependence of
acceleration efficiency on the shock Mach number, whereby
stronger shocks produce higher efficiencies. Kang et al.
(2007) report an investigation of acceleration efficiency be-
havior in diffusive shock acceleration simulations in quasi-
parallel shocks with a Bohm diffusion coefficient, a self-
consistent treatments of particle injection from the thermal
pool into the acceleration process, and Alfvén wave propaga-
tion. In their Figure 5, Kang et al. (2007) plot the dependence
of the acceleration efficiencyη(M) on the shock Mach num-
berM, whereη is defined as the energy flux in downstream
cosmic rays, divided by the bulk kinetic energy flux in the up-
stream medium entering the shock. In the limitǫacc≪ 1, the
parameterη in Kang et al. is related to ourǫacc via

η ≈ 3
10

(M2 + 3)(5M2− 1)
M4

ǫacc (ǫacc≪ 1). (17)

Thus, we haveη ≈ 2.5ǫacc for M = 2 andη ≈ 2ǫacc for M =
3.10 Kang et al. (2007) detect a strong dependence ofη on the
presence of preexisting cosmic rays in the shock upstream,
ǫCR,u. The strong dependence can be attributed to inefficient
injection at low Mach numbers in their model. ForM = 2, the
parameterη jumps from 0 to 0.15 asǫCR,u increases from 0 to
0.23. In stronger shocks, forM = 3, the parameterη jumps
from 0.1 to 0.25 for the same increase inǫCR,u.

10 We have here ignored the modification of shock Mach number by the
nonthermal pressure, see § 2.7.

Converting our current limits onǫacc into limits on η, we
find η . 0.2 forM≈ 2 andη . 0.3 forM≈ 3. These limits
are marginally consistent with the predictions of Kang et al.
(2007) for any assumed value ofǫCR,u. However, if as
Kang et al. (2007) argue,ǫacc is itself a sensitive function of
ǫCR,u, then improved measurements ofǫacc that can be ob-
tained with additional observations with existing X-ray tele-
scopes can provide tighter limits onǫCR,u. Moreover, a posi-
tive measurement ofǫacc can provide a model-dependent con-
straint onǫCR,u.

4.2. X-ray and SZE Cluster Mass Estimates

Galaxy cluster surveys in which the cluster masses are
measured accurately can be used as powerful cosmological
probes of dark matter and dark energy. The mass estimates
are plagued by systematic uncertainties that must be under-
stood and quantified before the requisite mass measurement
accuracy is achieved. Nonthermal pressure due to cosmic
rays, magnetic fields, and turbulence, is a source of a sys-
tematic bias when cluster masses are estimated on the ba-
sis of the assumption of hydrostatic equilibrium between
gravitational forces and thermal pressure gradients in the
ICM (e.g., Ostriker et al. 2005; Rasia, et al. 2006; Nagai et al.
2007, and references therein). The hydrostatic mass profileof
a spherically-symmetric cluster is given by

M(< r) =
−r2

Gρg

(
dPg

dr
+

dPnt

dr

)
, (18)

whereM(< r) is the mass enclosed within radiusr, while Pg
andPnt are the thermal and the nonthermal contributions to
the pressure. The thermal gas provides a significant fraction
of the total pressure support, and this pressure is measured
directly with current X-ray and SZE observations. The con-
tribution of the nonthermal pressure, on the other hand, is cus-
tomarily assumed to be relatively small (. 10%) outside of a
cluster core (see e.g., Nagai et al. 2007), and it is often ig-
nored in the hydrostatic mass estimates based on X-ray and
SZE data. However, present observations do not yet constrain
the nonthermal pressure in the regime in which it dramatically
affects the calibration of the hydrostatic mass estimates.If
not accounted for, these nonthermal biases limit the effective-
ness of upcoming X-ray and SZE cluster surveys to accurately
measure the expansion history of the universe. Detailed inves-
tigations of the sources of nonthermal pressure in clustersare
thus critical for understanding their effect on the properties
of the ICM and the utility of clusters as precision cosmologi-
cal probes. We proceed to discuss how future observations of
cluster merger shocks will have the potential to place unique
constraints on the nonthermal pressure in the unshocked ICM,
thereby improving cluster mass estimates.

4.3. Prospects for Future Constraints of Nonthermal
Pressure

As discussed in §3, current measurements alone do not
place strong constraints on the presence of a nonthermal com-
ponent in the unshocked ICM in both systems. However, the
improved constraints that can be obtained with existing X-
ray telescopes can provide useful lower limits on nonther-
mal pressure and their effects on the X-ray and SZE clus-
ter mass estimates. In the case of the shock in the cluster
merger A520, the current constraints, which are based on a
67 kilosecond observation withChandra, can be improved
significantly with follow-up observations withChandra or
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XMM-Newton. Therefore, we identify this system as the most
promising one in which our method may yield a positive
shock-hydrodynamic detection of a nonthermal component.
While the stronger shock in the cluster merger 1E 0657−56
may be more efficient at accelerating particles, it will be more
difficult to improve the measurement of the shock temperature
jump in 1E 0657−56. This is because the very high tempera-
ture of the shock downstream medium (Td ≈ 30−50 keV) lies
far outside of spectral sensitivity window of X-ray telescopes
with arcsecond resolution, which in turn renders it difficult to
measure the temperature jump in the narrow post-shock layer.
Hard X-ray observations (e.g., Petrosian et al. 2006) with
RXTE, Integral, or Suzaku, combined with a model of ICM
fluid flow (e.g., Milosavljevíc et al. 2007; Springel & Farrar
2007), may help to pin down the downstream temperature.
Alternative intriguing possibility is that future high resolution
SZE observations may be able to measure the downstream
temperature on the basis of the relativistic SZE, which should
be prominent in the high temperature downstream.

In the next few years, gamma-ray observations of galaxy
clusters may provide tight constraints on the fractional con-
tribution of nonthermal particles to the pressure of the ICM.
Assuming that gamma-ray emission from the decay of neu-
tral pions is the primary emission channel, measurements
with the new gamma-ray telescopeGLAST can be used to
place population-averaged limits on the hadronic cosmic-ray
pressure support in clusters (Ando & Nagai 2007, see also
Berrington & Dermer 2003; Blasi et al. 2007). These forth-
coming constraints, combined with improved X-ray spec-
troscopic measurements of the jump conditions in merger
shocks, may enable a separation of the upstream nonthermal
pressure into its constituent components.

Finally, comparisons of the hydrostatic mass estimates with
those derived from gravitational lensing observations can, in
principle, provide an important handle on nonthermal biases.
Note that this approach is not practical for individual clusters,
because lensing measures the mass in a projected aperture that
cannot be directly compared to the mass within a sphere of the
same radius, to which the hydrostatic mass is sensitive. But,
it might be possible to compare different estimators in an av-
erage sense, while accounting for the effects of asphericity of
clusters and projection effects (see § 5.2 in Nagai et al. 2007).

5. CONCLUSIONS

We model the effect of particle acceleration and nonther-
mal pressure components on shock jump conditions in non-
relativistic shocks. We focus on intermediate Mach number
shocks, with Mach numbers in the rangeM = 2− 3. We ap-
ply this to the merger shocks in galaxy clusters A520 and 1E

0657−56 and place the first constraints on the efficiency of
particle acceleration in these shocks. Our main results areas
follows.

1. The temperature jump of the thermal gas in the shock
depends strongly on the efficiency of shock particle accelera-
tion. Efficient acceleration can reduce the temperature jump
by more than a factor of two for a constant compression ratio
in the ranger = 2− 3.

2. The correct effect of nonthermal pressure in the up-
stream, such as fossil cosmic rays, magnetic field, and tur-
bulence, on the shock jump observed in the thermal gas can-
not be derived at this point, because we lack an understanding
of the interaction of these components with the shock. How-
ever, for a wide range of reasonable assumptions and analytic
approximations, we find that nonthermal pressure in the un-
shocked ICM has only a minor effect on the downstream tem-
perature (at a fixed compression ratio), and that in general,a
high upstream nonthermal pressure increases the temperature
jump in the thermal gas.

3. The combination of strong dependence of the tempera-
ture jump on particle acceleration and weak dependence on
upstream nonthermal pressure enables derivation of mean-
ingful constraints on the efficiency of particle acceleration in
cluster merger shocks, even with current observations. Future,
more accurate X-ray and SZE observations of these shocks
may yield meaningful constraints on the upstream nonthermal
pressure as well.

4. Nonthermal pressure and shock particle acceleration can
also affect the Mach number that is inferred from the observed
compression ratior by tens of percent. When the temperature
jump is poorly constrained, the Mach number is anticorrelated
with efficient particle acceleration and is positively correlated
with upstream nonthermal pressure.

5. In the two observed high contrast galaxy cluster merger
shocks, A520 and 1E 0657−56, we constrain the efficiency
of acceleration of relativistic particles to beǫacc . 0.1 and
ǫacc. 0.15, respectively. We find that considerable upstream
pressure can increase the Mach number of the shock in A520
to reachM≈ 2.7, much higher than the inferred value 2.1 ob-
tained assuming an absence of nonthermal components. The
true Mach number of the shock in 1E 0657−56 can be in the
range 2.3<M < 3.7 with the compression ratio ofr = 3 al-
lowing for nonthermal pressure components.
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