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ABSTRACT

X-ray observations of galaxy cluster merger shocks can kd ts constrain nonthermal processes in the
intracluster medium (ICM). The presence of nonthermalquresscomponents in the ICM, as well as the shock
acceleration of particles and their escape, all affectlslwmp conditions in distinct ways. Therefore, these
processes can be constrained using X-ray surface brightmestemperature maps of merger shock fronts.
Here we use these observations to place constraints orlpaticeleration efficiency in intermediate Mach
number (M ~ 2-3) shocks and explore the potential to constrain the carttab of nonthermal components
(e.g., cosmic rays, magnetic field, and turbulence) to ICkkpure in cluster outskirts. We model the hydro-
dynamic jump conditions in merger shocks discovered in tiexy clusters A52041 ~ 2) and 1E 065756
(M = 3) using a multifluid model comprised of a thermal plasma, @tinermal plasma, and a magnetic field.
Based on the published X-ray spectroscopic data alone, wetfat the fractional contribution of cosmic rays
accelerated in these shocks3ysl0% of the shock downstream pressure. Current observatmnet constrain
the fractional contribution of nonthermal components eophessure of the undisturbed shock upstream. Future
X-ray observations, however, have the potential to eitieéect particle acceleration in these shocks through its
effect on the shock dynamics, or to place a lower limit on tbethermal pressure contributions in the undis-
turbed ICM. We briefly discuss implications for models oftpde acceleration in collisionless shocks and the
estimates of galaxy cluster masses derived from X-ray amg&ay-Zel'dovich effect observations.

Subject headings: cosmic rays — galaxies: clusters: general — galaxies: @tasindividual (A520, 1E 0657—
06) — intergalactic medium — shock waves — turbulence — Xsragjalaxies: clusters

1. INTRODUCTION 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 afsiste
(see below) neglecting nonthermal components; improved es
tentative indirect evidence for such acceleration was-iden fimates of shock velocities in these and other clusters may
have to take into account the cosmic ray and other nonther-

tified in the morphology of the Tycho supernova remnant g
(Warren et al. 2005), and in the high-energy gamma—rayemis-_mal contributions to the ICM pressure. Nonthermal pressure

sion near the RX J1713-3946 remnant (Aharonian etial. S @IS0 & source of systematic bias when cluster masses are
2007). The theory of diffusive shock acceleration (e.g., €Stimated from X-ray and Sunyaev-Zel'dovich effect (SZE)

Blandford & Eichler! 1987, and references therein) predicts Méasurements that are made assuming an hydrostatic equilib
that the acceleration efficiency and the spectrum of accel-UM between gravitational forces and thermal pressure gra

erated particles depend on the Mach number and other padients_ in the ICM (e.gl, Enf3lin et al. 1997; Rasia, et al. 2006
rameters of the shock (e.0.. Giacalone et al. 1997, and-referiagai etal. 2007, and references therein). These nontherma

ences therein). The presence of fossil cosmic rays in the pre Piases limit the effectiveness of upcoming cluster sunmys
shock medium, e.g., from previous shocks, can also affect th the_ guest to place constraints on the expansion historyeof th
acceleration efficiency (e.q., Kang eflal. 2007; Kang & Jones UNVerse. o .

2007, and references therein). We here argue that merging Evidence for the nonthermal activity in clusters is grow-
galaxy clusters are laboratories in which theories of cosmi 19: Observed radio and hard X-ray emissions in clusters sug
ray acceleration in intermediate Mach number shocks can bed®St @ presence of relativistic electrons with Lorentzdact
tested. Observational constraints on particle acceterai ~ 0f ™ 10%. This also suggests a presence of relativistic pro-
such shocks are especially interesting as numerical simula tons that could have been accelerated by the same mechanism

tions suggest that these are the source of a large fraction o{ehat has accelerated the electrons. Direct evidence fonicos

the cosmic rays accelerated in galaxy clusters (e.g., Rgli et &Y ipns in the ICM is, however, stil Iaqkir)g. The nondetec-
2003). tion in EGRET data of gamma-ray emission expected from

Fossil cosmic ray$magnetic field, and turbulence may all 1€utral pion decay in cosmic ray collisions in the ICM (e.g.,
! icray ghetict urbu y Reimer et al. 2003) has so far placed upper limits on the frac-

1 Theoretical Astrophysics, Mail Code 130-33, Californisstitute of tion of cosmic ray pressure t§ 20%-30% in several nearby

Astrophysical collisionless shocks are the likely soummies
the observed extra-solar high energy cosmic rays (e.gl, Be
1978; Blandford & Ostriker 1978). Continuous observationa
effort has not yet yielded direct evidence for acceleratbn
cosmic ray nuclei in collisionless shocks, although relgent

Technology, 1200 East California Boulevard, Pasadena, TI®S. rich clusters|(EnRlin et al. 19977; Pfrommer & Enfilin 2004).
2 Department of Astronomy, University of Texas, 1 Universgyation Most cluster atmospheres are also substantially maguetize
€1400, Austin, TX 78712. with typical field strengths of order a femG out to Mpc radii

1 Potential acceleration sites of fossil cosmic rays are gestetion and
merger shocks, giant radio sources, supernovae, and éadaiin the ICM (e.g./Berezinsky et 41, 1997)
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(Carilli & Taylor2002; Govoni & Feretti 2004; Govoni etlal.  return to discuss its role on qualitative level i §12.8. The
2006, and references therein). There is likely to be consid-ICM fluid can be modeled with an adiabatic equation of state
erable variation in field strengths-(0.1-40u:G) and topolo-  with an effective adiabatic index? In what follows, we use
gies within clusters. Thus while magnetic fields are likely indices “u” and “d” to denote the shock upstream and down-
to provide a significant contribution to the pressure in some stream, respectively. Assuming cylindrical symmetry,sgrn
regions (e.g., along some cold fronts; see Vikhlinin et al. vation of density, momentum, and energy fluxes across the
2001), it is yet unclear what is the average energetics inshock dictates jump conditions on the symmetry axis of the
the cluster outskirts. Numerical simulations of cluster-fo bow shock that read

mation also suggest that subsonic gas motions (turbulence)

contribute substantial nonthermal pressure in clusters, (e PuVu=paVd,

Norman & Bryah 1999; Ricker & Sarazin 2001; Nagai €t al. Py + puV2 =Py + paV3,

2003; Faltenbacher etlal. 2005; Dolag et al. 2005; Rasia et al 1 - 1 v

2006; Nagai et al. 2007). Further investigations of nonther Vy (Epuvfﬁ 7—_1F’u> =Vq (Epdvﬁ+ w——lpd) , (D)
u

mal phenomena in clusters are hence critical for the success
of upcoming X-ray and SZE cluster surveys, as our ability to wherep; is the mass density of the thermal gas (the mass den-
estimate cluster masses hinges on a precise charactamizati sity of the nonthermal particles is negligible),is the fluid
of the nonthermal components. velocity, andR is the total pressure € {u,d})

In this work, we show that shock waves that form dur-  The pressure is a sum of electronic, ionic, cosmic ray, and
ing merging of galaxy clusters can provide unique con- magnetic field contributions = Pej + P +Pcrj +Psj. The

straints on nonthermal processes in clusters. ReChat- effective adiabatic index; equals

dra X-ray observations have revealed that shock waves with

Mach numbersM =~ 2-3 that form during the merging Voo loen ( Wi, e )

of galaxy clusters are accompanied by distinct X-ray sur- 7i—1 2 7i=1 vei—1

face brightness and temperature discontinuities. To date, YCR B,

a density and temperature jump along axis of symmetry +ecRi %R_1+€B=i ei-1 (2)

of a cluster merger bow shock has been recovered in the

cluster A520 [(Markevitch et al. 2005) and in 1E 0658  Whereecri = Pcri/P andeg; = Pg; /P, are, respectively, the
(Markevitch et al. 2002; Markevitth 2006). The relative mag fractional contribution of cosmic rays and magnetic fieldls t
nitudes of the density and temperature jump depend on thehe total pressure, whiley; = ecri +¢g; is the total fractional
contribution of nonthermal components (e.g., cosmic rays, contribution of nonthermal pressure components. The tem-
magnetic field, turbulence) to the pressure of the undistlrb  perature jump across the shock of the thermal electroneris th
upstream ICM. They also depend on the efficiency of particle

- —1)—r1-
acceleration in the shock, on the escape of the accelerated p ;= Jed _ (A=eng)l2y/0u=1)=r 1]7 3)
ticles from the shock, and on the amplification of turbulence Teu  (I-énu)27a/(va—1)-r-1]
in the shock. _ . . :
Here we make the first attempt to use the X-ray observa-vvm:"rer = pa/ puis the compression ratio.
tions of merging clusters to constrain their particle aecel 2.2 Thermal Electron Relativistic Corrections

tion and the fractional contribution of nonthermal compatse . L

to the pressure budget of the ICM. IAI§ 2, we model the hydro- Thermal ions are.nonr_ela.\tlwsnc in cluster shocks and thus
dynamic jump conditions and Mach number using the multi- 7ii = 5/3. The adiabatic index of thermal electrons may
fluid approximation. We model the effect of cosmic rays, a differ from this value because of relativistic corrections
tangled magnetic field, and turbulence, on observed gasjump;rhe adiabatic index of thermal electrons equals the ratio of
conditions in the shock. In[8 3, we utilize this model to de- the rest-frame pressure to internal energy density: 1+

rive constraints on nonthermal components in merger shockse/ e, wheregeﬂ|s the internal electron energy density (e.g.,
in galaxy clusters A520 and 1E 06556. We show that cur-  Achterberg et al. 1984)

rent observations can limit the efficiency of particle aecal oo 4002 02 -1/2

tion, and that the fractional contribution of nonthermaidt. Ye = 1+} = Jo~ 4pi(p7/¢"+ me) P fe(p)dp , (4

to ICM pressure may be constrained with future, improved, 3 Jo Amp?[(p?c?+méct)t/2-mec?] fe(p)dp

X-ray spectroscopy and SZE observations. [0 § 4, we disCuSs, ere

implications of these results in context of particle acragien (P22 +mach)/2

models and for the estimates of galaxy clusters masses with fe(p) o exp{——] (5)

X-ray and SZE observations. I8 5, we summarize our main KTe

conclusions. is the thermal electron momentum distribution. Defining
2. LIMITS ON PARTICLE ACCELERATION IN MERGER SHOCKS the electron temperature in units of the electron rest gnerg

AND NONTHERMAL PRESSURE IN ICM ©e = kTe/mec?, the adiabatic index in equatiohl (4) can con-

veniently be expressed in terms of modified Bessel functions

2.1. Shock Jump Conditions of the second kind (e.d., Kunik etlal. 2003)

The ICM fluid consists of a thermal component (electrons

and ions in mutual thermal equilibrium) and number of non- Ki(05} -

¢ . — W\Wei
thermal components (nonthermal cosmic rays and magnetic Yei =1+0ej |30 + Ko(OF -1 (6)
fields comoving with the thermal component). Turbulent gas 2 el

motions and electromagnetic waves can also contribute pres , , o . _ .

- . - We define the adiabatic indices via= 1+P/e, wheree is the inter-
sure to the ICM. We ignore the eIeCtromagne“C waves in the ng| energy density. The adiabatic index thus calculated ditigr from
current treatment. We also temporarily ignore turbulebog,  8InP/dInp.
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In the limit ©e < 1, relevantto cluster merger shocks, the adi- additional pressure of cosmic rays that are acceleratdukin t
abatic index isye = 5/3-(5/6)0+ O(©2). Note that when  shock. The acceleration term includes pressure due to-accel
KTeq or KTe, becomes comparable t.c?, the right side of erated particles from the upstream thermal pool that arecdd
equation[(B) depends on the electron temperatures. For exto the nonthermal pool, and also due to fossil nonthermal par
ample, if the nonthermal pressures are ignored ¢sg.= 0), ticles that are reaccelerated by a shock acceleration ggsoce
a relativistic correction of about 10% applies to the expéct and/or by adiabatic compression.

temperature jump and inferred Mach number for conditions

similar to those in the bow shock in 1E 0656 (T, = 10 keV 2.4. The Cluster Magnetic Field

andr = 3), while a correction of only about 1% appliesforthe  tpg effect of the magnetic field on the shock depends on
lower-temperature and weaker shock in ASZOX5 keVand g sirength and topology, both of which are constraineg ver

r=23). poorly, especially in the cluster outskirts. Faraday iotat
. . measurements suggest that the magnetic pressure can reach
2.3. Fossil Cosmic Rays ~ 10% of the thermal pressure in some clusters or regions
The undisturbed ICM may contain an intracluster pop- within clusters, and that in others it is less than 1% (e.g.,
ulation of fossil cosmic rays that could have been pro- (Carilli & Taylor 2002; Govoni & Ferettl 2004; Govoni et al.
duced in the high Mach number accretion shockd ¢ 2006)* Given the large uncertainty in the field strength, we
10-100), in previous merger shocks, in active galactic treateg as a free parameter in what follows.
nuclei, and in starburst-associated phenomena (see, e.g., We assume that the magnetic field of the undisturbed ICM
Berezinsky et al. 1997; Fujita & Sarazin 2001; Miniati et al. is tangled and isotropic on scales relevant to the hydragiyna
2001;[ Gabici & Blasi 2003;_Sarazin 2004). After a merger ics of the cluster merger shock. This approximation allow/s u
bow shock passes a fluid element in the ICM, the fluid el- to use the unmagnetized form of the jump conditions, equa-
ement will contain the original fossil cosmic rays, some of tion (), to describe the effect of magnetic field on shock hy-
which may have been further accelerated in the shock. Thedrodynamics. The approximate coherence length of the field
shock may also accelerate new cosmic rays drawn from thein some galaxy clustersy 10 kpc, is shorter than the curva-
thermal pool and accelerated in the shock for the first time. ture scale of the merger shock, 100 kpc, so that one can
The cosmic ray adiabatic index depends on whether theiraverage over the fluctuating field orientation near the sRock
pressure is dominated by Newtonian or relativistic pagicl  Furthermore, the measurements of density and temperature
which in turn depends on the details of the cosmic ray spec-jumps across the shock are based on deprojection of the X-ray
trum (e.g.| Achterberg et al. 1984). The effective cosmjc ra map assuming a cylindrical symmetry of a bow shock—thus
adiabatic index lies in the rangg/3< qcr < 5/3; the elec-  an averaging of observables on the shock curvature scale is
tron cosmic rays are mildly or fully relativistic while theg implicit in the reported shock jump data.
tons that dominate the cosmic rays pressure can be Newtonian Even if the upstream field is isotropic, the downstream field
or relativistic. Thus, assuming that electron and protost co may be anisotropic as a result of a preferential amplificatio
mic rays are close to mutual equipartition, we expggt to of the magnetic field component that is perpendicular to the
range betweencg ~ 4/3 (for relativistic electrons and pro- shock,B, . In this case the perpendicular component will still
tons) andycr &~ 13/9 (relativistic electrons and Newtonian be isotropic in the plane of the shock, and can thus be param-
protons; e.g., Konigl 1980). While in principte:r may dif- eterized by the ratio of the average parallel and perpetaticu
fer between the upstream and the downstream, when there ifield energy densitieb = <Bi>/2<Bﬁ). The effective adia-

a significant population of upstream cosmic rays, itis reaso patic index of the magnetic fluidig, which is defined as the
able to expect that these will also dominate the downstreamparameter that correctly quantifies the behavior of the mag-
and thus thatcr is approximately constant across the shock. netic pressure in equationl (2) and may depend on the orien-
In addition to being reaccelerated by shock accelerationtation of the magnetic field, can be expressed in terms of the
mechanism, fossil cosmic rays may be accelerated adiabatayerages of the componer§ of the electromagnetic part

ica”y during the shock CO_mprESSion of the magnetiC_ fleld of the energy-momentum tensor in the shock frame via
However, shock compression may very well be nonadiabatic

as the Larmor radius of a mildly relativistic electron in & mi w _ (T 3
crogauss field; ~ 10° cm, may be much larger than the tran- w-1 BITE™ (8)
sition layer over which the fluid density jumpsTherefore, it

is possible that cosmic rays do not gain energy during com-Here,$ is the shock velocity in units of the speed of light, and
pression. Nevertheless, the compression increases theocos T’ = (1-5%)7Y/2 is the Lorentz factor of the shock. Compo-
ray number density and therefore its pressure by at least a fa nents of the energy-momentum tensor read

tor of r. Thus we express the fractional cosmic ray pressure 1

in the downstream as em= g[(zrz ~1)B2 - Bﬁ

P,
=r( 2 1
€crRd =T < P, > €cRut €acc @) l%m: - FzﬁBi. (9)

where the first term is the pressure of the fossil cosmic raysyyjith these, for a nonrelativistic shock we obtain
if the energy of individual cosmic rays remains unchanged

as they pass through the shock, and the second term is any _ 4b
78T 2o+ (10)
3 If pressure across the transition layer is not mediated bynarays but
by plasma instabilities, the width of the transition layeH Wwe of the order 4 A magnetic field that is tangled on very small scales is nol weh-
of the plasma skin depth of the thermal protons, which4s 10’ cm. On the strained by the Faraday rotation measurements.

other hand, adiabatic acceleration will take place whes §. 5 The same approximation was employed by Markevitch lef aD%p0
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The value ofyg in equation[(ID) equalgs = 2 in a perpendic- 7, assuming that is accurately measured and is held fixed.
ular shock b = oo) and vanishes in a parallel shodi= 0). The temperature jump is most sensitive to the fractionadpre
If the field is isotropic on average in the shock upstream sure in cosmic rays accelerated or reaccelerated in théshoc
(b= 1), we recover the valugs, = 4/3. For an isotropic up-  eacc A nonzero value ot reduces the value af, e.g., in
stream field, the downstream field will hake> 1 and thus  theideal case in which the upstream nonthermal pressure van
4/3<~pg<2. ishes,eny = 0, we find thatr drops by about a factor of two
Relatingeg g t0 egy requires an understanding of the shock betweereaec=0 andeacc= 0.3 (r = 2—3). The reason for this
structure. But even if the shock structure is unknown, we cansensitive dependence is that the production of accelepated
limit egq in two extreme cases, when field generation in the ticles in the shock saps a fraction of the incoming energy flux
shock itself (as may take place in unmagnetized shocks) isout of the thermal component of the downstream, thereby re-
neglected. Assuming that magnetohydrodynamic jump con-ducingr. IncreasingQ results in a similar effect, for similar
ditions apply within the shock transition, and that the par- reason, on.
allel and the perpendicular fields do not transform into each The effect of changingcry andegy on the temperature
other, therB) 4 = B, andB, 4 =B, u, implying thateg g = jump is more subtle since a high nonthermal pressure in the
(2r2-1)(P,/Py)esy. The other extreme assumption, which shock upstream implies that there will also be a high nonther
was previously made Hy Markevitch ef al. (2005), is that the mal pressure in the downstream; it is the balance between the
field is isotropic and remains isotropic throughout the ghoc two that determines. Therefores depends only weakly on
compression, in which casg g = r4/3(Pu/Pd)€BAUa and thus the upstream nonthermal components. Increasiag \_/vhlle
the magnetic field behaves as a relativistic or photon gas thak€eping the rest of the parameters constant always in@ease
is adiabatically compressed in the shock. We expggtto slowly. For example assuming that the magnetic pressure van

lie between these two limits, assuming that no new field is iShes €s.u = 0) and thatycr = 4/3, 7 increases by a factor of
generated within the shock. ~ 1.2 betweertcry =0 andecry = 0.3 forr = 2.3 andeacc= 0.

Having a constartcc= 0.3 reduces the cha.ngeﬁrr.to afactor
2.5. Escape of the Highest Energy Cosmic Rays of ~ 1.1. Increasingg, also mostly results in a slightly larger
temperature jump. If the perpendicular field is strongly am-
_ Another process that may affect the shock and that we havgyjified in the shockys jumps in the shock, thereby increasing
ignored so far is the escape of the highest-energy cosmsc ray e effective downstream adiabatic indgx and thus increas-
that are accelerated in the shock. This process may take placjng . |f on the other hand we treat the field as a relativistic
if the shoc_k efficiently produce_s a hard cosmic ray spectrum,gas, thenes,, andr are positively correlated fafe.= 0 and
and the highest-energy cosmic rays can escape and removge Weakly'anticorrelated f@ge~ 0.15.
energy frqm the shock transition (see, €.g., A_chterberg eta |n conclusion,r is strongly anticorrelated witlaee and
1_984). This energy I_eakage can be parameterized by the fracjg typically weakly positively correlated withcr, and eg.
tion Q of the incoming energy flux that escapes the shock. Therefore an accurate measurementafdr can tightly con-
The leakage affects the shock jump conservation relationssyrajne, .., Ifthe measured value offalls below that expected
such that the left-hand side of the energy flux conservationj, 5 purely thermal hydrodynamic shock given a precise mea-
relation—the last of equatiorlsl (1) —must be multiplied by th  gyrement of, then a nontrivial lower and upper bound can
factor 1-Q. With this, equation(3) generalizes into be placed omgc, but such a constraint cannot be obtained for
- - —1\—r1_14 _ ecru andegy. If, on the other hand, the measured value of
= (= amgl2(1~Qw/(u = 1) 12 Qr/(r 1)]. is higher than that expected in a purely thermal hydrodyoami
(1-entu)[2ya/(a=1)=r=1+Qr?/(r - 1)] shock, only an upper limit opscc can be placed, i.eeaec= 0
L _(11) remains viable. Then, however, the measurement places a
The effect of escape is similar to the effect of particle &cce |ger fimit on the upstream nonthermal pressure. However,
eration, as it removes a fraction of the incoming energy from pased on the measurementraind+ alone. one cannot sep-

the downstream thermal fluid, thereby reducing the tempera-yrate the partial contributions of the cosmic ray and magnet
ture jump. Note, however, that if the measured value of components.

below the one expected in a thermal shock, the deviation from
the thermal temperature jump can only partially be attedut 2.7. Implications for Shock Velocity Estimation

to the escape, since wheg. = 0, the value ofQ must by The velocity of cluster merger shock is of great interest
definition be zero. since it is a stepping stone toward relating the dynamics of
e the ICM to the dynamics of the dark matter in galaxy cluster
2.6. Sensitivity of the Temperature Jump mergers (e.gl, Hayashi & White 2006; Farrar & Rdsen 2006;
We have one relation (equatibh 3 or its generalized form, Milosavljevic et al! 2007; Springel & Fartar 2007). Typically
equatiori Ill) and several unknown parameters describing théhe shock Mach number is inferred from the compression ratio
upstream and downstream contribution of the cosmic rays and, which can be measured relatively accurately in X-ray maps,
magnetic field to the fluid pressure. Without making assump- under the strict assumption that all pressures are theth®l (
tions about the nature of the nonthermal fluids, given a mea-observed constraints anare typically used for consistency
surement of the density jumpand the temperature jump check with this assumption). Taking the nonthermal pressur
we can place constraints in the joint parameter space sganneinto account (but ignoring cosmic ray escape; see 8 2.5), the
by these parameters, but cannot recover the fractionat presMach number is given by

sures themselves. Additionally, when only soft X-ray data or -1)-2 -1
are available (as fronChandra and XMM-Newton), the un- M?= = 7“/(1“_ _1) > Vd/(’yd_l )_ 5 (12
certainties inr typically exceed the uncertaintiesiinThere- You(l~ent) (1 -1 [279/ (= 1) -1 -1

fore, before we proceed to explore the joint parameter spacewherevy, = 5/3 is the adiabatic index of the upstream ther-
we discuss the effect of the variation of various parameters mal gas, for which relativistic corrections are negligibléis
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relation implies that high nonthermal pressure in the @astr
(downstream) increases (decreaskes) For example, assum-
ing thateny = 0 and cosmic rays are rather efficiently acceler-
ated in the shocksaec = 0.15, the inferred value of the Mach
number must be revised by 10%-20% downward of the
value inferred for a thermal shock, wheis in the range 2 3.

If, in addition tor, the value ofr is accurately measured, the

5

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

Lele (1992) derives the averaged density, momentum and
energy conservation equations of ideal fluid in the shock
frame (his equations 911). Assuming homogeneous tur-
bulence and a cylindrically symmetric distribution of turb

constraints that can be placed on the Mach number are tightedent fluctuations, the conservation equations are redwctet
since the upstream and downstream nonthermal componentform of equations[{]1) with a turbulent pressure and effectiv

are no longer entirely free. In this case, wheand r are
held constant, a larger nonthermal pressure results inteehig
Mach number. For example if the nonthermal component be-
haves as relativistic gas{ = 4/3) andr andr are related as
they would be in a purely thermal shoeks (4r —1)/r(4-r),

the shock Mach number equals

_3(@r-1)(1-enty)/(4-r)+5r+3reny—8
- ’Yu(l_ﬁnt,u)(l_r_l)w_r)

in which caseM increases by 10% forep, = 0.3, compared
to the purely thermal shock, forin the range 2 3.

MZ

(13)

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 galax
cluster formation in which the ICM is treated as an ideal fluid
universally demonstrate that turbulent pressure in the IEM
non-negligible, and that its contribution to the total pe® is

an increasing function of radius from the center of the elust
The fractional turbulent pressure measured in the sinouriati

iS ewr ~ 0.06-0.36 (Norman & Bryai 1999);,, ~ 0.05-0.1
(Ricker & Sarazim 2001);,r ~ 0.04-0.09 (Nagai et al. 2003;
Faltenbacher et al. 2005), ang, ~ 0.05-0.3 (Dolag et al.
2005)® Spatially-resolved gas pressure maps obtained from
XMM-Newton observations of the Coma galaxy cluster show
a scale-invariant pressure fluctuation spectrum on thescal
of 40 to 90 kpc, which was analyzed to place a lower limit on
the fractional turbulent pressureqf; = 0.1 (Schuecker et al.
2004)!

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. Th
shock transition becomes nonplanar in the presence of-turbu
lence (e.gl, Rotméan 1991), and this nonplanarity affeetéth
cal shock jump conditions that short-wavelength fluctueio
experience while crossing the shock (e.g., Zank et al.|2002)
Different analytical approximations (e.g., the rapid ditbn
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). Therefo
we do not attempt to include turbulent pressure in our quanti
tative calculations. However, since turbulent pressureata
fect the observed jump conditions, we discuss it qualiediv

6 Hydrodynamic simulations of intracluster turbulence waiso recently
carried out by Fujita et al. (2004), Subramanian ef al. (2086d Vazza et al.
(2006).

7 Turbulence in the ICM can be detected in other clusters gaen
X-ray detector with high spectral resolution_(Inogamov &ngae/[ 2003;
Sunyaev et al. 2003).

adiabatic index of

] _ 3+2b;
L T T
Here, the notation is such that any fluctuating quantitis
decomposed in two wayks= T + f/ = f + f/, with T denoting
the average value of the quantify= o f /5 denoting the mass-
weighted average, and and f”” denoting the corresponding
fluctuating parts, while as befories (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 parambter
VILiVEi/(2vvi;), which in the isotropic case equals unity.

The temperature jump and the shock Mach numbgvt
can be calculated for a given upstream turbulent pressace fr
tion ewru = Puru/Pu @nd anisotropy parametey if the ampli-
fication of the turbulence in the shock is knofihele (1992)
uses the rapid distortion theory to derive the shock amgplific
tion. This approximation assumes that the mean turbulext flu
amplitudes are much smaller than their mean flow counter-
parts, that turbulent fluctuations cross the shock muclerfast
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 isiasesd
to have not been distorted, and rendered nonplanar, by the
fluctuations. In this theory, the parallel and perpendictue
bulence is amplified according to (Lele 1992)

Puri =7V V] (14)

V/IVI/ 2_
My 3 2] 1 -2 /5T
d
~6r—1
M
\//Ii—\\_//zu_s 1 r4 =1./.2
V'Tvid'5[1'r2—1+(r2—1>~°>/2t"“‘ r‘l]
r+1
~N— 15
> (15)

which in the case of isotropic upstream turbulenxes 1 and
~uru = 5/3, yields effective adiabatic index and downstream
pressure fraction for turbulence

23r+2
1ir +4’
eturu(6r —1)
57(1- etry) + €turu(6r — 1)
In this simple model of amplification of turbulence in the
shock, the effect of a pre-existing turbulent componerihis s
ilar to that of the pre-existing cosmic rays and magnetispre

sure, namely, the upstream turbulence is only weakly, posi-
tively correlated withr and M. For example, assuming that

urd = (16)

€tur,d ~

8 In case of isotropic turbulenagur = g M2, /(3 +vgME,), where M
is the turbulence Mach number anglis the thermal gas adiabatic index.
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turbulence is the only nonthermal component, the tempera-
ture jump increases by a facter 1.15 and M increases by

a factor~ 1.3 betweerty, = 0 andey,y = 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., Leslet
1993,11997). 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 i<
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 anc
temperature jump along the axis of symmetry of the shock.
The upstream and downstream temperatures are, respgctivel
Tu=4.8'3 keV andTy = 115'%7 keV, while the density jump

SHOCK CONSTRAINTS ON NONTHERMAL PRESSURE IN CLUSTERS

0.25
50

0.2
0.15 o5 Y
Q /0 o)
%) o
© 5/QD D
w =)
01| =00 =
~

0.05

0.05

01 0.15

e
CR,u
FIG. 1.— The probability distribution ofeg y,cacc) for relativistic cos-

mic rays in the bow shock in the galaxy cluster A520, assuragng= 0 and
ecru < 0.3. The contours divide the plane so that the cumulativeibligton

0.2 0.25 0.3

isr =2.340.3 (all errors are at the 90% confidence levels). above the contour includes only 0.38wer contour) and 0.05 gpper con-

These values are consistent with a shock Mach number o
M =~ 2. We use equation}(3) to explore the constraints that

ftqur) of the total probability. The probability is calculatedava Monte Carlo

simulation (see text).

can be placed on the acceleration of particles in the shock

and on the fractional pressure in the nonthermal component:
in the shock upstream, and equatibnl (11) to constrain energy
leakage from the shock in A520.

The predicted downstream temperature in the case of &
pure thermal gasly = 10 keV forT, = 4.8 keV andr = 2.3,
is consistent with the measured value. However, given that
the expected temperature is below the median measured ten
perature, little room is left for significant particle aceed-
tion in the shock. To place constraints e, we first take
egi = Q =0, and carry a Monte Carlo search in the remain-
ing parameter spacedry,cac)- We draw a large set (2D
of the observed parameters (density and temperature jump
from the observed distributiorfs.For each set of observed
values we find all the combinations afcgu, €ac) in the do-
main (0< ecry < 0.3,0 < €acc < 0.25) that are compatible
with the observations. For each pointin thedy, eacd plane,
we calculate the number of instances that the corresponding
shock is compatible with the generated “observed” values of
r andr. The resulting number, properly normalized, provides
the Bayesian likelihood of the shock being characterized by
given pair €cru, €acd, assuming a uniform prior in the domain
considered here.

Figure[1 shows the probability distribution forck, €acd
for the relativistic cosmic raysytr = 4/3). The two contours
divide the plane so that the cumulative probability consed
above each is.83 and 005 of the total. The figure shows that
eacc S 0.1 at 95% confidence levels for any valuesgky, and
that current observations do not provide a constrairdgaf.
Carrying out a similar analysis for relativistic electrossd
Newtonian proton cosmic raysdr = 13/9), which would be

—t =0;0<¢ <0.3
L B,u

16 213

—0<e_ ,¢€ <0.3; B =r""B
14 B,u' “CR,u u

---0s s’ Ecr, =03 Bd,j'rBu,D’ Bd,II_Bu,II

_ . R 285 H

12 == =Yg=18/9; 0<g, & <0.3; B=r"B

0.05 0.1 0.2 0.25 0.3

€
acc

FiG. 2.— The marginalized probability distribution eficc for several
different nonthermal contributions to the gas pressuree piobability is
calculated via a Monte Carlo simulation (see text) for vasioanges of flat
priors onecry andegy, and various levels of magnetic field amplification
in the shocks, as indicated in the legend. The cosmic raysetatvistic
(vcr =4/3), unless noted otherwise. The solid and dashed linesind¥&6
of the distributions (the rest is in dotted line tail). Thiguie shows that the
limits on eacc are insensitive to the assumptions and the priors that weseho
for the upstream nonthermal components.

rally, allowing forQ > 0 when deriving the constraints ef.
yields a tighter upper limit ol The minor effect of vary-

ing upstream magnetic field and upstream cosmic ray pressure
on the limits that can be placed eg.is explored in Figure

expected if the cosmic ray pressure were dominated by partif|

cles with typical energies of 13- 10* times the thermal en-
ergy, yields an upper limit of;cc < 0.15. Finally, the limit on
the efficiency of the acceleration of Newtonian cosmic rays,

Repeating the same analysis for various values<otg <
0.3 while assumingcgry = 0, or taking a constantg, and
a flat prior onegy in the same range, for the two limiting

Ycr = 5/3, as expected if the cosmic rays are accelerated onlyforms magnetic field behavior at the shoék (; =B, , and

to several times the thermal temperatureais < 0.25. Natu-

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

Bq = r¥3By; see §214), yields a similar upper limit @gec

The reason for the weak impact of magnetic pressure on the
constraints that can be placed on particle acceleratiomeis t
strong dependence afon e,c and its weak dependence on
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egy. Therefore, just as we found fegry, current observa-

tions do not provide a significant constraint@y,. 3.5f :
We also carried out the same analysis assuming no particle

accelerationgaec = 0, but allowing for an escape of cosmic 3t

rays from the shock, in order to constrain energy leakags fro

the shock,Q. Although this scenario is artificial (since for 251

eacc= 0 we also exped) = 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 equdtion (3) or 15¢
ecru andeg is weak. Therefore current observations do not
put significant constraint the presence of a relativistimeo 1t
ponent in the pre-merger ICM. Figuré 1 shows that a future,
improved X-ray spectroscopy across the bow shock, such a 05l
with a longer exposure withandra or XMM-Newton, may 5
exclude the purely thermal scenarigec = ecry = 0. If mea- ol ; i
sured value of falls below the thermal prediction, our anal- 18 2 22 24 26 28 3 32
ysis will yield a lower limit one,cc to accompany the current M
upper limit. If the measured value offalls above the ther- FiG. 3.— The Mach number probability distribution based on theeoved
mal prediction, the measurement wil Iply a lower it on {81, a0 e e T s sat ke ot e
ccru- FOT examp"?' I.f we artificially reduce the present mea- gggtain 90% of the distributions F()the restis in dgttec?liaﬂsh. In all cases
surement uncertainties iy, Tq, andr by a factor of 3 while the cosmic rays are relativistic and the upstream magnedit i§ isotropic
assuming that the mean values of these observables remaindélcr = 184 = 4/3). The legend indicates the fractional upstream nonthlerma
unchanged, the data would requeigeC< 0.05 andEntﬁu > 0.05 pressure and the shock amplification of the field in each case.
at 95% confidence levels. However decoupling, into its

P(M)

cosmic ray and magnetic field components cannot be accom:[hat can be made in 1E 06556 are qualitatively similar to,
y 9 P although less stringent than, those in A520. The minimum

pllé?oeg ?;]V:régn@fa-sué]emgggi?ggea;%egss mina a purel value of the temperature jumpallowed by the measurement
ty Jump uming a purely;q high and barely consistent with a purely thermal shock. It

thermal shock, Markevitch etial. (2005) estimate the Mach d ; -
- . o a+0.4 oes not leave much room for particle acceleration; we tenta
number of the merger shock in A520 tobé = 2.1755. As we tively infer eaec < 0.15.

discuss in &§2]7, the likely presence of a non-negligible-non The nonthermal components may affect also the Mach

thermal pressure requires a modification of the Mach num- ;
ber estimate as in equatiof{12); adding a nonthermal pres_number of the bullet cluster merger shock, which recently

; : tirred a discussion about its compatibility with standeod-
sure in the upstream increase the Mach number. Figure g'rsnological models|(Hayashi & White 2005: Farrar & Rdsen

shows the Mach numoer probabily for everal scenarios 2006, losavlevt et al. 2007 Spingel & Farar 2007).

bution to the pressure that ispallowed by the present observa'vlarkevItCh (2006)- finds\1 =3.0+0.4, Whlc-h cqrrespondsto

tions. The true value of the Mach number depends on the| =3'Ot8:%;’- assuming no nonthermal contribution and neglect-

fractional nonthermal pressure and the amplification of the "9 relativistic corrections due to the high electron tempe

magnetic field and turbulence in the shock. For example fort-ure' Allowing for cosmic rays W'th pressure up to equipart
9 . pl€, tion, 0< ecru < 0.3 andeg = 0, while requiring temperature

ecru = €g,u = 0.15 and assuming significant magnetic field am- i . . :
plification in the shock, the true Mach number can be as highgﬂg g?gi't); 12rgpl;:ogiselis(;g%\évw%ﬁlsaszesriaﬁﬁié %0 I-(l%\é

asM~27 lower bound is obtained far = 2.77, eacc = 0.07, ecry = 0,

3.2. 1E 0657-56 andTy = 20 keV. The upper bound corresponds te 3.17,

Gas properties across the merger shock in 1E 866Tthe " 0. cru =03, andTq =45 keV.
“bullet” cluster at z=0.296) were measured by Markevitch 4. DISCUSSION
(2006) using a 500 kilosecond observation withandra _ L .
ACIS-1. They find a density jump af~ 3, which corresponds 4.1. Particle Acceleration in Collisionless Shocks
to a Mach number oM ~ 3. The measured temperatures  Current measurements place constraints on the efficiency
areT, ~ 9 keV and a lower limitTy > 32 keV at Ir confi- of particle acceleration in cluster merger shocks. This of-
dence levels. The shock in 1E 0656 is stronger than that fers a very unique opportunity to test models of particle ac-
in A520 and is thus more propitious for detecting particle ac celeration in astrophysical collisionless shocks. Edfimga
celeration. Unfortunately, the high downstream tempeeatu the acceleration efficiency in collisionless shocks is &-dif
Tq complicates an accurate measurement of the temperatureult problem, which is severely complicated by the fact that
jump with the high resolution X-ray telescop€bhandra and it remains unknown which among a number of possibilities
XMM — Newton. is the primary acceleration mechanism. Even in the lead-

Markevitch (2006) does not report the errors on some of ing candidate mechanism, the diffusive shock acceleration
the measurements and therefore we cannot quantitatively co estimates of acceleration efficiency range widely becatise o
strain the presence of nonthermal components in the shocka number fundamental theoretical uncertainties, conegrni
upstream and downstream. Figlie 4 shows the model predicthe fraction of thermal particles that are injected into the
tion for Ty as a function otcr, andeacc for the case of rela-  acceleration process (e.g.. Malkov & Drury 2001, and refer-
tivistic cosmic raysycr = 4/3, assuming thais , = Q=0 and ences therein), the nonlinear influence of the accelerated p
takingr = 3 andT, = 9 keV. The figure shows that constraints ticles on the hydrodynamic profile of the shock wave (e.qg.,



8 SHOCK CONSTRAINTS ON NONTHERMAL PRESSURE IN CLUSTERS

Converting our current limits 0By into limits onn, we
find n < 0.2 for M = 2 andn < 0.3 for M =~ 3. These limits
are marginally consistent with the predictions of Kang ét al
(2007) for any assumed value eggr,. However, if as
Kang et al. ((2007) argueqcis itself a sensitive function of
ecru, then improved measurements @f. that can be ob-
tained with additional observations with existing X-rajete

0.25

0.2

0.15
o scopes can provide tighter limits epr,. Moreover, a posi-
B tive measurement ef,.c can provide a model-dependent con-
01 straint onecr .
- 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-

8CR,u stood and quantified before the requisite mass measurement

FiG. 4.— Ty as a function ofcry and eace (1cr = 4/3) for r = 3 and accuracy is achieved. Nonthermal pressure due to cosmic
Ty = 9 keV, which correspond to the values reported for the ballester 1E rays, magnetic fields, and turbulence, is a source of a sys-
0657-56. The 32 keV and 20 keV contours are thednd 2 lower limits tematic bias when cluster masses are estimated on the ba-
on Ty as measured by Markeviicn (2006) (the Bmit is a rough estimate  sjs of the assumption of hydrostatic equilibrium between
derived from the plots in Markevitch 2006). gravitational forces and thermal pressure gradients in the
Drury & VOlk 1981;|Achterberg et al. 1934; Giacalone etal. ICM (e.g., Ostriker et al. 2005; Rasia, etlal. 2006; Nagalet a
1997;|Kang et al. 2002, 2007), and the amplification of the 2007, and references therein). The hydrostatic mass pobfile
magnetic field by plasma instabilities (e.g.. Lucek & Bell a spherically-symmetric cluster is given by
2000; Bell & Lucek 2001; Schlickeiser & Shukla 2003; Bell )

2004/ 2005 Schekochihin et al. 2005; Medvedev &t al.|2006). M(< )= (dF’g N %) 7 (18)

0 0.05 0.1 0.15 0.2 0.25 0.3

Therefore, any estimate of particle acceleration effigidac Gpg \ dr dr

strongly affected by the specific assumptions and approxima . - . :
tions employed in a self-consistent shock model. Here we WNereM(< ) is the mass enclosed within radiuswhile Py
and P, are the thermal and the nonthermal contributions to

do not attempt to carry out a detailed comparison of our re- the pressure. The thermal gas provides a significant fractio
sults with various scenarios for particle accelerationt, Bu of tr?e total .ressure U 0?1 a%d this ressgure ‘s measured
demonstrate the power of the constraints that can be okitainedirectl withpcurrent X-rzfpan('j S7E obsFe)rvations The con-
from merger shock dynamics, we discuss our results in the‘tributic))/n of the nontherma)tll ressure, on the otherﬁandwis c
context of the predictions of the particle acceleration elod tomarilv assumed to be relgtivel srh% (L0%) outside of a
of Kang et al.|(2007, see also Kang & Jahes 2007). lust y Nagai ty [ 5007 0 ditis often i

A variety of investigations point to a strong dependence of ¢'YS gr_ corr]e (r;sede €.9.. Nagal etia. )ban dl 'S)(() en Ig-d
acceleration efficiency on the shock Mach number, Wherebyg%rg d:l;lr':z; Iio ye rgftai'gsgﬁsgbessetr'rg?’fﬁs d?)sﬁotor(lat c-c:g}s/t?;
stronger shocks produce higher efficiencies. Kanglet al'the nonthérm;\ll ¥e§s%re inthe re i\r/nelin which itdyrama ical !
(2007) report an investigation of acceleration efficieney b ffects th I'bp ’ fthe h dg tati i t%
havior in diffusive shock acceleration simulations in quas 2hects the calibration ot the nydrostatic mass estimates.
parallel shocks with a Bohm diffusion coefficient, a self- not accounted _for, these nonthermal biases limit the éffect

ness of upcoming X-ray and SZE cluster surveys to accurately

consistent treatments of particle injection from the tharm measure the expansion history of the universe . Detailaekiny
pool into the acceleration process, and Alfvén wave propaga ,. = P y =
tigations of the sources of nonthermal pressure in clusters

tion. In their Figure 5, Kang et al. (2007) plot the dependznc thus critical for understanding their effect on the projesrt
of the acceleration efficienay.M) on the shock Mach num- of the ICM and the utility of clusters as precision cosmologi

ber M, wheren is defined as the energy flux in downstream cal probes. We proceed to discuss how future observations of
cosmic rays, divided by the bulk kinetic energy flux in the up- P ' P X ; .
cluster merger shocks will have the potential to place umiqu

stream medium entering the shock. In the limj. < 1, the . ;
. ; : ' constraints on the nonthermal pressure in the unshocked ICM
parameter in Kang et al. is related to ougevia thereby improving cluster masg estimates. ‘

3 (MP+3)BMP-1)

~ 15 L €acc (€acc<<1).  (17) 4.3. Prospects for Future Constraints of Nonthermal
Pressure
Thus, h ~ 25 f =2 andn =~ 2 f = . .
3_1g?<avxg e?\;?(2007;a(§%t2rc{\:stror?gdeenaaéao(;e%he As discussed in[83, current measurements alone do not

presence of preexisting cosmic rays in the shock upstream,place strong constraints on the presence of a nonthermal com

ccru. The strong dependence can be attributed to inefficientPon€ntin the unshocked ICM in both systems. However, the
injection at low Mach numbers in their model. Fot =2, the ~ ImProved constraints that can be obtained with existing X-
parameter jumps from 0 to OL5 asecry increases from0to &Y telescopes can provide useful lower limits on nonther-

0.23. In stronger shocks, fob = 3, the parametey jumps mal pressure and their effects on the X-ray and SZE clus-
fr'om.O.l to 0.25 for the sa’me increé\seéaRu. ter mass estimates. In the case of the shock in the cluster

merger A520, the current constraints, which are based on a
10 We have here ignored the modification of shock Mach numbehey t 67 Kilosecond observation witGhandra, can be improved
nonthermal pressure, seg §12.7. significantly with follow-up observations witichandra or
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XMM-Newton. Therefore, we identify this system as the most 065756 and place the first constraints on the efficiency of
promising one in which our method may yield a positive particle acceleration in these shocks. Our main resultasre
shock-hydrodynamic detection of a nonthermal component.follows.

While the stronger shock in the cluster merger 1E G&&/ 1. The temperature jump of the thermal gas in the shock
may be more efficient at accelerating particles, it will beeno  depends strongly on the efficiency of shock particle aceeler
difficult to improve the measurement of the shock tempeeatur tion. Efficient acceleration can reduce the temperaturgjum
jump in 1E 065756. This is because the very high tempera- by more than a factor of two for a constant compression ratio
ture of the shock downstream mediumg & 30-50 keV) lies in the range =2-3.

far outside of spectral sensitivity window of X-ray telepes 2. The correct effect of nonthermal pressure in the up-
with arcsecond resolution, which in turn renders it difft¢al stream, such as fossil cosmic rays, magnetic field, and tur-
measure the temperature jump in the narrow post-shock layerbulence, on the shock jump observed in the thermal gas can-
Hard X-ray observations (e.d., Petrosian etial. 2006) with not be derived at this point, because we lack an understgndin
RXTE, Integral, or Suzaku, combined with a model of ICM  of the interaction of these components with the shock. How-
fluid flow (e.g.,[Milosavlieve et al.| 2007} Springel & Farrar  ever, for a wide range of reasonable assumptions and analyti
2007), may help to pin down the downstream temperature.approximations, we find that nonthermal pressure in the un-
Alternative intriguing possibility is that future high r@sition shocked ICM has only a minor effect on the downstream tem-
SZE observations may be able to measure the downstreanperature (at a fixed compression ratio), and that in genaral,
temperature on the basis of the relativistic SZE, which &khou high upstream nonthermal pressure increases the temperatu
be prominent in the high temperature downstream. jump in the thermal gas.

In the next few years, gamma-ray observations of galaxy 3. The combination of strong dependence of the tempera-
clusters may provide tight constraints on the fractionad-co ture jump on particle acceleration and weak dependence on
tribution of nonthermal particles to the pressure of the ICM upstream nonthermal pressure enables derivation of mean-
Assuming that gamma-ray emission from the decay of neu-ingful constraints on the efficiency of particle acceleratin
tral pions is the primary emission channel, measurementscluster merger shocks, even with current observationsiréut
with the new gamma-ray telesco@ AST can be used to  more accurate X-ray and SZE observations of these shocks
place population-averaged limits on the hadronic cosmyc-r may yield meaningful constraints on the upstream nontherma
pressure support in clusters (Ando & Nagai 2007, see alsopressure as well.

Berrington & Dermer 2003; Blasi etial. 2007). These forth- 4. Nonthermal pressure and shock particle acceleration can
coming constraints, combined with improved X-ray spec- also affectthe Mach numberthatis inferred from the obsirve
troscopic measurements of the jump conditions in mergercompression ratio by tens of percent. When the temperature
shocks, may enable a separation of the upstream nonthermalimp is poorly constrained, the Mach number is anticoreglat
pressure into its constituent components. with efficient particle acceleration and is positively adated

Finally, comparisons of the hydrostatic mass estimatds wit with upstream nonthermal pressure.
those derived from gravitational lensing observations @an 5. In the two observed high contrast galaxy cluster merger
principle, provide an important handle on nonthermal ldase shocks, A520 and 1E 065%6, we constrain the efficiency
Note that this approach is not practical for individual ¢us, of acceleration of relativistic particles to leg.c < 0.1 and
because lensing measures the mass in a projected apedture the;.c < 0.15, respectively. We find that considerable upstream
cannot be directly compared to the mass within a sphere of thegpressure can increase the Mach number of the shock in A520
same radius, to which the hydrostatic mass is sensitive, Butto reachM = 2.7, much higher than the inferred valud 2b-
it might be possible to compare different estimators in an av tained assuming an absence of nonthermal components. The
erage sense, while accounting for the effects of asphedéit  true Mach number of the shock in 1E 06%6 can be in the
clusters and projection effects (see § 5.2in Nagailet alfR00 range 23 < M < 3.7 with the compression ratio of= 3 al-

lowing for nonthermal pressure components.
5. CONCLUSIONS

We model the effect of particle acceleration and nonther-
mal pressure components on shock jump conditions in non- The research was supported in part by the Sherman
relativistic shocks. We focus on intermediate Mach number Fairchild Foundation. We would like to thank A. Konigl, E.
shocks, with Mach numbers in the rangé¢ = 2-3. We ap- Komatsu, A. Kravtsov, P. Kumar, Y. Rephaeli, and J. Scalo for
ply this to the merger shocks in galaxy clusters A520 and 1E helpful discussions.
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