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ABSTRACT

The intra-cluster medium of several galaxy clusters hosts large-scale regions of diffuse synchrotron radio emission, known as radio
halos and relics, which demonstrates the presence of magnetic fields and relativistic electrons in clusters. These relativistic electrons
should also emit X-rays through inverse-Compton scattering oft of cosmic microwave background photons. The detection of such a
non-thermal X-ray component, together with the radio measurement, would permit the magnetic field to be clearly separated from the
relativistic electron distribution because the inverse-Compton emission is independent of the magnetic field in the cluster. However,
non-thermal X-rays have not been conclusively detected from any cluster of galaxies so far. In this paper, for the first time, we model
the synchrotron and inverse-Compton emission of all clusters hosting radio halos and relics for which the spectral index can be
determined. We provide constraints on the volume-average magnetic field by comparing with current X-ray measurements. We then
estimate the maximum volume-average magnetic field that will allow detection of inverse-Compton hard X-rays by the ASTRO-H
satellite. We find that several clusters are good targets for ASTRO-H to detect their inverse-Compton emission, in particular for
what corresponds to radio relics, so we propose a list of promising targets for which ASTRO-H can test >1 4G magnetic fields. We
conclude that the already operating NuSTAR and the soon-to-be-launched ASTRO-H definitely have the potential of shedding light

on the long-sought non-thermal hard-X-ray emission in clusters of galaxies.

Key words. galaxies: clusters: intracluster medium — radiation mechanisms: non-thermal — radio continuum: general —

X-rays: galaxies: clusters — magnetic fields

1. Introduction

The observation of diffuse synchrotron emission in clusters of
galaxies proves that there are magnetic fields and relativistic
electrons in the intra-cluster medium (ICM). This diffuse radio
emission is observationally classified into two phenomena: pe-
ripheral radio relics that show irregular morphology and appear
to trace merger and accretion shocks, and radio halos centred on
clusters that show a regular morphology resembling that of the
thermal X-ray emission (e.g., Feretti et al. 2012).

The electrons generating the observed radio emission
can also produce X-rays by inverse-Compton (IC) scatter-
ing off of cosmic microwave background (CMB) photons.
IC emission has been searched for extensively in the past,
with a few claims of detection (see, e.g., Rephaeli & Gruber
2002; Fusco-Femiano et al. 2004; Rephaeli et al. 2006, 2008;
Eckert et al. 2008). However, more recent observations did
not confirm most of the earlier claims (Molendi & Gastaldello
2009; Ajello et al. 2009, 2010; Wik et al. 2012, 2014; Ota 2012;
Ota et al. 2014; Gastaldello et al. 2015) and IC emission from
clusters remains elusive.

The dominant emission in clusters of galaxies is the ther-
mal bremsstrahlung from the ICM. Since this falls quickly
above ~10keV, hard X-rays (HXRs) offer the best prospect
for detecting IC emission from clusters. In coming years, next-
generation X-ray satellites will increase the chances. Especially,
ASTRO-H (Takahashi et al. 2012, 2014; Kitayama et al. 2014),

* Appendix A is available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

to be launched this year (2015), and the recently launched NuS-
TAR (Harrison et al. 2013) are excellent instruments for probing
IC emission in HXRs.

In this work, we model, for the first time, the synchrotron
and IC emission of all galaxy clusters hosting radio halos and
relics for which the spectral index can be determined. The radio-
emitting electrons in clusters can have different origins (see,
e.g., Brunetti & Jones 2014, for a review). Our approach is phe-
nomenological, we do not make any assumption about the in-
jection and acceleration history of the relativistic electrons, and
we only assume that the same electron distribution that gener-
ates the observed synchrotron radio emission also IC scatters
off of the CMB photons. We provide detailed predictions for
the ASTRO-H satellite and compare with current X-ray obser-
vations, where available. In particular, we estimate cap values
for the volume-averaged magnetic field below which an IC sig-
nal would be detectable by ASTRO-H.

The detection of IC emission from clusters of galaxies is cru-
cial for breaking the degeneracy in the determination of the elec-
tron distribution and magnetic field value in clusters. Because the
synchrotron radio emission depends on both, while the IC emis-
sion is independent of the cluster’s magnetic field, the detection
of the latter in HXR is important. This will shed new light not
only on non-thermal emission in clusters, but also on the im-
pact of non-thermal phenomena on the thermal content of galaxy
clusters, which is fundamental for robustly using galaxy clusters
for cosmological studies (Voit 2005).

This paper is organised as follows. We introduce our sample
of radio halos and relics in Sect. 2 and describe how we treat the
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relativistic electrons in Sect. 3. In Sect. 4, we briefly discuss how
the non-thermal synchrotron and IC emission is modelled, while
in Sect. 5, we discuss the considered background emissions. We
describe the main characteristics of the ASTRO-H satellite that
are important for this work in Sect. 6, and explain the procedures
adopted for determining the IC detectability by ASTRO-H in
Sect. 7. Finally, we present all results in Sect. 8 and our conclu-
sions in Sect. 9. We work in cgs units and adopt a cosmological
model with Q,, = 0.27, Qs = 0.73, and Hy = 70km s~! Mpc‘l.

2. Galaxy cluster sample

We have analysed the radio halos and relics from the
September2011-Halo and September2011-Relic collections of
Feretti et al. (2012). We limited our final sample to objects that
have at least two radio measurements at different wavelengths in
order to be able to determine the corresponding photon spectral
index @ and reduce the degeneracy in our modelling. There are
a few sources for which the spectral index was estimated from
neighbouring wavelengths, making the estimate subject to uncer-
tainty. These sources were therefore excluded from our sample
(A545 halo, A115, and A548 relics). Additionally, we searched
the literature for radio data published after Feretti et al. (2012),
which led to including the Toothbrush (1RXS J0603.3+4214),
A3376, A3411, the A3667 south-eastern relic, El-Gordo (ACT-
CL J0102-4915), MACSJ1149.5+2223, MACSJ1752.0+4440,
PLCK G171.9-40.7, and ZwC12341.1+0000 in our final sample.
We excluded from the present analysis radio mini-halos
hosted in cool-core clusters because the magnetic field estimates
in the centre of these environments are high, up to ~10 uG
(Clarke 2004; EnBlin & Vogt 2006), implying very low relativis-
tic electron densities for which it would be extremely difficult to
aim for an IC detection'. Tables 1 and 2 contain the information
about our sample of radio halos and relics, respectively, includ-
ing current X-ray upper limits where available. A note on the
latter: most of the current HXR upper limits come from observa-
tions pointed at the centre of clusters. There are a just few works
dedicated to radio relics, but in most cases, these HXR upper
limits contain contributions from both halo and relic regions.

3. The electron population distribution

As anticipated above, we take a phenomenological approach to
the radio-emitting electrons. We assume a power-law distribu-
tion of electrons,

sinf
N(y, 0) - Ko,y—(2(1/+])_’

> 6]

with K the normalisation, y the Lorentz factor, and @ the pho-
ton spectral index, where we consider an isotropic distribution
of pitch angles 6. The electron distribution is then integrated
between Ymin and ymax. In some of the analysed cases, where
spectral steepening is clearly observed, ¥y, and ynax can be de-
termined from the radio data. However, more often there is no
evidence of any such feature, in which case the cutoffs are fixed
to theoretically motivated values.

The low-energy cutoff is estimated from the lifetime of rel-
ativistic electrons in the ICM. At low energies (y < 10%),
Coulomb cooling dominates, whereas at high energies IC cool-
ing dominates (Rephaeli 1979; Sarazin 1999). For typical values

I See, however, Eckert et al. (2008), Pérez-Torres et al. (2009), and
Murgia et al. (2010) for the case of the Ophiuchus galaxy cluster,
hosting a radio mini-halo, for which the detection of non-thermal
HXR emission has been claimed.
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in the centre of clusters, where there is a thermal electron num-
ber density of 7, ~ 1073 cm™ and B = 1 uG, this yields a max-
imum lifetime of y ~ 300. However, outskirts of the cluster are
characterised by lower ICM densities, which implies y ~ 200.
Therefore, the low-energy cutoff is fixed to ymin = 300 for halos
and to 200 for relics. The high-energy cutoff yy.x is more arbi-
trary given that we do not make assumptions on the injection and
acceleration history of the radio-emitting electrons. If no spec-
tral steepening at high radio frequencies is observed, it is fixed to
Ymax = 2 X 10°, corresponding to electron energies of 100 GeV.
At any rate, as we also show in Sect. 8, our conclusions are not
affected by changing yni, and/or yn.x, unless, of course, spectral
steepening is observed.

4. Radiative processes

In this work, we assume that the magnetic field is tangled on
much smaller scales than the observed emitting volume, there-
fore adopting an isotropic distribution of magnetic field orien-
tations. Such a distribution is motivated by Faraday rotation
(FR) measurements in clusters, which indicate that the coher-
ence scales of magnetic fields are of the order of 10kpc, which
is much smaller than the typical Mpc-size of radio halos and
relics (Carilli & Taylor 2002; Murgia et al. 2004, 2010). The
synchrotron flux density is then given by

1% max (1 sin @
Ssyne = — f f P(,7,)N(y,6)——dydd, by
47TDL 0 2

Ymin

where P(v,7,6) is the synchrotron spectrum emitted by a single
electron (Blumenthal & Gould 1970), V is the emitting volume,
and Dy is the luminosity distance. The factor sin /2 is due to
our assumption about the magnetic field distribution.

The presence of this factor leads to slightly higher estimates
of the magnetic field with respect to assuming coherent magnetic
fields on large scales (e.g., Wik et al. 2009; Ajello et al. 2009,
2010). This assumption of tangled magnetic fields releases part
of the tension between the typically high FR measurements and
equipartition estimates of the magnetic field, on the one hand,
and claimed IC detections, on the other. Indeed, there are several
uncertainties that affect magnetic field estimates from IC emis-
sion, and therefore the comparison with results from FR mea-
surements. While some of these sources of uncertainties will
be discussed in more detail in the next sections, we remind the
reader to look at, for example, Petrosian (2001), Brunetti (2003),
and Bonafede et al. (2010) for extensive discussions.

Low-energy photons scattering off of relativistic electrons
can produce X-rays through IC emission. We assume that all in-
coming photons are from the CMB?. While starlight at the very
centre of galaxy clusters can be as important as the CMB, this
is not true when considering larger areas, such as the ones cor-
responding to radio halos or the clusters’ outskirts where radio
relics lie (see, e.g., Pinzke et al. 2011). The IC flux density is
then given by

V 00 ‘max
Sic f f N(y)Fic(e, v, €)dyde,
0

- 3

4nD i Ymin ( )
where € is the incoming photon energy, € is the outgoing photon
energy, and Fic is the IC kernel function (Blumenthal & Gould
1970) for the Thomson limit, which is valid for the energy range

of interest here. Here, N(y) = foﬂ N(y, 6)do.

2 Synchrotron-self ~ Comptonisation is also

Ensslin & Sunyaev 2002).

possible  (e.g.,
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Table 1. Radio halo sample.

Cluster z Size Fx ur. AExu. I APEC normalisation kT Ref.1 Ref.2 Ref.3
Bullet 030 19 1.10 50-100 1.9 7.99 x 1073 11.7 1,2 38 45
A0520 020 25 1.96 x 1073 4.4 3 45
A0521 025 20 2.58 x 1073 4.9 4,5,6 45
A0665 0.18 79 420 0.6-7 1.6 8.48 x 1073 6.8 7 39 45
A0697 028 20 1.37 x 107! 8.8 6,8 45
A0754 0.05 57 6.50 50-100 2.0 3.73x 1072 9.0 9,10 40 46
A1300 031 18 2.78 x 1073 6.3 11 45
Coma 0.02 710 420 20-80 2.0 2.18 x 107! 8.4 12 41 46
Al1758a 0.28 28 2.53x 1073 7.1 5,11 45
Al1914 0.17 30 1.09 50-100 2.0 2.16 x 1072 10.5 9,13 44 46
A2163 020 104 1.70  20-80 1.5 3.23 x 1072 13.3 14, 15 42 46
A2219 0.23 40 9.84 x 1073 8.7 9,18 45
A2255 0.08 79 2.73  20-80 2.0 1.39 x 1072 6.9 19, 20 43 46
A2256 0.06 116 241  50-100 2.0 432 %1072 7.5 21,22,23 44 46
A2319 0.06 198 0.67 50-100 2.0 9.81 x 1072 9.2 24,25 40 46
A2744 0.31 38 040 0.6-7 1.7 4.40 x 1073 7.2 18, 26 39 45
A3562 0.05 50 5.52  20-80 2.0 7.67 x 1073 52 27,28 43 46
CL0217+70%0 0.07 78 570 x 1073 3.6 29 29
MACSJ0717.5+3745 055 12 9.12x 1073 11.6 30, 31 47
MACSJ1752.0+4440%¢ 0.37 23 1.93x 1073 6.7 32,33 32,33
PLCK G171.9-40.7¢ 027 8 448 x 1073 10.7 34 34
RXCJ1514.9-1523%b 0.22 40 3.44 %1073 6.4 35 48
RXCJ2003.5-2323%b 0.32 20 2.06 x 1073 6.8 36, 37 48

Notes. We estimate the size (in arcmin?) of the halo in the sky in order to scale the ASTRO-H sensitivity correspondingly. In case of approximately
spherical sources, this is conservatively estimated to be 7Dy s/4, with Dy g the largest linear size. For elongated sources, this is approximated by
a box (or ellipse) whose longest extent (or major axis) is Dyys. Fx, yv is the current upper limit on the non-thermal hard X-ray flux in units of
1072 ergem™ 57!, with AEx y. the corresponding energy band. T is the literature spectral index used to derive Fx, y and then used to calculate
the flux density for our analysis. The flux is defined as f, = k, fv Vrfm v;Tdv,, where k, is a constant. The flux density is s,(v) = k,v;T, with T the

spectral index of the IC component. The ICM temperature, k7', in keV is also shown. The three columns of references are for the radio data, the
non-thermal hard X-ray upper limit, and for the input parameters of the APEC model, respectively. > Gas density from Zandanel et al. (2014).
® Temperature from T — Msy relation of Mantz et al. (2010). © Msqy from Lyrosar — Msoo relation of Mantz et al. (2010).

References. (1) Liangetal. (2000); (2) Shimwell et al. (2014); (3) Vaccaetal. (2014); (4) Brunetti et al. (2008); (5) Giovannini et al.
(2009); (6) Macario et al. (2013); (7) Feretti et al. (2004); (8) van Weeren et al. (2011a); (9) Bacchi et al. (2003); (10) Kassim et al. (2001);
(11) Giacintucci (2011); (12) Thierbach et al. (2003); (13) Komissarov & Gubanov (1994); (14) Feretti et al. (2001); (15) Feretti et al. (2004);
(16) Kempner & Sarazin (2001); (17) Giovannini & Feretti (2000); (18) Orru et al. (2007); (19) Feretti et al. (1997a); (20) Govoni et al.
(2005); (21) Clarke & Ensslin (2006); (22) Brentjens (2008); (23) van Weeren et al. (2012¢); (24) Feretti et al. (1997b); (25) Storm et al.
(2015); (26) Govoni et al. (2001); (27) Venturi et al. (2003); (28) Giacintucci et al. (2005); (29) Brown et al. (2011); (30) Bonafede et al.
(2009a); (31) Pandey-Pommier et al. (2013); (32) Bonafede et al. (2012); (33) van Weeren et al. (2012a); (34) Giacintucci et al. (2013);
(35) Giacintucci et al. (2011); (36) Venturi et al. (2009); (37) Giacintucci et al. (2009); (38) Wik et al. (2014); (39) Million & Allen (2009);
(40) Ajello et al. (2009); (41) Wik et al. (2011); (42) Ota et al. (2014); (43) Wik et al. (2012); (44) Ajello et al. (2010); (45) Fukazawa et al. (2004);
(46) Chen et al. (2007), Pinzke et al. (2011); (47) Ma et al. (2008); (48) Piffaretti et al. (2011).

We conclude this section with an estimate of which 5. Background emission
HXR IC energies correspond to electrons that emit synchrotron
radiation at a given frequency. This depends on the magnetic
field strength. The average energy of an IC up-scattered pho-
ton is (€) = (4/3)y*(e) =~ 8.6 x 1077 y?keV, where we as-
sumed the incoming CMB photon to be at redshift 0. We can
use the monochromatic approximation for the synchrotron emis-

In this section, we discuss the main background emission for IC
searches in clusters. These are the thermal ICM bremsstrahlung
and the cosmic X-ray background (CXB) emission. In Sect. 7,
we also introduce the instrumental background.

sion, which yields (v/1GHz) = 1.05 x 10~ y?(B/1 uG). In
the case of B = 1 uG, synchrotron radiation at ~100 (20) MHz
is produced by the electrons that generate IC emission at
80 (20) keV, while for B = 5 uG, one finds that ~480 (120) MHz
radio waves correspond to 80 (20) keV X-rays. Therefore, low-
frequency radio observations are crucial for precisely predicting
HXR IC emission, as discussed in Sect. 8, and for eventually
clarifying whether our assumption of Sect. 3 regarding the elec-
tron distribution holds down to low energies.

5.1. Thermal bremsstrahlung from ICM

To model the thermal bremsstrahlung emission from the ICM,
we use the APEC code (Smith et al. 2001) as provided in the
XSPEC software (Arnaud 1996). The input parameters are
the ICM temperature (taken, for most nearby clusters, from
Chen et al. 2007), the redshift z, the metal abundance, which
we fix to 0.3 times the solar abundance for simplicity (e.g.,
Bohringer & Werner 2010), and the normalisation. The latter
contains information about the ICM gas distribution that, for

A20, page 3 of 27
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Table 2. Radio relic sample.

Cluster Source z Size Fx ur AEx u. I APEC normalisation kT Ref.1 Ref.2 Ref.3
Toothbrush®¢ 0.23 18 6.4 %107 7.8 1 49
A0013 0.09 5 3.0%x1073 6.0 2 50
A0085 0.06 26 2.5  50-100 2.0 5.1%x1073 6.1 2 43 51
A0521 025 9 59%x107 4.9 3 52
A0610%P¢ 0.10 8 1.3x 1074 2.4 4 54
AS753¢ 0.01 318 42 %1074 2.5 5 5
A0754 0.05 100 9.0x 1073 9.0 6,7 6
A078140 0.30 6 34%107° 7.6 8 55
A1240 N 0.16 12 3.7%x10°° 6.0 9 56
S 0.16 24 1.5%x107° 9
A1300 031 6 1.8%x 1073 6.3 10, 11 52
A1367 0.02 52 82 20-80 2.0 2.7%x107* 3.6 12 63 51
A16124P 0.18 8 3.3%x10°° 49 13 57
Coma 0.02 400 03 0.3-10 22 8.5x107* 8.4 14 45 51
Al1664 0.13 51 6.0x 1074 6.8 8 27
A2048%0d 0.10 7 4.0x%x10™* 4.2 15 58
A2061 0.08 24 6.6 x 107 45 13, 16 59
A2063 0.03 3 7.6 20-80 2.0 3.6x1073 3.7 17 44 51
A2163 0.20 5 1.6 x 1073 13.3 18,19 51
A2255 0.08 32 32x%x107™* 6.9 20 51
A2256 0.06 152 2.3 %1072 7.5 21,22,23 51
A23454b E 0.18 38 2.6x%107* 6.5 24 53
W 35 8.5x107* 24
A2433@be 0.11 11 2.7 %1073 1.8 25 60
A2744 0.31 19 04 067 17 6.6 x 1075 7.2 26,27 46 52
A3376 E 0.05 324 35 48 2.0 54%1073 43 28 47 51
W 122 1.1 48 2.0 3.1x107° 28 47
A3411¢ 0.17 62 3.2x1073 6.4 29 29
A3667 NW 0.06 250 0.6 10-40 1.8 6.6 x 107 7.0 30,31,32 48 51
SE 175 1.9% 1073 31,32
A4038 0.03 12 74  20-80 2.0 2.8x 10 3.2 2,8 44 51
El-Gordo® E 0.87 3 2.7% 1072 14.5 33 61
NW 3 2.7% 1072 33
SE 3 2.7 %1072 33
Sausage®b< 0.19 18 1.1x107 5.6 34 57
MACSJ1149.5+2223¢ E 0.54 2 2.5%x1077 14.5 35 35
W 2 48 %1077 35
MACSJ1752.0+4440% NE 0.37 8 6.3%x107° 6.7 35, 36 35,36
SW 3 1.2%x107° 35, 36
PLCK G287.0+32.9%¢ N 0.39 7 7.4 %107 12.9 37 57
S 039 6 52%x 1077 12.9 37
RXCJ1314.4-2515 E 025 8 3.5%x107° 7.2 38, 39 57
w 15 23 %107 38, 39
ZwCl0008.8-5215%" E 0.10 36 1.3 %10 5.0 40 53
ZwCl12341.1+0000¢ N 027 4 8.7%x 1073 9.3 41,42 62
S 20 1.9x 107 41,42

Notes. Columns are as in Table 1, with the addition of the second column, which indicates the specific relic to which we are referring. @ Gas
density from Zandanel et al. (2014). @ Temperature from T — Msy relation of Mantz et al. (2010). © Msqy from Lygosar — Msoo relation of
Mantz et al. (2010). “ Msq from Ly polometric — Msoo of Mantz et al. (2010). © Msg scaled from M.

References. (1) van Weerenetal. (2012b); (2) Sleeetal. (2001); (3) Macarioetal. (2013); (4) Giovannini & Feretti (2000);
(5) Subrahmanyan et al. (2003); (6) Bacchi et al. (2003); (7) Kassim et al. (2001); (8) Kale & Dwarakanath (2012); (9) Bonafede et al. (2009b);
(10) Reid et al. (1999); (11) Giacintucci (2011); (12) Gavazzi & Trinchieri (1983); (13) van Weeren et al. (2011a); (14) Thierbach et al. (2003);
(15) van Weeren et al. (2011c); (16) Kempner & Sarazin (2001); (17) Komissarov & Gubanov (1994); (18) Feretti et al. (2001); (19) Feretti et al.
(2004); (20) Feretti et al. (1997a); (21) Clarke & Ensslin (2006); (22) Brentjens (2008); (23) van Weeren et al. (2012c); (24) Bonafede et al.
(2009b); (25) Cohen & Clarke (2011); (26) Orru et al. (2007); (27) Govoni et al. (2001); (28) Kale et al. (2012); (29) van Weeren et al. (2013);
(30) Rottgering et al. (1997); (31) Hindson et al. (2014); (32) Johnston-Hollitt (2004); (33) Lindner et al. (2014); (34) Stroe et al. (2014);
(35) Bonafede et al. (2012); (36) van Weeren et al. (2012a); (37) Bagchi etal. (2011); (38) Feretti et al. (2005); (39) Venturi et al. (2007);
(40) van Weeren et al. (2011b); (41) van Weeren et al. (2009); (42) Bagchi et al. (2002); (43) Ajello etal. (2010); (44) Wik et al. (2012);
(45) Feretti & Neumann (2006); (46) Million & Allen (2009); (47) Kawano et al. (2009); (48) Nakazawa et al. (2009); (49) Ogrean et al. (2013);
(50) Juett et al. (2008); (51) Chen et al. (2007), Pinzke et al. (2011); (52) Fukazawa et al. (2004); (53) Planck Collaboration XXIX (2014);
(54) Yoon et al. (2008); (55) Sehgal et al. (2008); (56) Barrena et al. (2009), Cavagnolo et al. (2009); (57) Piffaretti et al. (2011); (58) Shen et al.
(2008); (59) Marini et al. (2004); (60) Popesso et al. (2007); (61) Menanteau et al. (2012); (62) Boschin et al. (2013); (63) Henriksen & Mushotzky
(2001).
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our purposes, can be approximated with a beta model (e.g.,
Cavaliere & Fusco-Femiano 1976),

r2 -36; 1/2
ne(r) = [Z n%’i[l + rT] } s

i C,l

“

where ng is the central ICM electron density, and r. the core
radius. Most clusters are described well by a single beta model
(i = 1), whereas others are better described by a double beta
model (i = 1,2). The values of ng, r., and 8 are derived from
X-ray observations. For most nearby clusters, these values are
taken from Pinzke et al. (2011).

In the few cases where we cannot find a gas density model
in the literature, we adopt the phenomenological ICM model of
Zandanel et al. (2014) which provides a gas density once the
mass Msgo of the cluster is known. In the few cases where no
mass estimate is present in the literature, we adopt the X-ray
luminosity-mass relation from Mantz et al. (2010). If there is
no ICM temperature available in the literature, we also use
the mass-temperature relation of Mantz et al. (2010). Obviously,
such approximations are a source of uncertainty when used in
particular cases, so the modelling of those clusters should be
taken with caution. This is also true in general for relics where
the gas density profiles have been inferred from X-ray observa-
tions of the clusters’ centre.

In the case of radio halos, the bremsstrahlung luminosity, Lg,
is obtained by integrating over the full extent of the halo, where
we approximate the halo to be spherical and use the largest linear
size as given in Feretti et al. (2012) as halo diameter. In the case
of radio relics in the outskirts of clusters, we only integrate over
the relic region as

Rec+0.5Ry,
Lg ~ (1 — cos ¢) ne(r)* r*dr,

Ree—0.5Ry,

&)

where R, is the distance to the cluster centre, Ry, the approxi-
mate width of the relic, and ¢ = tan™' [0.5R,/(Rcc — 0.5Ry,)] with
R, the largest linear size of the relic (see Fig. 1). For relics that are
classified as roundish by Feretti et al. (2012), we use Ry, = Ry.

The parameters that enter the APEC model are shown in
Tables 1 and 2 for all the clusters in our sample.

5.2. Cosmic X-ray background

The CXB (e.g., Gilli et al. 2007) is another important back-
ground for the case of radio relics in the outskirts of clusters,
where it often outweighs the thermal ICM emission. We as-
sume the CXB to be isotropic across the sky and model it in the
0.5-100keV regime as follows (Gruber 1992; Comastri et al.
1995):

13.6 E™! for 0.5 < E < 2keV,
7.877 E70% e E/GLI3kV) £450 9 < E < 60keV,
1652 E~2 + 1.754 E™%7 for 60 < E < 100keV,

in units of keVem™2s7!sr™! keV~! and with E the photon en-
ergy in units of keV. Below 0.5keV, the galactic emission be-
comes an important source of background, but these low ener-
gies are not considered in this work.

6. The ASTRO-H and NuSTAR satellites

In this section, we describe the characteristics of ASTRO-H that
are relevant for this work. While we provide detailed predictions

Cluster Core

Fig. 1. The geometry used in determining the normalisation for the
APEC modelling of the radio relic regions (Eq. (5)). R.. corresponds to
the distance between the relic and the cluster center as projected on the
sky. R, is the relic largest linear size and R,, is the relic width. For relics
that are classified as roundish by Feretti et al. (2012) we use Ry, = R.

¢ is given by tan™! ( RCCO_"?QRW). In result, the dashed curve is the solid

angle over which we integrate. The relic image, corresponding to the
so-called Sausage, is adapted from Réttgering et al. (2013).

Table 3. Properties of the SXI and HXI detectors that will be on-board
ASTRO-H.

SXI HXI

Energy range [keV] 0.4-12.0 5-80
Angular resolution [arcmin] 1.3 1.7

Field of view (FoV) [arcmin®?] 38 x 38 9%9
Energy resolution [eV] 150 @6keV <2000 @60 keV
Effective area [cm?] 360 @6keV 300 @30keV

Notes. Values adopted from the ASTRO-H Quick Reference.

for the IC-emission detection by ASTRO-H, we also discuss in
the same context the recently launched NuSTAR satellite.

6.1. ASTRO-H

ASTRO-H is a next-generation X-ray satellite that is scheduled
for launch in 2015 (Takahashi et al. 2012, 2014). The instru-
ments that are of interest for our purposes are the Hard X-ray
Imager (HXI) and the Soft X-ray Imager (SXI). In Table 3, we
summarise the main characteristics of these instruments.

To estimate the detectability of the non-thermal X-ray com-
ponent in galaxy clusters, we make use of the sensitivity curves
as published by the ASTRO-H collaboration for both point and
extended sources (ASTRO-H Quick Reference?, Takahashi et al.
2010, 2012). We adopt the sensitivity curve for 1 Ms of obser-
vation, and scale it to other observation times as Vtime. The
ASTRO-H sensitivity curves are 30 sensitivities, and the sensi-
tivityzcurve for extended sources assumes a uniform source of
1 deg”.

3 http://astro-h.isas.jaxa.jp/ahqr.pdf
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We assume, for simplicity, that halos and relics are uniform
sources. To scale the sensitivity to the size, Q arcmin?, of a given
object, we proceed as follows. For sources that are smaller than
the HXI field of view, we scale the point-source sensitivity as

\/Q/2 arcmin?, where 2arcmin?® is roughly the pixel size. For
sources that are larger, we apply a linear scaling to the 1 deg”
diffuse source sensitivity as £/3600 arcmin® (Hiroki Akamatsu,
Madoka Kawaharada, priv. comm.).

6.2. NuSTAR

The NuSTAR satellite was launched on June 13, 2012. Its
performances in HXR should be comparable to ASTRO-H
(Harrison et al. 2013), with the exception that ASTRO-H will be
equipped with a pre-collimator designed to mitigate stray light
(Mori et al. 2012).

Recently, Wik et al. (2014) have pointed out that a possible
IC signal has to be extracted from both the thermal and instru-
mental backgrounds, with the former dominating at low and the
latter at high energies. In fact, the instrumental background is
likely to dominate the count rate in the HXR. Since the instru-
mental background is modelled by a power law, any claim of IC
detection is extremely sensitive to the applied model. While the
HXI detector onboard ASTRO-H will not improve much upon
NuSTAR - in fact, our predictions are approximately valid in
both cases — the presence of the SXI detector will greatly im-
prove the modelling of the thermal component in clusters over
the NuSTAR results.

7. Multi-band modelling and HXR detectability

For any given object in Tables 1 and 2, we proceed as fol-
lows. If an upper limit exists on the non-thermal hard X-ray
flux FxuyL, we calculate the corresponding lower limit on the
volume-average magnetic field By. First, we fix Kj by fitting the
IC spectrum of Eq. (3) to Fx yL. Next, we fit the synchrotron
emission of Eq. (2) to the radio data*, with By as free parameter.
Depending on whether spectral steepening at low and/or high
frequencies is observed, ymin and/or ym.x are also determined
from the data (see Sect. 3). The spectral index « is taken from
the literature, unless it returns a poor fit, in which case we de-
termine a new spectral index. The resulting broadband spectrum
provides a lower limit on the magnetic field.

We then compare the background spectra (thermal
bremsstrahlung and the CXB) to the properly scaled ASTRO-H
sensitivity. We use the intersection between the ASTRO-H
sensitivity curve and the dominant background component,
either thermal ICM or CXB, to fix a new normalisation of the
electron distribution K using Eq. (3). This represents the lower
limit on the normalisation detectable by ASTRO-H. If no upper
limit on the hard X-ray flux, FxuL, exists for a given object,
we start from this step. Finally, we fit the synchrotron emission
of Eq. (2) again to the radio data. The resulting magnetic field
value is a cap on the volume-average magnetic field below
which HXR IC emission would be detectable by ASTRO-H,
and we call it Bg;.. To be clearer, HXR IC emission would be
detectable by ASTRO-H if the cluster’s magnetic field was
lower than or equal to By, always meaning a volume average.
We underline that this simple approach is meant to be just a
first-order approximation to what can really be achieved. In

4 We neglect the possible effect at high frequencies of thermal
Sunyaev-Zeldovich (SZ) decrement (e.g., Enf3lin 2002) which should,
however, have a small impact (e.g., Brunetti et al. 2013). Anyhow, ig-
noring the SZ decrement implies more conservative results.
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fact, the CXB background is well known and can be easily
subtracted. We provide the result in such a case, along with the
rest, in Tables 4 and 5.

The above approach leads to a rough estimate that we com-
plement with one based on the total number of counts in the
20-80 keV band as follows. We require the signal-to-noise ra-
tio S/N = Ng/VN + Ng > 5, where Ng is the total number
of source counts and VN + Ng is the corresponding noise, with
Np = Nicm+Ncexs + Ninste including all background counts (ICM,
CXB and instrumental).

We approximate the instrumental background by a power
law corresponding to 6 X 1073 counts/s/keV/FoV at 10keV and
2x107* counts/s/keV/FoV at 50 keV, which are values adopted
from the ASTRO-H Quick Reference (Table 2). For our pur-
pose, a simple power-law approximation of the instrumental
noise suffices, since uncertainties will be dominated by the mod-
elling of the thermal and IC emission’. We convert the thermal
bremsstrahlung and CXB fluxes into count rates by multiplying
by the HXI effective area taken from the ASTRO-H Quick Ref-
erence (Fig. 1). Here, N is then related to the HXR flux density,
Sx(E) = kxE~®, through

80keV
Ne = Tap, SxEWAei(E) 4 ©)
E
20keV

where Ty is the observation time and A.g(E) the effective area.
Using the Ng for which S/N > 5, we solve for ky and, finally,

. 80 keV
calculate the corresponding flux as Fy = ky f20 k;, E~*dE. The
spectral index used here is the same as above. This flux is then
converted into a magnetic field, Bgt/ N, using

Fo@ 3

V) —
s, f ‘max andvx

Vmin

246 X 107 T3y b(p) (4.96 X 103 T s ]“ o

S/N S/N
B/ a(p) B

where Temp = To (1 + z) is the CMB temperature, Fy the X-ray
flux, s, the radio flux density at v;, p = 2@ + 1, and

2(p=1/2 \/§r(311’_;1)r<3p1+219)r(¥>
167127 (22)

a(p) = ; (8a)

(p*+4p+1DT(53) (%)
(P+3p+Dp+5

Here I and £ are the gamma and Riemann zeta functions, respec-
tively (Pacholczyk 1970; Blumenthal & Gould 1970; Sarazin
1988; Longair 2011)°. In this approach, for objects whose size in
the sky (Q arcmin?) is larger than the HXI FoV (9 X 9 arcmin?),
the radio flux density s; is scaled down roughly as 9 x 9/Q. This
implies slightly conservative results since halos and relics are not
uniform sources. Eventually, the resulting magnetic field value,
Bg/ N is again a cap on the volume-average magnetic field below
which HXR IC emission is detectable by ASTRO-H.

The analysis based on the signal-to-noise ratio is done as-
suming a straight power law in the 20-80 keV energy band. That

b(p) = 2+

(8b)

5 Additionally, comparing our power-law estimate to the ASTRO-H re-
sponse files (http://astro-h.isas.jaxa.jp/researchers/sim/
response.html) in the 20—80 keV band shows that we overestimate
the predicted instrumental background by just a few percent.

6 The arguments of the gamma function (T') are slightly different with
respect to the values when a coherent magnetic field is assumed.
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Table 4. Results for halos.

Current limits | ASTRO-H 1 Ms
Cluster a By By B E SXE
(1G] (1G] [uG] | [keV]
Bullet 1.50 0.38 1.00 1.00 45 0.20
A0520 1.12 0.37 0.57 33(16) 0.14 (0.06)
A0521 1.81 0.80 1.16 31(18) 0.11(0.06)
A0665 1.04 0.11 0.28 0.41 46(29) 0.42 (0.20)
A0697 1.52 0.33 033 53 0.29
A0754 110 0.097mwx=6.0x10" () 45Yma=27x10" 045 52 0.47
A1300 1.76 1.02 127 30(23) 0.10(0.07)
Coma 1.16  0.320mw=39x10" () 3GYma=37x10" 036 48 3.67
A1758a 1.50 0.71 095 34 0.16
A1914 1.95 059, omae 112, —1710° .12 51 0.33
A2163 1.18 0.13 0.49 049 57 0.82
A2219 0.72 0.29 0.30 39(37) 0.22(0.21)
A2255 1.60 0.32 0.60 0.77 46 (34) 0.42(0.27)
A2256 1.35 0.20 0.49 0.53 48 0.60
A2319 1.65 0.66 0.65 0.65 53 1.36
A2744 0.92 0.29 0.44 0.59 39(26) 0.21(0.12)
A3562 130 0.107mw=68x10° () 377mu=3.5x10" 0.53 41(227) 0.27(0.14)
CL0217+70% 1.20 0.36 0.69 46 (17) 0.41(0.12)
MACSJ0717.5+3745 1.23 1.29 129 40 0.12
MACSJ1752.0+4440°  1.60 0.97 1.37 32(20) 0.13(0.07)
PLCK G171.9-40.7¢ 1.84 1.15 1.15 42 0.11
RXCJ1514.9-15234 1.60 0.52 0.76  39(24) 0.22(0.11)
RXCJ2003.5-23234 1.32 0.92 1.19 31(22) 0.11(0.07)

Notes. For each object, we show « and report the values of the current lower limit on the volume-average magnetic field, By, where available,
and the detection sensitivity on the volume-average magnetic field, By, for which IC emission would be detectable by ASTRO-H in 1 Ms.
Additionally, Bgft is an optimistic estimate of the latter that corresponds to the intersection of the sensitivity curve and the thermal ICM emission,
thus assuming the CXB is fully known and perfectly subtracted. The last two columns show the energy where non-thermal X-rays start to dominate
the background for By, (BY} "), and the corresponding non-thermal flux density in units of in 1072 erg cm™2 s, respectively. In the cases where ¥pin

and/or ypi, are calculated from the radio data and differ from the standard values that we adopt (see Sect. 3), we show them explicitly. @ Thermal

ICM emission computed using the model by Zandanel et al. (2014) for the gas density.

is, we ignore any possible cutoff effect in that range, otherwise
Eq. (7) would not be valid anymore. In most cases, the cutoffs
are at much lower and higher energies. However, for AO085 and
A1914 (see Fig. 3) and for A2063 and A0013 (see Appendix A
for the corresponding figures), for example, this method could
give slightly optimistic results.

In some cases (only radio relics, see Appendix A for the
figures), the CXB dominates the thermal ICM emission, and
the intersection point between the ASTRO-H sensitivity and the
CXB emission is at an energy lower than the rise in the CXB
spectrum. The corresponding results for By should be taken with
caution, and in fact, in these cases, the signal-to-noise approach
gives more conservative results. We underline again that our sim-
ple approach is meant to be only a first approximation and that,
in the following, we base all our conclusions only on the more
robust signal-to-noise approach. Nevertheless, we note that the
two approaches turn out to give similar results.

We eventually decided to exclude the A2218 halo and the
ZwCl0008.8-5215 western relic from the final modelling. This
is due to their low radio flux and to the apparent presence of
quite high ynin, or break in the radio spectra, that would render
the IC search in these objects fairly impossible.

We show an example of synchrotron and IC modelling in
Fig. 2 for the case of the radio halo hosted by A2255, and we
present and discuss all results in the next sections.

) ) E[ko\/l _ )
109 1079 1007 10 1070 0! 10! 10° 10°
— By =032,G | ' ' ' ' '
- By =060 G A2255 (H)
1010 B =0.96 uG
— CXB
— ICM
__ 107"} — ASTRO-H 1Ms
N J
10712t
~
o0
f 10-131
3]
S - up

10715}

10716

107 10° 100 00 107 100 108 10%

v [Hz|

Fig. 2. Synchrotron and IC modelling of the radio halo (H) in A2255.
The black points and arrow are the currently available radio data and
HXR upper-limit, respectively, from Table 1. We show the thermal ICM
and CXB emissions, together with the ASTRO-H HXI sensitivity for
1 Ms of observations scaled to the halo angular size. The green lines
show the models for the current volume-average lower limit By (solid),
and for By (dashed) and Bi/ N (dotted) for 1 Ms of observations.

T
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Table 5. Results for relics.

Current limits | ASTRO-H 1Ms
Cluster Source  « By B B E S.XE
(1G] (1G] (1G] | [keV]
Toothbrush® 1.10 1.65 2.13 31(22) 0.11(0.07)
A0013 2.30 198, oeae 198 31(31) 0.06 (0.06)
A0085 1.61 04 j;‘fjl‘(‘; 1.79;::;7;57:1‘33 1.96 34(31) 0.15(0.13)
A0521 1.45 1.00 2.00 24(6) 0.05(0.02)
A0610° 1.40 0.86 1.51  23(8) 0.05(0.02)
AS753¢ 2.10 1.087mw=20x10" 48> 49(5)  1.75(0.23)
A0754 1.10 0.28 032 48(40) 0.52(0.39)
A0781¢ 1.23 1.06 1.76  17(5)  0.03(0.01)
A1240 N 0.86 0.16 028 28(5) 0.07 (0.02)
S 0.71 0.10 0.18 34(5) 0.15(0.03)
A1300 0.90 0.60 079 17 0.03
A1367 1.90 0.89 0.76 2.16  43(10) 0.29 (0.05)
A1612¢ 1.40 1.64 339  23(5)  0.05(0.02)
Coma 1.18 0.87 0.28 0.65 49(13) 2.20(0.46)
A1664 1.10 0.52 0.90 43 (18) 0.29 (0.10)
A2048¢ 2.29 2.43 2.96  20(15) 0.04(0.03)
A2061 1.03 0.31 048 34(16) 0.15(0.06)
A2063 121 0.427mu=14x10° 5 51ymm=40x10° 551 24 0.03
A2163 1.02 0.75 099 16 0.03
A2255 1.40 0.38 0.63 37(17) 0.19 (0.08)
A2256 0.81 0.34 041 49(39) 0.84(0.57)
A2345¢ E 1.30 0.49 0.99 40 (14) 0.22(0.06)
w 1.56 0.73 120 39(19) 0.20 (0.09)
A2433¢ 1.74 1.387mm=93x10° 255 27(5)  0.07 (0.02)
A2744 1.10 0.35 0.51 1.09 31(6) 0.11(0.03)
A3376 E 0.88  0.137mw=39x10" g 30ym=25x10" (50 49 (16) 1.78 (0.45)
w 1 0.26Ymx=30x10" () Ayu=22x10" 133 49(5)  0.67 (0.09)
A3411¢ 1 0.38 0.59 45(25) 0.34(0.14)
A3667 NW 1.02 1.29 0.94 212 49(12) 1.37(0.27)
SE 0.95 0.31 0.53 49(21) 0.96 (0.32)
A4038 1.18  0.207m=25x10" 1 @@ymn=82x10° 311 28 (11) 0.07 (0.03)
El-Gordo E 0.90 0.12 0.12 51 0.10
NW 1.19 0.77 077 51 0.10
SE 1.40 0.41 041 51 0.10
Sausage® 1.06 0.737ma=54x10 162 31(5) 0.11(0.02)
MACSJ1149.5+42223¢ E 1.20 1.63 163 5 0.01
w 0.80 0.66 066 5 0.01
MACSJ1752.0+4440° NE 1.16 1.69 3.17  23(5) 0.05(0.02)
SW 1.10 2.45 245 5 0.01
PLCK G287.0+32.9¢ N 1.26 1.57 1.91 20(14) 0.04 (0.03)
S 1.54 2.26 414 17(5)  0.03(0.01)
RXCJ1314.4-2515 E 1.20 0.62 1.18  23(5) 0.05(0.02)
w 1.40 0.83 1.28 30(15) 0.09 (0.04)
ZwCl10008.8-5215¢ E 1.59 0.85 214 39(9) 0.21(0.04)
ZwCl12341.1+0000¢ N 0.49 0.13 013 16 0.02
S 0.76 0.19 0.29 32(16) 0.12(0.05)

Notes. Columns are as in Table 4, with the addition of the second column which indicates the specific relic to which we are referring. ” Thermal
ICM emission computed using the model by Zandanel et al. (2014) for the gas density. ¥’ No improvement upon current constraints are possible
according to this analysis (see main text for details).
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Fig. 3. Synchrotron and IC modelling of the A0085, AS753, and A3667-NW radio relics (R), and of the Bullet, A1914 and A2319 radio halos (H).
Caption as in Fig. 2. For A3667-NW and A2319, the lines corresponding to By, are not shown as they correspond to that of By .
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Table 6. Signal-to-noise results for halo.

ASTRO-H 100ks 500ks 1 Ms
Cluster St Vi BN Fao_gokev® Bﬁ{ N Faoogokev® th/ N Faossokev”
[mJy] [MHz] (1G] (1G] (1G]
Bullet 52 1340 0.84 0.42 1.18 0.18 1.37 0.13
A0520 85 325 0.26 0.40 0.39 0.17 0.46 0.12
A0521 328 153 0.61 0.28 0.83 0.12 0.94 0.08
A0665 197 327 0.25 0.72 0.38 0.31 0.45 0.22
A0697 135 153 0.25 0.85 0.35 0.37 0.40 0.26
A0754 86 1365 0.27 0.97 0.40 0.42 0.48 0.30
A1300 130 325 0.74 0.28 1.02 0.12 1.16 0.08
Coma* 640 1400 0.20 1.88 0.29 0.83 0.34 0.59
HE " " 0.54 " 0.79 " 0.93 "
Hkok " " 0.25 1.11 0.37 0.49 0.44 0.34
A1758 146 325 0.55 0.38 0.78 0.16 0.90 0.11
Al1914 64 1465 1.18 0.53 1.57 0.23 1.77 0.16
A2163* 861 325 0.46 1.08 0.67 0.47 0.79 0.33
*% " " 0.51 " 0.75 " 0.88 "
A2219 232 325 0.19 0.66 0.31 0.28 0.38 0.20
A2255 536 330 0.61 0.64 0.84 0.28 0.96 0.20
A2256%* 6600 63 0.41 0.87 0.58 0.38 0.68 0.27
* " " 0.48 " 0.68 " 0.79 "
A2319% 1450 408 0.56 1.20 0.77 0.53 0.88 0.37
*% " " 0.79 " 1.08 " 1.23 "
A2744 218 325 0.32 0.55 0.49 0.23 0.59 0.16
A3562 20 1400 0.26 0.55 0.38 0.24 0.44 0.17
CL0217+70¢ 326 325 0.33 0.68 0.48 0.29 0.56 0.21
MACSJ0717.5+3745 493 235 091 0.37 1.35 0.15 1.58 0.11
MACSJ1752.0+4440¢ 164 323 0.73 0.34 1.02 0.14 1.17 0.10
PLCK G171.9-40.7¢ 483 235 0.98 0.26 1.33 0.11 1.52 0.08
RXCJ1514.9-1523¢ 102 327 0.46 0.44 0.63 0.19 0.73 0.13
RXCJ2003.5-2323¢ 360 240 0.64 0.35 0.93 0.15 1.09 0.10

Notes. For each halo, we show the radio data values s, and v, used in Eq. (7) to calculate B(Sh/ N We show the latter for 100 ks, 500 ks and, 1 Ms of

ASTRO-H observations, together with the corresponding flux in the 20-80keV energy band in units of 1072 ergcm™ s!. Within a few percent
error, the fluxes and magnetic fields scale with observation time according to Eq. (9). ) In this case, the source is larger than the HXI FoV of
9% 9 = 81 arcmin®. In our work, for simplicity, we assumed a uniform surface brightness, therefore, s, was scaled by a factor 81/x where x arcmin?
is the size that a source covers in the sky (see Tables 1 and 2). This estimate results in slightly conservative predictions since halos and relics are
non-uniform sources. ** This gives results that assume all radio emission is coming from an area equal to the HXI FoV, so s, was not scaled.
This can be considered an optimistic estimate for the detectable magnetic field. *** Additional analysis for Coma. Since the Coma radio halo
is extremely large in the sky, we estimated the thermal ICM emission only in the HXI FoV, integrating Eq. (4) out to ~180kpc, which roughly
corresponds to the HXI FoV, rather than over the full halo size. @ Thermal ICM emission computed using the model by Zandanel et al. (2014)

for the gas density.

8. Results

The results of our analysis are given in Tables 4 and 5 for ra-
dio halos and relics, respectively. The third column contains the
current lower limit on the magnetic field for objects where an
HXR flux upper limit is available in literature. Our lower limits
on the magnetic field are slightly higher than those in the origi-
nal works from which the HXR upper limits fluxes are taken be-
cause of our assumption on the magnetic field distribution (see
Sect. 4). The sixth column contains By, which corresponds to
the cap value of the volume-averaged magnetic field up to which
ASTRO-H can still detect non-thermal IC for 1 Ms of observa-
tion time. The eighth column shows an optimistic value for the
detection sensitivity on the volume-average magnetic field, Bgfl,
obtained assuming that the CXB can be perfectly subtracted and,
therefore, always considering the intersection of the ASTRO-H
sensitivity curve with the thermal ICM emission as estimation

point for By (see Sect. 7 for details).
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In Tables 6 and 7, we show the estimate of the ASTRO-H
detection sensitivity of the volume-average magnetic field, Bi/ N
obtained with the signal-to-noise approach in the 20-80keV
band, for halos and relics, respectively. We show the results for

100 ks, 500ks, and 1 Ms of observation time.

Comparing the results in Tables 4—7, it is clear that the re-
sults based on the intersection point between the background
emission and the ASTRO-H sensitivity are more pessimistic. In
particular, for sources larger than the HXI FoV (e.g., the halos
of Coma and A2319, and the relics of Coma and A3667), our
initial analysis shows little room for improvement on the current
constraints, while the signal-to-noise analysis shows something
different. The simplified assumption of a uniform source in our
initial analysis is the most obvious reason for the pessimistic per-
spective for sources that cover a large area on the sky. This is also
the origin for the By values of the Coma and A2319 radio halos
and the Coma and A3667-NW relic being at the same level of
current upper limits. Additionally, assuming that the IC emission
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Table 7. Signal-to-noise results for relics.

ASTRO-H 100ks 500ks 1 Ms
Cluster Source St Vi BS{ N Faps0 kev® Bf;{ N Faog0 kev” B(sh/ N Faoos0 kev”
[mly] [MHz] | [uG] [1G] [uG]
Toothbrush® 7600 74 1.08 0.35 1.64 0.15 1.95 0.10
A0013 6000 80 1.10 0.14 1.45 0.06 1.63 0.04
A0085 8330 160 1.33 0.37 1.84 0.16 2.11 0.11
A0521 297 153 0.54 0.23 0.78 0.09 0.91 0.06
A0610¢ 59 600 0.47 0.22 0.69 0.09 0.80 0.06
AS753*4 460 1398 1.30 0.48 1.70 0.21 1.91 0.15
w* " " 2.02 " 2.65 " 2.97 "
AQ754* 1450 74 0.22 0.80 0.33 0.35 0.39 0.24
** 0.25 " 0.37 " 0.44 "
A0781¢ 93 325 0.48 0.21 0.72 0.09 0.85 0.06
A1240 N 21 325 0.09 0.32 0.14 0.13 0.17 0.09
S 29 325 0.06 0.46 0.10 0.20 0.12 0.14
A1300 75 325 0.27 0.24 0.44 0.10 0.54 0.07
A1367 180 610 0.78 0.43 1.04 0.19 1.18 0.13
Al612¢ 776 241 0.92 0.23 1.34 0.09 1.56 0.06
Coma* 3300 151 0.27 0.70 0.40 0.30 0.47 0.21
w3k " " 0.56 " 0.82 " 0.97 "
Al664 1250 150 0.45 0.58 0.67 0.25 0.79 0.17
A2048¢ 559 325 1.41 0.15 1.86 0.06 2.08 0.04
A2061 104 327 0.20 0.42 0.31 0.18 0.36 0.12
A2063 13200 178 2.25 0.17 3.46 0.07 4.12 0.05
A2163 82 325 0.30 0.22 0.48 0.09 0.57 0.06
A2255 103 330 0.22 0.42 0.31 0.18 0.36 0.13
A2256%*¢ 5600 63 0.26 0.94 0.41 0.41 0.50 0.29
Hk " " 0.37 " 0.58 " 0.71 "
A2345¢ E 188 325 0.41 0.47 0.59 0.20 0.68 0.14
\\% 291 325 0.63 0.42 0.88 0.18 1.02 0.12
A2433¢ 5310 74 0.90 0.23 1.24 0.10 1.42 0.07
A2744 98 325 0.33 0.37 0.50 0.15 0.59 0.11
A3376* E 122 1400 0.11 0.78 0.17 0.34 0.21 0.24
Hk " " 0.23 " 0.36 " 0.43 "
* w 113 1400 0.24 0.74 0.36 0.32 0.43 0.23
o " " 0.29 " 0.44 " 0.53 "
A3411¢ 2074 74 0.38 0.66 0.58 0.29 0.69 0.20
A3667* NW 81000 86 1.12 0.74 1.70 0.32 2.02 0.23
w3k " " 1.95 " 2.94 " 3.51 "
* SE 3200 120 0.30 0.77 0.46 0.33 0.55 0.23
w* " " 0.44 " 0.68 " 0.81 "
A4038 380 606 0.67 0.29 1.00 0.12 1.18 0.08
Sausage® 96 1400 0.55 0.36 0.84 0.15 1.00 0.11
El-Gordo? E 1 610 0.06 0.44 0.10 0.19 0.12 0.13
NW 19 610 0.47 0.40 0.69 0.17 0.82 0.12
SE 3 610 0.30 0.37 0.42 0.16 0.49 0.11
MACSJ1149.5+2223¢ E 23 323 0.40 0.14 0.63 0.05 0.75 0.04
w 17 323 0.18 0.17 0.31 0.06 0.38 0.04
MACSJ1752.0+4440¢ NE 410 323 0.90 0.25 1.36 0.10 1.61 0.07
SwW 163 323 0.66 0.17 1.03 0.07 1.24 0.05
PLCK G287.0+32.9¢ N 550 150 0.77 0.23 1.14 0.09 1.35 0.06
S 780 150 1.05 0.19 1.51 0.08 1.75 0.05
RXCJ1314.4-2515 E 28 610 0.33 0.24 0.49 0.10 0.58 0.07
w 65 610 0.55 0.30 0.80 0.12 0.93 0.09
ZwCl0008.8-5215¢ E 820 241 0.72 0.41 1.00 0.18 1.15 0.12
ZwCl12341.1+0000¢ N 36 157 0.05 0.24 0.10 0.09 0.13 0.06
S 70 157 0.10 0.42 0.17 0.18 0.21 0.12

Notes. Columns, and footnotes, are as in Table 6, with the addition of the second column, which indicates the specific relic to which we are

referring.

is only detectable at energies where it dominates the background
is a conservative approach, given that backgrounds are known
and can be modelled in detail in a real analysis. Indeed, as
already stressed earlier, this simple method is meant to be just
a first-order approximation, and we take our signal-to-noise ap-
proach as reference when drawing conclusions.

The soft X-ray (SXR) and extreme ultra-violet (EUV) bands
could also be promising for the detection of IC emission, since
the flux would be much higher at those lower frequencies (e.g.,
Sarazin & Lieu 1998). However, this is only advantageous if the
background can be well constrained, and it crucially depends on
the low-energy cutoff of the relativistic electron population, yyn,
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which is, in most cases, unconstrained by current radio data. In-
deed, assuming an electron spectrum cutoff of ypi, ~ 102, as dis-
cussed in Sect. 3, implies IC spectra peaking in the EUV band
and often dominating the X-ray background in SXRs, in par-
ticular in case of very steep radio spectra. However, such steep
spectra down to very low frequencies seem unlikely. The radio
spectrum depends on the acceleration history of relativistic elec-
trons, and as an example, steady state injection models feature a
spectral break and would imply a low-frequency flattening (e.g.,
Sarazin 1999). In the near future, low-frequency observations
with LOFAR (Réttgering et al. 2012) will provide crucial infor-
mation and certainly shed more light on the spectrum of cosmic-
ray electrons in clusters. This will be vital for assessing the pos-
sible IC contribution in the SXR and EUV regimes.

8.1. Promising targets

To pinpoint the most promising targets for ASTRO-H HXR
observations, we focus on magnetic field estimates (e.g.,
Govoni & Feretti 2004). FR measurements range from ~uG
for merging clusters up to 10 uG for cool-core clusters
(Carilli & Taylor 2002; Clarke 2004; Vogt & Enfilin 2005;
Bonafede et al. 2010, 2013). Therefore, uG-level magnetic fields
in clusters are nowadays widely acknowledged.

Analytical estimates can be obtained by the equipartition ar-
gument, that is, by minimising the total energy content (the sum
of the energy in the magnetic field and that in relativistic parti-
cles) of a radio source. While standard equipartition estimates,
Bey, are based on computing the synchrotron radio luminosity
between two fixed frequencies, the so-called revised equiparti-
tion estimates, By, are based on integrating over the relativistic
electron distribution (Brunetti et al. 1997; Beck & Krause 2005).
In Table 8, we summarise all the (revised) equipartition estimates
that we could find in literature for the clusters in our sample.

We stress that the equipartition estimates compiled in Table 8
should only be considered as reference values for comparison
purposes. Not only do these suffer from several uncertainties,
such as the ratio of electrons to protons in the source and the
low-energy cutoff of the electron distribution, which are, a pri-
ori, unknown (see Govoni & Feretti 2004 for a discussion), but
also one could question whether the equipartition assumption is
justified because the evolution of relativistic electrons and mag-
netic fields in clusters may be decoupled given the short lifetime
of the electrons compared to that of clusters. We also note that
different authors often adopt different assumptions when apply-
ing the equipartition argument.

We consider a given halo or relic to be a promising can-
didate for ASTRO-H if its Bit/N in 100 ks of observations is
>1 uG; while if smaller, we consider it promising when that
value is comparable to, or higher than, the corresponding (re-
vised) equipartition estimate (where available). The value of
1 uG is just a rough educated guess that assumes the magnetic
field value of the Coma cluster as prototype for which the volume
average is ~2 uG (Bonafede et al. 2010, 2013). We summarise
all objects that meet these criteria in Table 9.

There is a crucial point to be considered when looking at
our summary list of promising targets in Table 9, the size in
the sky of a given halo. Halo size plays a crucial role in our
predictions. Several objects in Table 9 have a size well below
the ASTRO-H HXI FoV of 9 x 9 = 81 arcmin?. The smaller the
size of a given object with respect to the FoV, the higher the con-
tamination given by the thermal ICM emission, which obviously
peaks in the centre of clusters. This is particularly important for
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Table 8. Magnetic field equipartition estimates.

Cluster Beq (uG) B (uG) Reference

eq
Halos
Bullet 1.2 1
A0520 1.43 2
A0665 0.61 3
A0754 0.66 4
Coma 0.45 0.7-1.9 1,5,6,21
Al1914 0.55 1.3 1,4
A2163 0.70 0.97 1,3
A2219 0.4 0.7 7
A2255 0.53 8
A2256 >1 1.1 1,9
A2319 0.53 10
A2744 0.5 1.0 1,7
A3562 04 11
MACSJ0717.5+3745 3.43 6.49 12
RXCJ2003.5-2323 1.7 13
Relics

Toothbrush 7.4-9.2 14
A0085 1.1-2.4 15, 20
A0754 0.3 15
AS753 1.3 15
A1240 N 1 2.4 16

S 1 2.5 16
A1367 1 15
Coma 0.55 0.7-1.7 5,6,21
Al1664 0.88 2,17
A2163 2.2 22
A2255 0.53 8
A2256 >1 9
A2345 E 0.8 2.2 16

\\% 1 2.9 16
A2744 0.6 1.3 7
A3667 NW 15-25 6,18
A4038 3 17
ZwCl0008.8-5215 E 2.5 6.6 19
ZwCl12341.1+0000 N 0.59 0.64 23

E 0.54 0.66 23

Notes. Magnetic field estimates based on the equipartition theorem. B
is the equipartition magnetic field, while By is the so-called revised
equipartition magnetic field.

References. (1) Petrosian et al. (2006); (2) Govonietal. (2001);
(3) Feretti et al. (2004); (4) Bacchi et al. (2003); (5) Giovannini et al.
(1991); (6) Govoni & Feretti  (2004); (7) Orruetal. (2007);
(8) Feretti et al. (1997a); (9) Clarke & Ensslin (2006); (10) Feretti et al.

(1997b); (11) Venturietal. (2003); (12) Pandey-Pommier et al.
(2013); (13) Giacintucci etal. (2009); (14) van Weeren et al.
(2012¢); (15) Chenetal. (2008); (16) Bonafedeetal. (2009b);

(17) Kale & Dwarakanath (2012); (18) Johnston-Hollitt (2004);
(19)  van Weerenetal. (2011b); (20) Ensslinetal. (1998);
(21) Thierbach et al. (2003); (22) Feretti et al. (2001).

radio relics in the cluster’s outskirts, which are the best targets
for HXR IC detection, as is clear from the results presented in
the tables in this work. On the other hand, an object that is much
larger than the ASTRO-H FoV will call for multiple pointings
with the corresponding increase in observation time. Regarding
their morphology, ASTRO-H observation simulations of these
objects are needed in order to give a definitive answer to which
the most promising targets are.
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Table 9. Promising targets for ASTRO-H observations.

Cluster Source Type z Size a B(Sh/ N(lOO ks) Bgt/ N(l Ms) Bg(1 Ms) Beg By
Bullet H 030 19 1.5 0.84 1.37 1.00 1.2
Toothbrush® R 023 18 1.1 1.08 1.95 1.65 7.4-9.2
A0013¢ R 0.09 5 2.3 1.10 1.63 1.98
A0085 R 0.06 26 1.6 1.33 2.11 1.79 1.1-2.4
AS753¢ R 0.01 318 2.1 1.30 1.91 1.08 1.3
Coma H 0.02 710 1.2 0.20 0.34 0.36 0.5 0.7-1.9
R 400 1.2 0.27 0.47 0.28 0.6 0.7-1.7

Al1914 H 0.17 30 1.9 1.18 1.77 1.12 0.6 1.3
A2048¢ R 0.10 7 2.3 1.41 2.08 2.43
A2063 R 0.03 3 1.2 2.25 4.12 5.51
A2255 H 0.08 79 1.6 0.61 0.96 0.60 0.5
A2319 H 0.06 198 1.7 0.56 0.88 0.65 0.5
A3667 NW R 0.06 250 1.0 1.12 2.02 0.94 1.5-2.5
PLCK G287.0+32.9¢ N R 0.39 7 1.3 0.77 1.35 1.57

S R 0.39 6 1.5 1.05 1.75 4.14

Notes. We summarise all objects that meet the criteria for being considered promising targets (see main text for details) and the corresponding
magnetic field values testable by ASTRO-H in 100 ks and 1 Ms of observations in uG. We show the most optimistic values obtained adopting

S/N

the signal-to-noise approach, B,

and also the more pessimistic estimates based on the intersection point between the background emission and

the ASTRO-H sensitivity, By, for 1 Ms of observations. We indicate the type of source, either radio halo (H) or radio relic (R), and, in case more
than one relic is present in a given cluster, we explicitly mention which source we are referring to. We also report the approximate surface on the
sky in arcmin? and the spectral index a. Finally, we also show (revised) equipartition estimates, in 4G, where available. > Thermal ICM emission

computed using the model by Zandanel et al. (2014) for the gas density.

We included Coma in our list of promising targets mainly be-
cause it is one of the best-studied clusters, and its observation by
ASTRO-H is desirable. In fact, Coma represents one of the best
targets for detecting and mapping the bulk of the ICM turbu-
lent velocities for the first time with the Soft X-ray Spectrometer
(SXS) on-board ASTRO-H (Kitayama et al. 2014). However, it
does not represent the best hopes for the HXR IC detection.

To facilitate interpretation of our results, we provide a sim-
ple, approximate scaling of the ASTRO-H observation time with
the magnetic field value B(Sh/ N that corresponds to the signal-to-
noise approach. We note that the number of background counts
scales linearly with time Ng o« Tgys, and under the assumption
that Ng > Ng, one finds that the number of source counts needed
to reach a fixed signal-to-noise ratio scales as Ng ~ VT ops. From
Eq. (6), Fy o< Ng/Tops o< T;bls/ 2, and eventually, from Eq. (7), we
find that, for any given «,

()]

Analogously, it can be shown that for a fixed observation time,
i.e., fixed Np, the detectable magnetic field depends on the
signal-to-noise ratio as follows:

1
S/N 2(T+a)
Bdt o Tobs :

BN o« (S/N) ™5 . (10)

8.2. Comments on individual clusters

We report in the following some comments on the individual
clusters in our final list of the most promising objects — A0085,
AS753, A3667, Bullet, A1914, A2255, A2319, and Coma —
while we leave the rest for Appendix A. We show the corre-
sponding synchrotron and IC modelling in Figs. 2—4.

A0085. As can be seen from the top left-hand panel of Fig. 3,
the radio relic of AO08S5 appears to have a low-energy cutoff in
the radio spectrum. While this cutoff does not seem to affect
our conclusion for the ASTRO-H detectability, if the magnetic

field is much larger than Bg)n, the low-energy turnover of the
spectrum would move to higher energies and could affect the de-
tectability estimates. The current HXR upper limit for this clus-
ter (Ajello et al. 2010) refers to a much larger area than that of
the relic. We remind the reader that the result of the signal-to-
noise approach should be taken with caution in this case because
its assumes a straight power law in the 20—80 keV range, while
some spectral features could be expected.

AS753. The top right-hand panel of Fig. 3 shows the syn-
chrotron and IC modelling for the radio relic hosted by this clus-
ter. There are two things that should be noted: first, the very
steep radio spectrum that implies a very-large IC flux in SXRs
if we stick to the theoretically motivated yn;, = 200. For this
reason, we also show in the figure the case with y,;, = 1000
and see that it does not change our predictions much for the
HXR regime. Second, we must note that, since we lacked in-
formation on the gas density in this cluster, we used the phe-
nomenological ICM model of Zandanel et al. (2014). This is, ob-
viously, a source of a uncertainty and has very likely resulted in
an underestimation of the gas density at the relic location.

A3667. This cluster hosts the prototype double relic system
(Rottgering et al. 1997). The 1.9 Mpc northwestern relic con-
tains most of the diffuse emission. HXR emission from the
A3667-NW relic has been studied by Ajello et al. (2009) and
Nakazawa et al. (2009). We used the latter group’s upper limit
on the HXR non-thermal emission since it specifically refers to
the relic region. In addition, a detailed X-ray study of the ICM
can be found in Finoguenov et al. (2010) and Akamatsu et al.
(2012). We show the corresponding synchrotron and IC mod-
elling in the central left panel of Fig. 3. The current HXR upper
limit is at the same level of our By prediction due to our as-
sumption of uniform radio sources. We try to assess this issue
in Table 7 by providing an alternative estimate by assuming that
all the radio emission comes from a region within the ASTRO-H
HXI FoV.
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Fig. 4. Synchrotron and IC modelling of the radio halo (H) and relic (R) hosted by Coma. Caption as in Fig. 2. In the case of the relic, we do not
show the line corresponding to By because it gives worst estimates than that of By. This is due to our assumption of uniform radio sources which
is particularly inappropriate in case of objects with a large size in the sky, like Coma. See main text for details.

Recently, Kitayama et al. (2014) have pointed out that the
A3667-NW relic is one of the more promising targets for
ASTRO-H to detect non-thermal HXR emission. They predict
that HXI can constrain the magnetic field to B > 4 uG in 200 ks
of observations. This is significantly higher than our predicted
values of Tables 5 and 7 by about a factor of two. However,
their approach is quite different because they estimate the 90%
confidence-level (CL) upper limit obtainable with ASTRO-H in
200 ks of observations. Moreover, the discrepancy mostly occurs
because they assume that the SXR observed by Finoguenov et al.
(2010) with XMM-Newton has a non-thermal origin, a hypothe-
sis that cannot be excluded, and extrapolate this to HXRs with a
power-law spectrum with a photon index of @ = 2.

Bullet. We included the Bullet cluster for the broad interest
in it and because it has been recently observed by NuSTAR, even
if it does not fulfil our criteria of being in the promising targets
list. Wik et al. (2014) have recently reported the results of the
NuSTAR observations of the Bullet cluster where they do not
find any evidence of non-thermal HXR emission from the radio
halo. We derive slightly better prospects for ASTRO-H than their
derived upper limit, as can be seen in the central right panel of
Fig. 3. Although ASTRO-H and NuSTAR show comparable per-
formances in HXR, the former has the advantage of the simulta-
neous operation of the SXI, allowing for a better determination
of the thermal ICM emission.

A1914. The radio halo of A1914 has a very steep spectrum
(Bacchi et al. 2003; Komissarov & Gubanov 1994). While we
modelled the low-energy flattening in radio with a spectral cut-
off, the data is insufficient to distinguish it from a broken power
law, as can be seen in the bottom left-hand panel of Fig. 3. In this
sense, therefore, the result of the signal-to-noise approach should
be taken with caution because its assumes a straight power law
in the 20-80 keV range, while some spectral features could be
expected. The X-ray upper limit is from Ajello et al. (2010).

A2255. This cluster hosts both a radio halo and a relic
(Feretti et al. 1997a). Since the relic is at ~10" of the cluster
centre and the XMM-Newton FoV is 30’, current HXR upper
limits likely contain contributions from both the halo and the
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relic (Turner et al. 2001; Wik et al. 2012). The synchrotron and
IC emission modelling of the radio halo is shown in Fig. 2.
While we use radio observations from Feretti et al. (1997a) and
Govoni et al. (2005), more recent observations were performed
by Pizzo & de Bruyn (2009). However, considering the different
areas used for the flux extraction, the later results are comparable
to the former for the purpose of our modelling.

A2319. We used the HXR upper limit from Ajello et al.
(2009) and point out that we obtain a more constraining lower
limit By > 0.7 uG as a result of our assumptions regard-
ing the magnetic field distribution (see Sect. 4). The bottom
right-hand panel of Fig. 3 shows the corresponding synchrotron
and IC modelling. The current HXR upper limit is at the same
level of our By prediction owing to our assumption of uniform
radio sources, and we try to assess this issue in Table 6 by provid-
ing an alternative estimate by assuming that all the radio emis-
sion comes from a region within the ASTRO-H HXI FoV.

Coma. We included the Coma cluster more for historical
reasons than for it being a very promising target. Coma is one
of the best-studied clusters, and it hosts the prototype radio
halo and relic (e.g., Thierbach et al. 2003; Brown & Rudnick
2011). A HXR excess at the halo location was claimed by
Rephaeli & Gruber (2002) and Fusco-Femiano et al. (2004), but
later never confirmed (Wik et al. 2009, 2011; Gastaldello et al.
2015). The radio relic (1253+275) is located at 75’ from the clus-
ter centre. Figure 4 shows the synchrotron and IC modelling for
both the radio halo and relic.

For the relic, the current upper limit (Feretti & Neumann
2006) appears more constraining than what is achievable with
ASTRO-H HXTI in 1 Ms of observation according to the signal-
to-noise analysis. However, this upper limit is determined in the
20—-80keV band and could be evaded with a low-energy spectral
cutoff or flattening. Therefore, as for AS753, we also show the
case with y;n = 1000 in the right-hand panel of Fig. 4. Also
in the case of the halo, the current HXR upper limit is at the
same level as our predictions for By. This is due to our assump-
tion of uniform radio sources, which is particularly inappropri-
ate for objects with a large size in the sky, like Coma. In fact,
in Tables 6 and 7, we try to assess this by providing alternative
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estimates by i) assuming that all the radio emission comes from
aregion within the ASTRO-H HXI FoV (we show this also for a
few other objects); and ii) by computing the thermal ICM emis-
sion for the case of the halo only within the halo boundaries.
(We normally integrate over the full halos size, but again, owing
to the large sky size of Coma, here the difference is appreciable.)

Kitayama et al. (2014) have recently discussed the prospects
for 500ks of ASTRO-H observation of the halo region. They
estimate a corresponding 90%CL upper limit of B ~ 0.4 uG,
which is slightly more optimistic than our estimates, but they
assumed a photon index of @ = 2.

9. Conclusions

In this work, we modelled the synchrotron and IC emission of
all known radio halos and relics for which the spectral index can
be determined. Our approach is phenomenological towards the
generation mechanism of relativistic electrons. We simply as-
sumed that the same electrons generating the observed radio syn-
chrotron emission are responsible for HXR IC emission, where
we adopted a power-law distribution with low- and high-energy
cutoffs that we either fitted to the radio data, if steepening was
observed, or we fixed to theoretically motivated values.

We provided updated lower limits on the magnetic field val-
ues for those objects for which an HXR upper limit is available.
Subsequently, by considering the thermal ICM and CXB emis-
sions and the instrumental background, we provided predic-
tions for the volume-average magnetic filed values up to which
HXR IC emission can be detected by the ASTRO-H HXI in-
strument, adopting different approaches and considering differ-
ent observations times.

Our first approach was to estimate the magnetic field testable
by ASTRO-H by taking the intersection point between the dom-
inant background emission as reference, either thermal ICM or
CXB, and the properly scaled ASTRO-H sensitivity for 1 Ms
of observations. We then adopted a more robust approach based
on photon counts in the 20—80 keV regime, requiring the signal-
to-noise ratio to be higher than 5, where the noise includes the
ICM and CXB emissions and the instrumental background. With
this approach, on which we have based our conclusions, we esti-
mated the magnetic field values testable by ASTRO-H in 100 ks,
500 ks, and 1 Ms of observations. With this estimate, we found
that the observation time needed to test a certain magnetic field
value B roughly scales as B oc T/,

We identified as promising all those halos and relics for
which the magnetic field testable by ASTRO-H in 100 ks is
larger than 1 uG or than the equipartition estimates, where avail-
able. We provided the corresponding list of 15 halos and relics in
Table 9. Among the most promising targets, we have the AS753
and A3667-NW relics and the A2255 and A2319 halos, with an
extension in the sky close to or larger than the ASTRO-H HXI
FoV. Additionally, we can also identify the A0085, A2048, and
A2063 relics as very promising, and the A1914 halo, with an
extension smaller than the HXI FoV. The size in the sky of the
considered object plays a crucial role in such observations, both
for evaluating the contribution of the thermal ICM emission to
the observed spectrum and for planning multiple pointings with
a corresponding increase in observation time.

We stress that we have provided a theoretical expectation that
suffers from several approximations that we discuss openly in the
text. While we estimate that most of these approximations imply
conservative results, some of them could go in the other direc-
tion: in particular, the uncertainty in the ICM density distribution

of some objects, particularly for radio relics in the clusters’ out-
skirts, and the assumption of a power-law distribution of elec-
trons down to low energies that are not tested by current radio
observations, but could be tested soon by LOFAR. Therefore,
while it is clear that detailed ASTRO-H observation simulations
should be performed to select the best target amongst those we
have proposed here, in particular against their angular dimension
in the sky, we conclude that HXR IC detection could be at hand
for ASTRO-H in several objects.

With the operation of NuSTAR and the upcoming launch of
ASTRO-H, we will eventually be able to probe HXR IC emis-
sion in clusters for magnetic fields >1 uG. Although detailed
observation simulation are needed case by case, for a few clus-
ters we might finally break the degeneracy between the mag-
netic field and the relativistic electrons distribution, and be able
to shed new light on the non-thermal phenomena in clusters of
galaxies.
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Appendix A: Other figures and comments
on individual clusters

This appendix contains the figures for the synchrotron and IC
modelling of all clusters not shown in the main text. For some
of these, the IC emission peaks in SXRs or EUV above the CXB
and ICM emissions, so we also show the case with y;, = 1000.

Several objects, mainly radio relics, have the pecu-
liarity of very low thermal ICM emission, probably an
underestimation by observations pointed to the clus-
ter’s centre or by using the phenomenological model
of Zandaneletal. (2014) for the gas density. In some
cases (A0781, A2163, MACSJ1149, 5-2223-E and W,

MACSJ1752.0+4440-SW, PLCK G287.04+32.9-N and S), the
CXB outweighs the thermal ICM emission, and in addition, the
intersection point between the ASTRO-H and CXB emissions
is at an energy lower than the rise in the CXB spectrum. The
corresponding results for By should be taken with caution, and
in fact, in these cases, the signal-to-noise approach gives more
conservative and reasonable results.

We also remind the reader that the signal-to-noise approach
assumes a straight power law in the 20—80 keV energy band (see
Sect. 7). While in most cases the cutoffs are at much lower and
higher energies, for A2063 and A0013 this method could give
slightly optimistic results.

All figures can be read as explained in the caption of Fig. 2.
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Fig. A.1. Synchrotron and IC modelling for all clusters that are not shown in the main text. Caption as in Fig. 2.
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Fig. A.1. continued.

Inverse-Compton emission from clusters of galaxies
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