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ABSTRACT

We present an analysis &lanck satellite data on the Coma Cluster observed via the Surgaklovich dfect. Thanks to its great sensitivity,
Planck is able, for the first time, to detect SZ emission up te 3 x Rspp. We test previously proposed spherically symmetric moti@lshe
pressure distribution in clusters against the azimuthaligraged data. In particular, we find that the Arnaud et @i1@2 “universal” pressure
profile does not fit Coma, and that their pressure profile faiging systems provides a reasonable fit to the data omlygaRsqo; by r = 2Xx Rsgo it
underestimates the observeprofile by a factor of 2. This may indicate that at these larger radii either: i)dluster SZ emission is contaminated
by unresolved SZ sources along the line of sight; or ii) thespure profile of Coma is higherrat Rsqo than the mean pressure profile predicted
by the simulations used to constrain the models. Plamck image shows significant local steepening of yharofile in two regions about half
a degree to the west and to the south-east of the clusteecdiitese features are consistent with the presence of stmuk &t these radii, and
indeed the western feature was previously noticed inRBEAT PSPC mosaic as well as in the radio. Usklgnck y profiles extracted from
corresponding sectors we find pressure jumps@_ﬁg and SOjﬁ in the west and south-east, respectively. Assuming Rastiirgoniot pressure
jump conditions, we deduce that the shock waves should gatgavith Mach numbeM,, = 2.03733% and Ms. = 2.05'335 in the west and
south-east, respectively. Finally, we find that yhend radio-synchrotron signals are quasi-linearly coteel@an Mpc scales, with small intrinsic
scatter. This implies either that the energy density of ¢osay electrons is relatively constant throughout thesty or that the magnetic fields
fall off much more slowly with radius than previously thought.

Key words. Cosmology: observations Galaxies: clusters: general Galaxies: clusters: intracluster medismCosmic background radiation,
X-rays: galaxies: clusters
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1. Introduction hot cluster, and is sticiently extended thaPlanck can resolve
] it well spatially. Its intracluster medium (ICM) was obsedvin
The Coma cluster is the most spectacular Sunyaev-Zeldovigh for the first time with the Sm OVRO telescope Kierbig
(SZ) source in thélanck sky. It is a low-redshift, massive, andgt a1. 1992 1995. Later, it was also observed withlSAM1
(Silverberg et al. 1997 MITO (De Petris et al. 2002 VSA
(Lancaster et al. 200andWMAP (Komatsu et al. 20)iwhich
detected the cluster with signal-to-noise ratioN = 3.6.
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As reported in the all-sky early Sunyaev-Zeldovich clugter
per,Planck detected the Coma cluster witl5gN > 22 (Planck
Collaboration VIII 201). Radius [kpc]
Coma has also been extensively observed in the X-rays from ~,,, 1000 I
the ROSAT all-sky survey and pointed observatiofsiel et al. ‘ :
1992 White et al. 1993 as well as via a huge mosaic BivIM- -+
Newton (e.g.Neumann et al. 2002003 Schuecker et al. 2004 8x107°
The X-ray emission reveals many spatial features indigdtin
falling sub-clusters such as NGC483Daov & White 1995 6x10-8
Vikhlinin et al. 1997 Neumann et al. 20QR2003 , turbulence
(e.g. Schuecker et al. 2004£hurazov et al. 2002and further £ 4x10-¢
signs of accretion and strong dynamical activity. >
Moreover, the Coma cluster hosts a remarkable giant ra-
dio halo extending over 1 Mpc, which traces the non-thermal
emission from relativistic electrons and magnetic fieldg.(e
Giovannini et al. 1993Brown & Rudnick 201). The radio 0
halo’s spectrum and extent require an ongoing, distribotech-
anism for acceleration of the relativistic electrons, sititeir ra-
diative lifetimes against synchrotron and inverse Comfiisses
are short, even compared to theiffdsion time across the clus- 107
ter (e.g.Sarazin 1999Brunetti et al. 2001 The radio halo also 1072
appears to exhibit a shock front in the west, also seen in the X & 10-3 | ! Lt
ray image, and is connected at larger scales with a huge radio _
relic in the south-westHnsslin et al. 1998Brown & Rudnick Radius [Rgoo)
20119).
In this paper we present a detailed radial and sector anal-
ysis of the Coma cluster as observed®ganck. These results
are compared with X-ray and radio observations obtainel witig. 1: Upper panel: Radial profile ofy in a set of circular annuli
XMM-Newton and the Westerbork Synthesis Radio Telescopecentred on Coma. The blue curve is the best fitting simple iode
We useHg = 70kms*Mpc?, Qn = 0.3 andQa = 0.7, to the profile over the radial range from 85 arcmin to 300 ancmi
which imply a linear scale of 27 kpc arcmin® at the distance The model consists of a power law plus a consyggt The best
of the Coma clusterz(= 0.023). All the maps are in Equatorialfitting value ofyg is shown with the dashed horizontal line. Two
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J2000 coordinates. vertical lines indicate the range of radii used for fittihgwer
panel: The probability of finding an observed valueyo$ Ycoma
2. The Planck frequency maps in a given annulus. The probability was estimated by meaguri

y in a set of annuli with random centres in any part of the image
Planck! (Tauber et al. 201,(Planck Collaboration | 20)is the outside 5x Rsoo, WhereRsgo = 47 arcmin.
third-generation space mission to measure the anisotrbihyeo
cosmic microwave background (CMB). It observes the sky in
nine frequency bands covering 30-857 GHz with high sensitiv  This paper is based on tHélanck nominal survey of 14
ity and angular resolution from 310 5. The Low Frequency months, i.e. taken between 13 August 2009 and 27 November
Instrument (LFI;Mandolesi et al. 201,0Bersanelli et al. 2020 2010. The whole sky has been covered two times. We refer to
Mennella et al. 201)lcovers the 30, 44, and 70 GHz bands witfPlanck HFI Core Teart20110 andZacchei et al(2011) for the
amplifiers cooled to 20 K. The High Frequency Instrument (HFgeneric scheme of time ordered information (TOI) procegsin
Lamarre et al. 201;,0Planck HFI Core Team 201)aovers the and map making, as well as for the technical characterisfics
100, 143, 217, 353, 545, and 857 GHz bands with bolometdhe maps used. We adopt a circular Gaussian beam pattern for
cooled to 0.1K. Polarisation is measured in all but the higgheeach frequency as described in these papers. We use thsiyull-
two bands eahy et al. 2010Rosset et al. 20)0A combina- maps in the nin@lanck frequency bands provided in HEALPix
tion of radiative cooling and three mechanical coolers poag (GOrski et al. 2005 Nsige = 2048 resolution. An error map is
the temperatures needed for the detectors and offilesi¢k associated with each frequency band and is obtained from the
Collaboration Il 201). Two data processing centres (DPCsylifference of the first half and second half of kanck rings
check and calibrate the data and make maps of theRlan¢k for a given position of the satellite, but are basically ffiemn
HFI Core Team 201LtZacchei et al. 2011 Planck’s sensitivity, astrophysical emission. However, they are a good reprasent
angular resolution, and frequency coverage make it a poiverfion of the statistical instrumental noise and systematiors.
instrument for Galactic and extragalactic astrophysicsvals Uncertainties in flux measurements due to beam corrections,
as for cosmology. Early astrophysics results are givenanéd map calibrations and uncertainties in bandpasses aretexitec
Collaboration VIII-XXV1 2011, based on data taken betwe8&n 1be small, as discussed extensivelyPilanck Collaboration VIII
August 2009 and 7 June 2010. (2011); Planck Collaboration 1X2011); Planck Collaboration X
(201D).

1 Planck (http;y/www.esa.intplanck) is a project of the European
Space Agency (ESA) with instruments provided by two scfention-
sortia funded by ESA member states (in particular the leamhities: 3. Reconstruction and analysis of the y map
France and Italy) with contributions from NASA (USA), andetgcope
reflectors provided in a collaboration between ESA and ansifiecon- The Comptonisation parametgmaps used in this work have
sortium led and funded by Denmark. been obtained using the MILCA (Modified Internal Linear
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Combination Algorithm) methodHurier et al. 201D on the onal transformation to diagonalise the noise covarianceixma
Planck frequency maps from 100 GHz to 857 GHz in a regiowhich, thus, decorrelates the additive noise fluctuation.
centred on the Coma cluster. MILCA is a component separa- It is important to say that, as the parameters of the fitting
tion approach aimed at extracting a chosen component (in dunctions are highly degenerate, we adopt two techniques to
case the thermal Sunyaev Zeldovich, tSZ, signal) from aimulguantify the uncertainties, i) for each individaul paraengand
channel set of input maps. It is based mainly on the well knovii for the overall model (that is, the global model envelppe
ILC approach (see for exampleriksen et al. 2004 which More specifically, the confidence intervals on each parame-
searches for the linear combination of input maps that nigem ter are calculated using the percentile method; i.e., wk tlam
the variance of the final reconstructed map while imposirgsp fitted values and select the value corresponding to the chose
tral constraints. For this work, we apply MILCA using two eonpercentile. Suppose that our 1000 realizations for a spquafi
straints, the first to preserve tlyesignal and the second to re-rameter/ are already ranked from bottom to top, the percentile
move CMB contamination in the finglmap. Furthermore, we confidence interval at 68.4% correspondstgds, {g4xn]. Notice
correct for the bias induced by the instrumental noise, amdiw that in this work the confidence intervals are reported wéth r
multaneously use the extra degrees of freedom (dof) to niseimspect to the best-fit value obtained by fitting the model to the
residuals from other components (2 dof) and from the insémum initial data set.
tal noise (2 dof). These would otherwise increase the vegan The envelope of the profiles shown in Figs6, 7, 11,12, 13,
the final reconstructegimap. The noise covariance matrix is esand14 delimit, instead, the first 684 out of the 1000 model pro-
timated from jack-knife maps. To improve thffieiency of the files with the lowest?. Note that, by design, the forward ap-
algorithm we perform our separation independently on sgveproach tests the capability of a specific functional to gliyba
bins in the spatial-frequency plane. The figahap has anféec- reproduce the observed data. For this reason, the errorates
tive point spread function (PSF) with a resolution of EVHM.  represent the uncertainties on the parameters of the fitiimg
Finally, to characterise the noise properties, such agletion tion rather than the local uncertainties of the deprojeqigah-
and inhomogeneities, we use jack-knife and redundancy maipg This technique has been fully tested on hydrodynarniz s
for each frequency and apply the same linear transformasonulations (e.gNagai et al. 200;/Meneghetti et al. 2010
used to compute the MILCAmap. The MILCA procedure pro-
vides us with a data maptogether with random realisations o
an additive noise modely, which is Gaussian, correlated, an
may present some non-stationary behaviour across the field o
view. These maps are used to derive radial profiles and to pgE a result of the extraction algorithrRjanck y maps contain
form the image analysis, as described below. an arbitrary additive constagt; which is a free parameter in
We verified that the reconstruction methods GM@obin  all oury-map models. This constant can be determined using the
etal. 2003 and NILC Remazeilles et al. 20} give results that planck patch by simply setting to zero thevalue measured at
are consistent within the errors with the MILCA method (Se%ry |arge radii, where we expect to have small or no contribu
Planck Collaboration V 2092 tion to the signal from the Cluster itself. In particularire case
of the 136° x 13.6° MILCA-based patch of the image centred
on Coma, this constant is negative, as illustrated in Eig-he
radial profile ofy was extracted from thgmap in a set of circu-
lar annuli centred at (RA, DEG)(12'59"4 7, +27°5553"). The
In this paper, we present various radial profijs) of the 2D errors assigned to the points are crudely estimated by le&lcu
distribution of the Comptonisation paramejehese allow us ing the variance of thg map blocked to a pixel size much larger
to study the underlying pressure distribution of the iflater than the size of th@lanck PSF. The variance is then rescaled
medium of Coma. They parameter is proportional to the gador each annulus, assuming that the correlation of the ruzise
pressureéP = nkT integrated along the line of sight: be neglected on these spatial scales. For a model consistang
power law plus a constant (over the radial range from 85 arcmi
y=""" (@ ) to 300 arcmin) we fingor = —6.3 x 107" + 0.9 x 10~’. We note
~ mec? ’ that the precise value ofs depends weakly on the particular
model used, and on the range of radii involved in the fitting.
wheren, and T are the gas electron density and temperature, To determine the maximum radius at whiPhanck detects
ot is the Thomson cross-sectidnthe Boltzmann constant)e  a significant excess of compared to the rest of the image,
the mass of the electron ardthe speed of light. All the ra- we adopted the following procedure. For every annulus atoun
dial profilesy(r) are extracted from thgmap after masking out Coma with measureyl = ycoma We have calculated the distri-
bright radio sources. In this work we model the obsery@dl bution ofy = yrangom measured in 300 annuli of a similar size,
projected profiles using the forward approach describeétaid but with the centres randomly placed in any part of the image
by e.g.Bourdin & Mazzotta(2008. We assume that the three-outside the X Rsqg circle around Coma, whefgg is the radius
dimensional pressure profiles can be adequately represkbyte at which the cluster density contrastAs= 500. When calculat-
some analytic functions that have the freedom to describid@ wing Yrandgomthe parts of the annuli within s Rsgo were excluded.
range of possible profiles. The 3D model is projected aloeg tifthe comparison ofcoma With the distribution ofy;angomis used
line of sight, assuming spherical symmetry and convolvetl wito conservatively estimate the probability of gettng Ycoma
the Planck PSF to produce a projected model functibfr). by chance in an annulus of a given size at a random position
Finally we fit f(r) to the data using &® minimisation of its in the image (see Fid., lower panel). For the annulus between
distance from the radial profilegr) + dy(r) derived from the 2.6 and 3.1Rs5qp (122 arcmin to 147 arcmin) the probability of
MILCA map (y(r)) and 1000 realization of its additive noisegettingycoma by chance isv 3 x 1072 (a crude estimate, given
model @y(r)). They? is calculated in the principal componentN = 300 random positions). For smaller radii the probability
basis of these noise realisations. This procedure usedtzoger is much lower, while at larger radii the probability of gatiy

23.2. Zero level of the y map and the maximum detection
radius

3.1. Analysis of radial profiles
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Fig. 2: The Planck y map of the Coma cluster obtained by combining the HFI chanfiet 100 GHz to 857 GHz. North is up and west is to
the right. The map is corrected for the additive consyggnt The final map bin corresponds to FWHM10'. The image is about 130arcminute
130arcminute. The contour levels are logarithmically soaay 2/4 (every 4 linesy increases by a factor 2). The outermost contour corresponds
toy = 2 X ohoise = 4.6 X 107, The green circle indicateRsq. White and black crosses indicate the position of the beigthgalaxies in Coma. The
white sectors indicate two regions where yh@ap shows a local steepening of the radial gradient (see Baatl Fig.6).

in excess Of/comaiS ~10% or higher. We conclude thBtanck 4. XMM-Newton data analysis
detects the signal from Coma in narrow anmvit/R = 0.2 at o
least up toRyax ~ 3 X Rsoo. This is a conservative and model-The XMM-Newton results presented in this paper have been de-
independent estimate. In the rest of the paper we use parariged from analysis of the mosaic obtained by combining 27
ric models which cover the entire range of radii to fully exipl XMM-Newton pointings of the Coma cluster available in the
Planck data even beyonBiax. archive. ThexXMM-Newton data have been prepared and anal-
ysed using the procedure described in detaiBourdin et al.
(2011, andBourdin & Mazzotta2008. We estimated th¥x =
Mgas X T parameter of Coma iteratively using the — Msgg
scaling relation calibrated from hydrostatic mass es@émnan
a nearby cluster sample observed witliM-Newton (Arnaud
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et al. 2010; we findRsgg ~ (47 = 1)arcmin~ (1.31+ 0.03) Mpc
and we use this value throughout the paper. To study the
face brightness and temperature radial profiles we use the §
ward approach described Bourdin et al.(2011) taking care to |
project the temperature profile using the formula appropfiar |
spectroscopy; i.e., we use the spectroscopic-like teryrera-
troduced byMazzotta et al. 2004

5. The Coma y maps

The main goal of this paper is to present the radial and sacta
properties of the SZ signal from the Coma cluster. Here we
scribe some general properties of the image; the fullimagé a
ysis will be presented in a forthcoming paper that will make u|
of all the Planck data, including the extended surveys. '
Fig. 2 shows thePlanck y map of the Coma cluster obtained}
by combining the HFI channels from 100 GHz to 857 GHz. T
effective point spread function (PSF) of this map corresponds]
FWHM = 10 and its noise level iggise = 2.3 x 107, ]
To highlight the spatial structure of themap, in Fig.2 we :
overlay the contour levels of thesignal. We notice that at this | ’ kel
resolution, they signal observed b¥Planck traces the pressure ;
distribution of the ICM up toRsoo. As is already known from |
X-ray observations (e.(ﬁriel et al. 1992 White et al. 1993 .I'.P’.-‘I_{'H': l‘:'.li."rl.{ﬁ':t_i !f}:"l.{)l.ll ( Il*_-'!.‘\l.{ﬁﬂ_'_i
Neumann et al. 20Q3the Planck y map shows that the gasin o ' '
Coma is elongated towards the west and extends in the souwhy. 3: The Planck y map of the Coma cluster obtained by combining
west direction toward the NGC4839 subgroup. Righows that the 70 GHz channel of LFI and the HFI channels from 100 GHz to
the SZ signal from this subgroup is clearly detectedPgnck 857 GHz. The map has been smoothed to have a PSF with FWHM
(see the white cross to the south-west). 30. The image is about 266arcminarcmin. The outermost cortour
Fig. 2 also shows clear compression of the isocontour linéssponds ty = 2 x oneise30= 6.7x 1077. The green circles indicatgo
in a number of cluster regions. We notice that, in most casesd 2x Rspo ~ Rxgo-
the extent of the compression is of the order of yhmap cor-
relation length £ 10): it is likely that most of these are image .
artifacts ind%ce(:j by z:orrelatedynoise in the y map. Neviﬂﬁa;eg test. In Fig.4 we compare the SZfkect toward the Coma clus-
we also notice at least two regions where the compressidreof {€7; in units of the Rayleigh-Jeans equivalent temperatoea-
isocontour lines extends over angular scales significdatger Sured byPlanckand bAWMAP using the optimal V and W bands
than the noise correlation length. These two regions, éates  (T0M Fig. 14 ofkomatsu et al. 2011 This figure shows that, in
the west and to the southeast of cluster centre, may indicgfdition to its greatly improved angular resolutiianck fre-
real steepenings of the radial gradient. Such steepenimggest dUency coverage results in errors on the profile which~ag®
the presence of a discontinuities in the cluster pressigfigyr imes smaller than those frowMAP. Thanks to this higher sen-
which may be produced by a thermal shocks, as we discusSiiivity Planck allows us to study, for the first time, the SZ S|gr1al
Sect.7. For convenience, in Fig2 we outline the regions from ©f the Coma Cluster to its very outermost regions. We do this b
which we extract the profiles used in Sect, with white sec- extracting the_ radial profile in concentric an?uh/centredtbe
tors. It is worth noting that the western steepening extenes Cluster centroid (RA, DeeY(12'59™47°, +27°5553").
a much larger angular scale than indicated by the white secto Ve fit the observeg profile using the pressure formula pro-
In Sect.7 we explain why we prefer a narrower sector for oup©S€d byArmnaud et al(2010:
quantitative analysis. Po
In Fig. 3 we show thePlanck y map of the Coma cluster P(x) = (C500¥)” [L + (Csox)?] G/
obtained by adding the 70 GHz channel of LFI to the HFI chan- 00 500
nels and smoothing to a lower resolution. The PSF of this maghere,x = (R/Rsqg). This is done by fixindRsqo at the best-fit
corresponds to FWHM= 30', which lowers the noise level by value obtained from the X-ray analysiBsgo = 1.31Mpc, see
approximately one order of magnitude with respect to the 18ect.4) and using three ffierent combinations of parameters
resolution mapoeiseso = 3.35x 1077, As for Fig. 2 the out- Wwhich we itemise below:

ermost contour level indicatgs = 2 x onoisezo = 6.7 X 107", - ” . .
%® noise30 — a “universal” pressure model (which we will refer to as

Due to the larger smoothing, _this_ map shows less structure in Model A) for which we leave onlyP, as a free parameter
the cluster centre, but clearly highlights titdéénck can trace the and fixcsgo = 1.177,y = 0.3081,a = 1.0510,8 = 54905

pressure profile of the ICM well beyoriRgo ~ 2 x Rsoo (Se€€ the (Amaud et al. 201

outermost circle in Fig3). — a pressure profile appropriate for clusters with disturbed X
ray morphology (Model B) for which we leav®, as a free
parameter and fixsogp = 1.083,y = 0.3798,a¢ = 1.406,

B =5.4905 @Arnaud et al. 201))

Before studying the azimuthally averaged SZ profile of the- a modified pressure profile (Model C) for which we let all
Coma cluster in detail, we first show a very simple perforneanc the parameters vary (exceRioo).

2

6. Azimuthally averaged profile
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All these parameters have been specifically introduced ¢ ad

o0 f T TTTT T T T quately fit all the observed surface brightness and temprerat
: ] profiles of X-ray clusters of galaxies. This function, this,

capable, in principle, of providing a better fit to any obsstv

SZ profile. Despite this, we find that compared with Model C,
: Model D does not improve the quality of the fit. The redugéd
100 : of model D is slightly higher4y? = 0.3) than for model C.
< f
3
2 7. Pressure jumps

-200¢
: Fig. 2 shows at least two cluster regions where yhigocontour
lines appear to be compressed on angular scales largerthan t
correlation length of the noise map. This indicate a locaéd st
_ ening of they signal. The most prominent feature is located at
: about 05 degrees from the cluster centre to the west. Its position
AR angle is quite large and extends from 340 deg to 45 deg. The
10 100 1000 10000 second, less prominent feature, is located .&tdkegrees from
Radius (kpc) the cluster center to the south-east.
Both features suggest the presence of discontinuitiesen th

Fig. 4: Comparison of the radial profile of the SZext towards the Underlying cluster pressure profiles. To test this hypashasd
Coma cluster, in units of the Rayleigh-Jeans equivalenpezature O Iy to estimate the amplitude and the position of the pness
measured bylanck (crosses) with the one obtained WMAP (open 1UMPS we use the following simplified approach: i) we select
squares) using the optimal V and W band data (from figure 14 BVO Sectors; ii) we extract thg profiles using circular annuli;
Komatsu et al. 201)1 The plottedPlanck errors are the square root of@nd iii) assuming spherical symmetry, we fit them to a 3D pres-
the diagonal elements of the covariance matrix. Noticepthafties have SUré model with a pressure jump. This test requires thatithe e

been extracted from SZ maps with’ #hd 30 angular resolution from traction sectors are carefully selected. Ideally one wiikiito
Planck and\WMAP, respectively. follow, as close as possible, the curvature ofytsignal around

the possible pressure jumps. It is clear, however, thaptitise-
dure cannot be done exactly but it may be somewhat arbitrary.
The best-fit parameters, together with their 68.4% confihe pressure jumps are unlikely to be perfectly sphericity-
dence level errors, are reported in Tablé he resulting best-fit metric, thus, the sector selection depends also on whai-is in
models, together with the envelopes corresponding to th68 tially thought to be the leading edge of the underlying puess
of models with the lowest?, are overlaid in the upper left, up-jump. Despite of this arbitrariness, our approach remaliu va
per right and lower left panels of Fi§, for models A, B, and for the purpose of testing for the presence of a shock. Asamatt
C, respectively. We find that Eq2)fits the observed profile  of fact, even if we choose a sector that does not properly sam-
only if all the parameters (exceRéoo) are left free to vary (i.e., ple the pressure jump, our action goes in the direction ofigix
Model C). the signal from the pre- and post-pressure jump regionss Thi
We also fit the observed radiglprofile using a fitting for- will simply result is a smoother profile which, when fitted kit
mula (Model D) derived from the density and temperature funghe 3D pressure model, will returns a smaller amplitude lier t

~300F

tionals introduced byikhlinin et al. (2006): pressure jump itself. Thus, in the worst scenario, the nredsu
_ pressure jumps would, in any case, represent a lower estivhat
P = ne x KT, 3) ; X
the jumps at the leading edges.
where, In order to minimise the mixing of pre- and post-shock sig-
nals, one can reduce the width of the analysis sector to the
- 1 limit allowed by signal statistics. Indeed, for very higlyrsal-
20y _ 2 (r/re) ; S Sheh . ;
ns(r) = n to-noise, one could, in principle, extract the y signal glariine

0 — €
[L+(r/r)2¥ /2 [1 + (r/rs)] 3 perpendicular to the leading edge of the shock. This wouidt |i

néz mixing of pre- and post shock signals to line-of-sight andrhe
+[1 + (/)% 4)  effects. In the specific case of the Coma cluster we notice that
the west feature is located in a higher signal-to-noiseoretfian
and the south-east one. For this reason we decide to extractebe w
(r/r)—2 profile using a sector with an angular aperture smaller than t

T(r) = TOW- (5) actual angular extent of this feature in thenap.
! Following the above considerations, we set the centres and
Notice that, for our purpose, Eg3)(is only used to fit the orientations of the west and the south-east sectors to thes/a
cluster pressure profile. For this reason, it is unlikelyt,thdnen reported in the first three columns of Tatdeand indicated in
considered separately, the best-fit parameters of Eganfl 6) Fig. 2. In Sect.9.3 below we demonstrate that, within the se-
reproduce the actual cluster density and temperature gsofillected sectors, the SZ and the X-ray analyses give consigten
The best-fit parameters, together with their 68.4% confidensults. This indicates that, despite the apparent arhiteas in
level errors, are reported in Talite sector selection,: i) these SZ-selected sectors are meve
The resulting model, with the 68.4% envelope is overlaid iof the features under study and; ii) that the hypothesis bésp
the lower-right panel of Figs. The above temperature and denical symmetry is a good approximation, at least within the se
sity functions contain many more free parameters than Bq. (lected sectors.
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Fig. 5: Comparison between the azimuthally averageatofile of the Coma cluster and various models. From left gbtritop to bottom, we
show the best-fiy models corresponding to the Arnaud et al. (2010) “univérgadfile (A), the “universal” profile for merger systems (Bhe
modified “universal” profile (C, se#), and the Vikhlinin et al. fitting formula (D, se8). For each panel we show in thipper subpanel the points
indicating the Coma profile extracted in circular annuli centred at (RA,DEQL2'59"47, +27°5553"). The plotted errors are the square root
of the diagonal elements of the covariance matrix. Contistend dotted lines are the best-fit projegtedodel after and before the convolution
with the Planck PSF, respectively. The gray shaded region indicates thel@ye derived from the 68.4% of models with the lowgtin the
Lower subpanel we show the ratio between the observed and the best-fit médeé grojectedy profile in units of the relative error. The gray
shaded region indicates the envelope derived from the 68f4%i0dels with the lowest?.

We fit the profiles using a 3D pressure model composed adrresponding to model C (i.@s = 8 = 3.1; see Sect6 and
two power laws with index;; andn, and a jump by a factor Tablel). The 3D pressure profile is thus given by:
D, at radiusr;. It is important to note that, even if irrelevant for

the estimate of the jump amplitude, the value of both theeslop Dy(r/ry)™ r<ry
12 and the absolute normalization of the 3D pressure at a giverr Po x { (1/r)™ rg<r<rs (6)
radius depends on the slope and extension of the ICM along the (rs/ra) ™™ (r/re)™, 1 > rs.

line of sight. To take this into account we assume that oatsid _ _ .
the fitting region (i.e. at > rs, with rs = 2Mpc) the slope of the We project the above 3D pressure model, integrating aloag th

pressure profile follows the asymptotic average pressuafigr lin€ of sight forr < 10Mpc. . _
The best-fit parameters, together with their 68.4% errors,

are reported in Tabl&. Note, that the error bars ory are
smaller than the angular resolution Blflanck. As explained in
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Table 1: Best-fit parameters for tenaud et al(2010 pressure model (Egég.and5).

Model Po Cs00 4 @ B Rsoo
(Mpc) (102cm—3keV) (Mpc)
A (“Universal”) 257795 117 0.308 1.051 8905 131
B (“Universal” merger) 10859 1.083 03798 1.406 59 131
C (“Universal” all free) 22153 29793 < 0.001 1823 31793 131

Table 2: Best-fit parameters for pressure model D @&¥ikhlinin et al. 2006. As this model is used to fit the pressure, the best-fit
density and temperature profiles are highly correlated amdmlikely to describe the actual cluster density and teatpee profiles
(see text).

Density Temperature
n  (10%m?3) 279 | To  (KeV) 69701
re (Mpc) 0492, | r. (Mpc) 02638
e (Mpc) 0753 | a 0
a <10% | b 34153
B 057292 ¢ 0.6'57
y 3 |
e 21:97 |
no2  (cm®) o l

& The fit returnsng, = O thusr., andg, are arbitrary.

af ' ] 3
S o—F 'Iw*ﬁ%{*whlﬁlk' S o IEIE I ISR I S S S 8
2 1 2 H T
Tt T _ - .
1000 1000
Radius (kpc) Radius (kpc)

Fig. 6: Comparison between the projectgdadial profile and the best-fit shock model of the wesft) and south-eastight) pressure jumps.
Upper panels: The points indicate the Comaprofile extracted from the respective sectors, whose ceiatne position angles are reported in
Table 3. The plotted errors are the square root of the diagonal eltsrad the covariance matrix. Continuous and dotted linestlae best-fit
projectedy model reported in Tabl8 after and before the convolution with tiRtanck PSF, respectively. The two vertical lines mark thkr
position range of the jump. The gray shaded region indictie®nvelope derived from the 68.4% of models with the lowéstower panels:
Ratio between the observed and the best-fit model of theqiegjg profile in units of the relative error. The gray shaded regiaticates the
envelope derived from the 68.4% of models with the lowést

AppendixA, this is not surprising and is simply due to projecels we show the ratio between the data and the best-fit model
tion effects. of the projected profile in units of the relative error. This fig-

In the left and right panels of Figl. we show with a grey ure clearly shows that the pressure jump model provides d goo
shadow the corresponding 3D pressure jump models with th&irto the observed profiles for both the west and south-east se
errors for the west and south-east sectors, respectivalyedh- tors. Furthermore the comparison of the projected modelrbef
venience in Fig6 we overlay the data points with the best-fiand after the convolution with the PSF clearly shows that, fo
projectedy models after and before the convolution with thé¢he Coma cluster, theffect of thePlanck PSF smoothing is
Planck PSF. As shaded region, we report the envelope derigegondary with respect to projectiofiexts. This indicates that
from the 68.4% of models with the lowegt. In the lower pan- there is only a modest gain, from the detection point of view,
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Fig. 7:68.4% confidence level range of the 3D-pressure model fowtst (left panel) and south-east (right panel) sectorsdgné=iGrey shaded
regions are the profiles derived from thkanck data. Red regions are the profiles derived fromXheV-Newton data.

T 7R
2
+ t ]
i
Iy
4
—~ ++
l? + T'ﬁ:* -
o |
- EIENE .
~— -
> 1E | ; r + .
3 »—===|E A B+
L E :
TF —
+
T = )
Hl T+
1 B
0.01 0.10 1.00

Radio (Jy/beam)

Fig. 9: Scatter plot between the radio map after smoothing to FWAHM
10 and they signal for the Coma cluster. To make the plot clearer, we
show errors only for some points.

Fig. 8: Westerbork Synthesis Radio Telescope 352 MHz total intensi
image of the Coma Cluster from figure 3 Bfown & Rudnick (2011 ) )
overlaid with they contour levels from Fig2. Most of the radio flux 8. SZ-Radio comparison

from compact sources has been subtractepl; th.e re;olqﬂ&?»iscsez In Fig. 8 we overlay they contour levels from Fig2 with the

68arcsec at 1.5 degrees (W of N). The white circle indicateg. 352 MHz Westerbork Synthesis Radio Telescop@ude total
intensity image of the Coma cluster from figure 3 Bxfown
& Rudnick (2011). Most of the emission from compact radio
sources both in and behind the cluster has been automgaticall
subtracted. This image clearly shows a correlation between

. . . . . . diffuse radio emission and tlyesignal.

observing this specmg feature using an Instrument V‘.”th amu To provide a more quantitative comparison of the observed

better af‘gu'ar resolution thatianck (for a full discussion, see correlation, we first removed the remaining compact source

AppendixA). emission in the radio image using the multiresolution fittgr

As reported in Tabl& the pressure jumps corresponding téechnique ofRudnick (2002. This removed 99.9% of the flux
the observed profiles ai@; = 4.9*33 andD; = 5.0*33 for the  of unresolved sources, although residual emission likebpei-
west and south-east sectors, respectively. ated with the tailed radio galaxy NGC 4874 blends in to the hal
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Table 3: Best-fit parameters of the pressure jump model oft@q.

Sector aRA aDec aPosition angle Po ry D; m 2
(J2000) (J2000) (deg:deg) (fem—3keV) (Mpc)

West 130025.6 +27 54 44.00 340:364 892 113998 4994 0092 1292

South-east ~ 125948.9 +2800 14.39 195:240 891 092092 503 1502 10003

@ The RA and Dec indicate the centre of curvature of the seétons which the profiles have been extracted.

b We fixedrs = 2 Mpc andy; = 3.1 (see text).

10
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Furthermore, using the same algorithm, we find that the in-
trinsic scatter between the two observables is onfy £90.2)%.
The quasi-linear relation between the radio emissionyasid-
nal, and its small scatter, are also clear from the good naftch
the radio andy profiles shown in Fig10, obtained by simply
rescaling the Y0FWHM convolved radio profile by 1%#6x 10°.

An approximate linear relationship between the radio hald a
SZ total powers for a sample of clusters was also founBasu
(2012, for the case that the signals are calculated over the vol-
ume of the radio halos.

There are several sources of scatter contributing to th&-poi
by-point correlation in Fig9 and the radial radio profile in
Fig. 10. First is the random noise in the measurements, which
is ~2-3mJy 135’ beam. Even after convolving to a 16eam,
however, this is insignificant with respect to the other sear
of scatter. A second issue is the proper zero-level of therad
map, based on the incomplete sampling of the largest scate st
tures by the interferometer. After making our best estiroatbe
zero-level correction, the remaining uncertaintyi25 mJy 10
beam, which is indicated as error bars in Hi§.

Note that the radio profile is significantly flatter at largdira

Fig. 10: Comparison of thg (black) and difuse radio (red) global ra- than presented beiss et al.(1997. However, their image,

dio profiles in Coma. The radio profile has been convolved tartfin

resolution to match thBlanck FWHM and simply rescaled by the mul-

tiplication factor derived from the linear regression shoiw Fig. 9.
The radio errors are dominated by uncertainties in the zmrel ldue

made with the Helsberg 100m telescope a#IGHz, appears
to have set the zero level too high; they do not detect the fain
Coma related emission mappedBgown & Rudnick(2011) on

the Green Bank Telescope, also &4 GHz, and byKronberg

to a weak bowling filect resulting from the lack of short interferometei€t al.(2007) at 0.4 GHz using Arecibo and DRAO. The addition

spacings.

emission and contributes to the observed brightness wiltgn
central~ 300 kpc. After filtering, we convolve the theftlise ra-
dio emission to 10 arcmin resolution to match Bianck y map.
We then extract the radio arydsignals from the < 50 arcmin
region of the cluster and plot the results in F&y.This is the
first quantitative surface-brightness comparison of raaic SZ

of a zero level flux to thé®eiss et al(1997 measurements at
their lowest contour level flattens out their profile to be sien
tent with ours at their furthest radial sample at 900 kpc.

Finally, there are azimuthal variations in the shape of the r
dial profile, both for the radio and Y images. This is seen most
clearly in Fig.6, comparing the west and southeast sectors. In
the radio, the radial profiles in 90 degree wide sectoffeidby
up to a factor of 1.6 from the average; it is therefore impurta
understand FiglOas an average profile, not one that applies uni-

brightnessés We fit the data in the log-log plane using theversally at all azimuths. These azimuthal variations caa ebn-

Bayesian linear regression algorithm proposedbily (2007,

tribute to the scatter in the point-by-point correlatiorFig. 9,

which accounts for errors in both abscissa and ordinaterdhe but only to the extent that the behavioffdrs between radio and

dio errors of 50 mJyL0" beam are estimated from th&-gource

Y.

scatter, which is dominated by emission over several degree

scales which is incompletely sampled by the interferom&ter
find a quasi-linear relation between the radio emission bag t
signal:

(7)

Y 4 ~086:0.02)(0.92:0.04)
Tos = 10¢ FS )

whereFg is the radio brightness in Jy beah(10 arcmin beam
FWHM).

2 see e.gFerrari et al(2011) andMalu & Subrahmanyaii2012 for
a morphological comparison between radio and SZ brigh&sess
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9. Discussion

So far In this paper we have presented the data analysis of the
Coma cluster observed in its SZect by thePlanck satellite.

In Sect.5 and Sect6 we showed that, thanks to its great sen-
sitivity, Planck is capable of detecting significant SZ emission
above the zero level of thg map up to at least 4 Mpc which
corresponds t&R ~ 3 x Rsgo. This allows, for the first time, the
study of the ICM pressure distribution in the outermost <lus
ter regions. Furthermore, we performed a comparison witlora
synchrotron emission. Here we discuss our results in maeéide
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cluster centre and in the outskirts. The fit to the data thsglie
in an overestimation and underestimation of the observesigZ
R (Mpc nal at smaller and larger radii, respectively. The ovemngtion
05 1.0 1.5 20 25 3.0 3.5 40 of the observed profile at lower radii is consistent VitiAP
' ' ' ' ' R (Komatsu et al. 2071 This is expected, since merging systems,
-2 Model 8 1 such as Coma, have a flatter central pressure profile than the
: pogel & ] “universal” model Arnaud et al. 201 For merging systems,
] Model B should provide a better fit, as it has been specifically
calibrated, at < Rsqq, to reproduce the average X-ray profiles
of such systemsrnaud et al. 201D Fig. 5 shows that this latter
model indeed reproduces the data well atRsqo. Nevertheless,
as for Model A, it still underestimates the obseryesignal at
larger radii. The observed profile clearly requires a shadlo
pressure profile in the cluster outskirts, as evident in N@e
: ] and D. This is important, as the external pressure slopestbf b
-k, s s s s J Model A and B are tuned to reproduce the mean slope predicted
05 10 15 20 25 30 by the hydrodynamic simulations Bbrgani et al(2004, Nagai
. et al. (2007, and Piffaretti & Valdarnini(2008 from now on,
Radius [Rgp) .
B04+N07+P08). ThePlanck observation shows that the pres-
sure slope for Coma is flatter than this value. This is alssAll
trated in Fig11where we report the pressure slope as a function

Fig. 11:Comparison of the pressure slopes of the best-fit modelsrsho@f the radius in our models: we find that whileRt= 3 x Rsgo

in Fig. 5. The red, green, blue and grey lines correspond to Models 1e mean predicted pressure slope i4.5 for Models A and B,
B, C, and D, respectively. the observed pressure slope of Com& i8.1 as seen in Model
C and Model D.

In Fig. 12 we compare the scaled pressure profile of Coma
with the pressure profiles derived from the numerical simula
tions of BO4+NO7+P08 and with the numerical simulations of
Dolag et al. (in preparation) arighttaglia et al(2011). We note
that the simulations agree within their respective dispess
across the whole radial range. The Dolag et al. (in preparhati
andBattaglia et al(2011) profiles best agree within the central
part, and are flatter than the BeM07+P08 profile. This is likely
due to the implementation of AGN feedback, which triggers en
ergy injection at cluster centre, balancing radiative irmphnd
thus stopping the gas cooling. In the outer parts where g ddi
negligible, the BO4N07+P08 and Dolag et al. (in preparation)
profiles are in perfect agreement. TBattaglia et al(2011) pro-
file is slightly higher, but still compatible within its dispsion
with the two other sets. Here againffdrences are probably due
i 1 to the specific implementation of the simulations.
1073k i We find that the Coma pressure profile akRsq is al-

E Average B04+NQ7+P08 3 ready 2 times higher than the average profile predicted by the
Bglté?;glé? :It. 3'(')1220“ ] B04+N07+P08 and Dolag et al. (in preparation) simulations, al-
though still within the overall profile distribution whiclak quite
a large scatter. The pressure profilBattaglia et al(2011) ap-
pears to be more consistent with the Coma profile and, in gen-
eral, with thePlanck SZ pressure profile obtained by stacking
62 nearby massive clustefBlanck Collaboration V 20)2Still

Fig. 12: Scaled Coma pressure profile with relative errors (black lif 19- 12indicates that the Coma pressure profile lies on the upper
and gray shaded region) overplotted on the scaled presmfiep de- envelop_e of th_e pressure profile distribution derived frainthe
rived from numerical simulations of Ba407+P08 (blue line and vio- 2POVe simulations. . _ . .
let shaded regionBattaglia et al(2017) (red line and shaded region), It is beyond the scope of this paper to discuss in detail the

and Dolag et al. (in preparation, green line and light gréeaded re- comparison between theoretical predictions. Here we jus$s
gion). that, at such large radii, there is the possibility that theewved

SZ signal could be significantly contaminated by SZ sources
along the line of sight. This signal could be generated by: i)
unresolved and undetected clusters; and ii) hot-warm gas fil
ments. Contamination would produce an apparent flatterfing o
To study the 3D pressure distribution of the ICM uprte=3— the pressure profile. We tested for possible contaminagiamb
4xRsgp, We fit the observed profile using four analytic models resolved clusters by re-extracting th@rofile, excluding circu-
summarised in Tablesand?2 (see Sectb). lar regions ofr = 5’ centred on all NED identified clusters of
From the ratio plot shown in Fich we immediately see that galaxies present in the Coma cluster region. We find that the
the “universal” pressure profile (Model A) is too steep botthie newy profile is consistent within the errors with the previous

Slope
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9.1. Global pressure profile
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Fig. 13: Comparison between thelanck and XMM-Newton derived Fig. 14:Same as Figl3 but from profiles extracted in four 98ectors.
deprojected total pressure profilddpper panel: Blue line and light From left to right, top to bottom we report the wes#4&’, 45°), north
blue shaded region are the deprojected pressure profile jtwi68.4% (45°,135), east (135, 225) and south (2253155) sectors, respec-
confidence level errors, obtained from the X-ray analysiheiXMM- tively.

Newton data (see text). The black line and grey shaded regions are

the best-fit and 68.4% confidence level errors from the Modpte3-
sure profile resulting from the fit shown in Fi§. Lower panel: Ratio
between theXMM-Newton and Planck derived pressure profiles. The
black line and the grey shading indicate the best-fit and &9 con-
fidence level errors, respectively.

much more complex morphology, with a number of substruc-
tures. A detailed structural analysis exploring these eppa
pressure profile discrepancies is beyond the scope of thisrpa
and will be presented in a forthcoming study. Here we justsho
a comparison of the 3D pressure profiles obtained fRbamck
and XMM-Newton in four 9¢° sectors centred on the cluster
one, which implies that this kind of contamination is neilig and oriented towards the four cardinal points (see Fg. This
inthe Coma region. Thus, if there is SZ contamination it ipr shows that the pressure discrepancy depends strongly sedhe
ably related to the filamentary structures surrounding lirgter. tor considered. In particular, we find that while in the natit-

We note that from the re-analysis of tROSAT all-sky survey, tor the Planck and XMM-Newton pressure profiles agree within
Bonamente et a(2009 andBonamente et a(2003 report the the errors, in the west sector we find discrepancies, up to 25—
detection of extended soft X-ray emission in the Coma ciuste 30%. As known from X-ray observations (see eeumann
gion up to 5 Mpc from the cluster centre. They propose that thét al. 2003 the north sector is the one that is most regular, while
emission is related to filaments that converge toward Corda ahe west sector is the one in which the ICM is strongly eloadat

is generated either by non-thermal radiation caused by#oaor with the presence of major structures.

shocks or by thermal emission from the filaments themselves.

9.3. Shocks

9.2. X-ray and SZ pressure profile comparison o ) ]
In Sect.7 we show that Coma exhibits a localised steepening

We can compare the 3D pressure profile derived from the SZ @f-its y profile in at least two directions, to the west and to the
servations to that obtained by multiplying the 3D electremd south-east. These suggest the presence of discontiniitiee
sity and the gas temperature profiles derived from the dath arunderlying 3D pressure profile of the cluster. Using two @exct
ysis of theXMM-Newton mosaic of Coma. designed to follow the curvature of tlyesignal around the pres-
In Fig. 13we compare the 3D X-ray pressure profile with theure jumps we estimate their amplitudes. This represeafi gt
3D Sz profile of our reference Model C. We point the reader&ttempt to identify and estimate the amplitude of possibésp
attention to the very large dynamical range shown in the éiguisure jumps in the cluster atmosphere directly from the SZ sig
the radius extends up to= 4 Mpc, probing approximately four nal. Interestingly, we find that similar features are obsdrat
orders of magnitude in pressure. In contrast, due to a comthie same locations in the X-ray and radio bands.
nation of relatively high background level and availablesaio In Fig. 15we compare the X-ray and radio cluster properties
observationsXMM-Newton can probe the ICM pressure profilefrom the west and south-east sectors selected from the SZ im-
of Coma only up to~ 1 Mpc. This is a four times smaller radiusage. The X-ray surface brightness and temperature profikes h
thanPlanck, probing only~ one order of magnitude in pressurebeen derived from thEMM-Newton mosaic while the radio pro-
Due to the good statistics of boRlanck andXMM-Newton file is extracted from the 352 MHz Westerbork observations at
data, we see that the pressure profile derived fRdamck ap- 2arcmin resolution. To guide the reader’s eye, we mark,dohe
pears significantly lower than that BMM-Newton, even if they profile in the figure, the position of the pressure jump asveelri
differ by only 10— 15%. This discrepancy may be related to throm the analysis of thg signal (See Tabl8). For both sectors
fact that we are applying spherical models to a cluster thatth we find that the X-ray surface brightness and radio profilesssh
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Fig. 15: Comparison of the X-ray and radio properties in the wésft panels) and south-eastright panels) sectors.Upper panels: Surface
brightness and temperature profiles of XMM-Newton mosaic. The continuous histograms show the best-fit modltks.3D pressure model
is overplotted in Fig7. Lower panels: Radial profiles of 352 MHz radio emission at 2arcmin resohuin the west Igft) and south-eastight)
sectors after subtraction of radio emission from compaatcas (se®rown & Rudnick 201). The two vertical lines mark the position range of
the inferred jumps.

relatively sharp features at the same position as the stegpe  To check if the X-ray features are also consistent with the
of the Planck y profiles. This is also the case for the temperdyypothesized presence of a discontinuity in the clustesgune
ture profile of the west sector. For the south-east sectav; hgorofile we simultaneously fit the observed X-ray surfacelitrig
ever, this evidence is less clear. Because it is located im@&m ness and temperature profiles using the following discaotis
lower signal-to-noise region of the cluster, the error & tut- 3D density and temperature models:
ermost temperature bin is too large to be able to put a siminge
constraint on a possible temperature jump. (/)¢
Dn(r/rx)™ r <ryx
fi = flo ¢ { (r/rx)%2  r>ry; ®)
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Table 4: Main parameters of the fit of the temperature andigemgdels to theXMM-Newton data (see Eq8 and 9). The symbols
Mn, Mt, M1, and Mgz represent the Mach numbers derived from the X-ray densityperature, and pressumex T), and SZ
pressure jumps, respectively (see text).

Sector Iy D, M, Dt M+ D, x Dt Mnt MSZ
(Mpc)
West 117330 20092 1732 3097 269 603 2392 2039
South-east ~ @7783%02  243%% 21099 13'1% 1313 3.0410 1693 20592
and that, as for the west sector, the pressure jumps and theupeess

. profiles derived from X-ray and from SZ are consistent within
T=Tox { Dr(r/rx)™ 1 <rx (9) the 68.4% confidence level errors (see Fignd Tables and4).
(r/rx)™  r>rx. Finally, Table4 shows that the Mach numbers derived from the
. . _ amplitudes of the dierent 3D models are all consistent within
Herery is the position of the X-ray jump arld, andDr are am- 1ha'g8 494 uncertainty levels. We would like to stress thiatith
plltudes of the density and temperature d|scont|r}wt|esp_ec— true not only forMt andMpt which, being directly connected to
tively. The above models are projected along the line oftdigh D+, have relatively large errors, but also fd, and Msz which

r < 10Mpc using a temperature function appropriate for Spegg not depends obr at all. As for the west sector, this agree-
troscopic dataNazzotta et al. 2004Notice that due to the poor et supports the initial hypothesis that the south-eastfe
statistics of the temperature in the south-east sectoif®pro-  jpsarved byPlanck is also a shock front.

fil_e we fix &1 = ¢ = 0. T_h.is choiqe d_oes noftiact the deter- Notice that the good agreement between the 3D pressure
mination of the jump positionx which is mainly driven by the 465 derived from the X-ray and SZ data, both in the west
surface brightness rather than by the temperature profile. 54 sqth-east sectors, indicate that, within the seleetgidns,

The best-fit position, density, and temperature jumps, tQsharical trv i d imation to th dealvi
gether with their 68.4% confidence level errors are reparted pherical symmelry IS & good approximation to the undeglyin

Tabled. T ke a di ; ith th , rTPressure distribution.
able4. To make a direct comparison with the pressure JUmp v conclude this section by pointing the reader’s attention

measured from the SZ signal, in the same table we add the g1y tact that, even though the radio and X-ray observation
plitude of t_he X-ray pressure jump derlyed by multiplyingth have a much better PSF thBhanck, Fig. 15 shows that the re-
X-ray density E_ind temperature models (|I%(.,=_nekT). spective jumps in these observations appear smooth one scal
The bestit surface brightness and projected tempefa%%z 200kpc~ 7’. As explained in detail in Appendik this is
models are shown as histograms in Fig The best-fit 3D simply a projection ffect (see also Figl and Sect7). Despite

P, model and its 68.4% confidence level errors are overlaid i3 relatively large PSMPlanckis able to measure pressure jumps

Fig. 7. in the atmosphere of the Coma cluster.
From Table4 we see that the X-ray data from the west sector

are consistent with the presence of a discontinuity, bother8D
density and 3D temperature profiles. Both jumps are detedted.4. Quasi-linear SZ-radio relation

> 50~ confidence and the pressure jumps derived from X-ray and . .
from SZ are consistent within the 68.4% confidence levelrerro"! Sect.8 we show that for the Coma cluster the radio bright-

(Table3 and Table4 ). This agreement near the discontinuity i§1€SS and emission Sca'? app_rox_lmately linearly with a small
gcatter between the radio emission and thermal pressuee. Du

also seen in FigZ which, in addition, shows that the 3D pressur the near-linear correlation. where line-of-siaht botien ef-
profiles for the west sector derived from the SZ and the X—rg € near-inéar correlation, where fine-ol-signt pobyen

data are consistent not only near the jump, but also over &amu cts cancel out, we work here with volume—ave_raged_ emis-
wider radial range. SIVItIe?. V\/_e3 flrsit e>irl)ress the monochromatic radio emigsivi

These results indicate that the feature seeRllayck is pro- [ergs™cm™sr=Hz™] as:
duced by a shock induced by supersonic motions in the clsister

hot gas atmosphere. Assuming Rankine-Hugoniot pressume ju., - Ncre B ~ Qcre Bt i (10)
conditions across the front§g85 of Landau & Lifshitz 1959, B2 + BéMB

the discontinuity in the density, temperature and prespuve

files are uniquely linked to the shock Mach number. whereq is the spectral indeB, is the magnetic fieldBcug ~

Table4 shows that the Mach number obtained from the SZ(1 + 2) u G is the equivalent magnetic field of the CMB, and
and X-ray pressure profiles are also consistent withintthe ncre andQcre are the density and injection rate of cosmic-ray
confidence level errors. Furthermore, the Mach number éérivelectrons (CRe) , respectively. In gene@re can be a function
from the X-ray density and temperature profiles agree withaf position and electron energy, and will depend on the motiel
the +20- confidence level errors. This agreement supports thesmic-ray acceleration assumed.shatondary (hadronic) ac-
hypothesis that the west feature observedPtanck is a shock celeration modeldfennison 1980Vestrand 198 the relativis-
front. tic electrons are produced in collisions of long-lived casnay

For the south-east sector TaBlshows that the X-ray surface protons with the thermal electrons, resultingdBre o Ne Ncrp,
brightness profile is consistent with the presence of afigmit where ncgrp and ne is the density of cosmic-ray protons and
discontinuity in the 3D density profile. Due to the modestista thermal electrons, respectively. Recent models in thisgmaly
tics, the temperature model returns large errors BnRds not (Keshet & Loeb 2010Keshet et al. 200)0require that, in con-
constrained (see Tablg. Thus, although consistent, we cannatrast tone, Nncrp Should be constant over the cluster volume in or-
confirm the presence of a temperature jump. Despite this we fider to match the cluster radio brightness profifsommer et al.
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(2008 show that there is strong cosmic-ray proton injection evgrost-shock, and may not be visible for more than100kpc
in the cluster peripheries, due to the stronger shock wéeret behind the shock (e.gMarkevitch et al. 200p given char-
Strong radio cosmic-ray protonftlision and streaming within acteristic shock velocities and magnetic fieldsudd levels.
the ICM could also lead to a completely flat cosmic-ray protofhese shock-accelerated electrons, in shock-compresagd m
profile (Enflin et al. 2011 In the limit whereB > B¢y and netic fields, have been proposed as the explanation for the ob
assumingr ~ 1 (e.g.Giovannini et al. 1993Deiss et al. 199} served polarised radio synchrotron radiation from clugier
this would lead tog « ne o« y/T. This is consistent with our ripheral relic sourcesHnsslin et al. 1998 Lower fields do not
observation§ especially sincedr) varies much more thafi(r) increase the electron lifetimes, and can even decrease ahem
in the Coma cluster (see eArnaud et al. 2001Snowden et al. fixed observing frequency, because of inverse Comptondosse
2009. Jeltema & Profumd2011) derive a lower limit for the against the CMB. Recent simulations show that the preseince o
average field in Coma of. ZuG, from limits on theFermi y-ray cluster-wide turbulence following a major merger is maimeal
flux. They-ray analysis thus leaves open the question of whetHer a few Gyr at a few percent thermal pressure (€glag et al.
Coma could be in the strong-field limit. 2005 Vazza et al. 200Kang et al. 2007Paul et al. 201)L This
However, the rotation measure observationsBohafede turbulence can re-accelerate mildly relativistic seedtebas,
et al. (2010 provide characteristic values of 446 for the and is potentially responsible for the large-scale halcssion
combined contributions of the central fluse cluster field and (see above). In addition, an extensive population of low Mac
contributions local to each radio source (&gidetti et al. 2011 number shocks is also seen in simulations (eMinjati et al.
Rudnick & Blundell 2003. The majority of Coma’s volume, 200Q Pfrommer et al. 200Gand could play an important role in
which is outside of the cluster core, is thus in the weak-fiefRrticle re-acceleration.
limit, which leads tog o y B?/T. To remain consistent with
the linear correlation found here, the magnetic field wohlast
need to be nearly independent of thermal density. The neatid  Shocks will also induce turbulence in the post-shock re-
MHD simulations ofBonafede et al(2011) show a typical gion (~200—-300kpc). There are hints from the small-scale X-
scaling ofB o n28, which would yielde o y*2/T?2. This could ray residuals (figure 3 dchuecker et al. 2004hat such turbu-
make the secondary model inconsistent with the obsenation lence may exist interior to the possible shocks seen in thet we
the weak-field limit. and south-east. For the western region, the combinatioheof t
SZ/X-ray pressure jump, X-ray suggested turbulence, and ex-
Primary (re-)acceleration models assume that relativistess synchrotron emission, points toward a connectionemetw
electrons are accelerated directly from shocks/@nturbu- turbulence and diuse synchrotron emission. The details of that
lence generated in cluster mergers. The turbulent re-a@t&n connection, however, are not clear. In addition to direcesar-
model Schlickeiser et al. 198Brunetti et al. 2001 Petrosian ation by turbulence, the post-shock synchrotron emissiaridc
2001) leads to a scaling af o ne T*® « y VT intheB < Bcyg € @ result of a population of_ weaker, as yet undetected _shock
limit (Cassano et al. 2007f one assume®? o« n. which is Or freshly accelerated cosmic-ray protons interactindiwhte
close to the simulation scaling resultsRdnafede et a2011). ICM in a region where turbulence has amplified the magnetic
Such a scaling relation is consistent with the observecetmrr field (e.g.,Dolag et al. 2005Ryu et al. 2008 Kushnir et al.
tion. However, in order to connect the cosmic-ray electren-d 2009 Keshet 201 Synchrotron spectral indices and magnetic
sity to n,, primary models depend on a large number of frefield measurements, in combination with reliable measurgsne
parameters, which are generally fit to match the obseratioff weaker shocks an_d turbulence, would be needed to discrimi
Recent attempts to reduce the number of assumptions by f@te between potential models.
troducing secondary cosmic ray electrons and protons ak see
particles Brunetti & Lazarian 2011see above) fail to repro-
duce the linear correlation in the weak-field limit. This i#her The expected rapid loss of radio emissivity post-shock
manifestation of the problem all simple models have in erpla can also help us understand why shocks are sometimes easily
ing the large extent of cluster radio profiles when compaped detected in the radio, but other times are not. In the cleares
the X-rays and inferred magnetic fields (e.glag & EnRlin cases, radio shocks are seen beyond any central halo agelglat
200Q Govoni et al. 2001Donnert et al. 201Brown & Rudnick thin structures known as “peripheral relicsfafy Weeren et al.
20117). In future, robust measurements of the cluster’'s magne#810, where they can accelerate relativistic electrons. Radio
field profile, coupled with high-resolution ragi-ray/SZ corre- shocks may also be found at or near the edge of the halo, and
lations, will be needed to rule out these naive models. would be characterised by a sharp, but low contrast, rise in
brightness, while the post-shock emission blends in with th
] ] o halo instead of falling fi. The western shock described here
9.5. Pressure jumps and radio emission in Coma, as well as suggested shocks at the edges of halos in

Shocks play an important role in the production of radio emi\gbell clusters 521 and 7545acintucci et al. 2008Viarkevitch

sion. We expect that shocks created during cluster mergérs Oi?r Mf\g&an(t) (?/\t/il?l. 2n(])1)1fz|ire “:T,]ely examrplr(?s Offthr'f’ CI?S?H ¢
compress magnetic fields and accelerate relativistic ghesti ontrast dects camoufiage the appearance of Snocks tha

o ; : . are projected against any radio halo emission. This is frlgba
However, the radiating electrons will quickly lose theireegy the case for thg shock in the south-east, where the radio halo

extends far beyond the shock. The Coma cluster thus hosts all
if we assumeB « M. E.g., if we usex = 1.2 (Giovannini et al. thr‘?e types of “radio shocks™ a) the cIa_spmphgraI relic at
1993, we would expecy « T which is approximately our mea- & distance of Mpc from the centre (whicknsslin et al. 1998
sured value. However, we continue to use the term “lineaticeiship’, and Brown & Rudnick 2011suggest is an “infall” shock); b)
with the understanding that thefiirence between our measured slopte western shock at treeige of the halo; and c) the south-east
and linearity is consistent for our simple assumption abletspectral Shockprojected against the fading radio halo.

index.

3 In the case that = 1+, the relationship would bg o (y/T)+9/?,
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10. Conclusions Bonafede, A., Dolag, K., Stasyszyn, F., Murante, G., & Boigs. 2011,
MNRAS, 418, 2234

We present the SZ observations of the Coma cluster base@ ondénafede, A., Feretti, L., Murgia, M., et al. 2010, A&A, 51830
Planck nominal survey of 14 months. The excellent sensitivity gfonamente, M., Joy, M. K., & Lieu, R. 2003, ApJ, 585, 722
Planck allows, for the first time, the detection of SZ emission olgonamente, M., Lieu, R., & B.“'bul" E. 200?’2”“’3' 696, 1886

to at leasR ~ 3 x Rsoo. We Iimi_t our investigatiqn to the radial ggﬁgm” a X#g:ﬂf’,\f ;’,\fgznznfnea” \; ‘Ztt;. 2%%" Xgﬁ%%ims
and sectoral properties of the intracluster medium, anduweys Bourdin, H. & Mazzotta, P. 2008, A&A, 479, 307

the pressure distribution to the outermost cluster regi@ns Briel, U. G., Henry, J. P., & Boehringer, H. 1992, A&A, 259,13

three main results can be summarised as follows: Brown, S. & Rudnick, L. 2011, MNRAS, 412, 2
Brunetti, G. & Lazarian, A. 2011, MNRAS, 410, 127

— the Coma pressure profile is flatter than the mean press@nenetti, G., Setti, G., Feretti, L., & Giovannini, G. 200INRAS, 320, 365

profile predicted by the BOANO7+P08 numerical simula- Cassano, R., Brunetti, G., Setti, G., Govoni, F., & Dolag2807, MNRAS, 378,
1565

tions and lies on the upper envelope of the simulated profig .;o,, ., vikhiinin, A., Zhuravieva, 1., et al. 2012, MAS, 2290
d|str_|but|or_1. This &ect has also been found in the Pressulige Petris, M., D'Alba, L., Lamagna, L., etal. 2002, ApJ, 5419
profile derived by stacking 62 nearby clusters of galaxies obeiss, B. M., Reich, W, Lesch, H., & Wielebinski, R. 1997, A&321, 55
served withPlanck (Planck Collaboration V 2032 Dennison, B. 1980, ApJ, 239, L93
— Planck detects a localised steepening of thprofile about Dg:;g' ﬁ 8\‘/52”;2'”# Téﬁf&?é‘%’é?ﬁéﬁsé 2005, MNR/A&SA. 753
half a degree to the west and also to the south-east of igner, 3., Dolag, k., Cassano, R., & Brunetti, G. 2010, MNR407, 1565
cluster centre. Features in the X-ray and radio synchrotrobw, K. L. & White, S. D. M. 1995, ApJ, 439, 113
profiles at similar locations suggest the presence of shdokglin, T., Pfrommer, C., Miniati, F., & Subramanian, K. 20R&A, 527, A99

waves that propagate with Mach numbdy, = 2.03009 Ensslin, T. A, Biermann, P. L., Klein, U., & Kohle, S. 19988A, 332, 395
P E’OZQS . W . —004  Eriksen, H. K., Banday, A. J., Gérski, K. M., & Lilje, P. B. 28, ApJ, 612, 633
andMge = 2.05758 in the west and south-east directionSserrari, C., Intema, H. T., Orri, E., et al. 2011, A&A, 5341

respectively. Giacintucci, S., Venturi, T., Macario, G., et al. 2008, A&#86, 347

— the y and radio_synchrotron Signa]s are quasi-”neaﬂy Coﬁjczlannlnl, G., Feretti, L., Venturi, T., Kim, K.-T., & Krdperg, P. P. 1993, ApJ,
relate_d on Mpc-scales W|t_h only small intrinsic scatteléérski" K. M., Hivon, E.. Banday, A. J., et al. 2005, ApJ, 6789
This implies either that, unlike the thermal plasma, the e@gyoni, F,, Englin, T. A, Feretti, L., & Giovannini, G. 20048A, 369, 441
ergy density of cosmic-ray electrons is relatively constaBuidetti, D., Laing, R. A., Bridle, A. H., Parma, P., & Gregur L. 2011,
throughout the cluster, or that the magnetic fields féll o MNRAS, 413, 2525 _
much more slowly with radius than previously thought. WéerPig, T., Lawrence, C. R., Readhead, A. C. S., & Gulkis, 85] ApJ, 449,
dete_Ct a CorreSpondence between the Westehock and a_ Herbig, T., Readhead, A. C. S., & Lawrence, C. R. 1992, in &ull of the
previously report_ed_"ad/M'ray edge, find we argue that €l-  American Astronomical Society, Vol. 24, American Astrorioah Society
ther the magnetic fields are strong in the cluster outskirts,Meeting Abstracts, 1263 _ ‘ _
which would permit the hadronic model to exp|ain the radurier, G., Hildebrandt, S. R., & Macias-Perez, J. F. 201X e-prints
dio emission, or some sort of re-acceleration by turbuleng@tma T. E. & Profumo, S. 2011, ApJ, 728, 53

dditional shock waves must operate in the region behi ang' H. Ryu D., Cen R, & Ostriker, J. P. 2007, ApJ, 669 72

ora p g R€ly, B. C. 2007, ApJ, 665, 1489

the detected outer shock structures. Keshet, U. 2010, ArXiv e-prints

: . Keshet, U. & Loeb, A. 2010, ApJ, 722, 737
Even though this analysis is based on only about half of thee dgeshet, U., Markevitch, M., Birnboim, Y., & Loeb, A. 2010, Ap719, L74

collected byPlanck, our results represent a substantial step fokematsu, E., Smith, K. M., Dunkley, J., et al. 2011, ApJS, B2

ward in the study of the physics of the Coma cluster. The fuffonberg, P. P., Kothes, R., Salter, C. J., & Perillat, P.20bJ, 659, 267
set of data collected b§lanck, will not only improve the signal- Kushnir, D., Katz, B., & Waxman, E. 2009, J. Cosmology AsaapPhys., 9,
to-noise by ano_therfa_ctar 1(2) but also S|gn|f|cantly IMProVe | amarre, J., Puget, J., Ade, P. A. R., et al. 2010, A&A, 520+A9

our understanding of instrumentdfects. Thus, we will be able Lancaster, K., Genova-Santos, R., Falcon, N., et al. 2008RAS, 359, 16

to generate more accuratenaps, and more thoroughly unveilLandau, L. D. & Lifshitz. 1959, Fluid Mechanics (Pergamore$ Oxford,

Coma’s two-dimensional SZ structure and its filamentaryi-eny England) .
ronment Leahy, J. P., Bersanelli, M., D’Arcangelo, O., et al. 2018,A4 520, A8+
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Appendix A: Pressure profile discontinuities as

seen by Planck Fig. A.2: Comparison of the 3D pressure model (green line) and the
8Rrresponding projectey profile, smoothed with the 1(eam. The

i i rcmin angular resoluti - .
In this section we show that the 10 arc angular resolut Idé)tted black line shows the expectegrofile due to the inner power

of Planck is still sufficient to detect and measure 3D pressu . ) o
jump features in the Coma cluster. This is because at the clggmponent, while the dashed line shqws_ the_ contributiorhefauter
ter redshift, 10 arcmins 280 kpc, which is of the order of the power law component. T.he black SOI'd.“ne Is the sum of these t
smoothing induced by projection. To show this, we assume-a di°TPenents. For comparison, the blue line shows the samelnind
continuous 3D pressure profile described by Ej. Ve project not convolved with the Z(eam. In this plot; ~ 30'. Due to projection

this profile along the line of sight and we calculate the corrg_feas' the range of radifiected by the value af; is of order, itself.
spondingy profile as observed with an instrument with: incer; exceeds 10 many independent data points with large signal-

to-noise ratio contributes to the determinationrgfallowingr; to be
i) infinite angular resolution; estimated with an uncertainty below the nominal angulaolut®n of

ii) a 10 FWHM angular resolution, as fdanck. the telescope.

The results of this exercise are illustrated in Figl,Avhere
we compare four dierent cases with and without pressureominal angular resolution of the telescope. Of course éheev
jumps. In the upper section of each panel of Figl we show of r;jis still subject to systematic uncertainties, e.g. fromas
the input 3D pressure profiles. In the middle sections we she@nmption of spherical symmetry.
the projected pressure profiles without any smoothing (@askbl We use the above exercise to illustrate two practical ways to
histograms). The lower sections show deviations from alsinddentify the presence of a possible underlying 3D discartirs
power law fit. The panel on the left shows that, due to simpbe prpressure profile, hidden behind some observed projectditepro
jection dfects, they profile appears smoothed with an equivalergxtracted in a specific cluster sector. The first way is tockear
smoothing scale o£200-250kpc. For Coma, this correspondtor the actual pressure jump in the observed pressure préfile
to an angular scale of 7-9 arcmin. In the same panel we ougrpfirojection smooths the profile, this needs to be done by tapki
as a red histogram, theprofile convolved with thélanck PSF.  at the profile extremes. We first notice that the outermos bin
This illustrates that theffect of the PSF smoothing is secondarthe profile are practically uiected by PSF smoothing. This is
with respect to projectionfiects. This indicates that there is onlyclear in the middle sections of Fig..A where the red and back
a modest gain, from the detection point of view, in obserttig histograms are similar in the outermost 3 or 4 bins. At thispo
specific feature using an instrument with a much better awguif we fit a line to either the 3 or 4 outermost bins, this will giv
resolution tharPlanck. Notice that the fact that the projection ofan indication of the un-convolvecdprofile slope at large radii. If
the 3D pressure distribution onto a plane converts the gharp we extrapolate this line to the centre, we can easily higihlige
into a curved surface brightness profile allows us to recther presence of a pressure jump. This procedure is shown in e mi
position ofr ; with an accuracy higher than the angular resolutiadie section of Fig. AL, using black straight lines. From Fig. A
of Planck. we can see that this procedure highlights the intensityatiari

Fig. A.2 clearly shows that the range of radifected by the due to a pressure jump (see first and third panels). In the case
ryvalue is of the order af; itself. Sincer; > 10, many indepen- where we have no pressure jump (second and forth panels) the
dent data points with large signal-to-noise ratio are éouating best-fit line to the outermost bins tends to closely folloe ém-
to the determination af;, driving the uncertainty well below the tire profile.
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Fig. A .1: Histogram of the ffects of projection an®lanck PSF on they radial profile produced by an underlying broken power lanspuee
profile with and without a pressure discontinuity. In thisufig we fixPy = 10. x 10*cm 3 keV, r; = 1.1 Mpc and, from left to right we consider
four different cases: ijy = 0,7, = 2,D;=4;i) . = 0,92 =2,D3=1;iii) 51 = 2,72 = 0,D; = 4;and V), = 2,77, = 0, D; = 1. Upper
Panels: The underlying 3D pressure profilkliddle Panels. The black and red histograms are the projestedofiles observed by an instrument
with infinite angular resolution and with a PSF of 10 arcmespectively. The red line represents the best-fit of a sipgeer law to the entire
convolved profile (red histogram). The black line is the sasthe red line, but considering only the three outermogepted profile binsLower
Panels: Ratio between the PSF-convolved and projegtgulofile and its best-fit power law model (red histogram anddim middle panel) in
units of a relative error, which, for this illustration, wetgo 10%.
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Fig. A .3:Results of the fit of the profile extracted from three cluster sectors with a simplegsdaw. Left Panel: sector with the same angular
size and extension as the west shock but pointing to the nattbre there are no visible shock featutdsddie Panel: profile of the west shock.
Right Panel: profile of the south-east shock. In the lower panel of eachrdigee report the ratio between the observed and the best-fiehod
the projecteq profile in units of the relative error. The figure clearly 8twates that while the power law gives a good fit for the nogttiar where
no shock is present, it returns a poor fit in the west and seagii-sectors. These two cluster regions require a discitytin the pressure jump,

as shown in Fig6.

The second way to highlight the presence of a pressure jusgrtors with a simple power law. The figure clearly illustgat
is to fit a line to the entire observed profile and to examine thieat while the power law gives a good fit for the north sector
residuals. This procedure is illustrated in the middle awdelr where no shock is present, it returns a poor fit in the west and
sections of Fig. AL The red lines in the middle section are theouth-east sectors. These two cluster regions requireardis
best-fit power law relations to the entire observed profié (r nuity in the pressure jump, as shown in Fig.
histogram). The crosses in the lower panels indicate tfierdi
ences, in units of the relative errors, between the PSF ¢eento 1 APC, AstroParticule et Cosmologie, Université Paris Ditie
projectedy profile and its best-fit power law model. This figure CNRSIN2P3, CEAlrfu, Observatoire de Paris, Sorbonne Paris
shows that a 3D pressure jump induces a characteristictsigna ~ Cité, 10, rue Alice Domon et Léonie Duquet, 75205 Parise@ed

in the residuals. 13, France
In Fig. A.3we apply this second technique to the Coma clus Aalto University Metsahovi Radio Observatory, Metséintie 114,

ter by showing the fit of thg profile extracted from three cluster ~F'N-02540 Kylmala, Finland

18



w

IS

Planck Collaboration: The physics of the Coma cluster

Academy of Sciences of Tatarstan, Bauman Str., 20, Kazan,
420111, Republic of Tatarstan, Russia

Agenzia Spaziale Italiana Science Data Cenfer&SRIN, via
Galileo Galilei, Frascati, Italy

5 Agenzia Spaziale Italiana, Viale Liegi 26, Roma, Italy
6 Astrophysics Group, Cavendish Laboratory, University of

~

©

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Cambridge, J J Thomson Avenue, Cambridge CB3 OHE, U.K.
Atacama Large Millimetgsubmillimeter Array, ALMA Santiago
Central Qfices, Alonso de Cordova 3107, Vitacura, Casilla 763
0355, Santiago, Chile

CITA, University of Toronto, 60 St. George St., Toronto, ON6$®/
3H8, Canada

37

38

39

40

a1

42

CNRS, IRAP, 9 Av. colonel Roche, BP 44346, F-31028 Toulouse 43

cedex 4, France

California Institute of Technology, Pasadena, Califorkles.A.
Centre of Mathematics for Applications, University of Oslo
Blindern, Oslo, Norway

Centro de Astrofisica, Universidade do Porto, Rua daekEstr
4150-762 Porto, Portugal

Centro de Estudios de Fisica del Cosmos de Aragon (CEFCA),
Plaza San Juan, 1, planta 2, E-44001, Teruel, Spain
Computational Cosmology Center, Lawrence Berkeley Nation
Laboratory, Berkeley, California, U.S.A.

Consejo Superior de Investigaciones Cientificas (CSIG)3d,
Spain

DSM/Irfu/SPP, CEA-Saclay, F-91191 Gif-sur-Yvette Cedex,
France

DTU Space, National Space Institute, Technical University
Denmark, Elektrovej 327, DK-2800 Kgs. Lyngby, Denmark
Département de Physique Théorique, Université de Ger,
Quai E. Ansermet,1211 Geneve 4, Switzerland
Departamento de Fisica Fundamental, Facultad de Cigncias
Universidad de Salamanca, 37008 Salamanca, Spain
Departamento de Fisica, Universidad de Oviedo, Avda.cCalv
Sotelo gn, Oviedo, Spain

Department of Astronomy and Geodesy, Kazan Federal Uriyers
Kremlevskaya Str., 18, Kazan, 420008, Russia

Department of Astrophysics, IMAPP, Radboud Universit@.P.
Box 9010, 6500 GL Nijmegen, The Netherlands

Department of Physics & Astronomy, University of British
Columbia, 6224 Agricultural Road, Vancouver, British Qohia,
Canada

Department of Physics and Astronomy, Dana and David Dansif
College of Letter, Arts and Sciences, University of Souther
California, Los Angeles, CA 90089, U.S.A.

Department of Physics and Astronomy, University of lowe3 20
Van Allen Hall, lowa City, IA 52242, U.S.A.

Department of Physics, Gustaf Hallstromin katu 2a, Ursitg of
Helsinki, Helsinki, Finland

Department of Physics, Princeton University, PrincetoeywN
Jersey, U.S.A.

Department of Physics, University of California, Berkeley
California, U.S.A.

Department of Physics, University of California, One Stisel
Avenue, Davis, California, U.S.A.

Department of Physics, University of California, Santalizaa,
California, U.S.A.

Department of Physics, University of lllinois at
Urbana-Champaign, 1110 West Green Street, Urbana, Blinoi
U.S.A.

Department of Statistics, Purdue University, 250 N. Ursitgr
Street, West Lafayette, Indiana, U.S.A.

Dipartimento di Fisica e Astronomia G. Galilei, Univeesideégli
Studi di Padova, via Marzolo 8, 35131 Padova, Italy
Dipartimento di Fisica, Universita La Sapienza, P. le A.riMa,
Roma, Italy

Dipartimento di Fisica, Universita degli Studi di Milandia
Celoria, 16, Milano, Italy

Dipartimento di Fisica, Universita degli Studi di Triestea A.
Valerio 2, Trieste, Italy

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65
66

67

68

69

70

71

Dipartimento di Fisica, Universita di Ferrara, Via Sarabad4122
Ferrara, Italy

Dipartimento di Fisica, Universita di Roma Tor Vergataa \della
Ricerca Scientifica, 1, Roma, Italy

Dipartimento di Matematica, Universita di Roma Tor Vematia
della Ricerca Scientifica, 1, Roma, Italy

Discovery Center, Niels Bohr Institute, Blegdamsvej 17,
Copenhagen, Denmark

Dpto. Astrofisica, Universidad de La Laguna (ULL), E-3820a
Laguna, Tenerife, Spain

European Southern Observatory, ESO Vitacura, Alonso dd@er
3107, Vitacura, Casilla 19001, Santiago, Chile

European Space Agency, ESAC, Planck Scienfie€ Camino
bajo del Castillo, &/, Urbanizacion Villafranca del Castillo,
Villanueva de la Cafada, Madrid, Spain

European Space Agency, ESTEC, Keplerlaan 1, 2201 AZ
Noordwijk, The Netherlands

GEPI, Observatoire de Paris, Section de Meudon, 5 Place J.
Janssen, 92195 Meudon Cedex, France

Helsinki Institute of Physics, Gustaf Hallstromin katulhiversity
of Helsinki, Helsinki, Finland

INAF - Osservatorio Astrofisico di Catania, Via S. Sofia 78,
Catania, Italy

INAF - Osservatorio Astronomico di Padova, Vicolo
dell’Osservatorio 5, Padova, Italy

INAF - Osservatorio Astronomico di Roma, via di Frascati 33,
Monte Porzio Catone, Italy

INAF - Osservatorio Astronomico di Trieste, Via G.B. Tiepdl1,
Trieste, Italy

INAF Istituto di Radioastronomia, Via P. Gobetti 101, 40129
Bologna, Italy

INAF/IASF Bologna, Via Gobetti 101, Bologna, Italy
INAF/IASF Milano, Via E. Bassini 15, Milano, Italy

INFN, Sezione di Roma 1, Universit'a di Roma Sapienza, Rikzz
Aldo Moro 2, 00185, Roma, Italy

INRIA, Laboratoire de Recherche en Informatique, Univérsi
Paris-Sud 11, Batiment 490, 91405 Orsay Cedex, France
IPAG: Institut de Planétologie et d’Astrophysique de Giigle,
Université Joseph Fourier, Grenoblg¢ CNRS-INSU, UMR 5274,
Grenoble, F-38041, France

ISDC Data Centre for Astrophysics, University of Geneva, ch
d’Ecogia 16, Versoix, Switzerland

IUCAA, Post Bag 4, Ganeshkhind, Pune University CampusgPun
411 007, India

Imperial College London, Astrophysics group, Blackett
Laboratory, Prince Consort Road, London, SW7 2AZ, U.K.
Infrared Processing and Analysis Center, California tastiof
Technology, Pasadena, CA 91125, U.S.A.

Institut Néel, CNRS, Université Joseph Fourier GrendpRb rue
des Martyrs, Grenoble, France

Institut Universitaire de France, 103, bd Saint-Michel)@5,
Paris, France

Institut d’Astrophysique Spatiale, CNRS (UMR8617) Unaigz
Paris-Sud 11, Batiment 121, Orsay, France

Institut d’Astrophysique de Paris, CNRS (UMR7095), 98 bis
Boulevard Arago, F-75014, Paris, France

Institute for Space Sciences, Bucharest-Magurale, Ranani
Institute of Astro and Particle Physics, Technikerstr&Xs8,
University of Innsbruck, A-6020, Innsbruck, Austria

Institute of Astronomy and Astrophysics, Academia Sinikaipei,
Taiwan

Institute of Astronomy, University of Cambridge, MadinglRoad,
Cambridge CB3 OHA, U.K.

Institute of Theoretical Astrophysics, University of OsRiindern,
Oslo, Norway

Instituto de Astrofisica de Canariag\Gda Lactea /), La Laguna,
Tenerife, Spain

Instituto de Fisica de Cantabria (CSIC-Universidad detélaia),
Avda. de los Castrogrs, Santander, Spain

19



72

73

74

75

76
7

78

79

80

81

82

83

84

85

86

87

88
89

90

91

92

93

94

95

96

97

98

99

100
101

102

103

104

20

Planck Collaboration: The physics of the Coma cluster

Jet Propulsion Laboratory, California Institute of Teclugyy, 4800
Oak Grove Drive, Pasadena, California, U.S.A.

Jodrell Bank Centre for Astrophysics, Alan Turing Buildjng
School of Physics and Astronomy, The University of Manchiest
Oxford Road, Manchester, M13 9PL, U.K.

Kapteyn Astronomical Institute, University of Groningen,
Landleven 12, 9747 AD Groningen, The Netherlands

Kavli Institute for Cosmology Cambridge, Madingley Road,
Cambridge, CB3 OHA, U.K.

LAL, Universitée Paris-Sud, CNR8N2P3, Orsay, France
LERMA, CNRS, Observatoire de Paris, 61 Avenue de
I'Observatoire, Paris, France

Laboratoire AIM, IRFUService d’Astrophysique - CERSM -
CNRS - Université Paris Diderot, Bat. 709, CEA-SaclagBE-91
Gif-sur-Yvette Cedex, France

Laboratoire Traitement et Communication de I'Informafi@NRS
(UMR 5141) and Télecom ParisTech, 46 rue Barrault F-75634
Paris Cedex 13, France

Laboratoire de Physique Subatomique et de Cosmologie,
Université Joseph Fourier Grenoble |, CNR&P3, Institut
National Polytechnique de Grenoble, 53 rue des Martyrs2880
Grenoble cedex, France

Laboratoire de Physique Théorique, Université Parid-BL&
CNRS, Batiment 210, 91405 Orsay, France

Lawrence Berkeley National Laboratory, Berkeley, Califar
U.S.A.

Max-Planck-Institut fur Astrophysik, Karl-SchwarzskhiStr. 1,
85741 Garching, Germany

Max-Planck-Institut fur Extraterrestrische Physik,
GiessenbachstralRe, 85748 Garching, Germany

MilliLab, VTT Technical Research Centre of Finland, Tie¢oB,
Espoo, Finland

Minnesota Institute for Astrophysics, School of Physicd an
Astronomy, University of Minnesota, 116 Church St. SE,
Minneapolis, MN 55455, U.S.A.

National University of Ireland, Department of Experiménta
Physics, Maynooth, Co. Kildare, Ireland

Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark
Observational Cosmology, Mail Stop 367-17, Californiatitase
of Technology, Pasadena, CA, 91125, U.S.A.

Optical Science Laboratory, University College Londonw@o
Street, London, U.K.

SISSA, Astrophysics Sector, via Bonomea 265, 34136, Fjest
Italy

School of Physics and Astronomy, Cdfdiniversity, Queens
Buildings, The Parade, CaffliCF24 3AA, U.K.

Space Research Institute (IKI), Profsoyuznayg@Bg84Moscow,
Russia

Space Research Institute (IKI), Russian Academy of Scignce
Profsoyuznaya Str, 882, Moscow, 117997, Russia

Space Sciences Laboratory, University of California, Béi,
California, U.S.A.

Stanford University, Dept of Physics, Varian Physics BI882 Via
Pueblo Mall, Stanford, California, U.S.A.

TUBITAK National Observatory, Akdeniz University Campus,
07058, Antalya, Turkey

UPMC Univ Paris 06, UMR7095, 98 bis Boulevard Arago,
F-75014, Paris, France

Universitat Heidelberg, Institut fur Theoretische Agihysik,
Albert-Uberle-Str. 2, 69120, Heidelberg, Germany

Université Denis Diderot (Paris 7), 75205 Paris Cedex t8née
Université de Toulouse, UPS-OMP, IRAP, F-31028 Toulouesiex
4, France

University Observatory, Ludwig Maximilian University of ivhich,
Scheinerstrasse 1, 81679 Munich, Germany

University of Granada, Departamento de Fisica Teoricaly d
Cosmos, Facultad de Ciencias, Granada, Spain

University of Miami, Knight Physics Building, 1320 Camporfta
Dr., Coral Gables, Florida, U.S.A.

105 wWarsaw University Observatory, Aleje Ujazdowskie 4, 0847
Warszawa, Poland



	1 Introduction
	2 The Planck frequency maps
	3 Reconstruction and analysis of the y map
	3.1 Analysis of radial profiles
	3.2 Zero level of the y map and the maximum detection radius

	4 XMM-Newton data analysis
	5 The Coma y maps
	6 Azimuthally averaged profile
	7 Pressure jumps
	8 SZ-Radio comparison
	9 Discussion
	9.1 Global pressure profile
	9.2 X-ray and SZ pressure profile comparison
	9.3 Shocks
	9.4 Quasi-linear SZ-radio relation
	9.5 Pressure jumps and radio emission

	10 Conclusions
	A Pressure profile discontinuities as seen by Planck

