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ABSTRACT

Measurement of the gas velocity distribution in galaxy clusters provides insight into the physics of mergers, through which large scale
structures form in the Universe. Velocity estimates within the intracluster medium (ICM) can be obtained via the Sunyaev-Zel’dovich
(SZ) effect, but its observation is challenging both in term of sensitivity requirement and control of systematic effects, including
the removal of contaminants. In this paper we report resolved observations, at 150 and 260 GHz, of the SZ effect toward the triple
merger MACS J0717.5+3745 (z = 0.55), using data obtained with the NIKA camera at the IRAM 30 m telescope. Assuming that the
SZ signal is the sum of a thermal (tSZ) and a kinetic (kSZ) component and by combining the two NIKA bands, we extract for the first
time a resolved map of the kSZ signal in a cluster. The kSZ signal is dominated by a dipolar structure that peaks at —5.1 and +3.40,
corresponding to two subclusters moving respectively away and toward us and coincident with the cold dense X-ray core and a hot
region undergoing a major merging event. We model the gas electron density and line-of-sight velocity of MACS J0717.5+3745 as
four subclusters. Combining NIKA data with X-ray observations from XMM-Newton and Chandra, we fit this model to constrain the
gas line-of-sight velocity of each component, and we also derive, for the first time, a velocity map from kSZ data (i.e. that is model-
dependent). Our results are consistent with previous constraints on the merger velocities, and thanks to the high angular resolution of
our data, we are able to resolve the structure of the gas velocity. Finally, we investigate possible contamination and systematic effects
with a special care given to radio and submillimeter galaxies. Among the sources that we detect with NIKA, we find one which is
likely to be a high redshift lensed submillimeter galaxy.

Key words. techniques: high angular resolution — galaxies: clusters: individual: MACS J0717.5+3745 —
galaxies: clusters: intracluster medium
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1. Introduction

The assembly of massive clusters of galaxies represents the
last step of the hierarchical formation of structures in the
Universe. Galaxy clusters arise from smooth accretion of sur-
rounding material, but also from the merging of subclusters
and groups, at the intersection of filaments in the cosmic web
(see Kravtsov & Borgani 2012, for a review). Merging clus-
ters are not only useful as large scale astrophysical laborato-
ries (e.g., Clowe et al. 2006), but are important from a cosmo-
logical point of view (e.g., Voit 2005). The physical processes
involved in mergers significantly affect the cluster observables
via the distribution of dark matter, the physics of the intracluster
plasma, and the dynamics of galaxies (e.g., Ferrari et al. 2005;
Maurogordato et al. 2011), i.e., all the components of the clus-
ters. These observables are in turn essential to allow us to in-
fer the masses of clusters when used as a cosmological probe
(see Allen et al. 2011, for a review). In this context, measuring
the collision velocity of merging systems provides insights of
the cluster physics, such as shocks in the intracluster medium
(ICM), the kinematics of the mergers, the hydrodynamical in-
teractions between cluster cores and less dense shock heated re-
gions, and the relation between the baryonic matter and the dark
matter. In addition, such velocity measurements provide a com-
plementary cosmological probe to constrain structure formation
(Bhattacharya & Kosowsky 2007) and the study of the proper-
ties of the velocity field is a subject of active research (e.g.,
Hahn et al. 2015, using numerical simulations).

Measuring the peculiar velocities of galaxy clusters is a dif-
ficult task, in particular when looking at objects beyond the local
Universe. Indeed, classical methods that are based on redshift
surveys allow us to reconstruct the internal galaxy kinematics
of clusters, but require an independent distance measurement to
subtract the Hubble flow at objects’ positions in order to measure
their true peculiar velocities (e.g., Tully & Fisher 1977). They
are therefore limited to small redshifts as the errors scale with
distance.

The Sunyaev-Zel’dovich effect (SZ, Sunyaev & Zeldovich
1972), on the other hand, provides a way to probe the ICM
gas bound in clusters without suffering from cosmological dim-
ming (Birkinshaw 1999; Carlstrom et al. 2002; Kitayama 2014).
Its observation is therefore independent of redshift as long as
the angular resolution of the observations is sufficient to re-
solve the clusters. We can distinguish between the thermal SZ
effect (tSZ, Sunyaev & Zeldovich 1972), for which the cosmic
microwave background (CMB) photons are spectrally distorted
by the electronic thermal pressure of the ICM, and the kinetic
SZ effect (kSZ, Sunyaev & Zeldovich 1980), arising from the
CMB Doppler shift induced by the bulk motion of the cluster
electrons. While the tSZ effect is related to the integrated pres-
sure along the line-of-sight and can be used as a mass proxy
in cosmological studies (see, e.g., Planck Collaboration XXIV
2016; Bleem et al. 2015; Hasselfield et al. 2013), the kSZ ef-
fect is sensitive to the integrated line-of-sight electron density
and the gas velocity with respect to the CMB reference frame.
The kSZ signal is subdominant to the tSZ unless the gas ve-
locity reaches a few tenths of a percent of the speed of light
(1000 kms~!, see e.g., Birkinshaw 1999). In addition, the spec-
tral dependence of the kSZ is the same as that of the CMB,
so that they can only be separated from each other using the
difference in spatial distribution of the respective signals. Di-
rect observation of the kSZ signal within clusters therefore re-
quires both high sensitivity and high angular resolution observa-
tions (Haehnelt & Tegmark 1996), which makes it particularly
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challenging to detect in individual clusters (see attempts on indi-
vidual clusters by e.g., Holzapfel et al. 1997; Benson et al. 2003;
Sayers et al. 2016; and the first clear detection on a statistical
sample by Hand et al. 2012).

The cluster of galaxies MACS J0717.5+3745 at z = 0.55
is a striking example of a merging system and is an excel-
lent target with which to measure the kSZ effect. A detailed
review of the previous analyses of MACS J0717.5+3745 can be
found in Mroczkowski et al. (2012) and Sayers et al. (2013), and
we summarize some essential features here. The cluster is lo-
cated at the end of a filamentary structure (e.g., Ebeling et al.
2004; Jauzac et al. 2012) and appears to be an extremely
disturbed system. It is composed of four optically-identified
main subclusters (Ma et al. 2009), which coincide with peaks
in the observed strong lensing surface mass distribution (see
e.g., Zitrin et al. 2009; Diego et al. 2015; Limousin et al. 2016;
Kawamata et al. 2016). The X-ray emitting gas is very dis-
turbed (e.g., Ebeling et al. 2007; Ma et al. 2009) and the spec-
troscopic temperature reaches up to 220 keV (Ma et al. 2009),
indicating a scenario where two objects are undergoing a ma-
jor merging event. Edge et al. (2003) discovered the presence
of powerful radio emission near the high temperature region,
indicating the presence of non-thermal component (see also,
e.g., van Weeren et al. 2009). MACS J0717.54+3745 was also
observed using 30 GHz interferometric SZ data by the Sunyaev-
Zel’dovich Array (SZA), indicating that the cluster is a hot
and massive system (LaRoque et al. 2003). Mroczkowski et al.
(2012) reported high angular resolution SZ observations at
90 GHz using MUSTANG (The MUItiplexed SQUID/TES Ar-
ray at Ninety GHz) at the Green Bank Telescope (GBT). The
data revealed small scale structures in the pressure distribution,
as expected from a merger scenario.

The velocity distribution of MACS J0717.5+3745 was first
studied using optical spectroscopy (Ma et al. 2009), showing
that the galaxy groups have exceptionally large relative line-
of-sight velocities, providing a more detailed picture of the
merger kinematics. Using Bolocam SZ data obtained at the Cal-
tech Submillimeter Observatory (CSO) at 140 and 268 GHz,
Mroczkowski et al. (2012) reported the first indication of the
presence of kSZ signal in MACS J0717.5+3745. Sayers et al.
(2013) then reported the first significant detection of the kSZ sig-
nal in a single cluster, MACS J0717.5+3745, after collecting ad-
ditional data with Bolocam and refining the former analysis. As
the Bolocam beams are larger than the target subclusters, the
limited angular resolution of these data is a factor impacting
the kSZ detection significance (see Sayers et al. 2013, for more
details).

In this paper, we report deep, high angular resolution ob-
servations (<20 arcsec) of MACS J0717.5+3745 at 150 and
260 GHz, obtained at the Institut de Radio Astronomie Mil-
limétrique (IRAM) 30 m telescope using the New IRAM
KID Arrays (NIKA, Monfardini et al. 2011; Calvo et al. 2013;
Adam et al. 2014; Catalano et al. 2014). The resolved nature of
the observations allows us for a robust treatment of the contam-
inating astrophysical signal and the data are used to produce
a map of the kSZ signal toward the cluster. Combining X-ray
spectroscopic temperature measurements with NIKA, we also
fit a parametric model to constrain the gas line-of-sight velocity
distribution.

The paper is organized as follows. In Sect. 2, we present
the SZ observations of MACS J0717.5+3745. The removal
of the astrophysical contamination is presented and discussed
in Sect. 3. In Sect. 4, we detail the X-ray data reduction.
In Sect. 5, we present the mapping of the kSZ effect in
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MACS J0717.5+3745 and we use our data together with X-ray
temperatures to constrain the gas line-of-sight velocity in Sect. 6.
Throughout this paper we assume a flat ACDM cosmology ac-
cording to the latest Planck results (Planck Collaboration XIII
2016) with Hy = 67.8 kms™' Mpc™', Qy = 0.308, and Q, =
0.692.

2. Sunyaev-Zel'dovich observations and data
reduction

2.1. The Sunyaev-Zeldovich effect

The SZ effect is the spectral distortion of the CMB due to the
inverse Compton scattering of CMB photons off energetic elec-
trons in galaxy clusters. Only the thermal and the kinetic SZ
effects have been observed so far (induced by a thermal elec-
tron population and the bulk motion of electrons with respect to
the CMB, respectively), but in principle the SZ effect can also
arise from the CMB interaction with more exotic electron pop-
ulations, such as those originating from dark matter annihilation
(Colafrancesco 2004) or ultra-relativistic electrons accelerated
in radio lobes (Colafrancesco 2008). These other contributions
are expected to be small and, in this paper, we assume that only
the tSZ and the kSZ effects contribute to the SZ signal.

The tSZ effect follows the characteristic frequency depen-
dence given by (Birkinshaw 1999)
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where x = ¢ ’T“’ is the dimensionless frequency, with v the ob-
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serving frequency, & the Planck’s constant, kg the Boltzmann’s
constant, and the CMB temperature Tcpyp = 2.725 K (Fixsen
2009). The term dsz(x, Te) corresponds to relativistic correc-
tions, which depend on the observing frequency and the elec-
tron temperature T, and which we compute using the work of
Itoh & Nozawa (2003). These corrections are valid at a level of
<5% up to 50 keV within the NIKA bands.

The spectral dependance of the kSZ effect follows that of the
CMB in the non relativistic regime. It is given by (Birkinshaw
1999)
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where v, is the gas line-of-sight velocity (positive for a cluster
receding from the observer) and dxsz are the relativistic correc-
tions that depend on the observing frequency, T, and v,. We use
the analytical formula provided by Nozawa et al. (2006) to com-
pute relativistic corrections, which we expect to be more accu-
rate than ~10% up to 30 keV in the NIKA bands. The velocity
dependence on these corrections is negligible because v, is al-
ways much smaller than the speed of light.

The observed change of specific intensity expressed as a
function of v, Al,, with respect to the CMB, Iy, is then given
by
Al

Iy

where the amplitude of the tSZ and the kSZ signal are given by
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Table 1. Spectral conversion coefficients.

Te keV) Lo fOr1) 1o f(2) 1og(vi) 1o g(v2)
1 3.76 —11.63 7.47 12.40
5 3.31 -11.34 7.30 12.03
10 2.83 —11.00 7.11 11.62
15 243 -10.71 6.94 11.24
20 2.06 -10.38 6.81 10.90
25 1.76 -10.17 6.75 10.58

Notes. The units are Jy/beam per unit of y,sz and Jy/beam per unit
of yxsz for Iy f(v) and Iy g(v), respectively. The frequencies are v; =
260 GHz and v, = 150 GHz. The uncertainty on the NIKA bandpasses
is about 2% (see Adam et al. 2014, for more details) and are included
in the overall calibration budget (see Sect. 2.2). The coefficients given
here account for the atmospheric absorption based on the Pardo et al.
(2001) model for 2 mm precipitable water vapor above the telescope,
which slightly changes the effective NIKA bandpasses.

respectively. The parameter ot is the Thomson cross section,
m, is the electron rest mass, c is the speed of light, and n, is the
electronic gas density. The kSZ and tSZ amplitudes can also be
expressed using the optical depth, 7, as given in Egs. (4) (assum-
ing constant temperature along the line-of-sight) and (5) (assum-
ing constant velocity along the line-of-sight). As the ICM is a
dilute medium, we assume the ideal gas law to hold and express
the electronic pressure as P. = nckgT,. The functions f(v, T.)
and g(v, T, v,) are integrated over the NIKA bands, and they are
listed in Table 1 for a few electronic gas temperature values, ac-
counting for the NIKA beam solid angle to express them in terms
of Jy/beam. While the tSZ signal is always negative at 150 GHz
and positive at 260 GHz, the kSZ signal can be either positive
or negative, depending on the sign of the velocity along the line-
of-sight, but its sign is the same at both NIKA frequencies. The
kSZ maximum corresponds to the null of the tSZ signal and is
located around 217 GHz if relativistic effects are negligible.

2.2. NIKA observations and data reduction

MACS J0717.5+3745 was observed for 7.26 h in February
2014 and 5.85 h in January and February 2015. Most of
the observations took place under good conditions, with a
mean zenith opacity of 0.116 at 260 GHz and 0.085 at
150 GHz, and a stable atmosphere. The pointing center was
(RA, Dec)jpooo = (07:17:32.3,+37:44:47) for the 2014 data
set and (RA, Dec)jg = (07:17:32.3,+37:45:10) for 2015.
The scanning strategy was the same as that employed for other
NIKA clusters as detailed in Adam et al. (2015, 2016). Similarly,
the detailed calibration procedure can be found in Adam et al.
(2014, 2015). This results in a root mean square pointing er-
ror of <3 arcsec, the absolute calibration uncertainties are 7% at
150 GHz and 12% at 260 GHz, and the Gaussian beams FWHM
were measured to be 18.2 and 12.0 arcsec at 150 and 260 GHz,
respectively.

The data were reduced similarly and independently for the
two bands, as described in Adam et al. (2015). The removal of
the correlated noise across the arrays, due mainly to the atmo-
spheric contribution and correlated electronic noise, leads to the
filtering of the astrophysical signal at scales that are larger than
the NIKA field of view (~2 arcmin). The resulting transfer func-
tion was computed using simulations. It is close to unity at small
scales and vanishes smoothly at scales larger than the field of
view. Apart from beam smoothing, the transfer function is the
same at 150 and 260 GHz, which allows for direct combina-
tion of the two maps. The absolute zero level brightness of the
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Fig. 1. Top: NIKA maps of MACS J0717.5+3745 at 150 GHz (left) and 260 GHz (right). The gray contours show the significance in units of
standard deviation. They are multiples of 20~ at 150 GHz and 1o at 260 GHz, starting at +20. Both maps have been smoothed to have the
same effective resolution of 22 arcsec FWHM, as represented by the white circle on the bottom left corner of the maps. The regions defined in
Table 2 are shown as gray dot-dashed circles. Botfom: same as top-panel figures, in the case of half difference maps computed from two equivalent

sub-samples. The steps between contours is 1o for both frequencies.

maps is not measured by NIKA. In practice, the effective zero
level is computed during the mapmaking procedure by setting
the mean of the time ordered data to zero, taken in regions
that are outside the cluster, flagged in an iterative manner. The
flagged cluster region is based on the 150 GHz map only be-
cause of the higher signal-to-noise ratio, and corresponds to the
50 contours of Fig. 1, top left panel. The beam efficiency cor-
rection as a function of elevation was optimized for extended
emission (Greve et al. 1998), which can lead to up to ~10% loss
in the flux of point sources for very high or very low elevations.
However, most of the data where taken between elevations of
35 and 62 degrees, with a mean of 49 degrees, so we expect
this bias to be less than a few percent and thus assume it is
negligible.

The instrumental noise and the atmospheric noise residu-
als are estimated as detailed in Adam et al. (2016). In brief, we
compute noise maps from the difference between two equiva-
lent subsamples. Examples of such jackknife maps are provided
in Fig. 1. We can observe that the noise is correlated over spatial
scales that are larger than the beam size, in particular at 260 GHz.
This can give rise to spurious signal at the scale of the subclus-
ters, and the method we use allows us to account for such cor-
relations as detailed below. The noise maps are normalized by
the integration time spent per pixel in order to generate homoge-
neous noise in the observed sky patch. The homogeneous noise
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is then used to compute its power spectra (using the POKER
software, Ponthieu et al. 2011), which is well described by a
white component plus a pixel-pixel correlated contribution. We
also check that the noise is Gaussian, and we do not observe de-
viations from gaussianity. This noise model allows us to simulate
noise maps that account for the noise inhomogeneity and spa-
tial correlations, and to compute the full noise covariance matrix
from noise Monte Carlo realizations. The signal-to-noise ratio
of the surface brightness maps are computed, at a given angular
resolution (22 arcsec FWHM in the following), by dividing the
signal by the root mean square of the noise realizations smoothed
to the resolution of the signal map, and thus accounting for spa-
tial correlations of the noise. The noise power spectrum is thus
compared to the one of the signal, at the scales of the subclus-
ters (after the filtering of the power on small scales), to infer
the signal-to-noise ratio. We also estimate the cross-correlation
between the 150 and 260 GHz noise using the cross spectra of
the difference maps. We observe a small correlation due to the
atmospheric noise residuals, which we expect because NIKA ob-
serves the sky simultaneously at 150 and 260 GHz. The corre-
sponding correlated noise between the two bands corresponds to
0.22% of the variance at 260 GHz, and 1.25% of that at 150 GHz.
However, this is negligible with respect to the cross correlation
induced by the cosmic infrared background (CIB) contamination
(see Sect. 3.1) and we do not account for it.
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Table 2. Definition of the location of the four subclusters in
MACS J0717.5+3745.

Subcluster RA Dec
A +07:17:25.0 +37:45:54.6
B +07:17:31.3  +37:45:30.3
C +07:17:35.8 +37:45:01.0
D +07:17:33.0 +37:44:15.0

Notes. These regions are defined using Limousin et al. (2016) strong
lensing fit and the Chandra X-ray surface brightness (see also Fig. 6).
In the following, we use a radius of 22 arcsec for illustration.

2.3. NIKA raw maps

The NIKA maps are shown in Fig. 1. They have been smoothed
with a Gaussian filter to have the same effective resolution of
22 arcsec FWHM. Due to the integration time spent per pixel, the
noise is relatively constant within a radius of 1.5 arcmin around
the map center, and increases radially toward the edges. At the
22 arcsec effective resolution, the noise root mean square at the
center of the field is 97 pJy/beam at 150 GHz and 226 pJy/beam
at 260 GHz, which accounts for instrumental noise, residual at-
mospheric noise, and the astrophysical noise as discussed in
Sect. 3.1. The root mean square noise on the flux of a point
source located near the center is 0.14 mlJy at 150 GHz and
0.58 mlJy at 260 GHz. The positions of the four subcluster
regions that we consider, A, B, C and D, are also shown in
Fig. 1. Various coordinates have been provided in the litera-
ture, obtained for example by fitting dark matter profiles on
strong lensing data (e.g., Limousin et al. 2012, 2016). Since we
are interested in the gas distribution rather than the dark mat-
ter, we use the best-fit cored-component model coordinates of
Limousin et al. (2016) as a starting point. These are adjusted
slightly to match the peak distribution of the X-ray Chandra
wavelet smoothed map, which is used as a prior in determin-
ing the gas distribution (see Sect. 4.2 and the top right panel of
Fig. 3). These coordinates (see Table 2) are still consistent with
the strong lensing analysis within the dispersion obtained from
the different models by Limousin et al. (2016). Unless otherwise
stated, they are used only for display purpose in this paper and
the detailed choice of these centers has no impact on the results
that we present.

The 150 GHz map shows the presence of a diffuse negative
signal associated with the SZ effect. The signal is dominated by
the tSZ signal at this frequency, but the kSZ signal is also signif-
icant (see Sect. 5). The signal is non-zero, but very small in the
direction of subcluster A, in agreement with its expected low gas
content (see Ma et al. 2009). The brightness in the direction of
all other subclusters is significant with a peak between regions B
and C, reaching —18.40. However, we do not observe a peaked
signal in the direction of each group, but rather a diffuse sig-
nal that does not allow the clear identification of the subclusters
using this map. We also report the detection of a foreground ra-
dio galaxy on the southeast edge of the cluster (see Sect. 3.2).

At 260 GHz, we observe a diffuse positive signal around re-
gion C reaching up to 4.30 at the peak, but the surface bright-
ness is negative in region B, with a peak at —3.7¢0. The signal-
to-noise ratio is insufficient to detect the signal in region A at
260 GHz. We also detect three compact sources at this frequency
(see Sect. 3). Due to the relatively high astrophysical contami-
nation observed in the 260 GHz map, its detailed interpretation
requires the removal and the treatment of the point sources as
will be discussed in Sect. 3. Nevertheless, we observe an excess

of signal around region C with respect to the 150 GHz tSZ ex-
pectation (see Table 1 for conversions between tSZ and surface
brightness at 150 and 260 GHz), and a negative signal in region
B that counters the positive tSZ signal expected at this frequency.
While the former could be attributed to another astrophysical
signal, it is not the case for the latter, which we will interpret as
a kSZ signature in Sect. 5.

3. Astrophysical contamination
of the Sunyaev-Zel’dovich signal

In addition to the SZ signal from the cluster itself, we expect
galactic, extragalactic, and cluster associated astrophysical sig-
nal to contaminate our data. This section describes how such
contaminants are taken into account in the present paper.

3.1. Diffuse galactic emission and cosmological background

We apply the approach used in Adam et al. (2016) in order to
check that the CMB and the galactic emission (we consider syn-
chrotron, free-free and thermal dust) are negligible in the case
of MACS J0717.5+3745 NIKA data. The CIB was also con-
sidered in Adam et al. (2016). Despite being the largest diffuse
astrophysical noise contribution, it was shown to be negligible.
The data we present here, however, are about seven times deeper,
such that the CIB is no longer negligible and requires more care-
ful investigation as we discuss below. To account for it, we pro-
duce CIB realizations, which we add to our Monte Carlo noise
realizations as discussed in Sect. 2.2. The modeling and removal
of the submillimeter sources that are individually detected by
Herschel is treated separately as detailed in Sect. 3.3.

We consider the clustering of dusty star forming galaxies, the
shot noise from dusty star forming galaxies and the shot noise
from radio sources. The clustering term from radio sources is
negligible (Hall et al. 2010). The clustering of dusty star forming
galaxies is computed using the CIB power spectrum measured
by Planck Collaboration XXX (2014) at 143 and 217 GHz. It is
modeled by a one halo term and a two halo term and extrapolated
to the NIKA frequencies. The shot noise originates from the dis-
crete nature of the CIB signal and is due to unresolved sources
below the detection threshold of NIKA. For dusty star forming
galaxies, it is computed using the model from Béthermin et al.
(2012), and we use the model of Tuccietal. (2011) for radio
sources. We account for the beam smoothing and the large scale
filtering implied by the NIKA processing. At the angular scales
considered from the NIKA data, the shot noise dominates over
the clustering by a factor of about five, and the shot noise from
radio sources is negligible compared to that from dusty star
forming galaxies at both NIKA frequencies. Using the results
of Béthermin et al. (2013), we assume that the CIB (clustering
and shot noise) is completely correlated between the two NIKA
bands. At our effective angular resolution of 22 arcsec, we find
that the noise root mean square of the CIB is 47 pJy/beam at
150 GHz and 130 pJy/beam at 260 GHz. This boosts the noise
in our maps by 22.1% and 14.8% at 260 and 150 GHz, respec-
tively, and induces a noise correlation between the two bands.
The uncertainty on the CIB model that we use is expected to
be about 20%. This translates to 7% and 5% uncertainty on the
overall noise estimate at 260 and 150 GHz, respectively. Finally,
we note that we expect CIB dimming due to the gravitational
lensing by the cluster mass (Zemcov et al. 2013), but this effect
was checked to be negligible in the case of our data.
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Table 3. Coordinates and flux densities of the seven compact radio sources identified in the NIKA field, including the NIKA measurements.

Label HT B F Cl C2 C3 c4
RA +07:17:35.4¢ +07:17:40.9¢ +07:17:37.2¢ +07:17:38.4¢ +07:17:36.4 +07:17:23.5¢  +07:17:36.3"
Dec +37:45:08¢ +37:43:17° +37:44:21¢ +37:46:50° +37:44:03" +37:45:31° +37:44:44"
Freq. (GHz) Source flux density (mJy)
0.235 573+7° 100.93 +0.80° 63.17 +3.00° - 1.95+0.50" - 29.64 +0.70"
0.610 109.8 +3.2° 44.79 +2.60° 30.29 +0.50° - 0.98 +0.05” - 0.15+0.05"
1.365 22.2¢ 19.9¢ - - - - -
1.435 22.4¢ 18.8¢ 6.46 +0.15¢ 1.37+0.15¢ - 2.03+0.15¢ -
1.485 20.0¢ 18.3¢ - - - - -
1.500 17.797 +0.029/ - 10.505+0.0717  1.686+0.012  0.442+0.009/ 2.013+0.016/ -
1.665 18.1¢ 18.3¢ - - - - -
3.000 7.058 +£0.014/ - 8.356+0.036/  1.049+0.004" 0.578+0.003/ 1.274+0.008/ -
4.535 4.7 7.0 - - - - -
4.885 3.9¢ 6.4¢ - - - - -
5.500 3.149 £ 0.009/ - 7.132+£0.024/  0.848+0.008/  0.446+0.005"  0.811 +0.009/ -
8.460 0.7¢ 1.9¢ - - - - -
28.5 - 2.28 +£0.25¢ 3.29+0.19¢ - - - -
30 - 1.60+0.17¢ 2.70+0.174 - - - -
90 - - 2.8+0.2° - - - -
150 N.A. 0.32+0.297 2.30+0.187 0.80 £ 0.267 0.90£0.187 0.31+0.219 N.A.
260 N.A. -0.24 +1.157 1.82+0.729 0.81+1.049 0.44+£0.737 0.39 £ 0.867 N.A.
150 (model) | 0.01840+0002  0.1300+002 2.5520+043 0.1180 + 004 0.3170+016 0.0860 + 003 negligible
260 (model) | 0.00890 + 0001 0.0800 + 001 2.2950+043 0.0930 + 004 0.3110+018 0.0630 + 003 negligible

Notes. The model predictions at 150 and 260 GHz are also provided. ® VLA; Bonafede et al. (2009). > GMRT; Pandey-Pommier et al. (2013).
© MUSTANG; Mroczkowski et al. (2012). @ OVRO/BIMA; LaRoque et al. (2003), Coble et al. (2007). > FIRST; Condon et al. (1998). ) JVLA;

van Weeren et al. (2016). @ NIKA; this work.
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Fig. 2. Point source model at 150 GHz (left) and 260 GHz (middle), and point source mask constructed from the 150 and 260 GHz point source
models (right). The color scale of the models is the same as in Fig. 1. We also provide the labels of each source on the figure, in dashed circles for
radio sources and dotted circles for submillimeter sources. The point sources subtracted maps can be seen in Fig. 7.

3.2. Radio sources

First, we consider the diffuse radio emission associated with
the cluster. We extrapolate the surface brightness maps mea-
sured by NVSS (NRAO VLA Sky Survey, Condon et al. 1998)
and FIRST (Faint Images of the Radio Sky at Twenty Centime-
ters, Becker et al. 1995) at an angular resolution of 45 arcsec
and 5.4 arcsec, respectively, assuming a spectral index of —1.25
(van Weeren et al. 2009; Bonafede et al. 2009). We find that the
radio emission is negligible in both cases within the NIKA
bands. Moreover, this constitutes an upper limit on the radio
contamination because we expect the radio spectra to be steeper
at higher frequencies due to energy loss of the synchrotron-
emitting electrons (Scheuer & Williams 1968). Therefore, we
do not correct for the extrapolated signal and neglect its
contribution.
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In addition to the diffuse radio emission, a total of
seven compact radio sources are identified in the NIKA
field from the literature, at lower frequencies (Condon et al.
1998; LaRoque et al. 2003; Coble et al. 2007; Bonafede et al.
2009; van Weeren et al. 2009; Mroczkowski et al. 2012;
Pandey-Pommier et al. 2013). Their coordinates are listed in
Table 3 and they are labeled in Fig. 2. We also consider the more
recent work of van Weeren et al. (2016) to add extra constraints
on the flux densities of the sources. One of them, a foreground
radio galaxy at z = 0.1546 (van Weeren et al. 2009), is signifi-
cantly detected by NIKA at 150 and 260 GHz (source F). We
assume the radio SED to follow a power law in order to model
the contamination in the NIKA bands. Since we know that
the field around MACS JO717.5+3745 is relatively crowded,
and to avoid source confusion, we only use photometric data
from which the observations are sensitive to scales smaller than
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30 arcsec: FIRST, Very Large Array (VLA), Jansky Very Large
Array (JVLA), Giant Metrewave Radio Telescope (GMRT),
Owens Valley Radio Observatory/Berkeley Illinois Maryland
Association (OVRO/BIMA) and MUSTANG/GBT. We also
extract the flux density of the sources from the NIKA maps as
detailed in Adam et al. (2016), except for sources HT and C4,
which are located near the peak of the SZ signal. The available
flux densities used to constrain the SED model, including
the NIKA measurements, are listed in Table 3. In the case of
source F, the spectrum is poorly described by our model over
the full frequency coverage. Instead, the SED presents two
distinct spectral indices at low (<2 GHz) and high (>10 GHz)
frequencies. This could be due to significant free-free emission
at high frequencies, in addition to the synchrotron at low
frequencies, but might also indicate biases in the measurement
of the flux density (obtained with different instruments) because
of the source extension and location near the radio relic at low
frequencies. Therefore, we assume that the power law model is
valid at high frequency only and consider data at v > 10 GHz.
Despite indications of steepening, the other sources are correctly
described by a power law, even if our NIKA constraints are in
tension with respect to the best-fit model for C1 and C2 (see
Table 3). In the case of sources C4, the limited data suggests
to interpret the model prediction with caution. In addition, we
emphasize that the NIKA photometry might be contaminated by
submillimeter sources, as discussed in Sect. 3.3, and possibly
also by SZ signal. The results flux density prediction in the
NIKA bands are listed in Table 3 and are used as discussed
in the following. The source model, i.e. the 150 and 260 GHz
best-fit flux densities of Table 3, is given in Fig. 2, including
submillimeter sources, as discussed in Sect. 3.3.

3.3. Submillimeter point sources

As mentioned in Sect. 2.3, submillimeter sources significantly
contaminate our data, even at 150 GHz. We use the approach
detailed in Adam et al. (2016) in order to subtract their contri-
bution. To do so, in addition to the NIKA observation itself,
we use the SPIRE (Spectral and Photometric Imaging REceiver,
Griffin et al. 2010) catalog produced by Sayers et al. (2013) to
clean their Bolocam images. Eleven sources are identified in the
4 arcmin X 4 arcmin region around the cluster and we report their
flux densities in Table 4. The gray body model which we fit to
the data, excluding the NIKA sources located near the SZ sig-
nal, allow us to better constrain the excepted flux densities in
the NIKA bands (see Adam et al. 2016, for more details). The
corresponding template to be subtracted from our data is pro-
vided in Fig. 2 together with the radio contribution. Most of the
model predictions are fully compatible with the NIKA observa-
tions. Only SMG11 at 150 GHz differ by more than 307, and we
note that we suspect the NIKA measurement of SMGI11 to be
strongly contaminated by SZ signal because of its location. The
SPIRE data are also well described by the model and we do not
observe significant excess in the residual between the model and
the data for any of the sources.

In addition to the radio source, F, the excess seen in the
NIKA 260 GHz map coincide with SMGO09 (northwest of sub-
cluster D) and SMGOS5 (south of subcluster D). The correspond-
ing SED peaks at relatively low frequencies, indicating that these
sources could be high redshift lensed galaxies. This is particu-
larly true for SMGO09, for which the SED peaks at about 600 GHz
(500 um). Therefore, we search for counterparts to the NIKA
detected sources in strong lensing HST data set (Hubble Space
Telecope, Frontier Field campaign, see Diego et al. 2015). By

requiring that the projected distance is less than 5 arcsec be-
tween our identified sources and that of HST, we find two pos-
sible candidates for SMGQ9 at z = 4.5 (RA +07:17:31.269, Dec
+37:44:41.10) at 2.0 arcsec from our coordinates, and z = 3.0
(RA +07:17:31.082, Dec +37:44:42.36) at 2.5 arcsec from our
coordinates (ID25.1 and ID62.1, respectively, Diego et al. 2015).
The source SMGO9 is, therefore, very likely to be a high redshift
submillimeter galaxy lensed by MACS J0717.5+3745, or even a
blend of two galaxies. In the case of SMGO05, no counterpart is
found, even if we increase our threshold radius to 15 arcsec.

3.4. Diffuse submillimeter emission from the ICM

While galaxies are the major contributors to the submillime-
ter emission in galaxy clusters (Coppinetal. 2011), diffuse
dust emission associated to the ICM could also lead to sub-
millimeter emission (see, for example, Montier & Giard 2005;
Planck Collaboration XLIII 2016, who study the overall con-
tribution of dust in clusters). Such signal would likely be dif-
fuse, at arcmin scales, and we expect it to be small compared to
the galaxies, which give rise to emission on small scales. Using
Herschel SPIRE maps toward MACS J0717.5+3745, we check
that such signal is, at least, much lower than the one arising from
point sources. Moreover, we do not observe any diffuse emis-
sion which would be correlated with the kSZ signal measured in
Sect. 5. Therefore, the dust contribution associated with the ICM
is neglected in the NIKA bands.

3.5. Construction of a mask for point sources

The spectral modeling of both radio and submillimeter point
sources allows us for a good first estimate of the contamina-
tion expected in our data. However, the model uncertainties are
relatively large and once subtracted to the respective channels,
we observe small residuals in the case of radio sources, that are
visible in particular for sources that are outside the region dom-
inated by SZ signal. This is likely due to our modeling being
too simplistic since it does not account for the steepening of
the radio spectrum, as discussed in Sect. 3.2. Therefore, in ad-
dition to subtracting the point source model, we also construct
a mask to avoid using pixels that we consider potentially biased
when using the NIKA maps for photometry or for fitting pur-
poses. This mask is constructed by applying a threshold (0.2 and
0.4 mJy/beam at 150 and 260 GHz, respectively) on the point
source best-fit models at 150 and 260 GHz simultaneously. Such
procedure is conservative and takes advantage of the high angu-
lar resolution of the NIKA data. The mask we use is given on the
right panel of Fig. 2.

4. X-ray data analysis

In the work presented in this paper, we have complemented
the SZ data with X-ray observations for two reasons. First,
MACS J0717.5+3745 is known to be a very hot cluster
(Ma et al. 2009) such that SZ relativistic corrections are ex-
pected to be fairly significant and should be taken into account
by using an extra estimate of the gas temperature, available from
X-ray spectroscopy. Second, X-ray data are also needed in or-
der to disentangle the line-of-sight gas velocity from the density
and the temperature (see Eq. (5)). In this section, we discuss the
X-ray data reduction in terms of imaging and spectroscopy.
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Table 4. Coordinates, measured flux densities and predicted flux densities in the NIKA bands for the eleven submillimeter sources identified in

our field.
Measured flux densities (mJy) NIKA prediction (mlJy)
Label RA“ Dec? SPIRE (GHz)* NIKA (GHz) NIKA (GHz)
1200 857 600 260 150 260 (model) 150 (model)

SMGO1 +07:17:32.11  +37:43:21.0 | 57.6+09 30.1£09 99+1.2 1.0+£0.8 0.2+0.2 0.9+0.2 0.1+0.1
SMGO02 | +07:17:25.40 +37:47:05.7 | 25.2+09 147+09 13+14 0.7+1.3 -0.1+0.3 0.5+0.2 0.1+0.1
SMGO3 | +07:17:30.92 +37:46:50.6 | 152+09 13.9+09 62+1.2 0.1+09 0.6+0.2 0.8+0.2 0.1+0.1
SMGO04 | +07:17:34.91 +37:45:474 | 18409 10.6+x1.0 5117 0.3+0.7 0.0+0.2 0.6+0.2 0.1+0.1
SMGO5 | +07:17:33.58 +37:44:01.9 | 143+0.8 16.8+09 133+12 | 1.3+0.7 0.2+0.2° 1.8+0.3 0.4+0.1
SMGO06 | +07:17:25.06 +37:43:55.6 | 8.8+1.1 73+1.0 27+13 0.1+0.8 0.2+02 04+02 0.1+£0.1
SMGO07 | +07:17:37.28 +37:45:34.1 | 12.1+£09 127+1.0 141+12 | 0.1+£0.7 04+02 1.6+£0.3 0.3+£0.1
SMGO8 | +07:17:30.87 +37:46:184 | 1.3+1.1 1.3+£09 00=+1.1 0.1+0.7 -0.1+£0.2 <0.05 <0.02
SMGO09° | +07:17:31.24 +37:44:43.0 | 63+x1.0 119+1.0 151+1.0 | 25+0.7° 0.6+0.2° 30+04 0.6+0.2
SMGI10 | +07:17:4043 +37:45:26.7 | 42+0.9 53+0.8 31+12 | -03+0.8 04+02 0.5+0.2 0.1+0.1
SMGI11 | +07:17:34.95 +37:44:33.1 | 47+1.1 4.8+0.8 49+14 | 0.0+0.7% -09x02° 0.5+0.2 0.1+0.1

Notes. The measured flux densities are from SPIRE (Sayers et al. 2013) and NIKA (this work). > From Sayers et al. (2013). ® Likely to be
contaminated by SZ. ) High redshift lensed galaxy candidate with HST counterpart.

4.1. Data preparation

MACS J0717.5+3745 was observed by the XMM-Newton tele-
scope using the European Photon Imaging Camera (EPIC,
Turner et al. 2001; and Striider et al. 2001) for 195 ks (obs-
IDs 0672420101, 0672420201, and 0672420301) and by
the Chandra Advanced CCD Imaging Spectrometer (ACIS,
Garmire et al. 2003) for 250 ks in total (obs-IDs 1655, 4200,
16235, 16 305). We processed XMM-Newton datasets using the
Science Analysis System (SAS) version 15.0.0, applying the lat-
est version of calibration files available in March 2016. We pro-
cessed Chandra datasets using the Chandra Interactive Analysis
of Observation (CIAO) version 4.6.5 and calibration database
version 4.7. Both datasets suffer from contamination due to the
high energy particle flux. To reduce this component, we removed
from the XMM-Newton datasets all the events which keyword
PATTERN is >4 and >13 for MOS1, 2 and PN cameras, respec-
tively. We applied Very Faint' (VF) mode filtering to obs-IDs
4200 and 16305. Since our background subtraction technique
for Chandra can be applied only to observations taken using the
VF mode, we removed obs-IDs 1655 and 16235 from our anal-
ysis, thus reducing the effective observation time to 153 ks.

4.2. Spectroscopy analysis

To remove observation intervals affected by flare episodes
we followed the light-curve filtering procedures described in
Pratt et al. (2007) and in the Chandra COOKBOOK? for XMM-
Newton and Chandra datasets, respectively. We removed from
the analysis all the intervals where the count rate exceeded 30
from the mean value. We find no flare contamination in the
Chandra dataset, so the full observation time of 153 ks was used.
For the XMM-Newton dataset, the useful exposure times were
160 ks and 116 ks for MOS1,2 and PN cameras, respectively.
We ran the wavdetect algorithm (Freeman et al. 2002) to identify
point sources on exposure corrected images in the [0.3-2] keV
and in the [0.5-2;2-8;0.5-8] keV bands for XMM-Newton and
Chandra, respectively. Point source lists thus produced were in-

' cxc.harvard.edu/cal/Acis/Cal_prods/vfbkgrnd

2 cxc.harvard.edu/contrib/maxim/acisbg/COOKBOOK

A115, page 8 of 19

spected by eye, merged, and used as mask to remove point source
contribution from the analysis. Point sources only detected by
Chandra were masked from XMM-Newton dataset, using a cir-
cular region with radius 15” within 3’ from the aimpoint.

To perform spectral and imaging analysis we binned both
datasets in sky coordinates and energy, creating an energy po-
sition photon cube for each dataset following the procedure de-
scribed in Bourdin & Mazzotta (2008). To each event in the cube
we assigned an effective area, which we use to correct for vi-
gnetting and exposure time, and the background noise. In the
following, all the techniques described have been used on both
Chandra and XMM-Newton datasets, unless otherwise stated.

The exposure- and vignetted-corrected Chandra image in the
[0.5-2.5] keV band and its wavelet de-noised map are shown
in the top left and right panel, respectively, of Fig. 3. The
wavelet filtering is performed following the method described in
Bourdin et al. (2013). Note that the resolution of the wavelet map
is not fixed. It depends on the image statistics as the filtering is
constrained to detect structures above 3o at different scales. As
already found by several teams (e.g., Zitrin et al. 2009; Ma et al.
2009), the cluster exhibits a very complex morphology, with at
least 4 identifiable substructures. Because of the higher resolu-
tion of ACIS, we used the Chandra data as the baseline for the
X-ray imaging analyses.

4.3. Background estimation

The X-ray background can be divided into a sky and an instru-
mental component. For the latter we used the analytical models
produced by Bourdin et al. (2013) and Bartalucci et al. (2014)
for XMM-Newton and Chandra, respectively. We normalized
both models, extracting the events from a region free from the
cluster emission in the [10—12] keV and in the [9.5-10.6] keV
band for XMM-Newton and Chandra, respectively. The sky
background is due to foreground Galactic emission and an
additional extra-Galactic component. For the former we used
two absorbed thermal models produced by the Astrophysical
Plasma Emission Code (APEC, Smith et al. 2001) for which
the temperatures are fixed to 0.248 keV and 0.099 keV (see
Kuntz & Snowden 2000). The extra-Galactic component was


cxc.harvard.edu/cal/Acis/Cal_prods/vfbkgrnd
cxc.harvard.edu/contrib/maxim/acisbg/COOKBOOK
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Fig. 3. XMM-Newton and Chandra observations of MACS J0717.5+3745. Top left panel: exposure- and vignetting-corrected Chandra photon
count image in the [0.5-2.5] keV band. The image has a resolution of 3.1”. Top right image: wavelet de-noised map of the Chandra image shown
in the fop left panel. Iso-contours are shown with black solid lines to enhance substructures. The four regions in Table 2 are highlighted with black
circles. Bottom left image: XMM-Newton wavelet de-noised temperature map, obtained using a threshold cut of 1o. Contours from the wavelet
map image are overlaid using white contours. Bottom right image: same as bottom left panel except that we show the temperature map computed
using the Chandra dataset. All the maps shown are centered on the X-ray peak.

modeled using an absorbed power law with 7y fixed to 1.42, as
proposed by Lumb et al. (2002). We determined the normaliza-
tion of all the components by performing a joint fit of the spec-
trum extracted from a region free of source emission. We no-
ticed the presence of a small excess in the [0.3—1] keV band in
the XMM-Newton dataset, compatible with the solar wind charge
exchange emission (Snowden et al. 2004). We found that one
absorbed APEC model with a temperature of 0.86 keV is suf-
ficient to reproduce this excess. We added this component in the
joint fit. Once normalized, the background sky model is added to
the instrumental model. Then, in all our spectral analysis proce-
dures, we simply scale the resulting total background model by
the ratio of the extraction areas.

All X-ray spectral analyses were performed following the
scheme described in Bourdin & Mazzotta (2008). For a given
region of interest, we add to the background model an absorbed
APEC to account for the cluster emission, and fit it via X2 min-
imization to the exposure- and vignetting-corrected spectrum
extracted from the photon cube. The absorption is fixed to the

Galactic value along the line-of-sight ny = 6.63 x 1072 cm™2,

as determined from the LAB survey Kalberla et al. (2005). All
the models are convolved by the appropriate response matrix
files, accounting for energy resolution loss due to instrumen-
tal effects. The source emission model and the sky background
models are multiplied by the appropriate ancillary response file.
From the fitting procedures performed in the [0.3—10] keV and
[0.7—-10] keV band for XMM-Newton and Chandra, respectively,
we determined the APEC model temperature, abundance and
normalization.

We produced temperature maps applying the wavelet fil-
tering algorithm describe in Bourdin et al. (2004) and in
Bourdin & Mazzotta (2008). Briefly, we sample the field of view
in square grids where each element size increases by powers
of 2. The minimum size of the meta-pixel is defined so that
it contains at least 200 photons. In each meta-pixel we extract
the spectrum and measure the temperature, fixing the abun-
dance to 0.3 solar, obtaining a first set of temperature and as-
sociated fluctuation maps. We then convolve these maps with
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Table 5. X-ray spectroscopic temperatures of the four subclusters in
MACS J0717.5+3745, centered on the regions defined in Table 2.

Subcluster XMM-Newton Chandra
15” 30” 30”
A 7578 keV 77108 keV 92920 keV
B 10.70:1):;2 keV 11.22ﬁg:2§ keV 13.33’:}:;3 keV
C 16.393:‘6‘8 keV 18.09f%:% keV 17.823% keV
D 12.55tf:£ keV 13.56fi:§§ keV 16.31f‘2‘:;§ keV

Notes. The temperatures are provided for both XMM-Newton and Chan-
dra data for 30” apertures radius and we also provide the values for 15"
radius in the case of XMM-Newton.

a B2-spline function evaluated at different scales to obtain the
corresponding wavelet coefficients. The “de-noised” tempera-
ture map is constructed using a lo threshold for the wavelet
coefficient maps. The de-noised temperature maps that we ob-
tained from the XMM-Newton and Chandra datasets, are shown
in the left and right bottom panel, respectively, of Fig. 3. Both
temperature maps identify the same hot structure, with tempera-
tures of the order of ~24 keV, and a cold region in the northwest
sector associated with the most prominent structures. Note that
the wavelet filtering is applied to maps where the element size
is determined by the statistics. For this reason the XMM-Newton
dataset allows a finer element sampling, due simply to the larger
number of counts in this observation.

To check the validity of the values in the temperature maps,
following Wang et al. (2016), we extract the spectra from the
four circular regions shown in the top right image of Fig. 3, us-
ing circular radii of 15” and 30”. We then measured the tem-
peratures via our fitting procedure, which we report in Table 5
together with their 1o errors. Because of Chandra’s shorter ex-
posure time and poorer sensitivity, we measure the tempera-
ture only in a 30" circular bin aperture. The values reported
for the two instruments are consistent with the values found
in the respective temperature maps. As expected, on average
Chandra measures higher temperatures than XMM-Newton (see,
e.g., Martino et al. 2014; and Schellenberger et al. 2015), but the
values are consistent within the errors. Our results are also in
agreement those of Sayers et al. (2013), even if the regions we
consider here are not exactly centered on the same coordinates.
In the case of subcluster C, however, the temperature that we find
are about the same for both X-ray observatories. Our Chandra
derived value is also lower for this subcluster than that reported
in Sayers et al. (2013), but is in agreement within the errors. Be-
cause of the better resolution and significance, we use the XMM-
Newton spectroscopic results as our baseline.

5. A map of the kinetic Sunyaev-Zel’dovich signal

In the case of pure tSZ signal with small relativistic corrections,
we expect the spatial distribution of the signal to be proportional
at any frequency. However, this is clearly not the case for the
NIKA data such that another contribution is necessary to explain
our observations. Motivated by the results of Ma et al. (2009),
Mroczkowski et al. (2012) and Sayers et al. (2013), we assume
that the observed signal is due to the tSZ and the kSZ effects,
and we use the NIKA data to disentangle the two. The main goal
of this section is to produce, for the first time, a resolved map of
the kSZ effect. This constitutes the main result of this paper.
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5.1. Reconstruction of the kinetic Sunyaev-Zel'dovich signal

The two NIKA maps, cleaned of contamination (see Sect. 3),
provide a measurement of the surface brightness, Al,, in the
different regions of the cluster. The sensitivity to the tSZ and
the kSZ contributions are known from the coefficients given in
Table 1, and are corrected on each pixel of the sky for relativistic
effects using the XMM-Newton X-ray spectroscopic temperature
map in Fig. 3, under the assumption that the temperature is con-
stant along the line-of-sight. We can therefore invert Eq. (3) in
order to separate the contribution of the tSZ signal, given by

g1, To)AL, — g(va, T)AL,

= , (6)
IS = Togrt, T f (72, Te) = Iog(va, T f 01, To)
and that of the kSZ signal,
JTOHAL, — f(vy, T)AI
Yisz = f(Vl e) o f(VZ e) 1 %)

Iof (1, Te)g(va, Te) = Iof (2, Te)g(v1, Te)

We propagate the noise through Monte Carlo realizations as
discussed in Sect. 2.2, including the CIB contribution and its in-
duced correlation between the two NIKA frequencies. The sta-
tistical errors on both tSZ and kSZ are largely dominated by the
noise at 260 GHz due to the intrinsic lower sensitivity of this
band, with respect to the 150 GHz one.

5.2. Reconstruction of the kinetic signal toward subclusters

We first consider the mean SZ surface brightness measured in
the individual regions provided in Table 2, i.e., within 22 arcsec
radius disks. The point source mask of Fig. 2 was applied before
computing the brightness, so that pixels that are potentially af-
fected by mis-subtraction of the point sources are rejected. Fol-
lowing Sect. 5.1, we use these measurements to constrain the
amplitude of both the tSZ and kSZ spectra. The results are pre-
sented in Fig. 4 for the four subclusters. From Egs. (3) and (5),
we can see that a positive kSZ amplitude corresponds to a neg-
ative gas line-of-sight velocity, which means that the cluster is
moving toward the observer, with respect to the CMB reference
frame. The signal-to-noise ratio is too low in region A and both
tSZ and kSZ amplitudes are compatible with zero. However, at
150 GHz the SZ signal is significantly detected, and we assume
this to be dominated by tSZ. In region B, we detect tSZ and
kSZ signal at 2.60- and —4.60, respectively. Moreover, we find
that the kSZ induced brightness is slightly more negative than
that of the tSZ, at the scales probed by NIKA. The kSZ signal
is negative, which explains the decrement observed in this re-
gion at 260 GHz with respect to the 150 GHz expectation. In
region C, we significantly detect tSZ signal and find indication
for kSZ signal at 7.80 and 2.1, respectively, but the situation is
reversed with respect to region B and the kSZ signal is positive.
The tSZ signal strength is very high, in agreement with the ex-
pectation from the merger scenario, responsible for gas heating
in this region. This is also in agreement with our X-ray derived
temperature map. Finally, tSZ signal is detected in region D at
4.30 and the kSZ significance is 0.60.

5.3. Mapping of the kSZ and tSZ signal

The results of Sect. 5.2 provide quantitative illustration of our
constraints, but they directly depend on the choice of the region
coordinates and their aperture size. Therefore, we now take ad-
vantage of the resolved nature of the NIKA data and consider
the full surface brightness maps (in addition to the XMM-Newton



R. Adam et al.: kSZ mapping toward MACS J0717.5+3745

Region A
O.3F 77777 T R
- E tsz E
5 i 15752 ]
X 02F e NKka E
2 £ 3]
\Ej £ 1
0 E E
o O.1F E
C L E
el £
5 00 ————=m==—=———— === eaE——
[9) F g
O £ 1
S = ]
5 -0.10 E
%) F E
E | S T S S S S R R w:
100 200 300
Frequency (GHz)
Region C
0.3 ‘ ‘ ]
tsz
ksz
{SZ+kSZ
0.2 o NiKA
0.1 9

0.0

=0.1

Surface brightness (MJy/sr)

200
Frequency (GHz)

Region B
0.3f AR A Annanaasasss s ]
- E ts7 E
5 i 157 457 ]
X 02F e Nk E
) E ]
\Ej £ ]
» E ]
o 0.1rF
C C
< E
Rl £
56 00~ """~
N F
© r
2 E .
5 —0.1F E
% £ ]
£ P L 1 T T I S S S S ]
100 200 300
Frequency (GHz)
Region D
0.3F ! T ]
— C tSZ ]
5 i 17 7 ]
X 02F e Nk E
- C |
= E
» E
s 0.1 e
C £
< E
Rl £
5 0.0° = —————
N F E
O F E
S £ |
5 —0.1F e
% F E
E P T S I S S S S E S S SRR ]

100 200

Frequency (GHz)

Fig. 4. Constraints on the kSZ and the tSZ amplitudes toward the regions associated with the four subclusters (from A to D). The black data points
provide the average brightness measured by NIKA in the 22 arcsec radius regions with center coordinates given in Table 2 and shown in Fig. 1.
The shaded areas give the 68% confidence level constraints on the kSZ (red), the tSZ (blue) and the sum of the two (gray). Possible point source

residuals were masked when computing the average surface brightness.

temperature map for relativistic corrections) and we use them to
compute maps of the tSZ and kSZ amplitude, i.e., maps of ysz
and yxsz, that are independent of our baseline regions. Before
combining the two data sets, we convolve the NIKA maps to
the same angular resolution, i.e., 22 arcsec. The resulting maps
are provided in Fig. 5. The residuals of point sources are not
considered here, but the obtained maps are compared to the
mask to check that the kSZ signal we detect is not affected by
point sources. The coordinates of the point sources identified in
Sects. 3.2 and 3.3 are also represented in Fig. 5. While these
regions are potentially biased, they remain local and do not spa-
tially correlate with the main significant kSZ structure that we
observe. We observe a tSZ peak coincident with the region of
subcluster C. The peak signal-to-noise ratio reaches 7.30", which
is more than twice smaller than on the 150 GHz map due to
the noise introduced by the 260 GHz data. The signal is more
diffuse in the other regions but it covers the cluster extent on ar-
cmin scale. The kSZ map shows two distinct peaks of opposite
signs and similar amplitudes, reaching —5.1 and +3.40, respec-
tively. The negative peak is almost coincident with region B and
the positive peak is located at the northeast edge of region C.
No kSZ signal is significantly detected near subclusters A or D.
Similarly, we do not observe any diffuse large scale kSZ sig-
nal that would result from the overall motion of the cluster and
subclusters.

5.4. Systematic effects

In addition to the noise and astrophysical contaminants, which
we account for as discussed in Sect. 3, our measurements are
affected by three main systematic effects, which we discuss here.

The first is the absolute calibration uncertainties of the NIKA
data. A change in the absolute calibration directly impacts the
kSZ measurement since it changes the relative weights of the
two NIKA bands. Assuming a typical gas temperature of 10 keV,
Eqgs. (6) and (7) can be expressed as yisz o« —0.38 X Al,, +0.62 X
Al and yysz o« 0.20 x AL, + 0.80 x Al,,, where the numerical
coefficients indicates the fraction of the maps at 260 GHz and
150 GHz that contribute to the tSZ and kSZ maps. We can see
that changing our 150 GHz calibration by 7% (the calibration un-
certainty), leads to a change of 2.7% for the tSZ map, and 1.4%
for the kSZ map. Similarly, changing our 260 GHz calibration by
12% leads to a change of 7.4% for the tSZ and 9.6% for the kSZ
map. While the absolute calibration uncertainty does not signifi-
cantly affect the significance of detection, it can slightly change
the relative strength of the signal in the different regions. If we
focus on region B and C, we notice that the 150 GHz surface
brightness is negative in both regions, while it changes sign at
260 GHz, being negative in region B. On the other hand, the two
linear coefficients that are used to compute the kSZ map from the
primary NIKA maps (0.20 and 0.80 as written above) are both
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effective resolution, 22 arcsec, is shown as a white circle on the bottom left corner. Subcluster regions are represented in gray. The positions of the
identified point sources (see Sect. 3), from which mis-subtraction residuals remain a potential local contaminant to the signal, are represented in

light gray.

positive. Therefore, if the calibration changes in the same direc-
tion at both frequencies, the changes will accumulate in region
B, and they will oppose each other in region C. Similarly, if the
calibration changes are opposite in sign, they will oppose each
other in region B, and they will accumulate in region C. There-
fore, summing the calibration uncertainties, the kSZ signal in
region B can increase (or decrease) by 11.0% while it increases
(decrease) only by 8.2% in region C. Symmetrically, the same is
true when inverting B and C. Note that we apply a simple sum
of the calibration errors instead of a quadratic sum because they
are likely to be strongly correlated. This effect will propagate lin-
early to the constraint on the gas line-of-sight velocity in Sect. 6,
but it is small compared to the statistical uncertainties. Similar
arguments apply to the tSZ map.

The second systematic effect is due to the uncertainty in the
derived X-ray temperature, and the assumption that the tempera-
ture is constant along the line-of-sight. In order to estimate how
changes in the temperature affect our results, we reproduce the
kSZ map applying +25% change in the normalization of the tem-
perature map (i.e., about twice the typical difference between
XMM-Newton and Chandra). This allows us to test the system-
atic effect responsible for the temperature difference between
Chandra and XMM-Newton. We also add Gaussian noise of am-
plitude 3 keV at a resolution of 22 arcsec. Due to the fact that
the relativistic corrections are close to proportional in the two
NIKA bands, the changes in the temperature map lead to only
small changes in the kSZ significance, i.e. less than 0.150 for
the signal peaks. The absolute amplitude of the signal, however,
is affected by up to 0.40  changes at the positive peak, which
correspond to hot gas in region C, where relativistic effects are
important.

The third systematic effect is due to the large angular scale
filtering that affects the NIKA data. The filtering is the same in
the two bands, and as the quantities ys7 and yysz are a linear
combination of the two NIKA maps, they are affected by the
same filtering. Therefore, the tSZ and kSZ reconstructed signals
are smoothly apodized at scales larger than ~2 arcmin. The zero
level of the kSZ map is directly given by the respective zero
levels of the 150 and 260 GHz map, being set to zero in the
external regions of the map, as detailed in Sect. 2.2. While an
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arbitrary change in the brightness zero levels could change the
kSZ signal zero level, the peak to peak difference between the
positive and negative observed signal will remain unchanged. In
fact, the kSZ signal we observe is much more compact than that
of the tSZ effect, so we expect filtering and zero level effects to
be less important for kSZ observations. The transfer function is
nonetheless accounted for when fitting our data with a model as
detailed in Sect. 6.

5.5. Comparison to maps at other wavelengths

In Fig. 6, we compare the kSZ map obtained with NIKA to
maps at other wavelengths, taken as tracers of the different clus-
ter components. We use the Chandra X-ray photon counts as
a proxy for the gas distribution (cn?), HST optical imaging
(CLASH data, Postman et al. 2012) to identify the galaxy spa-
tial distribution, and the strong lensing mass reconstruction to
probe the dark matter (Zitrin et al. 2011).

The X-ray image shows two main peaks in region B.
These two peaks are also seen in SZ observations by MUS-
TANG at 90 GHz with a 13 arcsec effective angular resolution
(Mroczkowski et al. 2012). The most significant peak is located
on the east side of the region (hereafter B1), with the second on
the west side (hereafter B2), the two being separated by about
20 arcsec. The group of galaxies associated with subcluster B is
on average more coincident with B2, even if galaxies are also
observed around B1. The dark matter map follows the distribu-
tion of the galaxies, and is therefore better aligned with B2. The
negative kSZ signal coincides well with B1, but is significantly
offset from B2. The morphology of clump B2 is that of an arc
(or a tail) around the dense core, similar to what is observed in
mergers on the plane of the sky (e.g., Clowe et al. 2006, for the
bullet cluster). This could suggest, if this is the case, that B2 is
an independent subcluster (with respect to B1) moving mostly
perpendicular to the line-of-sight, and therefore, not responsible
for the kSZ signal. The signal associated to B2 could also be due
to the stripped gas of the main core B1, which would therefore
move slower than Bl and is not significantly detected in kSZ.
In both cases, our kSZ data, together with X-ray imaging, sug-
gest that subcluster B is a complex object in itself. The main
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Fig. 6. Comparison between the kSZ signal and other probes of the cluster components, shown on saturated linear scales. The astrometries are the
same as those in Fig. 5, and the green contours reproduce the kSZ signal-to-noise ratio, given as a solid line if positive (+2 and +30°) and dashed
line if negative (-2, —3, —4 and —507). Our reference regions are provided as gray circles. The positions of B1 and B2 are also shown as gray
diamonds on the left image. Left: Chandra X-ray photon count image, smoothed to 7 arcsec FWHM. Middle: HST optical combined image from
the CLASH data (Postman et al. 2012). Right: lensing mass («x) from Zitrin et al. (2011).

structure, B1, is rapidly moving along the line-of-sight, while
the second one, B2, is moving either mostly perpendicular to the
line-of-sight, or in the same direction than B1, but slower.

The positive kSZ signal coincides well with the northern half
of the galaxies associated with subcluster C, while the other
half of the galaxies are coincident with no kSZ detection. The
X-ray peak is centered on the southern part of the galaxy group
and the offset between the kSZ peak and the X-ray peak is
about 20 arcsec. As this subcluster is highly disturbed, we can
expect strong inhomogeneities in the gas velocity distribution,
but any further interpretation would require higher signal-to-
noise ratio kSZ imaging. Nonetheless, it is worth noting that
the galaxy velocity dispersion within this subcluster is very high
(1761f§(3)‘7‘ kms™' for 10 redshifts, see Ma et al. 2009), which
could also suggest that the underlying distribution is multimodal.

No kSZ signal is detected around subcluster D but we ob-
serve an offset between the gas and the brightest galaxies and
dark matter, the gas density peak being about 25 arcsec shifted
to the south with respect to the other component. Subcluster A
is not clearly identified in the X-ray data, but the galaxy and
dark matter locations are consistent. Finally, the foreground ra-
dio galaxy, F, is visible in X-ray and in optical.

6. Constraints on the gas line-of-sight velocity
distribution of MACS J0717.5+3745

The detection of the kSZ effect implies the detection of gas mo-
tion, and opens up the possibility of studying the velocity dis-
tribution of the gas contained within the cluster, i.e. gas sub-
structure. We detect a positive line-of-sight gas velocity in the
direction of subcluster B, i.e., the gas is moving away from us in
the CMB reference frame, and negative gas line-of-sight veloc-
ity toward subcluster C, i.e. the gas is moving toward us. How-
ever, measuring the absolute line-of-sight velocity from our kSZ
map requires us disentangling it from the integrated line-of-sight
electron density (see Egs. (3) and (5)), accounting for projection
effects, and this cannot be done from our SZ observations alone.
In this section, we model the cluster gas distribution in terms
of electron density and gas line-of-sight velocity, and we fit our
data using extra constraints available from the X-ray spectro-
scopic temperature. Unlike the results presented in Sect. 5, the
results we detail in this section are therefore dependent on the

model we use to describe the cluster. In particular, we stress that
any mis-modeling of the gas density, which is intrinsically sub-
ject to strong assumptions for such a complex object, will be
reflected in the optical depth, that is itself degenerate with the
gas line-of-sight velocity.

6.1. Physical modeling of the gas distribution
of MACS J0717.5+3745

As discussed in Sect. 1, MACS J0717.5+3745 is known to be
multimodal with four main subclusters. Therefore, we model
the cluster with a set of four spherically symmetric subclus-
ters describing the gas distribution associated to each subclus-
ter. We model each electron density profile with a S-model
(Cavaliere & Fusco-Femiano 1978),

21-389/2
r
1+ (w) ,
re

where i labels each subcluster, 7. is the central electron density,
r. the core radius and S is the outer slope of the profile. We also
assume that the subclusters are isothermal, with a gas tempera-
ture T)((’) estimated from XMM-Newton within 30 arcsec radius
apertures, as reported in Table 5. The line-of-sight gas veloc-
ity of each subcluster is also assumed to be a constant, i.e. each
subcluster has its own bulk velocity. The choice of the S-model
is motivated by its simplicity and by the limited number of pa-
rameters needed to describe the gas density. Moreover, it is not
guaranteed that a more complex radial profile would provide a
better description of the data since it is the spherical symmetry
assumption that is the major limitation of our model.

The NIKA surface brightness maps are the primary observ-
ables to which we compare our model, and they are modeled as
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where T and vgi) are scalar quantities. The line-of-sight integra-

tions are computed analytically for each sky pixel as
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where R is the projected radius from each subcluster centers
and the quantity I" represents the Gamma function. Since the SZ
surface brightness depends linearly on the electron density, the
contribution of each subcluster is summed regardless of cross-
cluster terms that would appear otherwise (e.g., for the X-ray
surface brightness, which depends on n2). This allows us to ig-
nore the exact coordinate of each subcluster along the line-of-
sight. The projected location of the subclusters centers, however,
are parameters of our model.

3

, (10

6.2. Fitting algorithm

The fitting approach we use consists of processing test simula-
tions to incorporate the same observational effects that affect our
data (see Sect. 2.2), in order to predict the observable signal that
we can directly compare to the SZ surface brightness maps. The
SZ maps, obtained for each point of the parameter space that
is explored are convolved to the beam and the transfer function
of the NIKA processing. We also account for the overall zero
level of the maps individually using two nuisance parameters,
because they are not constrained by the NIKA observations®.
The zero level is, however, not correlated to the constraint on
the velocity, corresponding to the fact that the kSZ map does not
show any signal on large scales. Indeed, while the value of the
x* would change with the zero level, the local peaks observed
in the kSZ signal of Fig. 5, which are related to the constraints
on the velocity we obtain, cannot be accounted for by any off-
set in the maps. The parameter space is sampled using Monte
Carlo Markov Chains (MCMC). The Metropolis-Hasting algo-
rithm (e.g., Chib & Greenberg 1995) is used to define the evo-
lution of the chains, by using the Gaussian log likelihood com-
puted as

Lo ) (Arg, — AITSE) (CRlka) (AL, — AL |
m,n

an

where m and n label sky pixels and subscript NIKA stands for
the joint 150 GHz and the 260 GHz data. The quantity Cnika is
the full noise covariance matrix of the NIKA surface brightness
maps, including the noise correlation between the two bands
(see Sect. 3.1). Pixels that are potentially contaminated by point
source residuals are rejected using the mask of Fig. 2, so that
they do not contribute to the likelihood, and therefore, do not
affect the results.

Our model includes a total of 26 parameters (4x3 for the den-
sity, 4 for the line-of-sight velocity, 2 x4 for the coordinates, and
2 for the zero level of the maps). Even if the model describing
each subcluster is relatively simple, the overall complexity of the
cluster, and in particular the degeneracies between the character-
istic radius, slope parameters, and subcluster centroids (which
are not well determined), does not allow us to let all parameters
free. In particular, the slopes of the density profile are not well
constrained by our data. Therefore they are varied but limited to

3 This corresponds to the transfer function being zero at angular
wavenumber k = 0.
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the range [1/3, 3]%, in order to marginalize over their uncertain-
ties and thereby avoid diverging chains in the MCMC. We also
apply a 10 arcsec standard deviation Gaussian prior on the co-
ordinates of the subclusters, centered on the coordinates given
in Table 2. The model is symmetric under the permutation of
subclusters, and this ensures that we avoid exchanges between
the different subclusters during the evolution of the chains, but
we check a posteriori that the best-fit coordinates are consistent
with our prior values.

In the case of subcluster A, the observed signal is almost con-
sistent with noise at the 30 level at 150 GHz and is not detected
at 260 GHz. The velocity, which is fully degenerate with the gas
density, is therefore constrained at the 30~ level. This prevents
the MCMC sampling of the posterior likelihood from converg-
ing. Therefore, we do not fit for the velocity of subcluster A and
set UEA) =0.

The convergence of the chains are verified using the
Gelman—Rubin convergence criteria (Gelman & Rubin 1992).
After convergence, we remove a burn-in phase and account for
the correlation length of the chains. Finally, the chains his-
tograms provide the probability density function in parameter
space.

6.3. X-ray prior on the gas density

The fitting algorithm discussed in Sect. 6.2 does not use X-ray
imaging information because it suffers from projection effects
that are not accounted for in our model. Our model would re-
quire additional parameters to predict the expected X-ray surface
brightness because, unlike for SZ images, X-ray images re-
quires the knowledge of the relative coordinates of the subclus-
ters along the line-of-sight. This is due to cross-terms between
subclusters, which appear when squaring the density, and would
be responsible for additional emission on large scales. However,
NIKA SZ data alone are subject to strong degeneracies between
the line-of-sight velocity and the optical depth, which can be
broken with additional information from X-rays. This can sig-
nificantly improve the constraint on the gas velocity, but at the
cost of requiring extra assumptions on the line-of-sight geometry
of the cluster.

In the following, we therefore consider two cases when fit-
ting the model of Sect. 6.1 to our data.

1. As our baseline, hereafter F1, we do not consider X-ray
imaging. The fit relies only on SZ imaging and X-ray esti-
mates of the gas temperature (see Table 5). In this case, we
do not use all the available information to constrain the ve-
locity, but we are not significantly affected by assumptions
concerning the line-of-sight distribution of the gas.

2. The second fit, hereafter F2, makes use of the extra infor-
mation from X-ray imaging. In this case, we consider the
deprojected XMM-Newton density profile centered on the X-
ray peak (extracted as in Adam et al. 2016), i.e. within a
few arcsec of region B. We fit the profile with a S-model
and use the constraint obtained on n, (the parameter that is
the most degenerate with v;) as a prior in the fit described
in Sect. 6.2. Such an approach is only possible toward sub-
cluster B because any density profile extraction in the other
regions, i.e. away from the X-ray peak, would be strongly
affected by deviations from spherical symmetry.

4 The lower limit is required from Eq. (10), since the argument of the
Gamma function, 33% — 1, must be larger than zero.
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Fig. 7. Comparison between the data and the best-fit model. From left to right, the figure shows the input data subtracted from point sources, the
best-fit model F1, the residual F1, the best-fit model F2, and the residual F2. The top row provides the 260 GHz data and the bottom row the
150 GHz data. Contours are multiples of 20~ at 150 GHz and 1o~ at 260 GHz, starting at +20.
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of the velocity axis. As discussed in the text, given the limitation of the models to describe the cluster, we stress that the error contours do not

necessarily reflect the true underlying uncertainties.

While fit F1 is conservative, fit F2 allows us to break the v, — 7
degeneracy, and to check the consistency between our SZ-based
constraint and X-ray data.

6.4. Constraints on the velocity

The results of the MCMC fit F1 and F2 are shown in Fig. 7,
including the input data, the maximum likelihood model, and the
residual between the two. Despite the complexity of the cluster,
a simple multi-component S-model is able to reproduce the SZ
surface brightness data fairly well in both cases.

The 150 GHz residual map is consistent with noise over most
of the cluster extent for both F1 and F2, but we observe sev-
eral features exceeding 20-. In the southwest region, an excess
larger than 40 is observed for both F1 and F2, indicating sig-
nificant deviation from spherical symmetry for subcluster D. We
also observe a significant negative excess in the direction of the
foreground galaxy F, indicating that our radio model predicts a
larger flux than measured, perhaps because we have neglected

the possible steepening of its spectrum at high frequencies. The
corresponding pixels are masked in the fit (see Sect. 3.5).

The 260 GHz residual maps are on overall consistent with
noise because of the lower signal-to-noise ratio at this frequency,
but we notice that the shape of our model for subcluster B is too
extended (or not peaked enough) compared to the 260 GHz data.
It results in a positive residual around the kSZ peak, and a neg-
ative residual at the peak location, reaching —2.3¢0 for F1 and
—3.10 for F2. This could be due to the fact that subcluster B is
itself made of two substructures, as discussed previously. Both
B1 and B2 give rise to tSZ signal so that the signal at 150 GHz is
relatively extended, while the kSZ, dominant at 260 GHz, is only
seen toward B2, which would lead to a more compact signal than
the one at 150 GHz. Alternatively, the constant temperature as-
sumption could be invalid. If subcluster B is a cool-core system,
as expected from Ma et al. (2009), the pressure profile would be
more extended than the density profile. The best-fit density pro-
file would therefore be too extended because it is partly driven
by the tSZ signal, i.e. the pressure. This is what we observe, and
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it is certainly one of the limitations of our model. The fact that
the residual is larger for model F2 in the direction of subclus-
ter B could also indicate that all the gas, as measured from the
X-ray density, does not contribute to the kSZ signal we observe.
Indeed, a lower amount of moving gas is preferred to explain
simultaneously our 150 and 260 GHz data, assuming the given
XMM-Newton temperature (see also Fig. 8). Therefore, our data
favor (with low significance though) the hypothesis in which
subcluster B is made of two separate subclusters moving with
different velocities along the line-of-sight.

The MCMC chains are used to compute the optical depth at
the center of each subcluster, expressed as

350 _ 1
£ = g n® A0 r-3)
0o - T Meg T 3 o
r(3)

This is the quantity that best reflects the degeneracy between
the ICM density distribution and the line-of-sight velocity (see
Eq. (5)). Figure 8 provides the posterior probability density func-
tion in the line-of-sight velocity versus central optical depth
plane for each subcluster B-D. The one dimensional marginal-
ized distributions are also provided as histograms.

As expected, in Fig. 8 we observe a strong degeneracy be-

tween T(()l) and vgl) for all the subclusters in our baseline fit F1
(in blue), even though it is slightly weaker for subcluster C. This
degeneracy is broken in the case of F2 when using priors (sub-
cluster B only) on the X-ray density, and the constraint are sig-
nificantly improved (in red). While the line-of-sight velocity is
fully compatible with zero for subcluster D, subcluster B and C
show velocity distributions that are significantly different from
Zero.

The constraints from F1 and F2 are consistent, and the resid-
ual with respect to the best-fit model is not significantly degraded
in case of F2 (see Fig. 7). Nevertheless, we observe a small ten-
sion (less than 207) in the case of subcluster B between the fits F1
and F2, which could be due to subcluster B being made of two
subcomponents with different line-of-sight velocity, as discussed
in the case of Fig. 7.

In addition to the central optical depths, our model allows
us to compute the optical depth map of the cluster. This map is
not independent of the best-fit velocities because of the ‘1'8) - vg')
degeneracies, but it does not depend significantly on the way the
velocity is modeled because the density model is mostly driven
by the tSZ signal. We use this 7 model together with our kSZ
map to obtain a gas line-of-sight velocity map via Eq. (5), which
we use to identify structures in the velocity and assess the valid-
ity of our assumption about the velocity being constant in each
region. The optical depth map and the line-of-sight velocity map
are shown in Fig. 9 for both fit F1 and F2. The kSZ map is sub-
ject to statistical uncertainties, while the optical depth model im-
poses systematic uncertainties not accounted for in the velocity
map. Therefore, the error contours provide the signal-to-noise
ratio but they do not reflect the true uncertainties of the map be-
cause it depends on the model (the signal-to-noise contours are
thus identical for the two models, and to that of the kSZ map of
Fig. 5). In particular, the constant temperature assumption can
affect the shape and amplitude of the subclusters in the optical
depth map. As the uncertainties of the velocity map increase with
decreasing optical depth, we mask pixels for which the noise rms
is boosted by a factor larger than three, with respect to the mini-
mum noise rms of the map.

In the case of our baseline fit, F1 (Fig. 9, left panels), the
optical depth presents a smooth structure which is maximum in

12)
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region C. This is counter intuitive with respect to the X-ray imag-
ing where the peak is clearly located toward subcluster B. The
X-ray imaging being sensitive to n2, this could indicate that sub-
cluster B is highly peaked while subcluster C is more diffuse
and extends further in space. Our best-fit model F1 being limited
by degeneracies, we check this result by computing the best-fit
model F2 (right panels). In this case, the optical depth map in-
creases toward subcluster B by about 40%, and its value between
subcluster B-D stays almost constant. Nonetheless, we do not
observe a peak toward subcluster B and our model suggests that
it is more compact than subclusters C and D.

On the velocity map, we observe a dipolar distribution as-
sociated to subclusters B and C. The map is mostly negative
between regions B and D but it is not significant. In the case
of the fit F2, the velocity toward subcluster B reduces by about
40%. The dipolar structure becomes therefore more symmetri-
cal in terms of amplitude. We also note that unlike the optical
depth model, the velocity map is convolved by the NIKA trans-
fer function similarly to the kSZ map. We report our line-of-sight
velocities from our two approaches, alongside velocities from
other studies in Table 6.

In summary, the best-fit residuals indicates that subcluster
B is more complex than a single isothermal S-model. Our con-
straints indicate large velocities, but they are limited by degen-
eracies with the optical depth. They can be broken using X-ray
imaging at the cost of extra assumptions. We finally extract a gas
velocity map, showing a dipolar structure, using the kSZ map
and our optical depth model.

6.5. Comparison to previous results and discussion

The first kSZ detection toward MACS J0717.5+3745 was made
by Bolocam using 140 and 268 GHz observation (Sayers et al.
2013), following constraints on the velocity of galaxies by
Ma et al. (2009), as discussed in Sect. 1. Table 6 summaries ve-
locity measurements performed toward MACS J0717.5+3745.

The raw NIKA and Bolocam maps are difficult to directly
compare because they probe different angular scales as a re-
sult of beam smoothing and large scale filtering. However, the
best-fit model of Sayers et al. (2013) and our best-fit model are
deconvolved from the respective transfer functions and can be
quantitatively compared. While we consider a physical paramet-
ric description of the ICM, Sayers et al. (2013) use X-ray data
to predict a tSZ template, to which they add a S-model compo-
nent to include the kSZ signal. Each model has its advantages
and disadvantages and both are limited in the case of a com-
plex system like MACS J0717.5+3745. Our model is clearly an
idealization of the cluster, but it allows the building of a self-
consistent description of the ICM. The model of Sayers et al.
(2013), on the other hand, does not assume any parametriza-
tion of the ICM for the tSZ signal, but it does use a S-model
for the kSZ, and the two are not necessarily related to the same
underlying gas density distribution. The tSZ template built by
Sayers et al. (2013) is based on X-ray data and is therefore likely
to better reproduce the projected geometry of the cluster than our
model. However, it requires the conversion of f ngdl to f nedl,
which is done via an effective line-of-sight extent of the ICM,
Cer.- The latter is left as a free parameter, but is assumed to be
a constant for the entire cluster extent. This is a strong assump-
tion and our baseline model is not sensitive to such an effect. In
fact, Lo is directly related to the clumping of the gas, (n2)/(n.)?,
which is expected to be of the order of 1.4—1.6 for disturbed clus-
ters (e.g., Zhuravleva et al. 2013). At the scales probed by NIKA,
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here is smaller than the other ones displayed in this paper.

this would lead to local inaccuracies in the tSZ template (o V)
that could be mis-interpreted as kSZ signal. Sayers et al. (2013)
assume that the temperature is constant along the line-of-sight,
while we assume isothermal subclusters, both being based on
X-ray spectroscopy. Finally, Sayers et al. (2013) use fixed coor-
dinates for their S-model center and check a posteriori the effect
of changing them within reasonable uncertainties. Due to the
higher angular resolution of NIKA, we fully marginalize over
the subcluster coordinates in our fit.

Sayers et al. (2013) also consider a nearly model indepen-
dent approach, in which they use the direct SZ flux integration
of their maps in the regions B and C (corrected for a model-
based zero level), together with the isothermal assumption. Us-
ing this direct approach (referenced as “direct” in Table 6), they
obtain consistent results with respect to their model dependent
approach (referenced as “model” in Table 6), but with reduced
significance.

Despite the fact that the cluster is modeled differently, our
constraints on the gas line-of-sight velocity are compatible with
the results from Sayers et al. (2013). In the case of subcluster
C, however, the two results are in mild tension (>20°). While
this could easily be attributed to mis-modeling, it could also be

due to differences in the observations. Indeed, our data are sen-
sitive to scales as low as ~20 arcsec, and the constraint in re-
gion C is driven by the positive peak seen at 260 GHz at small
scales. Due to Bolocam’s larger beams, the corresponding scales
are likely to be diluted over the cluster extent, leading to ve-
locity averaged over a larger extension, and hence smaller. We
also use our model to infer the integrated Compton parameter
in the regions considered by Sayers et al. (2013). We compute
Y(Q) = f yiszdQ, where Q is taken as a 60 arcsec diameter circu-
lar region centered on subclusters B and C, using the coordinates
of Sayers et al. (2013). We obtain (0.173 + 0.024)x 10~3 arcmin?
for region B ((0.221 + 0.015) x 1073 arcmin? in the case of F2),
and (0.242 + 0.024) x 1073 arcmin? for region C. These values
are in agreement within 1o (20 in the case of F2) of the values
measured by Sayers et al. (2013).

Our constraints are also roughly compatible with the optical
spectroscopic measurement of Ma et al. (2009), within the error
bars. However, as discussed in Sect. 5.5, our data hint at sub-
structure within subclusters B and C themselves. As a possible
consequence, our measurement in the direction of subcluster C,
which is dominated by the northern part of the region, indicates
higher velocities than those measured in optical wavelengths.
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Table 6. Comparison of the constraints on the velocity of each subclusters in MACS J0717.5+3745.

Subcluster v, (kms™!)
Galaxies Gas (kSZ) Gas (kSZ) Gas (kSZ) | Gas (kSZ)
Optical (Ma et al. 2009) | “Model” (Sayers et al. 2013) | "Direct" (Sayers et al. 2013) | NIKA (F1) | NIKA (F2)
A 278f§§g - - - -
B 3238325 3450 + 900 2550 + 1050 66073%3 2058fﬁ§
c 733 ~s50°130 5007150 400l | -
D 83114 - - sl | -

Notes. The NIKA results do not include calibration uncertainties or errors in the X-ray temperature of each subcluster. In addition, as discussed
in the text, given the limitation of the models to describe the cluster, we stress that the error bars do not necessarily reflect the true underlying

uncertainties.

Additional optical spectroscopy would be necessary to better ad-
dress the comparison between the galaxy velocities and the gas
velocity.

The X-ray photon count image presents two main peaks, as-
sociated with subclusters B and C, which is elongated to sub-
cluster D (Fig. 3). The presence of hot adiabatically compressed
gas between B and C/D suggests a pre-merger scenario between
the two main structures. While the morphology of the temper-
ature, forming a bar (see Fig. 3), indicates that the merger is
likely oriented on the plane of the sky, our kSZ data and the
constraints we set on the gas velocity of each subcluster shows
that there is a strong line-of-sight component to the merger axis.
Our best-fit velocities depend on the gas density model and the
error contours are large due to degeneracies, but our detection
level is stable, and our data allow us to exclude null velocity at
5.10 for subcluster B, and 3.40 for subcluster C. Subcluster B is
likely to be falling onto C (the most massive of the subclusters,
e.g., Limousin et al. 2016). We note that the projected merger
axis (northwest/southeast) coincides with the filament observed
on the southeast of subcluster C (e.g., Medezinski et al. 2013).
If the filament axis has a non-zero line-of-sight component, it
could contribute to an explanation for the high velocity of B, via
its gravitational interaction with the subcluster. While the main
merger scenario supported by our data is relatively clear, the de-
tail of each subcluster remains difficult to interpret because of
complex structure within the subclusters themselves.

The root mean square of cluster peculiar velocities
is expected to be of the order of 250 kms™!' (e.g.,
Herndndez-Monteagudo & Sunyaev 2010). The velocities we
measure in MACS J0717.5+3745 deviate significantly from the
bulk velocity flow. However, the free fall of massive subclus-
ters onto one another from large distances is expected to lead to
relative velocities of several thousands of km s~! (Sarazin 2002).
The velocities measured in MACS J0717.5+3745 are high, butin
line with expectations. Our results suggest that other well known
mergers could be ideal targets for kinematic studies using kSZ

mapping.

7. Summary and conclusions

The merging cluster, MACS J0717.5+3745, was observed using
the NIKA camera at the IRAM 30 m telescope. The diffuse SZ
signal is detected in the two NIKA bands at 150 and 260 GHz.
We report the detection of radio and submillimeter point sources
that contaminates our data. Using radio data from the literature
and submillimeter data from SPIRE, in addition to the NIKA
constraints themselves, we model the contaminant sources and
extrapolate them to the NIKA bands to clean our data. One of
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the submillimeter sources detected with NIKA coincides with a
high redshift lensed galaxy detected by HST. If confirmed, this
would illustrate the strength of NIKA SZ observations in de-
tecting high redshift sources lensed by clusters of galaxies by
combining NIKA and Herschel data (see also Adam et al. 2015,
2016). In addition to point source removal, we take advantage of
the high resolution of the NIKA observations to mask possible
residuals.

To effectively use our data, we account for the different
sources of noise including uncorrelated instrumental noise, at-
mospheric and electronic correlated noise residuals and a sig-
nificant contribution from the CIB. While the non-astrophysical
noise reduces by increasing the integration time, this is not the
case for the CIB. Since our kSZ mapping is limited by statistics,
itself dominated by the noise in our 260 GHz band, the CIB is
already non negligible for the data we present (13.1 h on target).
This work thus shows that the CIB is likely to be a limiting factor
for future high angular resolution kSZ mapping.

By combining the two NIKA bands, under the assumption
that the SZ signal is the sum of a tSZ and a kSZ contribution, we
extract the first map of the kSZ effect toward a cluster of galax-
ies. We account for relativistic corrections using an X-ray tem-
perature map derived from XMM-Newton data. The kSZ map is
dominated by a dipolar structure with peak signal in the direction
of regions B (negative) and C (positive). This is in agreement
with the merger scenario in which subcluster B is a compact
core falling onto the main cluster, C. However, our data indi-
cate that subcluster B and C are themselves likely to be made
of subcomponents. Our results complement that of Sayers et al.
(2013) at different scales. Apart from the relativistic corrections,
which assume a constant temperature along the line-of-sight, the
kSZ map we present in this paper is model independent.

We use the NIKA surface brightness maps in addition to X-
ray temperature estimates of each subcluster to constrain the gas
density and velocity distribution in MACS J0717.54+3745. The
gas density model assumes that each subcluster is described by
a S-model with constant line-of-sight velocity and temperature.
We perform a MCMC fit and provide constraints on the gas ve-
locity toward each subcluster. While subcluster D is consistent
with null line-of-sight velocity, subcluster B and C are moving
away from us and toward us in the CMB reference frame, respec-
tively. The relative significance of our measurement is stable and
model independent, but the absolute velocity depends on our as-
sumptions in the structure of the gas of MACS J0717.5+3745.
Our constraints are limited by degeneracies between the optical
depth and velocity of the subclusters, and by the simplicity of
our model, which is a strong idealization for a system known to
be an extremely complex cluster of galaxies.
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The results presented in this paper allow us to study the de-
tails of the gas motion in the cluster and complement other ob-
servations of MACS J0717.5+3745. This shows the feasibility
to study the distribution of the gas velocity within galaxy clus-
ters, which is essential to our understanding of the dynamics of
mergers at the substructure level.
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