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ABSTRACT

Context. The diffuse X-ray emission surrounding radio galaxies is generally interpreted either as due to inverse Compton scattering
of nonthermal radio-emitting electrons on the cosmic microwave background (IC/CMB), or as due to thermal emission arising from
the hot gas of the intergalactic medium (IGM) permeating galaxy clusters hosting such galaxies, or as a combination of both. In this
work, we present an imaging and spectral analysis of Chandra observations for the radio galaxy 3C 187 to investigate its diffuse X-ray
emission and constrain the contribution of these various physical mechanisms.
Aims. The main goals of this work are the following: (i) to evaluate the extension of the diffuse X-ray emission from this source; (ii) to
investigate the two main processes, IC/CMB and thermal emission from the IGM, which can account for the origin of this emission;
and (iii) to test the possibility that 3C 187 belongs to a cluster of galaxies, which can account for the observed diffuse X-ray emission.
Methods. To evaluate the extension of the X-ray emission around 3C 187, we extracted surface flux profiles along and across the
radio axis. We also extracted X-ray spectra in the region of the radio lobes and in the cross-cone region to estimate the contribution
of the nonthermal (IC/CMB) and thermal (IGM) processes to the observed emission, making use of radio (VLA and GMRT) data
to investigate the multiwavelength emission arising from the lobes. We collected Pan-STARRS photometric data to investigate the
presence of a galaxy cluster hosting 3C 187, looking for the presence of a “red sequence” in the source field in the form of a tight
clustering of galaxies in the color space. In addition, we made use of observations performed with the COSMOS spectrograph at the
Victor Blanco Telescope to estimate the redshift of the sources in the field of 3C 187 to verify if they are gravitationally bound, as we
would expect in a cluster of galaxies.
Results. The diffuse X-ray emission around 3C 187 is found to extend in the soft 0.3−3 keV band up to ∼850 kpc along the radio lobe
direction and ∼530 kpc in the cross-cone direction, and it appears enhanced in correspondence with the radio lobes. Spectral X-ray
analysis in the cross-cones indicates a thermal origin for the emission in this region with a temperature ∼4 keV. In the radio lobes, the
X-ray spectral analysis in combination with the radio data suggests a dominant IC/CMB radiation in these regions, however we do
not rule out a significant thermal contribution. Assuming that the radiation observed in the radio lobes is due to the IGM, the emission
from the N and S cones can be interpreted as arising from hot gas with temperatures of ∼3 keV and ∼5 keV, respectively, and found to
be in pressure equilibrium with the surrounding gas. Using Pan-STARRS optical data we found that 3C 187 belongs to a red sequence
of ∼40 optical sources in the field whose color distribution is significantly different from background sources. We were able to collect
optical spectra for only one of these cluster candidates and for 22 field (i.e., noncluster candidates) sources. While the latter show
stellar spectra, the former feature a galactic spectrum with a redshift close to 3C 187 nucleus.
Conclusions. The diffuse X-ray emission around 3C 187 is elongated along the radio axis and enhanced in correspondence with the
radio lobes. This indicates a morphological connection between the emission in the two energy bands and thus suggests a dominating
IC/CMB mechanism in these regions. This scenario is reinforced by multiwavelength radio X-ray emission, which in these regions is
compatible with IC/CMB radiation. The X-ray spectral analysis however does not rule out a significant contribution to the observed
emission from thermal gas, which would be able to emit over tens of gigayears and in pressure equilibrium with the surroundings.
Optical data indicate that 3C 187 may belong to a cluster of galaxies, whose IGM would contribute to the X-ray emission observed
around the source. Additional X-ray and optical spectroscopic observations are however needed to secure these results and get a more
clear picture of the physical processes at play in 3C 187.
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1. Introduction

In recent decades, diffuse X-ray emission associated with
radio sources and extending beyond their host galaxies up to
hundreds of kiloparsec scale, has recently been revealed by
Chandra telescope at cosmological distances, that is, up to red-
shift 3.8 (4C 41.17; Scharf et al. 2003). A few recent exam-
ples are 3C 294 (Fabian et al. 2003), 3C 191 (Erlund et al.
2006), and 3CR 459 (Maselli et al. 2018). This diffuse X-ray
emission is generally interpreted as due to inverse Compton
(IC) scattering of nonthermal radio-emitting electrons on cos-
mic microwave background (CMB) photons, permeating their
radio lobes (IC/CMB; Harris & Grindlay 1979; Schwartz et al.
2000; Tavecchio et al. 2000). This scenario is supported by
the observational evidence that even without a clear morpho-
logical match between the radio and X-ray emission, extended
X-ray structures are generally aligned to the radio axis and/or
spatially coincident with radio structures. The lack of a clear
radio counterpart to X-ray structures in high-redshift sources
(Ghisellini et al. 2015) could be due to the increasing energy
density of the CMB with z (Ghisellini et al. 2014), as UCMB =
4.22 × 10−13(1 + z)4 erg cm−3, corresponding to an equipartition
magnetic field1 Bcmb = 3.25 (1 + z)2 µG (Murgia et al. 1999;
Massaro & Ajello 2011). If the average magnetic field in the lobe
is less than Bcmb, the relativistic electrons in the lobe preferen-
tially cool through IC/CMB rather than synchrotron radiation.
This results in a dimming of radio emission while boosting the
X-ray emission, which is a process known as CMB quenching
(see, e.g., Celotti & Fabian 2004; Wu et al. 2017).

However, IC/CMB is not the only possible interpretation for
this extended X-ray emission, since high-redshift radio galaxies
are often used as tracers of galaxy clusters inhabiting galaxy poor
or moderately rich environments (see, e.g., Worrall 2002, 2009;
Crawford & Fabian 2003). Thus extended X-ray emission from
these sources can be due to, or at least partially contaminated, by
the thermal emission arising from the hot gas of the intergalactic
medium (IGM; see, e.g., Ineson et al. 2013, 2015).

Disentangling scenarios of nonthermal emission via
IC/CMB and thermal emission from hot gas in the IGM is
however challenging. To shed a light on the nature of such
diffuse X-ray emission two main tests can be performed.

The first would be to carry out radio observations at mega-
hertz frequencies, where it would be possible to observe the
synchrotron radiation of the same particles in the radio lobes
responsible for the IC/CMB X-ray emission and thus verify if
the spectral shape of the two components is consistent. Assum-
ing that the X-ray radiation at 1 keV is due to IC/CMB and that
the emission in radio lobes is unbeamed, the synchrotron radi-
ation from the same electrons would be observed at radio fre-
quencies

νsyn = 1.44 (B/µG) (1 + z)−1 MHz, (1)

where z is the source redshift and B is the average magnetic
field in the lobe (e.g., Felten & Morrison 1966), or equivalently
νsyn = 4.68 b (1 + z) MHz, where b is the ratio of B and Bcmb. For
magnetic fields of the order of tens of microgauss (e.g., Scharf
et al. 2003; Erlund et al. 2006), νsyn would fall at MHz fre-
quencies. In this case, we would expect the photon index mea-
sured in X-ray, Γ, to be related to the spectral index measured

1 We recall that, given a region containing magnetic field with an
energy density UB = B2

8π and relativistic electrons with an energy density
Ue, the equipartition magnetic field is defined as that for which the total
energy Ue + UB reaches a minimum, that is, Ue ≈ UB.

at MHz frequencies α by the relation Γ = 1 − α (e.g., Smail
et al. 2012). This test, however, cannot be directly carried out
because current and future low radio frequency facilities such as
the Low-Frequency Array (LOFAR; van Haarlem et al. 2013),
the Murchison Widefield Array (MWA; Bowman et al. 2013),
the Long Wavelength Array (LWA; Ellingson et al. 2009), the
Giant Metrewave Radio Telescope (GMRT; Swarup 1991), the
Karl G. Jansky Very Large Array (JVLA; Perley et al. 2011)
and the Square Kilometre Array (SKA; Dewdney et al. 2009)
could only skim the desired radio frequency range. For exam-
ple, observing the synchrotron radiation from the same electrons
responsible for the IC/CMB emission in X-rays in a 50 MHz
LOFAR observation of a z ∼ 2 source would require a magnetic
field in the radio lobes B > 100 µG that is larger than those esti-
mated as ∼25 µG by Erlund et al. (2006). For 4C 41.17 (z = 3.8),
we would need B > 170 µG, which is still larger than the
maximum equipartition magnetic field estimated for this source
(Carilli et al. 1998; Scharf et al. 2003).

The second scenario is a X-ray spectral analysis to check
if the spectrum at energies of a few kilo-electronvolts shows a
thermal continuum and possibly emission lines or if instead the
spectrum appears to have a nonthermal origin, such as in the
form of a steep power law with photon index ∼2, as observed in
lobes of radio galaxies (see, e.g., Croston et al. 2005; Hardcastle
et al. 2006; Mingo et al. 2017). We note however that this test in
general does not allow us to discriminate between the different
models only by comparing fit statistics, even in cases of sources
with large number of counts (Hardcastle & Croston 2010).

In the last decade, we carried out the Chandra snapshot sur-
vey of the Third Cambridge catalog (3C; Bennett 1962) to guar-
antee the complete X-ray coverage of the entire 3CR catalog
(Massaro et al. 2010, 2012, 2015). We discovered X-ray emis-
sion associated with radio jets (see, e.g., Massaro et al. 2009a),
hotspots (see, e.g., Massaro et al. 2011; Orienti et al. 2012), and
diffuse X-ray emission from hot atmospheres and IGM in galaxy
clusters (see, e.g., Hardcastle et al. 2010, 2012; Dasadia et al.
2016; Ricci et al. 2018), extended X-ray emission aligned with
the radio axis of several moderate and high-redshift radio galax-
ies (see, e.g., Massaro et al. 2013, 2018; Stuardi et al. 2018;
Jimenez-Gallardo et al. 2020), and the presence of extended
X-ray emission spatially associated with optical emission line
regions not coincident with radio structures, as in 3CR 171 and
3CR 305 (Massaro et al. 2009b; Hardcastle et al. 2010, 2012;
Balmaverde et al. 2012). One of the best examples of the latter
discovery is 3C 187. This Fanaroff-Riley (FR; Fanaroff & Riley
1974) II radio galaxy is, among those pointed in our snapshot
survey, the brightest one showing extended X-ray emission on
hundreds of kpc. Massaro et al. (2013) claimed that such dif-
fuse X-ray emission in 3C 187 is consistent with the lobe radio
structure. In this work, on the basis of additional information col-
lected from the literature, we present a thorough investigation of
its X-ray emission and a comparison with the optical informa-
tion.

Extending the analysis by Massaro et al. (2013), we present
surface flux profiles of the X-ray emission to evaluate its exten-
sion and estimate its properties. We perform X-ray spectral anal-
ysis coupled with a comparison with IC/CMB model to test the
nonthermal scenario. Moreover, we investigate the presence of a
galaxy cluster claimed in the literature via a procedure based on
the red sequence (Visvanathan & Sandage 1977; Gladders et al.
1998). To this end, we performed optical spectroscopic obser-
vation of sources in the field of 3C 187 with the Victor Blanco
Telescope in Cerro Tololo, Chile. However, as a consequence of
bad observing conditions we were only able to collect spectra
for 23 bright sources.
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The paper is organized as follows. A brief multifrequency
description of 3C 187 is given in Sect. 2. The Chandra data
reduction and analysis are presented in Sect. 3. Results on possi-
ble X-ray emission mechanisms and the presence of a galaxy
cluster are discussed in Sect. 4, while Sect. 5 is devoted to
our conclusions. Unless otherwise stated we adopt cgs units for
numerical results and we also assume a flat cosmology with
H0 = 69.6 km s−1 Mpc−1, ΩM = 0.286, and ΩΛ = 0.714
(Bennett et al. 2014). Spectral indexes, α, are defined by flux
density, Fν ∝ ν

−α both in radio and in the X-rays. Pan-STARRS
magnitudes are in the AB system (Tonry et al. 2012).

2. Source description
3C 187 is a radio galaxy with a flux density at 178 MHz of 8.1 Jy
(Smith & Spinrad 1980) and therefore sits at the lower end of
FR II observed radio powers (e.g., Black et al. 1992). In the
3C catalog (Smith & Spinrad 1980), 3C 187 was identified as
an optical source at z = 0.350 based on the 4000 Å break and
G band absorption. Hutchings et al. (1988), using the Canada
France Hawaii Telescope (CFHT) data, measured a magnitude
mR = 20.7 for this optical source and reported that the source
appears to be elliptical without any obvious structure. These
authors also found that the source appears to be a member of
a cluster of ∼30 similarly extended objects projected between
the radio lobes, as also stated by Neff et al. (1995).

Imaging with VLA (Bogers et al. 1994) revealed a triple
radio source for 3C 187, with a faint core and two lobes sepa-
rated by ∼2′.0 along a position angle P.A. = −21◦2. In particular,
Rhee et al. (1996) reported 1.4 GHz flux densities of 246 and
312 mJy for the north and south lobes, respectively. Neff et al.
(1995) reported 1.4 GHz flux densities of 4, 463, and 459 mJy
for the core, north lobe, and south lobe, respectively, and 5 GHz
flux densities of 3, 44, and 26 mJy for the core, north lobe, and
south lobe, respectively.

The optical identification of Smith & Spinrad (1980) was
therefore revised by Hes et al. (1995), who proposed the iden-
tification of 3C 187 core with an optical source coincident with
the radio core observed in the radio maps presented by Bogers
et al. (1994), which has mR = 20.0 and a redshift of z = 0.465,
based on [OII] and [OIII] emission lines, as well as a 4000 Å
break. In the following we adopt this redshift for 3C 1873.

A Chandra snapshot observation of ∼12 ks was performed
in January 2012 and analyzed in Massaro et al. (2013). These
authors report extended X-ray emission that is co-spatial with
the radio structure, detected with high significance (>7σ) in four
regions coincident with and between the radio lobes (see their
Fig. 2). In the following we reanalyze these Chandra data and
their correlation with the radio emission.

3. X-ray data reduction and analysis
The Chandra observation of 3C 187 was retrieved from the
Chandra Data Archive through the ChaSeR service4. This con-
sists of a single 12 ks observation (OBSID 13875; PI: Mas-
saro, GO 13) carried out on January 2012 in VFAINT mode.
These data were analyzed with the Ciao (Fruscione et al. 2006)
data analysis system version 4.12 and the Chandra calibration
database CALDB version 4.9.1, adopting standard procedures.
After filtering for time intervals of high background flux exceed-
ing 3σ the average level with Deflare task, the final exposure
attains 11.9 ks.
2 P.A. are measured counterclockwise from the north direction.
3 At a redshift of 0.465, an angular separation of 1′′ corresponds to a
projected physical scale of 5.93 kpc.
4 http://cda.harvard.edu/chaser

To detect point sources in the 0.3−7 keV energy band with
the Wavdetect task, we adopted a

√
2 sequence of wavelet

scales (i.e., 1, 2, 4, 8, 16, and 32 pixels) and a false-positive
probability threshold of 10−6. We note that this procedure did
not detect a point source that is positionally consistent with the
location of the radio core.

The left panel of Fig. 1 shows the nuclear region (∼4′′×4′′) of
3C 187 as imaged by Chandra-ACIS detector in the 0.3−7 keV
band, smoothed with a Gaussian kernel with a 1 × 1 pixel
(0′′.492 × 0′′.492) σ. For reference in the same figure we show
the optical identification presented by Hes et al. (1995) , the
radio core position at J2000 RA = 07h45m04s.455, Dec =
+02◦00′08′′.74 (Neff et al. 1995) , and the 1 mJy beam−1 contour
of the VLA 4.87 GHz (6 cm) observation presented by Bogers
et al. (1994). Since we did not get a clear X-ray detection of
the core, we considered a circular region with a radius of 1′′
centered on the brightest pixel in this region and evaluated the
centroid of this smoothed image in this region. The centroid at
J2000 RA = 07h45m04s.454, Dec = +02◦00′08′′.90 is sepa-
rated from the radio core position by 0′′.18; this agrees with all
registration shifts reported in Massaro et al. (2011) and is com-
patible with the 0′′.8 Chandra absolute astrometric uncertainty5.
We therefore registered the X-ray images to align this centroid
with the radio core, as shown in the right panel of Fig. 1. We
note, however, that since we are interested in the structures of
the source that are extended on arcminute scales (i.e., hundreds
kiloparsecs), small uncertainties on the X-ray map registration
do not affect our analysis and results.

3.1. X-ray extended emission

We produced full 0.3−7 keV, soft (0.3−3 keV), and hard
(3−7 keV) band images of Chandra data centered on ACIS-S
chip 7. We also produced point spread function (PSF) maps (with
the Mkpsfmap task), effective area corrected exposure maps,
and flux maps using the Flux_obs task.

In Fig. 2 we present a comparison of the central ∼3′ region
of 3C 187 as seen in the VLA 1.4 GHz (20 cm) map (upper left
panel) and in the full (upper right panel), soft (lower left panel),
and hard (lower right panel) X-ray flux maps. We can clearly
see that the X-ray emission appears elongated in the same direc-
tion of the radio lobes; enhanced emission extends up to the
lobes themselves. In addition, we see that X-ray emission above
3 keV is essentially compatible with the background, and there-
fore in the following we only consider Chandra images in the
soft 0.3−3 keV energy range.

In Fig. 3 we compare the inner ∼5′ region of 3C 187 as
imaged by the GMRT 150 MHz map (left panel) collected dur-
ing the TIFR GMRT Sky Survey (TGSS; Intema et al. 2017),
and in the soft X-ray flux map (right panel). For comparison,
we overlay on the latter both the VLA 1.4 GHz and the GMRT
150 MHz contours. Again, the soft X-ray emission is elongated
in the direction of the radio lobes as seen in the GMRT map and
most of the emission lies between these lobes.

To define regions of cone (along the radio axis) and cross-
cone (perpendicular to the radio axis) emission we produced
a 0.3−3 keV azimuthal surface flux profile, extracting data in
angular sectors centered on the brightest pixel shown in the left
panel of Fig. 1, with an inner and outer radii of 2′′ and 100′′ and
an arbitrary width of 15◦ (as shown in the left panel of Fig. 4),
excluding counts from detected point-like sources. We then fit
the obtained profile with a model comprising two Gaussian func-
tions, plus a constant to take into account the background level,

5 https://cxc.cfa.harvard.edu/cal/ASPECT/celmon/
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Fig. 1. Left panel: nuclear region of 3C 187 as imaged by Chandra-ACIS detector in the 0.3−7 keV band, smoothed with a Gaussian kernel with a
1 × 1 pixel (0′′.492 × 0′′.492) σ. The white diamond indicates the optical identification by Hes et al. (1995), and the green cross indicates the radio
core position by Neff et al. (1995). The white line represents the 1 mJy beam−1 contour of the VLA 4.87 GHz observation presented by Bogers
et al. (1994). The white X indicates the position of the centroid evaluated in the region represented with the green dashed line. Right panel: same
as the left panel after the registration of the X-ray image to match the centroid position with radio core position.

as shown in the right panel of Fig. 4. This allows us to identify
two cone regions with the angles comprised between two stan-
dard deviations from each Gaussian peak. Thus the north (N)
cone is centered at a P.A. −13.3◦ and ranges between −42.1◦ and
15.5◦, while the south (S) cone is centered at a P.A. 164.0◦ and
lies between 128.7◦ and 199.3◦ as shown in Fig. 5. We note that
varying the angular sector width between 10◦ and 20◦ has little
effect on the estimate of the cone regions.

We made use of the standard beta model (Cavaliere &
Fusco-Femiano 1976, 1978) to investigate the presence of
enhanced X-ray emission in these regions; this model is gener-
ally used to fit the surface brightness profile in relaxed galaxies
or groups and clusters of galaxies,

S b(r) = S 0

1 +

(
r

rC

)21/2−3β

, (2)

where S 0 is the central surface brightness, rC is the core radius,
and β is linked to the projected galaxy velocity dispersion σR
and gas temperature T by β = µmHσR

2/kT (where µ is the mean
molecular weight, mH is the mass of the hydrogen atom, and
k is the Boltzmann constant). As mentioned before, when fit-
ting a surface flux profile rather than a surface brightness profile
with a beta model the only difference is the S 0 parameter, which
would yield the central surface flux instead of the central surface
brightness.

Then, to evaluate the extension of the emission in the cones
and cross-cone direction we extracted net surface flux profiles
in the directions presented in Fig. 5, excluding counts from
detected sources, and extracting the background from source-
free regions of chip 7 and 6. The width of the bins was adaptively
determined to reach a minimum signal-to-noise ratio of 3. In the
outer regions, when this ratio could not be reached, we extended
the bin width up ∼200′′ from the nucleus.

Surface flux profiles in the cross-cone, N, S direction are
presented in Fig. 6. The best-fit beta models are shown with
dashed lines, and residuals to these models are presented on the

bottom of each panel. The best-fit parameters for these profiles
are reported in Table 1.

We see that the soft X-ray emission extends with a signal-to-
noise ratio of at least 3 up to ∼45′′ (corresponding to ∼270 kpc)
both in the W (upper left panel) and E (upper central panel)
directions, respectively. The best-fit beta models are shown with
black dashed lines. The best-fit parameters for the beta model
are rC = 115 ± 46 kpc and β = 0.83 ± 0.31 for the W direction,
and rC = 98 ± 4 kpc and β = 0.73 ± 0.03 for the E direction.
Considering the uncertainties, which are larger for the W direc-
tion, the two profiles are compatible. In addition we extracted a
combined surface flux profile in the W and E direction (upper
right panel). For this combined profile, we get best-fit parame-
ters of rC = 142 ± 55 kpc and β = 0.85 ± 0.37. Although the
uncertainties for this combined profile are larger than for the W
and E directions, possibly resulting from the mixture of gas with
a different distribution, this is useful to characterize the average
profile away from the enhanced emission in the direction of the
radio lobes.

In the lower panels of Fig. 6 we present surface flux profiles
for the N and S direction. The soft X-ray emission extends with
a signal-to-noise ratio of at least 3 up to ∼75′′ (corresponding
to ∼450 kpc) and ∼70′′ (corresponding to ∼400 kpc) in the N
(lower left panel) and S (lower right panel) directions, respec-
tively. In both directions, the surface flux signal-to-noise ratio
drops below 3 just after the radio lobe regions. In these panels
we indicate the locations of the contour level at 30 times the rms
level for the 150 MHz and VLA 1.4 GHz maps (see Fig. 5). The
colored dashed lines represent the best-fit beta models to surface
flux profiles with the exclusion of the bins falling in the col-
ored areas, which are likely to contain enhanced X-ray flux with
respect to a diffuse thermal emission described by a beta model.
For the N cone the best-fit rC = 185 kpc is essentially uncon-
strained, while for the β parameter we obtain β = 0.69 ± 0.30.
For the S cone instead we obtain rC = 292 ± 9 kpc and
β = 0.84 ± 0.02. These results suggest that the soft X-ray emis-
sion is significantly more extended in the S cone than in the N
cone. Looking at the residuals at the bottom of each panel, we
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Fig. 2. Upper left panel: archival VLA 1.4 GHz (20 cm) image of the central ∼3′ region of 3C 187 (Neff et al. 1995) obtained via AIPS standard
reduction procedure (http://www.aips.nrao.edu/cook.html). The clean beam (shown in the lower left with a cyan ellipse) is 3′′ × 3′′ with
major axis P.A. = 0◦, and the rms noise is 87.3 µJy per beam. The green circles represent the locations of the north and south lobe peaks as reported
by Rhee et al. (1996), while the green cross denotes the peak of the core emission as seen in the 6 cm map (Neff et al. 1995). Upper right panel:
full band 0.3−7 keV ACIS-S flux image smoothed with a Gaussian kernel with a 5 × 5 pixel (2′′.46 × 2′′.46) σ, with superimposed in white VLA
L-band contours from the left panel image. The radio contours start at 30 times the rms level, increasing by factors of four. The sources indicated
in this panel are the same as the right panel. Lower left and right panels: same as the upper right panel, but in the 0.3−3 keV and 3−7 keV bands.

see that positive residuals tend to fall in correspondence with the
colored areas that denote the VLA 1.4 GHz radio emission and
this is more significant in the N cone.

We also tried comparing the observed surface flux profiles in
the N and S cones with that observed in the cross-cone direction.
To this end, we plotted the best-fit beta model obtained in the
W+E cones, normalizing it to match the first bin of the N and
S surface flux profiles in the lower panels of Fig. 6. We see that
the surface flux profile is above that observed in the cross-cone
directions at R & 200 kpc in the N cone and at all radii in the
S cone. This suggests that either the thermal emission in N and
S cone is more extended than in the cross-cone direction or that
there is additional emission on top of the thermal emission in
correspondence with the radio lobes, extending in the S cone
closer to the nucleus than what we observe in the N cone.

In conclusion, the X-ray emission from 3C 187 appears
extended in all directions, more in the N and S cone than in
the cross cone, and that it is generally compatible with a beta
model distribution, with enhanced emission coincident with the

radio lobes, in particular the N cone. The best-fit β values in the
W, E, S, and N cones are ∼0.8, ∼0.7, ∼0.8, and ∼0.6, although
this parameter is poorly constrained. Such values are similar to
those observed in groups and clusters of galaxies (Mulchaey
et al. 1996; Mohr et al. 1999; Helsdon & Ponman 2000). For
the N and S cone, we see enhanced emission with respect to the
cross-cone in correspondence with the radio lobes. This suggests
the possibility of a significant contribution to the observed X-ray
flux by the nonthermal process (see Sect. 4.1), in which case beta
models do not necessarily describe the underlying gravitational
potential.

3.2. X-ray spectral analysis

We extracted spectra in the regions presented in Fig. 7 on the
basis of the surface flux profiles shown in Fig. 6. Since the N and
S lobes almost completely encompass N and S cone regions as
defined above (see Fig. 7), we decided to extract spectra in the
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Fig. 3. Left panel: archival GMRT 150 MHz image (http://tgssadr.strw.leidenuniv.nl/doku.php) of the central ∼5′ of 3C 187 obtained
from the TGSS survey. The clean beam (shown in the lower left with a cyan ellipse) is 26′′.5× 25′′ with major axis P.A. = 0◦), and the rms noise is
2.6 mJy per beam. Right panel: soft band 0.3−3 keV ACIS-S flux image smoothed with a Gaussian kernel with a 5× 5 pixel (2′′.46× 2′′.46) σ, with
superimposed in white VLA L band contours from the upper right panel of Fig. 2, while the green lines represent the GMRT 150 MHz contours
starting at 30 times the rms level, increasing by factors of four.
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Fig. 4. Left panel: soft band 0.3−3 keV ACIS-S flux image smoothed with a Gaussian kernel with a 5 × 5 pixel (2′′.46 × 2′′.46) σ, with the angular
sectors used for the azimuthal profile extraction superimposed in green. Right panel: black points indicate the surface flux profile in the 0.3−3 keV
band extracted in the sectors shown in the left panel; the vertical black bars indicate the uncertainties on the surface flux and the horizontal
black bars indicate the bin widths. The full black line represents the best-fit model, comprising two Gaussians plus a constant to account for the
background level, for the profile; the blue shaded areas represent the regions chosen for the N and S cone regions, that is, the angles comprised
between two standard deviations from each Gaussian peak.

lobes to represent the regions of enhanced radio emission. We
also extracted a spectrum in the cross-cone region by combining
the W and E direction and excluding the overlapping regions
covered by the N and S lobes.

We produced spectral response matrices weighted by the
count distribution within the aperture (as appropriate for
extended sources). Background spectra were extracted in the
same source-free regions used for radial profile extraction
(Sect. 3.1).

Firstly, we subtracted background spectra from source spec-
tra, making use of the χ2 fit statistic and binning the spec-
tra to obtain a minimum of 30 counts per bin. Spectral fitting
was performed in the 0.3−7 keV energy range with the Sherpa

application (Freeman et al. 2001) via three different models:
a simple power law (Powerlaw), which should represent the
IC/CMB emission in the nonthermal scenario; a thermal plasma
(Xsapec6) with C, N, O, Ne, Mg, Al, Si, S, Ar, Ca, Fe, and Ni
abundances fixed to solar values, which should model the emis-
sion from the IGM; and a model that comprises both the power
law and the thermal plasma. In all the models we included photo-
electric absorption by the Galactic column density along the line
of sight NH = 6.36 × 1020 cm−2 (HI4PI Collaboration 2016).
The results of these fits are presented in Table 2 and in Fig. 8.
Errors correspond to the 1σ confidence level for one interesting
6 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
XSmodelApec.html
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Fig. 5. Soft band 0.3−3 keV ACIS-S flux image smoothed with a
Gaussian kernel with a 5×5 pixel (2′′.46×2′′.46) σ, with the cone regions
defined in Fig. 4 superimposed in cyan. The white and green lines rep-
resent the contour level at 30 times the rms level for the VLA 1.4 GHz
(see Fig. 2) and GMRT 150 MHz (see Fig. 3) maps, while the magenta
xs represent the detected X-ray sources.

parameter (∆χ2 = 1). We also tried modeling the extracted spec-
tra with a Xsvapec model using variable element abundances.
This model, however, yielded unconstrained abundances and had
fit statistics and temperatures similar to the fixed abundance
model.

In the cross-cones direction the power-law model (upper left
panel of Fig. 8) yields a photon index Γ = 1.9 ± 0.3, while
the thermal plasma model (upper central panel) yields a poorly
constrained temperature kT = 3.9+2.6

−1.2 keV; the two models give
similar reduced χ2 values. When applying the mixed power-
law+thermal model, the power-law component is poorly con-
strained, and its photon index and normalization were therefore
fixed to their best-fit values, obtaining a reduced χ2 similar to
the previous models. The best-fit thermal component has a tem-
perature kT = 3.3+1.9

−1.0 keV, which is compatible with the temper-
ature evaluated with the thermal model alone, and as shown in
the upper right panel of Fig. 8, it appears to be dominant with
respect to the power-law component, which contributes to ∼9%
of the total flux. We cannot however rule out either the thermal
or the nonthermal model on a statistical base.

In the N lobe region the power-law model (central left panel)
yields a photon index Γ = 2.3 ± 0.3, while the thermal model
(central panel) yields a temperature kT = 2.7+1.1

−0.7 keV, again
with similar reduced χ2 values. When applying the mixed power-
law+thermal model, we fixed the temperature of the thermal
component to the best-fit value obtained in the cross-cone region
to check for the presence of the same hot plasma in the N lobe
region. The resulting normalization of the thermal component
resulted poorly constrained, so we fixed it to its best-fit value and
obtained a reduced χ2 similar to the previous models. The best-
fit power-law component has a photon index Γ = 2.4+0.5

−0.4 keV,
which is compatible with the photon index evaluated with the

power-law model alone; as shown in the central right panel, this
component appears to be dominant with respect to the thermal
component, which however contributes to ∼20% of the total flux.
Again, we cannot rule out either the thermal or the nonthermal
model on a statistical basis.

In the S lobe the power-law model yields a photon index
Γ = 1.8 ± 0.3 with a reduced χ2 = 1.04, while the thermal
model yields an unconstrained temperature kT = 5.4+20.6

−2.0 keV
with a reduced χ2 = 1.16. This suggests that in this region
the power-law model is statistically favored. The mixed model
with the temperature of the thermal component fixed to the value
obtained in the cross-cone region yields a zero normalization for
the thermal component. The mixed model is therefore equivalent
to the power-law model, indicating that X-ray emission in the S
lobe is mainly of nonthermal origin.

We then repeated the spectral fits described above, but
instead of subtracting the background spectra we modeled them
using the prescription given by Markevitch et al. (2003); that
is, a model comprising a thermal plasma component (MEKAL;
Kaastra 1992) with solar abundances and a power law. For this
analysis we binned the spectra to obtain a minimum of 1 count
per bin, making use of the cash statistic. The results of these fits
are presented in Table 3.

The best-fit parameters obtained in this way are compatible
with those obtained subtracting the background spectra. How-
ever, owing to the increased statistic, these parameters are better
constrained with smaller uncertainties, with the exception of the
temperature in the S lobe region, which is even less constrained
in this case. Another difference with respect to the previous anal-
ysis is the fit with the mixed model (power-law+thermal) in the
N lobe region, where the thermal component with the tempera-
ture fixed to the value obtained in the cross-cone region yields
a zero normalization, reinforcing the scenario of a dominating
nonthermal emission from this region.

We note that the intrinsic (i.e., unabsorbed) X-ray luminosi-
ties L0.5−2 ≈ 3 × 1043 erg s−1 inferred from the thermal mod-
els are compatible within the scatter with those expected from
the LX − T relation observed in clusters (Markevitch 1998, their
Fig. 1; Zou et al. 2016, their Fig. 2) in the N lobe and cross-
cone region, while in the S cone the luminosity is significantly
lower than those expected from thermal emission from thermal
gas at a temperature of ∼5 keV. In addition, we note that the pho-
ton indices obtained with the power-law models are similar to
those observed in lobes X-ray detected from other radio galaxies
(Croston et al. 2005).

In conclusion, although we cannot rule out either the ther-
mal or the nonthermal model with the statistics of the present
data, we consider the former to be favored in the cross-cone
region to explain the observed X-ray emission. The spectral
fit results suggest that the X-ray emission form the N lobe
is mainly due to nonthermal processes, in which the pres-
ence of a hot thermal plasma contributes up to ∼20% of the
observed flux. In the S lobe, on the other hand, a purely non-
thermal emission is the favored interpretation for the observed
X-ray radiation. A significant contribution from thermal emis-
sion from hot IGM in either lobe however cannot be ruled
out. As a matter of fact, disentangling the origin of X-ray
radiation between thermal radiation and IC/CMB emission by
only comparing fit statistic has proven to be challenging even
with larger statistics, for example, a larger number of counts
(see, e.g., Hardcastle & Croston 2010); thus additional data are
needed to draw firmer conclusions on the spectral analysis of
3C 187.
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Fig. 6. Surface flux profiles in the 0.3−3 keV band extracted in the E cone (upper left panel), W cone (upper central panel), W+E cone (upper
right panel), N cone (lower left panel), and S cone (lower right panel) directions (see Fig. 5). The widths of the bins are adaptively chosen to reach
a minimum signal-to-noise ratio of 3. Upper limits are indicated with downward triangles. For the upper panels the dashed black lines represent
the best-fit beta model the profiles. For the lower panels, the black dashed lines represent the best-fit beta model to the E+W cone, normalized to
match the first bin. The vertical green dashed lines indicate the locations of the contour level at 30 times the rms level for 150 MHz map, while the
colored vertical areas denote the locations of the contour level at 30 times the rms level for the VLA 1.4 GHz (see Fig. 5). The colored dashed lines
represent the best-fit beta model the profiles, excluding the bins in the colored vertical area. The residuals to such fits are indicated at the bottom
of each panel.

4. Discussion

4.1. Nonthermal scenario: IC/CMB emission

To investigate the nature of the observed X-ray structure and its
connection with the radio emission, in this section we study the
multiwavelength properties of 3C 187 and try to interpret these
properties in the IC/CMB scenario.

We made use of the VLA L-band map at 1.4 GHz (upper left
panel of Fig. 2) and the GMRT map at 150 MHz (left panel of
Fig. 3). For both images we measured the flux densities in the
regions of N and S lobes by the contour level at 30 times the rms
level for the GMRT map (see Fig. 3), obtaining flux densities
similar to those of the literature (Neff et al. 1995; Rhee et al.
1996).

For the X-ray emission, we made use of the spectra extracted
in the N and S lobes presented in Fig. 8 convolved with the
response function to obtain flux measurements. In particular,
since we want to test the nonthermal scenario, for the N lobe
we used the power-law component of the mixed model (center
right panel of Fig. 8), while for the S lobe we used the power-law
model since it is equivalent to the mixed model.

To model the multiwavelength emission of 3C 187 we used
the Jets Spectral Energy Density (SED) modeler and fitting Tool

(JetSeT7; Tramacere et al. 2009, 2011) to simulate single-zone
synchrotron and IC/CMB emissions in the lobes. For both lobes
we adopted an electron energy distribution in the form of a power
law n(γ) ∝ γ−p extending between a minimum and maximum
energy γmin and γmax so that

ne =

γmax∫
γmin

n(γ) dγ , (3)

where ne is the electron number density.
We approximated the N lobe with an ellipsoid with semiaxis

rl = 46′′ along the radio P.A. and rw = 38′′ across it (the semiaxis
along the line of sight is taken equal to rw) following the radio
contours at 150 MHz. Similarly, we approximated the S radio
lobe as an ellipsoid with rl = 50′′ and rw = 38′′. This yields an
equivalent spherical radius R =

3
√

rl rw
2 of 240 kpc and 247 kpc

for the N and S lobe, respectively, which was fixed during the fit.
During the fit we assumed, γmin = 10, γmax = 105, a bulk Lorentz
factor of 1 and a viewing angle of 90◦. The free parameters of
the model are therefore the electron energy distribution slope p,
the electron density ne and the magnetic field in the lobe B.

7 https://jetset.readthedocs.io/en/latest/index.html
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Table 1. Results for the beta model fits to the surface flux profiles dis-
cussed in Sect. 3.1 and presented in Fig. 6.

REGION Beta model

S 0 β rC

10−8 ph cm−2 s−1 arcsec−2 kpc
W CONE 1.22(0.06) 0.83(0.36) 115(46)
E CONE 1.15(0.01) 0.73(0.03) 98(4)
W+E CONES 0.77(0.05) 0.85(0.37) 142(55)
N CONE 0.79(0.66) 0.69(0.30) 185(172)
S CONE 0.58(0.01) 0.84(0.02) 292(9)

Notes. For each extraction region the best-fit parameters are reported,
with 1 − σ uncertainties indicated in parenthesis.

The results of these simulation for the N and S lobe are pre-
sented in Fig. 9 using the spectral energy distribution (SED; νFν)
representation, with the full lines representing the synchrotron
emission and the dashed lines representing the IC/CMB compo-
nent. In the same figure we overplot the radio fluxes at their rela-
tive frequency, while for the X-ray fluxes we use “butterfly” plots
to represent the corresponding spectral indices obtained from the
lobe fittings, centered at the geometric average of 0.3 and 7 keV.
The full line butterflies represent the spectral indices obtained
with the background subtraction (see Table 2), while the dot-
dashed butterflies represent the spectral indices obtained with
the background modeling (see Table 3). The parameters used for
reproducing the observed SED are presented in Table 4, together
with the calculated total radiative luminosity Lrad (that is, the
combined luminosity from synchrotron and IC/CMB radiation)

and with the total electron energy Ee = V me c2
γmax∫
γmin

γ n(γ) dγ,

where V is the emitting region volume and me is the electron
mass. We note that similar values of Ee can be evaluated with
the method presented in Erlund et al. (2006). We also note that
the magnetic field values obtained from the fits are similar to the
equipartition value of ∼7 µG.

As shown in Fig. 9 the observed X-ray spectral slope in the
radio lobes of 3C 187 is compatible (although marginally) with
the scenario of the X-ray emission, which is due to IC/CMB radi-
ation from the same electron population responsible for the syn-
chrotron emission we observe at radio frequencies.

By comparing total electron energy Ee and the radiative
luminosity Lrad, we can estimate the radiative cooling time τ =
Ee/Lrad as τ ' 2.0 × 1010 yr and τ ' 1.8 × 1010 yr for the N
and S lobe, respectively. The electrons in lobes would therefore
loose their energy through radiative emission on spatial scales
∼6 Gpc, far larger than the size of the observed radio structures
(∼250 kpc). In conclusion, the X-ray radiation from the radio
lobes of 3C 187 can be explained in terms of nonthermal radia-
tion, namely IC/CMB, with a population of energetic electrons
capable of emitting the observed fluxes over tens of Gyr.

4.2. Thermal scenario: Hot gas in the IGM

Since the spectral analysis presented in Sect. 3.2 does not rule
out the possibility that the diffuse X-ray emission from 3C 187
originates from IGM hot plasma, in this section we examine the
implications of this scenario. To this end, we make use of the
spectra presented in Sect. 3.2, in particular those obtained with
the thermal Xsapec model; that is, we assume that the observed
X-ray emission is entirely due to thermal gas (left column of
Fig. 8).
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Fig. 7. Soft band 0.3−3 keV ACIS-S flux image smoothed with a Gaus-
sian kernel with a 5 × 5 pixel (2′′.46 × 2′′.46) σ, with superimposed the
regions used for spectral extraction. The cyan lines (full for the cross-
cone directions and dashed for the N and S directions) represent the
cones in which the soft X-ray emission extends with a signal-to-noise
ratio of at least 3 (see Fig. 6). The green lines represent the contour
level at 30 times the rms level for the 150 MHz (see Fig. 3) maps.
The magenta xs represent the detected X-ray sources, excluded from
the spectral extraction.

From the normalization of the Xsapec models (i.e., their
emission measures EM), we can evaluate the gas proton den-
sity nH in the lobes. Assuming a uniform particle density in the
emitting region we have

nH =

√
1014 EM η 4πDA

2(1 + z)2

V
, (4)

where DA is the angular distance of the source, V is the emit-
ting region volume, and η ≈ 0.82 is the ratio of proton to
electron density in a fully ionized plasma. Neglecting the elec-
tron density, which contributes to the total gas density less than
∼7 × 10−4, we can estimate the thermal energy of the gas as
Etherm = 3 kT nH V

2 µ , where k is the Boltzmann constant, T is the
gas temperature, and µ ≈ 0.62 is the mean particle weight in
units of the proton mass.

Approximating the N and S lobes with the same ellipsoids
defined in Sect. 4.1 we obtain Etherm,N = 2.5+1.2

−0.8 × 1061 erg and
Etherm,S = 5.3+20.7

−2.3 × 1061 erg. The sound-speed expansion time

tc = d
√

µmp

5/3 kT , where mp is the proton mass and d is the dis-
tance of the center of the lobes from the source nucleus, evalu-
ated as tcs,N = 0.4 ± 0.1 Gyr and tcs,S = 0.3+0.5

−0.1 Gyr, respectively,
yields thermal powers Ltherm = Etherm/tcs of Ltherm,N = 2.1+1.1

−0.7 ×

1045 erg s−1 and Ltherm,S = 6.3+27.5
−2.9 × 1045 erg s−1, which are ∼30

and ∼80 times larger than the X-ray luminosities estimated from
the spectral fitting. In fact, we can estimate the X-ray cooling
time as τ = Etherm/LX as τN = 12 Gyr and τS = 21 Gyr for the
N and S lobe, respectively, indicating that only a small fraction
of the thermal energy contained in the lobes is emitted as X-ray
radiation, allowing them to shine over long times. Using the fit

A79, page 9 of 16

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039813&pdf_id=7


A&A 647, A79 (2021)

Cross−Cone, thermal model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

Cross−Cone, power−law model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

Cross−Cone, thermal+power−law model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

Thermal
Power−law

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

N lobe, thermal model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

N lobe, power−law model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

N lobe, thermal+power−law model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

Thermal
Power−law

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

S lobe, thermal model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

S lobe, power−law model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

N lobe, thermal+power−law model

0.
00

5
0.

01
0

0.
01

5
ct

s/
s/

ke
V

Thermal
Power−law

1 2 3 4 5 6 7
keV

−
3

−
1

1
3

si
gm

a

Fig. 8. Spectral fits in the 0.3−7 keV band performed with a thermal Xsapec (left column), power-law (central column), and mixed thermal+power-
law (right column) models. From top to bottom we show spectra extracted in the cross cone, N lobe, and S lobe regions. In upper portion of
each panel the full line represents the best-fit model and the crosses represent the data points, while the residual distribution is presented in the
lower portion of each panel. For the thermal+power-law model (right column), the dotted line represents the thermal component, the dashed line
represents the power-law component, and the full line represents the total model.

results obtained from background spectra modeling in the N lobe
region, we obtain similar results of Etherm,N = 2.6+1.0

−0.6 × 1061 erg,
Ltherm,N = 2.3+0.9

−0.6 × 1045 erg s−1, and τN = 14 Gyr. Since the
background spectra modeling in the S lobe region yields poorly
constrained, out of the band temperature, we do not consider this
modeling for these estimates.

As an additional test of the thermal origin for the diffuse
X-ray emission in the lobes of 3C 187, we check if the gas in
these regions happens to be in pressure equilibrium with the
surrounding environment (i.e., P ' PIGM), so that the IGM
could contain the gas located in the lobes (Hardcastle et al.
2002, 2004). The thermal pressure of the gas can be estimated
as P = nH kT

µ
. Approximating the cross-cone region as a dou-

ble three-dimensional cone, we obtain in this region a gas pres-
sure Pcc = 1.6+1.1

−0.6 × 10−11 Ba; in the N and S lobe, we obtain
PN = 1.0+0.5

−0.3×10−11 Ba and PS = 1.9+7.5
−0.8×10−11 Ba, respectively.

Again, considering the fits with background spectra modeling,
we similarly obtain Pcc = 1.3+0.4

−0.3 × 10−11 Ba in the cross-cones,
while in the N lobe we obtain PN = 1.0+0.4

−0.2 × 10−11 Ba. If we
assume PIGM = Pcc, the gas thermal pressure in the lobes is
compatible within the uncertainties with the pressure of the sur-

rounding gas, indicating that the former would be contained by
the latter.

In conclusion, X-ray radiation in the radio lobes of 3C 187
can be interpreted as due to thermal emission from hot gas with
temperatures of ∼3 keV and ∼5 keV in the N and S lobes, respec-
tively. The cooling times indicate that the thermal gas contained
in the radio lobes emits a small fraction of its thermal energy in
the form of X-ray radiation, allowing this gas to shine in over
tens of Gyr. In addition, the X-ray emitting thermal gas in radio
lobes would be in pressure equilibrium with the surroundings,
thus preventing expansion of this gas.

4.3. Cluster analysis

As previously mentioned, Hutchings et al. (1988) and Neff et al.
(1995) reported that 3C 187 appears to be a member of a cluster
of ∼30 objects projected between the radio lobes. To check if
this source resides in a cluster of galaxies that could account
for the extended emission we see in the Chandra images, we
checked for the presence of a red sequence in the source field
because there is no redshift measurement available for sources in
the field of 3C 187, apart from the source itself. The red sequence
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Fig. 9. Observed SED (νFν) of N (in blue) and S (in red) lobes of
3C 187. Squares represent GMRT fluxes and diamonds represent VLA
fluxes. The butterflies indicate the uncertainties on the spectral indices
obtained from the power-law fits in the lobes (see Sect. 4.1). The full
line butterflies represent the spectral indices obtained with the back-
ground subtraction, while the dot-dashed butterflies represent the spec-
tral indices obtained with the background modeling. The full lines
represent the simulation of the synchrotron emission, while the dashed
lines represent the IC/CMB emission in the same region. The verti-
cal dotted line marks the frequency (∼4 MHz) obtained from Eq. (1) at
which the electrons responsible for the IC/CMB radiation at 1 keV emit
synchrotron radiation given the magnetic field values shown in Table 4.

in the form of a tight clustering of the galaxies in the color space
(Visvanathan & Sandage 1977; Annis et al. 1999) provides an
efficient method to detect clusters (e.g., Blakeslee et al. 2003;
Mullis et al. 2005; De Lucia et al. 2007).

We collected photometrical data in the field of 3C 187
from the Pan-STARRS Data Release 2 (DR2, Flewelling 2018),
namely g, r, i, z, and y magnitudes for all sources within 2′
(∼700 kpc) from the host galaxy of 3C 187. For this analysis
we selected sources detected in all Pan-STARRS filters. In addi-
tion, to avoid bright stars, we restricted our selection to sources
with magnitudes larger than 14 and considered only sources with
magnitude errors smaller than 10%, thereby obtaining a sample
of 200 sources. We also collected ∼505 sources in random posi-
tions of the sky, selected in the same way as for the sources in 3C
187 field. We then de-reddened the observed magnitudes of each
source using the measurements of dust reddening by Schlafly
& Finkbeiner (2011) and the extinction model of Fitzpatrick &
Massa (2007).

To verify and confirm the existence of a red sequence in 3C
187 field, we followed a procedure similar to those presented in
Lu et al. (2009) and Hao et al. (2009). Following Murphy et al.
(2012), we investigated the presence of red sequences in g − r,
r − i, i − z and z − y colors. In the upper panels of Fig. 10 we
show the normalized distributions of the (de-reddened) colors
for random Pan-STARRS sources. We fitted these color distribu-
tions with a mixture of Gaussian distributions (using the R pack-
age normalmixEM). The best-fit models are overplotted with
dashed lines; the best-fit parameters, where µ is the mean value
and σ is the standard deviation of the Gaussian, are shown in the
legends. We see that the g − m distribution for the random Pan-
STARRS sources is adequately represented by the combination
of three narrow (σ . 0.2) Gaussians, while for the r − i and i − z
distributions we need two Gaussians, one narrow and one wide
(σ ∼ 0.5) for r − i and two narrow Gaussians for i − z. Finally
the z − y distribution is described by a single narrow Gaussian.

We see that the Pan-STARRS counterpart of 3C 187 core is in
general redder than the random sources and is fairly separated
from these sources in the g − r and z − y representation, while it
is less separated in r − i and i − z.

In the lower panels of Fig. 10 we show the normalized dis-
tributions of the (de-reddened) colors for Pan-STARRS sources
found in a circle within 2 arcmin around the core of 3C 187.
We modeled these distributions with the same Gaussians found
in the color distributions of the random sources (keeping fixed
their µ and σ), plus one or two additional Gaussian that should
describe the (non-background/foreground) sources around 3C
187. These are usually described by a narrow Gaussian centered
around the colors of the 3C 187 core counterpart, while in the
case of g − r and z − y we also find a broad, subdominant com-
ponent.

Following Hao et al. (2009), we considered the sources lying
between two σ around the mean value of the narrow (red) com-
ponent to select our bona fide cluster members among the Pan-
STARRS sources in the field of 3C 187. In addition, to exclude
contamination for background/foreground sources (that can be
significant in r− i and i− z colors) we excluded the sources up to
one σ from the mean value of the redder component of the ran-
dom sources. As expected, this resulted in no selected sources
for the r − i color, while we were able to select 40, 42, and 60
sources for g− r, i− z and z− y, respectively, including the coun-
terpart of 3C 187 core. Since we do not assume that 3C 187 is
necessarily the brightest source in the group, we further selected
sources up to one magnitude fainter than the Pan-STARRS coun-
terpart of the 3C 187 core, resulting in a final sample of 39, 41,
and 57 sources for g − r, i − z, and z − y color, respectively. A
Kolmogorov–Smirnov test (Kolmogorov 1933; Smirnov 1939)
shows that the distributions of the Pan-STARRS colors cluster
member candidates have p-chances <10−15 of having been ran-
domly sampled from the population of random sources.

In Fig. 11 we show the Pan-STARRS sources in 3C 187 field
in the color-magnitude space g−r versus r, i−z versus z, and z−y
versus y in the left, central, and right panels, respectively. The red
dashed lines show a linear fit to the cluster member candidates,
weighted with the inverse square of the color errors. We obtain
best-fit slopes of 0.08 ± 0.03, −0.03 ± 0.02, and 0.06 ± 0.01 and
90% scatters of 0.21, 0.15, and 0.15 for the g − r, i − z, and z −
y colors, respectively, which are represented with black dashed
lines.

In Fig. 12 we show the locations of the Pan-STARRS sources
selected as cluster member candidates in celestial coordinates,
on top of the Pan-STARRS images of 3C 187 in different filters.
The red circles indicate the cluster member candidates selected
in at least one color, while the green circles denote the field
sources not selected as cluster member candidates selected in
any color (field sources hereinafter).

From this image we can clearly see that the cluster mem-
ber candidates are very dim in the optical, and the core of
3C 187 has a Pan-STARRS magnitude r = 21.0. On the
other hand, the brightest optical source in the field is located
at RA = 07h45m03s.482, Dec = +02◦00′41′′.15 with Pan-
STARRS magnitude r = 12.1. This is coincident with the
2MASS source J07450348+0200411 and an X-ray point source
detected in 0.3−7 keV Chandra image with a flux of 0.99+0.42

−0.33 ×

10−14 erg cm−2 s−1, which is the brightest X-ray source detected
in the central 2′ around 3C 187.

To investigate the nature of the sources in the field of 3C
187 and verify if they are gravitationally bound, we performed
optical spectroscopic observations of sources in the field of 3CR
187, adopting a similar procedure to that carried out for 3CR
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Table 2. Results for the spectral fits discussed in Sect. 3.2 with the background spectra subtraction.

REGION NET COUNTS (0.3–7) POWER-LAW APEC POWER-LAW+APEC

Γ Norm L0.5−2 χ2(d.o.f.) kT Norm L0.5−2 χ2(d.o.f.) Γ Norm kT Norm L0.5−2 χ2(d.o.f.)

10−5 cm−2 s−1 1043 erg s−1 keV 10−5 cm−5 1043 erg s−1 10−5 cm−2 s−1 keV 10−5 cm−5 1043 erg s−1

CROSS CONES 125(15) 1.94+0.30
−0.28 1.95+0.29

−0.29 3.59+0.53
−0.55 0.50(7) 3.92+2.59

−1.21 11.16+1.46
−1.46 3.57+0.52

−0.50 0.41(7) 0.90∗ 0.16∗ 3.25+1.93
−0.95 9.90+1.48

−1.48 3.57+0.59
−0.53 0.41(7)

N LOBE 114(16) 2.29+0.34
−0.32 2.07+0.34

−0.32 3.88+0.54
−0.60 0.28(8) 2.70+1.13

−0.65 10.70+1.56
−1.61 3.70+0.72

−0.57 0.31(8) 2.38+0.45
−0.40 1.66+0.31

−0.31 3.92∗ 2.30∗ 3.83+0.64
−0.58 0.27(8)

S LOBE 152(18) 1.77+0.34
−0.30 1.93+0.32

−0.32 3.58+0.60
−0.56 1.04(11) 5.38+20.59

−1.91 11.13+1.54
−1.55 3.39+0.56

−0.45 1.16(11) 1.77+0.34
−0.30 1.93+0.32

−0.32 3.92∗ 0∗ 3.58+0.60
−0.56 1.04(11)

Notes. For the extraction regions shown in Fig. 7, the 0.3−7 keV full band net counts are reported with errors in parentheses. For the power-law
model, the spectral index Γ and the normalization are listed, together with the intrinsic (i.e., unabsorbed) 0.5−2 keV luminosity inferred from this
model, and the reduced χ2 (with degrees of freedom reported in parenthesis). For the thermal model, the temperature kT and normalization are
reported, together with the intrinsic 0.5−2 keV luminosity inferred from this model, the reduced χ2, and the degrees of freedom (d.o.f.). For the
mixed power-law+thermal model, the spectral index and normalization of the power-law component, the temperature and normalization of thermal
component, the intrinsic 0.5−2 keV luminosity inferred from the total model, and the reduced χ2 are listed. Quantities marked with an asterisk are
fixed during the fit to the indicated value.

Table 3. Same as Table 2, but for spectral fits with the background spectra modeling.

REGION COUNTS (0.3–7) POWER-LAW APEC POWER-LAW+APEC

Γ Norm L0.5−2 cstat (d.o.f.) kT Norm L0.5−2 cstat (d.o.f.) Γ Norm kT Norm L0.5−2 cstat (d.o.f.)
10−5 cm−2 s−1 1043 erg s−1 keV 10−5 cm−5 1043 erg s−1 10−5 cm−2 s−1 keV 10−5 cm−5 1043 erg s−1

CROSS CONES 230(15) 1.96+0.21
−0.20 1.92+0.24

−0.22 3.56+0.40
−0.44 0.97(414) 3.26+0.87

−0.63 10.80+1.21
−1.16 3.55+0.39

−0.34 0.97(414) 1.57∗ 0.51∗ 2.73+0.84
−0.55 7.60+1.19

−1.13 3.60+0.56
−0.46 0.97(414)

N LOBE 244(16) 2.13+0.27
−0.26 1.86+0.25

−0.24 3.42+0.46
−0.42 0.98(435) 2.91+0.93

−0.52 10.07+1.29
−1.23 3.42+0.43

−0.46 0.97(435) 2.13+0.27
−0.26 1.86+0.25

−0.24 3.26∗ 0∗ 3.42+0.46
−0.42 0.98(435)

S LOBE 288(17) 1.83+0.25
−0.23 2.05+0.27

−0.26 3.78+0.51
−0.50 1.04(481) 10.09+18.64

−5.05 11.86+2.25
−1.40 3.34+0.45

−0.40 1.05(481) 1.83+0.25
−0.23 2.05+0.27

−0.26 3.26∗ 0∗ 3.78+0.51
−0.50 1.04(481)

Notes. At variance with Table 2, for the extraction regions shown in Fig. 7 the 0.3−7 keV full band total (source+background) counts are reported.
In addition, instead of the reduced χ2, reduced cash statistic (cstat) is reported.

Table 4. Parameters used for the simulation shown in Fig. 9 to reproduce radio lobe SEDs (see Sect. 4.1), namely, the slope of the electron energy
distribution p, the electron density ne, the magnetic field B, and the emitting region radius R (fixed during the fits).

REGION Model parameters Energetics

p ne B R Ee Lrad

10−6 cm−3 µG kpc 1061 erg 1043 erg s−1

N LOBE 3.08(0.04) 3.45(0.62) 3.86(0.24) 240∗ 9.3 14.7
S LOBE 3.05(0.06) 2.84(0.82) 4.21(0.42) 247∗ 8.4 14.8

Notes. In addition the total electron rest-frame energy (Ee) and the total radiative luminosity (Lrad) are listed.

17 (Madrid et al. 2018). We acquired spectral images at Vic-
tor Blanco 4 m Telescope in Cerro Tololo, Chile on March 10–
11 2020, in remote mode. We used the COSMOS spectrograph,
which has a field of view of 10′ and a scale of 0′′.29 per pixel.
We made use of multi-object slit mode, using the Red VPH
Grism (r2k) for three masks with 1′′.2 slit width per source. We
integrated each mask three times, with 1200 s per exposition.
We acquired Hg-Ne-Ar comparison lamp spectra on each target
position for the wavelength calibration. This instrumental setup
gave us a spectral coverage of ∼5500−9600 Å and dispersion of
∼3 Å pixel−1. Additionally, we observed a spectro-photometric
standard star for the relative flux calibration (see also Ricci et al.
2015; Landoni et al. 2015; Massaro et al. 2016). Each spec-
trum was reduced and extracted with standard IRAF procedures
(Tody 1986, 1993). Unfortunately, owing to bright night condi-
tions we were able to collect spectra with a signal-to-noise ratio
high enough to classify them and obtain a fair redshift estimate
for only 23 bright sources in the field of 3C 187 (indicated in
Fig. 12 with xs).

In particular we were able to collect spectra for 22 field
sources and one cluster member candidate, represented in the
figure with green and red xs, respectively. All the field sources

showed stellar-like spectra, while the cluster member candidate
features a galactic spectrum (shown in Fig. 13) that allowed us
to estimate a redshift of 0.466 based on a tentative identifica-
tion of H, K, Ca I, Hb, and Na I lines. Based on the spectral
dispersion of ∼3 Å pixel−1 and considering a minimum of two
pixels as the minimum resolution for a line, we estimate a red-
shift uncertainty of 10−3. The redshift estimate of 0.466 ± 0.001
for this source is therefore compatible with the redshift of 0.465
reported by Hes et al. (1995) for 3C 187 core, considering a max-
imum redshift separation ∆z = 0.005 (i.e., ∼1500 km s−1) cor-
responding to the maximum velocity dispersion in groups and
clusters of galaxies (see, e.g., Moore et al. 1993; Eke et al. 2004;
Berlind et al. 2006)

In conclusion, on the basis of Pan-STARRS optical data, the
core of 3C 187 belongs to a red-sequence of sources whose color
distribution is significantly different from background sources.
Optical spectroscopic observations of one cluster member can-
didate confirm this candidate is at the same redshift as 3C 187
core, while other field sources do not belong to the putative
cluster because they are stars. Additional spectroscopic obser-
vations aimed at estimating the redshift of cluster member can-
didates are needed to reveal if they form a gravitationally bound
cluster.
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Fig. 10. Upper panels: normalized distributions of the (de-reddened) colors for random Pan-STARRS sources. The vertical magenta line denotes
the color of the 3C 187 core counterpart. The best-fit Gaussian components are overplotted with dashed lines of different colors, with the best-fit
µ and σ indicated in the legend. Lower panels: normalized distributions of the (de-reddened) colors for Pan-STARRS sources in the field of 3C
187. As in the upper panels, the vertical magenta line indicates the color of the 3C 187 core counterpart. The color distributions are modeled
with the same Gaussians used to model the random source distribution with fixed µ and σ. The additional component required to model the color
distributions is indicated with a red dashed line, with the best-fit µ and σ indicated in the legend. The g− r and z− y colors require a further broad,
subdominant component indicated with a green dashed line.

Fig. 11. Pan-STARRS sources in the field of 3C 187 presented in the color-magnitude space. The cluster member candidates are reported with
red circles, the other field sources are represented with green circles, and sources from random positions in the sky are plotted in the background
with gray dots. The counterpart of 3C 187 core is represented with a magenta circle. The red dashed lines show a linear fit to the selected cluster
member candidates, while 90% scatters are represented with black dashed lines.

5. Summary and conclusions

We performed an imaging and spectral analysis of Chandra data
obtained for the radio galaxy 3C 187 in the context of the snap-
shot program for the 3C catalog (Massaro et al. 2013). In addi-
tion to the findings of Massaro et al. 2013, which reported a
significant X-ray emission from both the northern and the south-
ern lobes, we preformed an analysis of the surface flux profiles
in the N, S, and cross cone directions, extracted X-ray spec-
tra both in the cross cones and in the radio lobe regions, per-
formed a multiwavelength analysis investigating both thermal
and nonthermal scenarios for the origin of the diffuse X-ray
emission, and investigated the possibility that 3C 187 lies in

a cluster of galaxies. The main results of our analysis are as
follows:
1. Confirming Massaro et al. (2013) results, we find extended

X-ray emission around 3C 187 in all directions. In partic-
ular, in the soft 0.3−3 keV band the emission is extended
∼850 kpc along the radio lobe direction with a signal-
to-noise ratio of at least 3, while this extension reaches
∼530 kpc in the cross-cone direction. The surface flux pro-
files in the different directions are generally compatible with
a beta model, although enhanced emission appears in corre-
spondence with the radio lobes, more prominently in the N
cone. The best-fit β values are 0.8, 0.7, 0.7, and 0.8 in the W,
E, N, and S cone, respectively, similar to those observed in
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Fig. 12. Pan-STARRS images of 3C 187 in the g (upper left panel), r (upper central panel), i (upper right panel), z (lower left panel), and y (lower
right panel) filter with the VLA L-band contours superimposed in cyan and in green the GMRT 150 MHz contours. The red circles indicate the
cluster member candidates selected in at least one color, while the green circles indicate the field sources not selected as cluster member candidates
in any color. The magenta circle indicates the counterpart to 3C 187 core, and the white diamond indicates the location of the optical identification
by Hes et al. (1995) for the 3C 187 nucleus. White crosses represent X-ray point sources detected in the 0.3−7 keV Chandra image. The xs indicate
the sources for which optical spectra were obtained with Victor Blanco Telescope. In particular, the green xs indicates sources with stellar spectra
and the red x indicates the source with a galactic spectrum with redshift 0.4662 (see Fig. 13).

Fig. 13. Spectrum of the candidate mem-
ber for the cluster of 3C 187. Original data
points are represented with gray background
circles, while the blue line represents the
best-fit smoothed model. Some spectral fea-
tures, H, K, Ca I, Hb, and Na I, are poten-
tially identified at redshift 0.466. The Hα�
was also detected as we observed the source
during a bright night.
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groups and clusters of galaxies (see, e.g., Xue & Wu 2000;
Ettori 2000).

2. The quality of the available spectral data does not allow
us to distinguish between a nonthermal scenario, in which
the X-ray emission is of nonthermal origin with a spec-
trum described by a power law, and a thermal scenario, in
which the X-ray emission is of thermal origin with a spec-
trum described by a thermal plasma model. The two spectral
models fit the X-ray spectrum extracted in the cross cones
and a N lobe with similar reduced χ2 values and residual dis-
tributions. In the S lobe, however, the thermal model yields
a poorly constrained temperature with a reduced χ2 ' 1.2,
while for the power-law model we have χ2 ' 1.0. Spec-
tral fitting with a double (power-law+thermal) model seems
to indicate a dominating thermal emission in the cross-cone
region and a dominating nonthermal emission in the lobe
regions, with photon indices similar to those observed in
other radio galaxies (Croston et al. 2005). Similar results are
obtained through modeling of the background spectra.

3. In the nonthermal scenario, through a combined radio-X-ray
analysis, we found that the X-ray spectral indices obtained
in the lobes are compatible with IC/CMB emission from
energetic electrons in these regions capable of emitting the
observed fluxes over tens of Gyr.

4. In the thermal scenario, X-ray radiation from the cross-cone
region of 3C 187 can be interpreted as due to thermal emis-
sion from hot gas with a temperature ∼4 keV. In the N and
S cones, we find temperatures ∼3 keV and ∼5 keV, respec-
tively, with cooling times that allow the gas to shine in over
tens of Gyr in pressure equilibrium with the surroundings.

5. Using Pan-STARRS optical data, we found that 3C 187 core
belongs to a red sequence of ∼40 optical sources in the field.
The color distributions of these sources are significantly dif-
ferent from background sources, meaning that 3C 187 could
reside in a cluster of galaxies, while not being the brightest
one. If this is the case, the diffuse X-ray emission observed
around the source could be in part due to thermal radiation
from the IGM of such a cluster. To confirm this result, opti-
cal spectroscopy will be needed to robustly identify cluster
members.

To sum up, the present data yield a complex scenario for 3C 187.
The diffuse X-ray emission around the source appears elongated
along the radio axis and enhanced in correspondence with the
radio lobes, indicating a morphological connection between the
emission in the two energy bands. The spectral analysis does not
allow us to rule out either the thermal or nonthermal scenarios,
although the former seems favored in the cross-cone region and
the latter appears dominant in the radio lobe regions. The X-
ray spectral indices in the radio lobes are compatible with the
IC/CMB scenario, while a thermal gas in these regions would be
able to emit over tens of Gyr and in pressure equilibrium with
the surroundings. We have some indications that 3C 187 may
belong to cluster of galaxies, whose IGM could contribute to the
X-ray emission observed around the source. However, deeper
X-ray and optical spectroscopic observations are needed to get a
clearer picture of this enigmatic source.
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