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ABSTRACT
Blazars are often characterized by a spectral break at soft X-rays, whose origin is still debated.
While most sources show a �attening, some exhibit a blackbody-like soft excess with tem-
peratures of the order of �0.1 keV, similar to low-luminosity, non-jetted Seyferts. Here, we
present the analysis of the simultaneous XMM–Newton and NuSTAR observations of the lu-
minous �at-spectrum radio quasar 4C+25.05 (z = 2.368). The observed 0.3�30 keV spectrum
is best described by the sum of a hard X-ray power law (� = 1.38+0.05

�0.03) and a soft compo-
nent, approximated by a blackbody with kTBB = 0.66+0.05

�0.04 keV (rest frame). If the spectrum of
4C+25.05 is interpreted in the context of bulk Comptonization by cold electrons of broad-line
region photons emitted in the direction of the jet, such an unusual temperature implies a bulk
Lorentz factor of the jet of �bulk � 11.7. Bulk Comptonization is expected to be ubiquitous on
physical grounds, yet no clear signature of it has been found so far, possibly due to its transient
nature and the lack of high-quality, broad-band X-ray spectra.

Key words: galaxies: active � quasars: general � quasars: individual: 4C+25.05 � X-rays:
galaxies � X-rays: general.

1 INTRODUCTION

According to the uni�ed models of active galactic nuclei (AGNs;
Urry & Padovani 1995), radio-loud quasars (RLQs) are character-
ized by a relativistic jet emitting a collimated non-thermal contin-
uum. If the jet points along the line of sight of the observer, then the
quasar is classi�ed as a blazar. The broad-band emission of blazars is
characterized by two humps. The �rst hump (in radio/submillimetre
frequencies) is attributed to synchrotron, the second one (in X-
/� -ray frequencies) to inverse Compton (IC) processes. The seed
photons for the IC process can be either intrinsic to the jet, emitted
through synchrotron at low frequencies (synchrotron self-Compton,
SSC), or originated from the accretion disc and reprocessed by the
broad-line region (BLR) and/or the molecular torus (external Comp-
ton, EC). The latter is likely the main process in sources revealing
a pronounced dominance of the high-frequency hump over the syn-
chrotron one. This usually occurs in the most powerful blazars, i.e.
�at-spectrum radio quasars (FSRQs).

The X-ray spectrum of blazars hardens with increasing luminos-
ity. In fact, FSRQs typically show photon indices � � 1.3�1.5 in
the 2�10 keV band (e.g. Wilkes et al. 1992; Boller et al. 2000; de
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Rosa et al. 2008; Eitan & Behar 2013), which are �atter than usually
observed in less luminous RLQs (� � 1.75; Sambruna, Eracleous
& Mushotzky 1999) or radio-quiet quasars (� � 1.9; Piconcelli
et al. 2005). Several blazars reveal a �attening in their X-ray spectra
at energies below �2 keV with respect to a higher energy power
law (e.g. Fabian et al. 1998; Piconcelli & Guainazzi 2005), whose
origin has been associated with intrinsic cold or warm absorption
(NH � 1022 cm�2; e.g. Worsley et al. 2006) or a break of the con-
tinuum due to intrinsic curvature of the EC emission from the jet
(e.g. Ghisellini et al. 2007; Tavecchio & Ghisellini 2008; Paliya
et al. 2016). Some sources, instead, reveal the presence of an excess
in emission at similar soft energy ranges. Various scenarios have
been suggested in order to explain this feature, such as an excess
due to the contribution of the accretion disc emission to the soft X-
rays (Sambruna et al. 2006), similar to the one seen in radio-quiet
AGNs, or an increase in the contribution of the SSC component
(Kataoka et al. 2008). Bulk Comptonization (BC) emission has
been proposed as an alternative explanation of spectral �attening
and/or excess (e.g. Begelman & Sikora 1987; Sikora, Begelman
& Rees 1994; Celotti, Ghisellini & Fabian 2007, hereafter C07).
In this context, cold (i.e. non-relativistic) leptons, travelling with a
bulk Lorentz factor �bulk, would interact with the photons produced
by the accretion disc, and with those reprocessed (re-isotropized)
in the BLR and/or scattered by free electrons external to the jet.

C� 2017 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/473/1/L89/4349750 by inaf user on 14 O
ctober 2020

mailto:ekammoun@sissa.it


L90 E. S. Kammoun et al.

The BC emission of disc and BLR photons would result in ex-
cess emission with respect to the power-law continuum, emerging,
respectively, in the far-ultraviolet (hence not accessible) and mid-
X-ray ranges. The latter component would correspond to a hump
peaking at �3 keV, accompanied by a �attening towards soft en-
ergies, which can mimic absorption. The two �avours of the soft
X-ray spectral break (de�cit or excess) have been usually treated
as originated from different processes. C07 modelled the �attening
seen in the blazar GB 1428+4217 (z = 4.72) assuming a transient
BC scenario. The �attening in this source had been ascribed to the
presence of intrinsic absorption with column densities > 1022 cm�2

(e.g. Boller et al. 2000; Fabian et al. 2001; Worsley et al. 2006). BC is
expected to be present in all blazars but has never been con�rmed,
to our knowledge. Besides the case of BG 1428+4217, Kataoka
et al. (2008) and de Rosa et al. (2008) presented tentative hints of
the presence of BC in the FSRQs PKS 1510�089 (z = 0.361) and
4C+04.42 (z = 0.965), respectively.

In this letter, we study the X-ray spectrum from a coordinated
XMM–Newton and NuSTAR observation of the FSRQ 4C+25.05
(z = 2.368, log (MBH/M�) = 9.24 – 0.44; Kelly & Bechtold 2007).
The following cosmological parameters are assumed: �M = 0.27,
�� = 0.73 and H0 = 70 km s�1 Mpc�1.

2 OBSERVATIONS AND DATA REDUCTION

4C+25.05 was observed simultaneously by XMM–Newton and
NuSTAR, on 2017 January 15 (Obs. IDs 0790820101 and
60201047002, respectively). The log of the observations is pre-
sented in Table 1. We reduced the XMM–Newton data using
SAS v.15.0.0 and the latest calibration �les. We followed the standard
procedure for reducing the data of the EPIC-pn (Str¤uder et al. 2001)
and the two EPIC-MOS (Turner et al. 2001) CCD cameras, all op-
erating in full frame mode with a thin �lter. The pn and MOS data
were processed using EPPROC and EMPROC, respectively. Source
spectra and light curves were extracted from a circular region of a
radius of 25 arcsec for both instruments. The corresponding back-
ground spectra and light curves were extracted from an off-source
circular region located on the same chip, with a radius approxi-
mately twice that of the source. We �ltered out periods with strong
background �ares, for a total of around 6 ks. The light curves,
background-corrected using EPICLCCOR, are shown in Fig. 1 in
three different bands (soft, medium and hard). None of them show
any signi�cant variability, as they are all well �tted with a constant.
Response matrices were produced using the FTOOLS, RMFGEN and
ARFGEN. We rebinned the observed 0.3�10 keV spectra using the
SAS task SPECGROUP to have a minimum S/N of 5 in each energy
bin. The MOS1 and MOS2 spectra are consistent, so we combined
them using the SAS command COMBINE.

The NuSTAR data were reduced following the standard pipeline
in the NuSTAR Data Analysis Software (NUSTARDAS v1.6.0), and
using the latest calibration �les. We cleaned the un�ltered event �les

Table 1. Net exposure time, average net count rate and ratio of the source
to total counts, in the observed 0.3�10 keV band for EPIC-pn and MOS, and
3�30 keV band for FPMA/B.

Instrument Net exposure Count rate Source/total
(ks) (Count s�1)

pn 37.7 0.522 – 0.003 99 per cent
MOS 49.4 0.305 – 0.003 98.8 per cent
FPMA 40.4 0.047 – 0.001 90.3 per cent
FPMB 40.4 0.043 – 0.001 86.9 per cent

Figure 1. XMM–Newton light curves (with a time bin of 4 ks) extracted in
the 0.3�0.9 keV (black circles), 0.9�3 keV (red triangles) and 3�10 keV (blue
squares) observed energy bands, corresponding to the � 1�3, 3�10 and 10�
34 keV rest-frame energy bands, respectively. The horizontal dashed lines
correspond to the average count rate for each energy band.

with the standard depth correction. We reprocessed the data with the
saamode = optimized and tentacle = yes criteria for
a more conservative treatment of the background in proximity of the
South Atlantic Anomaly. We extracted the source and background
spectra from circular regions of radii 60 and 90 arcsec, respectively,
for both focal plane modules (FPMA and FPMB) using the HEASOFT

task NUPRODUCT, and requiring a minimum S/N of 5 per energy
bin. The spectra extracted from both modules are consistent with
each other, so they are analysed jointly (but not combined together).
Since the background dominates above �30 keV, we analysed the
NuSTAR data in the 3�30 keV observed energy range, corresponding
to �10�100 keV in the rest frame of the source.

3 SPECTRAL ANALYSIS

Spectral �tting was performed using XSPEC v12.9s (Arnaud 1996).
Unless stated otherwise, uncertainties on the parameters are listed
at the 90 per cent con�dence level (��2 = 2.71). We included a
multiplicative constant, for each instrument, in order to account for
the residual uncertainties in the �ux calibration between the various
detectors, �xing the constant for the EPIC-pn data to unity. The
spectra from the various instruments are shown in Fig. 2a.

We started by �tting the hard-energy part of the spectra above
3 keV (observed) with a power-law model with a high-energy cut-
off (hereafter PL model), taking into consideration Galactic ab-
sorption in the line of sight (NH = 6.87 × 1020 cm�2; Kalberla
et al. 2005). The �t is statistically acceptable (�2/dof = 181/220),
showing no systematical trend in the residuals, with a photon
index � = 1.34 – 0.13. We could only set a 3	 lower limit
to the high-energy cut-off of Ecut > 63 keV (rest frame). The
cross-calibration factor between NuSTAR and XMM–Newton is
fNuSTAR = 1.09 – 0.06, consistent with the values reported by Mad-
sen et al. (2015). The extrapolation of this model to lower energies
reveals an excess below �5 keV (rest frame), as shown in Fig. 2b.
We re-�tted the same model to the full 0.3�30 keV observed range.
The �t is statistically acceptable (�2/dof = 373/359, pnull = 0.29).
The residuals are not statistically signi�cant, yet, qualitatively, they
show a subtle overall curvature, leading to a systematic excess in
the �1.5�3 keV range. The best-�tting photon index is steeper than
the previous case (� = 1.54 – 0.01). Ecut is pegged to its maxi-
mum allowed value, with a 3	 lower limit of 387 keV (rest frame).
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Figure 2. Panel (a): spectra from EPIC-pn (black), EPIC MOS (green)
and NuSTAR FPMA/FPMB (red/blue) plotted together with the total best-
�tting model (grey solid line) composed of a PL (red dotted line) and a BB
component (blue dash�dotted line). Panel (b): residuals obtained by �tting
the spectra above 10 keV (rest frame) with a PL model and then extrapolating
it to softer energies, showing an excess in the �1�5 keV range. Panels (c�e):
residuals obtained by �tting the 1�100 keV range with PL, BPL and BB+PL
models, respectively (see Section 3 for details).

The cross-calibration factor between NuSTAR and XMM–Newton
becomes larger, fNuSTAR = 1.14 – 0.04. We re-�tted the spectra
accounting for the possible intrinsic neutral absorption in the rest
frame of the source (zTBabs; Wilms, Allen & McCray 2000). The
�t did not show any improvement (�2/dof = 373/358), revealing
an intrinsic absorption that is consistent with zero (we could set a
3	 upper limit on NH to be 9.5 × 1020 cm�2). We show the residuals
corresponding to this model in Fig. 2c.

We considered several models in order to account for the pos-
sible excess at soft energies. We �rst �tted the spectra with
a broken power-law model (hereafter BPL model) modi�ed by
Galactic absorption only. The �t was statistically acceptable
(�2/dof = 343/357) with photon indices �soft = 1.56 – 0.03
and �hard = 1.29 – 0.11. The break and cut-off energies are
Eb = 9.2+1.2

�1.6 keV and Ecut = 121+139
�44 keV in the rest frame, re-

spectively. The 3	 con�dence level gives only a lower limit on
Ecut > 60 keV. The cross-calibration factor is fNuSTAR = 1.08 – 0.05.
The �t improves by ��2 = �30 for one extra free parameter with
respect to the PL model. This improvement is mainly due to the
steepening of the spectrum at soft energies, leading to less prominent
residual structures (as shown in Fig. 2d), contrary to the commonly
seen �attening in other sources (e.g. Piconcelli & Guainazzi 2005).

Table 2. Best-�tting parameters obtained by �tting the spectra with the PL,
BPL and BB+PL models considered in this analysis. Eb, Ecut and kTBB are
reported in the rest frame of the source. The last column represents the peak
values of the 1D probability distribution obtained from the MCMC analysis.

Parameter PL BPL BB+PL

NH (1020cm�2) <9.5a � � �
�soft � 1.56 – 0.03 � �
Eb (keV) � 9.2+1.2

�1.6 � �
�hard 1.54 – 0.01 1.29 – 0.11 1.38+0.05

�0.03 1.41
Ecut (keV) >387a 121+139

�44 205+256
�54 210

NPL × 10�4 3.05 – 0.05 3.13 – 0.07 2.63+0.11
�0.08 2.65

kTBB (keV) � � 0.66+0.05
�0.04 0.66

NBB × 10�5 � � 1.92+0.32
�0.51 1.8

�2/dof 373/358 343/357 322/357

Note. a3	 lower/upper limit.

We also tested a re�ection model (RELXILL; Dauser
et al. 2013, 2016), even though we do not detect any clear pres-
ence of either an iron line or a Compton hump. We �xed the spin to
its maximum value (0.998) and we assumed a power-law emissivity
pro�le (� r�3) with a re�ection fraction equal to unity. First, we let
the inclination free to vary. The �t resulted in a very high inclination
of the disc, which is not physical for this system. Then we �xed the
inclination to 5�, which corresponds to a nearly face-on con�gu-
ration. The �t is statistically acceptable (�2/dof = 362/357). The
best-�tting photon index, ionization parameter and iron abundance
are: � = 1.43+0.04

�0.08, log 
 = 3.72+0.08
�0.47 and AFe = 3.7 – 1.2 solar, re-

spectively. However, this model cannot be considered as a plausible
explanation for the spectrum of 4C+25.05. On the one hand, it
gives a statistically worse �t compared to the (phenomenological)
BPL model. On the other hand, the Doppler-boosted featureless jet
emission is expected to be much stronger than any re�ection com-
ponent, thus diluting all other features. Furthermore, it is unlikely
in blazars to have a standard (i.e. similar to the non-jetted sources)
X-ray corona. If the X-ray source illuminating the disc is a rela-
tivistically out�owing corona, then beaming effects would reduce
the illumination of the disc, so any re�ection component would be
negligible (see also King, Loh�nk & Kara 2017).

Motivated by the BC model (C07), we considered a model de-
�ned as the sum of a blackbody component and a power law
(hereafter BB+PL model). The model very well �ts the data
(�2/dof = 322/357), without any systematic residuals. The best-
�tting BB+PL model and the corresponding residuals are pre-
sented in Fig. 2a,e, respectively. The best-�tting parameters of
the BB+PL model, and, for a comparison, of the PL and BPL
models as well, are presented in Table 2. The errors on the pa-
rameters, for the BB+PL model, are calculated from a Markov
chain Monte Carlo (MCMC)1 analysis, starting from the best-
�tting model that we obtained. We used the Goodman�Weare algo-
rithm (Goodman & Weare 2010) with a chain of 500 000 elements
(100 walkers and 5000 iterations), discarding the �rst 75 000 ele-
ments as part of the �burn-in� period. The rest-frame temperature
of the blackbody is kTBB = 0.66+0.05

�0.04 keV, equivalent to a peak en-
ergy Epeak, BB = 3.93kTBB � 2.6 – 0.2 keV (in �F�), consistent
with the expected value (e.g. C07). In this case, the values of the
photon index and the high-energy cut-off are � = 1.38+0.05

�0.03 and

1 We use the XSPEC_EMCEE implementation of the PYTHON EMCEE

package for X-ray spectral �tting in XSPEC by Jeremy Sanders
(http://github.com/jeremysanders/xspec_emcee).
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Figure 3. Results of the MCMC analysis of the PL+BB model. We show
the outputs for photon index �, cut-off energy Ecut (keV), blackbody tem-
perature kTBB (keV), and normalizations of the power law and the blackbody
components NPL and NBB, respectively. The 1D histograms show the prob-
ability distribution for each parameter normalized to unity.

Ecut = 205+256
�54 keV (rest frame), respectively. These values are con-

sistent with the ones that we obtained by �tting a PL model to the
spectra above 3 keV, and the hard component of the BPL model.
The 3	 con�dence level gives only a lower limit on Ecut > 110 keV.
The results of the MCMC analysis are shown in Fig. 3. We note
that the peak values of the 1D probability distribution obtained
from the MCMC analysis (presented in the last column of Table 2)
do not exactly coincide with the best-�tting values obtained by
minimizing the �2 value, but they are consistent within 1	 . The
contours show that the temperature of the blackbody is not de-
generate with any other parameter, con�rming the presence of a
signi�cant excess over this energy range. Instead, we found some
degeneracy between the normalizations of the PL and that of the
BB and between both normalizations and the photon index. The
mild degeneracy between the BB normalization with the photon
index indicates that a steepening in the PL slope tends to compen-
sate for the BB component. We determine the �ux of the source to
be F0.3�10 = 2.25+0.01

�0.05 × 10�12 erg s�1 cm�2 in the 0.3�10 keV ob-
served energy range, which corresponds to a 1�30 keV rest-frame
luminosity of L1�30 = (9.44 – 0.07) × 1046 erg s�1. The errors on
the �ux and luminosity represent the 1	 con�dence level.

4 DISCUSSION AND CONCLUSIONS

We have presented the X-ray spectral analysis of the simultaneous
XMM–Newton and NuSTAR observations of the FSRQ 4C+25.05 at
z = 2.368. The observed spectrum of the source in the 0.3�30 keV
range can be well explained by (Table 2):

(i) A simple PL model (�2/dof = 373/358) of a photon index
� = 1.54. Only upper and lower limits can be set for any intrinsic
absorption and high-energy cut-off, respectively.

(ii) A BPL model (�2/dof = 343/357), with �soft = 1.56,
�hard = 1.29, break energy of Eb = 9.2 keV and cut-off at
Ecut = 121 keV (rest frame).

Figure 4. Optical spectra of 4C+25.05 obtained from the SDSS-IV. The
inset shows the peak of the C IV emission line and the absorption doublet.

(iii) A power-law plus blackbody model (�2/dof = 322/357),
with � = 1.38, Ecut = 205 keV and kTBB = 0.66 keV.

The BPL model is largely phenomenological, yet the steeper �soft
with respect to �hard clearly indicates a softening in the soft X-rays,
as opposed to the �attening (due to either absorption or intrinsic cur-
vature of the EC emission from the jet) usually observed in high-z
blazars. This excess favours the possibility that we are witnessing
the spectral signature of BC of BLR photons. Indeed, the BB+PL
model has the lowest �2 among the various models that we consider
in this work. The absence of any absorption in 4C+25.05 is con-
�rmed by the two optical spectra obtained from the Sloan Digital
Sky Survey (SDSS-IV; Dawson et al. 2016; Blanton et al. 2017) in
2012 and 2015 (red and blue in Fig. 4, respectively), which do not
show any signature of intrinsic cold absorption. We note that the
SDSS spectra reveal the presence of narrow �associated� absorption
lines from Ly �, N V, Si IV and C IV (the C IV 1548, 1550 doublet
is shown in the inset in Fig. 4). These features, rather common in
�at-spectrum quasars (e.g. Richards et al. 1999; Richards 2001;
Baker et al. 2002), indicate the presence of an ionized low-density
(NH I � 1017 cm�2) absorber close to the central engine. A de-
tailed discussion of these narrow features and of their origin goes
beyond the scope of this work. However, we note that this absorption
system has been suggested to partially cover the background light
(including both the continuum and broad emission-line region) by
Barlow & Sargent (1997). We �nally point out that the SDSS spec-
tra reveal several broad emission lines, implying the presence of a
proper BLR in this source. The BLR component has been already
detected and well discussed in previous studies (e.g. Baldwin 1977;
Padovani 1989; Kelly & Bechtold 2007).

Our observation time is around 50 ks which corresponds to
�15 ks or 4 h in the rest frame of the source. As we do not see
any variability, this implies that the BC of BLR photons is stable
over this time-scale. In fact, C07 showed that the intensity of the
BC spectrum from scattered BLR photons increases with time as
the jet is accelerating and remains constant once the jet has reached
its maximum bulk Lorentz factor. Given kTBB, we can estimate
the factor ��bulk, where � = ��1

bulk(1 � � cos �V)�1 is the relativis-
tic Doppler factor and �V is the angle between the observer and
the jet axis. Following C07, we assume that the BLR emission can
be approximated by a blackbody spectrum peaking at the energy
of the Ly �, h�Ly � = 2.8kTBLR = 13.6 eV. The observed tempera-
ture of the BC component (in the rest frame of the source) is then
kTBLR, obs = ��bulkkTBLR, from which ��bulk = 136. One may also
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