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ABSTRACT
We present the results of X-ray spectral and timing analyses of the closest gamma-
ray emitting narrow-line Seyfert 1 (γ-NLS1) galaxy, 1H 0323+342. We use observa-
tions from a recent, simultaneous XMM-Newton/NuSTAR campaign. As in radio-quiet
NLS1s, the spectrum reveals a soft excess at low energies (. 2 keV) and reflection fea-
tures such as a broad iron K emission line. We also find evidence of a hard excess
at energies above ∼ 35 keV that is likely a consequence of jet emission. Our analysis
shows that relativistic reflection is statistically required, and using a combination of
models that includes the reflection model relxill for the broadband spectrum, we
find an inclination of i = 63+7

−5 degrees, which is in tension with much lower values in-
ferred by superluminal motion in radio observations. We also find a flat (q = 2.2±0.3)
emissivity profile, implying that there is more reflected flux than usual being emitted
from the outer regions of the disk, which in turn suggests a deviation from the thin
disk model assumption. We discuss possible reasons for this, such as reflection off of a
thick accretion disk geometry.

Key words: galaxies: active – X-rays: galaxies – galaxies: jets – galaxies: Seyfert –
galaxies: individual: 1H 0323+342

1 INTRODUCTION

Narrow-line Seyfert 1 (NLS1) galaxies are a type of active
galactic nucleus (AGN) characterized by their unique optical
spectral features, such as broad Balmer emission lines with
low widths (FWHMHβ < 2000 km s−1), weak [OIII] emission
([OIII]/Hβ flux < 3), and strong FeII emission (Osterbrock &
Pogge 1985). Studies have suggested that NLS1s host super-
massive black holes on the lower-mass end (∼ 106 − 108M�,
(Grupe & Mathur 2004; Deo et al. 2006)) that accrete near
or above the Eddington limit (e.g., Peterson et al. 2000). As
a result, it is believed that NLS1s form a set of younger AGN
that have yet to transform into more luminous quasars.

In addition to their optical properties, NLS1s are bright
in the X-ray band and exhibit complex X-ray spectral fea-
tures, such as an excess in soft X-ray emission and reflection

? E-mail: smundo@astro.umd.edu

features in the hard X-rays. As with other accretion sys-
tems around black holes (e.g. black hole X-ray binaries),
the primary form of the X-ray emission is a continuum well-
modeled by a power law that results from the inverse Comp-
ton scattering of seed disk photons by a hot plasma of elec-
trons, or a corona, that lies above the disk in the vicinity of
the black hole. Some of this continuum emission illuminates
the accretion disk, and the upscattered photons end up ei-
ther Compton scattering off of electrons in the disk, or are
reprocessed through fluorescence (see Reynolds & Nowak
2003 for a review). These reflection mechanisms have also
been featured in the spectra of NLS1s in the form of an
iron emission line between 6-7 keV and a Compton reflec-
tion “hump” that peaks between around 20 and 30 keV, im-
plying that the reflection is occurring off of an ionized disk
(for reflection features in NLS1s, see e.g. Marinucci et al.
2014; Kara et al. 2017). The Fe emission line in these spec-
tra is usually broadened and skewed towards lower energies
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2 Mundo et al.

due to line-of-sight Doppler boosting and the gravitational
potential of the black hole, respectively (Fabian et al. 1989;
Reynolds & Nowak 2003). Which effect is most dominant
depends on the inclination of the disk relative to our line
of sight; therefore, from reflection processes alone, we can
arrive at an estimate for the disk inclination of a NLS1.

The origin of the soft excess is still disputed. It can
be modeled as blackbody thermal emission, but this is not
physical because the resulting blackbody temperature is sim-
ply too high to be emission from the disk. A way around
this is to consider a “warm” Comptonization region that is
optically thicker than the corona, which yields a tempera-
ture of around 0.1-0.2 keV that is constant across a wide
range of black hole masses and accretion rates (e.g., Gier-
liński & Done 2004). Other ideas that have been put forth
place atomic processes like reflection or absorption as the
culprits. One example of the former is that coronal illumi-
nation of the disk could result in the fluorescence of lines
at lower energies that end up being blurred due to grav-
itational effects (Crummy et al. 2006; Fabian et al. 2009;
Walton et al. 2013). The soft excess could also be described
by a disk with a high electron density. With a higher den-
sity, bremsstrahlung would have a higher contribution to the
spectrum, in the form of an increased temperature at the
surface of the illuminated disk that results from free-free
absorption (Garćıa et al. 2016; Jiang et al. 2018; Mallick
et al. 2018; Jiang et al. 2019). This, in turn, may cause
blurred reflection at low energies to look more like a black-
body spectrum. If a higher density disk is not taken into
account, this could result in a perceived excess at lower en-
ergies, especially in AGN with smaller supermassive black
holes (M � 109M�).

The spectral features of NLS1s have also been described
by a series of alternative, absorption-based partial covering
models. In this family of models, the X-ray variability is not
intrinsic to the source, but is rather caused by a varying
partial covering fraction of clouds that possibly result from
disk instabilities or radiation-driven outflows. Gallo et al.
2004 and Tanaka et al. 2004 described spectral changes in
the NLS1 1H 0707-495 with neutral single and double layer
absorbers, respectively, with the latter assuming that the
covering fraction changed with the clouds’ orbital motion.
In addition, Miyakawa et al. 2012 and Mizumoto et al. 2014
were able to explain the broad line feature in MCG-6-30-15
and 1H 0707-495 with ionized partial covering models, with
Mizumoto et al. 2014 suggesting that the clouds are pro-
duced by funnel-shaped disk winds. However, several stud-
ies have shown that most accreting objects have a linear
RMS-flux relation, which suggests that the underlying X-
ray variability processes are multiplicative in nature and are
therefore intrinsic to the source (e.g., Alston 2019; Uttley
et al. 2005). This is at odds with the inherent features of
partial covering models, which would show shot noise, ad-
ditive variability. Due to these characteristics and the mys-
terious nature of some of these observations, NLS1s, along
with other Seyferts, are not only ideal candidates for study-
ing X-ray emission processes and their origins, but also offer
interesting possibilities in the realm of X-ray astronomy per-
taining to an AGN’s central region.

Roughly 10% of AGN exhibit collimated, relativistic
jets that emit in the radio band via synchrotron radiation
(e.g., Begelman et al. 1984). Another unsolved problem in

the physics of AGN processes is exactly where and how these
jets are launched, and as a result, the connection between
the disk, corona, and the jet’s driving mechanism is currently
poorly understood. In any case,“radio-loud”(RL) AGN with
the X-ray spectral features discussed earlier would provide
the most promising environment in which to study the in-
teraction between these three and other components. Most
NLS1s, however, are “radio-quiet” (RQ), meaning that their
jets are not nearly as powerful as those from blazars or
other RL AGN. Therefore, looking for the long-sought disk-
corona-jet connection in these AGN proves to be quite diffi-
cult.

In recent years, a new class of NLS1s has been discov-
ered by the Fermi Gamma-Ray Telescope. These are gamma-
ray emitting, RL NLS1s (γ-NLS1), which have features seen
in both NLS1s (discussed previously) and blazars, such as
flat radio spectra, double-hump spectral energy distribution
(SED) (e.g., Abdo et al. 2009), and occasionally superlumi-
nal motion (e.g., D’Ammando et al. 2013). The presence of
gamma-ray emission in these galaxies is evidence for a jet,
given that in those blazars classified as flat spectrum radio
quasars, photons from outside a jet can be inverse Comp-
ton scattered to hard X-rays or γ-rays by the relativistic
particles in the jet; this is referred to as external Compton
(EC) (e.g., B lażejowski et al. 2000; Ghisellini et al. 2009).
Studies of the X-ray spectra of these γ-NLS1s have already
shown not only a soft excess, but also a “hard excess” above
a few keV that requires a much harder power law component
compared to the ones usually found in AGN (Bhattacharyya
et al. 2014), possibly representing the jet emission. There-
fore, these γ-NLS1s provide us with an unusual laboratory
for studying properties from both the jet and the thermal
emission from the corona simultaneously, and can give us
insight into the dominant mechanism that produces the X-
ray emission, while at the same time shedding light on how
extragalactic jets are formed.

The closest of these exotic AGN is 1H 0323+342 (α:
03 24 41.16, δ: +34 10 45.8), with a redshift of z = 0.06
(Zhou et al. 2007). Radio images of this source exhibit su-
perluminal motion (1-7 times the speed of light), which in
turn implies the presence of a relativistic jet at an angle
i = 4 − 13 deg from the line of sight (Fuhrmann et al. 2016).
1H 0323+342 also has a double-hump SED characteristic of
γ-NLS1s that peaks in the radio band and gamma-rays, im-
plying synchrotron emission and synchrotron self-Compton
(or EC) mechanisms that would result from a jet.

Exactly where the X-ray emission from 1H 0323+342
comes from is still unknown. Currently, two main explana-
tions have been put forth: it could be the result of inter-
actions between the disk and the corona, as in RQ NLS1s
(power-law continuum, reflection features, etc.; see Paliya
et al. (2014), Paliya et al. (2019)), or it could simply be
a continuation of the double-hump SED that fills the gap
between the radio and gamma-ray emission from the jet,
implying that X-ray emission would be included as a direct
consequence of interactions with the jet (for a detailed multi-
wavelength spectral analysis for this source, see Kynoch
et al. 2018).

1H 0323+342 has been observed by Swift and Suzaku,
and the spectra show properties seen in RQ NLS1s, such as a
soft excess and a potential broad Fe Kα emission line (e.g.,
Walton et al. 2013; Paliya et al. 2019). Archival data has
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X-Ray Spectral Analysis of 1H 0323+342 3

Table 1. XMM-Newton and NuSTAR observations used in our
analysis. Shown are the detector name, observation ID, observa-

tion start dates, the duration of the observations, and the effective

exposure times (for XMM, after excluding epochs of flaring par-
ticle background). All XMM observations were made in Large

Window mode.

Detector Obs. ID Start
Date

Duration
(s)

Effective
Exposure

(s)

EPIC-pn 0764670101 2015/08/23 80900 62000
0823780201 2018/08/14 53066 47600

0823780301 2018/08/18 48212 43800

0823780401 2018/08/20 47975 45461
0823780501 2018/08/24 48515 46002

0823780601 2018/09/05 50818 44700

0823780701 2018/09/09 49468 46951
FPMA/ 60061360002 2014/03/15 108880 101633

FPMB 60402003002 2018/08/14 38937 36390
60402003004 2018/08/18 31711 29732

60402003006 2018/08/20 28137 26401

60402003008 2018/08/24 27276 25565
60402003010 2018/09/05 32516 30422

60402003012 2018/09/09 29921 27795

shown that there is a potentially blue-shifted iron line that
would require a disk inclination of nearly 90◦ due to line-
of-sight Doppler boosting (Walton et al. 2013; Yao et al.
2015), which contradicts data from radio observations since
the superluminal motion in the latter indicates that the jet is
emitted at an angle close to our line of sight, and therefore
also suggests that the disk is face-on. However, the broad
iron line has never been clearly detected due to low signal-
to-noise.

In this paper, we present an X-ray spectral and timing
analysis with the first such data set from XMM-Newton and
NuSTAR for this source. We aim to find the origin of the
X-ray emission in 1H 0323+342, while at the same time ob-
taining an estimate of the disk inclination purely from the
X-ray spectra. We describe the observations and data reduc-
tion in Section 2, present our spectral and timing analyses
and their results in Section 3, and discuss these results in
Section 4.

2 OBSERVATIONS AND DATA REDUCTION

To study this source, we use a set of six simultaneous
observations made by both XMM-Newton and NuSTAR
(twelve total, PI: Kara; see Table 1), as well as an archival
observation that was made in 2015 (ID 0764670101; PI:
D’Ammando).

2.1 XMM-Newton

The XMM-Newton data were reduced with the XMM-
Newton Science Analysis System (SAS v.16.1.0) and the
current calibration files available. We focus on the data from
the EPIC-pn camera here, which was taken in Large Win-
dow mode. All observations were checked for flaring particle
background, and we set pattern ≤ 4 to choose single and
double events and flag == 0 to get the best quality data.
The data was also checked for pile-up with the SAS epat-
plot task, but there was no pile-up present in any of the

observations. We extracted the source spectra from circular
regions with radii of 40′′ that were centered on the J2000
coordinates of 1H0323+342. The background spectra were
obtained from circular background regions that were offset
from the source and were made as large as possible, with
radii of 70′′.

Background-subtracted light curves were also extracted
with the epiclccorr tool and were binned with 10 second
bins (see Fig. 1). Although the flux varies by about a fac-
tor of 4, there was no significant change in the spectrum
between observations, and the hardness ratio between the
hard and soft bands remains relatively constant across each
observation. We therefore decided to combine them to form
one spectrum. This co-added spectrum was rebinned with
the grppha tool to ensure that we would have a minimum of
25 counts per bin.

2.2 NuSTAR

We extracted the NuSTAR data using HEASOFT v.6.22.1
and the standard nupipeline task, again from 40′′ circu-
lar regions for both source and background spectra, for each
focal plane module (FPMA/FPMB). The spectra were also
co-added with the archival observation and binned with grp-

pha to have at least 25 counts per bin. The source spectrum
is above the background spectrum up to ∼ 50 keV, so we
show the relevant plots up to this energy.

3 RESULTS

3.1 RMS-Flux Relation

In the past, it has been shown that most accreting sources
have a linear relationship between absolute RMS and flux.
Previous works (e.g., Alston 2019; Uttley et al. 2005; Uttley
& McHardy 2001) have shown that this relation implies a
variability process that is intrinsic to the source and that is
likely a multiplicative process, building up from propagating
mass accretion rate fluctuations occurring in the disk. Since
the best model to describe this is one where accretion disk
fluctuations are the source of the variability, finding such
a relation in 1H 0323+342 would suggest that disk-corona
and reflection models, where the X-rays are assumed to be
intrinsic variations originating from the innermost regions
of the disk, would be best to describe the data.

We begin a calculation of the rms-flux relationship in
the time domain by binning our XMM lightcurves in 1000 s
bins. At the same time, we compute the excess variance as a
function of time with the same binning, effectively produc-
ing a ‘variance light curve’. We take the square root of the
excess variance to obtain the rms amplitude, and sort these
values by count rate. We then bin the rms amplitudes by flux
such that we have ∼ 50 points in each bin. Errors on the rms
amplitude are calculated as in Vaughan et al. (2003). We
show in Fig. 2 that we indeed obtain a linear rms-flux rela-
tion, with a linear fit of χ2 = 4.61 for 5 degrees of freedom.
This therefore supports the use of reflection models for this
data and implies that the X-ray variations are intrinsic.

MNRAS 000, 1–11 (2020)
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Figure 1. Top panel : EPIC-pn broadband lightcurves from 0.3-10 keV in 600 s bins. Light curves were generated with circular extraction
regions of 40 arcsec radii. The first observation is archival and is longer than the rest by about 30 ks. Bottom panel : Hardness ratio (1-4
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Figure 2. Relationship between absolute rms and flux. On aver-

age, the absolute rms increases linearly with flux, suggesting that

variations are intrinsic to the source.

3.2 Spectral Features

We fit the XMM-Newton and NuSTAR spectra simultane-
ously using Xspec v12.9.1p (Arnaud 1996). We included an
overall multiplicative constant in each of our models (CA for
FPMA and CB for FPMB) to take into account differences
in absolute flux calibration between each detector. We used
the tbabs model (Wilms et al. 2000) and cross-sections from
Verner et al. (1996) to model the galactic absorption, setting
NH,Gal = 1.26 × 1021cm−2 (Kalberla et al. 2005). In all of our
fits, we also check for potentially different spectral shapes
between XMM and NuSTAR, but we find that the spectral
index Γ only differs by ∼ 1% and does not affect our results,
so we fit with the same photon index. All spectra are plotted
in the source rest frame energies.

3.2.1 Reflection Features above 2 keV

We begin by searching for the broad iron line, which has
only been marginally detected in previous observations (e.g.,
Paliya et al. 2019, 2014; Yao et al. 2015; Walton et al. 2013).

To show the highest resolution version of the line and to show
we are making a significant detection, we fit the 3-10 keV
spectra with a power law (see Figure 3) and compare this
to a power law plus Gaussian. The addition of the Gaussian
improves the fit by ∆χ2 = 130 for 3 additional parameters,
and therefore a line is preferred at >99.99% confidence. We
find a line at 6.6±0.1 keV in the rest frame of the source that
is broad with respect to the spectral resolution of the instru-
ments, with σ = 0.62+0.13

−0.12 keV. This is consistent with Fe Kα
emission. We also calculate an equivalent width of around
175 ± 40 eV for XMM, which is stronger than in archival,
lower signal-to-noise observations (e.g., Kynoch et al. 2018)
and again supports our claim of a broad line.

Figure 3 also shows a relatively pronounced peak be-
tween 6 and 7 keV, at the 6.4 keV of neutral iron fluores-
cence. We therefore include a narrower line fixed at 6.4 keV,
in addition to the aforementioned Gaussian, and fix its width
to 100 eV. This improves the fit by ∆χ2 = 10 for one addi-
tional parameter, at a significance of > 99.8%. This suggests
that, in addition to the broad iron line, there may also be a
narrow component from a distant reflector that contributes
to the spectrum.

A power law fit to the 2-79 keV spectra of XMM-
Newton and NuSTAR shows not only a broad iron line
peaking at 6-7 keV, but also a Compton reflection hump
above 10 keV, indicating reflection off of an ionized disk
(see Figure 4). This power law yields a reduced chi-squared
χ2/d.o.f = χ2

ν = 2552/2385 = 1.07. Given the nature of the
spectra, it is clear that reflection and possibly relativistic
broadening need to be taken into account, so we fit the 2-79
keV data with different flavors of the reflection model relx-
ill (Dauser et al. 2016). Following up on the narrow com-
ponent at 6.4 keV discussed earlier, we start with a neutral,
non-relativistic reflection model xillver, with the ionization
parameter log ξ fixed at 0. This gives a fit with χ2

ν = 1.01, im-
proving from the power law fit by ∆χ2 = 137 for 4 additional
free parameters, with a significance of > 99.99% evaluated
using the F-test. The residuals between 6-7 keV, along with
the fact that we detect a fairly broad line, suggest we still
need to account for relativistic smearing.

We use the relativistic model relxill and set the inner
accretion disk radius Rin to the innermost stable circular or-

MNRAS 000, 1–11 (2020)
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Figure 4. The ratio of EPIC-pn and NuSTAR spectra to different

models. (a) The ratio to a power law. (b) Ratio to neutral reflec-

tion model. (c) Ratio to relativistic reflection model. (d) Ratio
to relativistic reflection model with an additional neutral, distant

reflector.

bit. We start by fixing the emissivity index to the Newtonian
value q = 3 and find a good fit, with χ2

ν = 2385/2380 = 1.002.
We also attempt using a broken power law emissivity, but
this yields a break radius Rbreak that is below the innermost
stable circular orbit, which is not physical. We therefore keep
an unbroken emissivity for the rest of the paper. We also can-
not constrain the spin a. Since this is a jetted source, it may
involve a high-spin object, so we use this physical motivation
to fix the spin to the maximum value of 0.998.

We combine the models in the second and third pan-
els of Figure 4 to check for the possibility of an additional
neutral, distant reflector. All relevant parameters in xil-

lver are tied to the parameters of relxill, except for the
normalization. This improves the fit by ∆χ2 = 31 for one ad-
ditional free parameter, at a significance of > 99.99%. This
fit finds an inclination i = 59+4

−5 deg, which is in tension with
the low inclination obtained from radio observations. Within
90% confidence, this fit yields very similar parameters as the
ones with just relxill, and we adopt this version for later
analyses of the broadband spectrum. We report the best-fit
parameters in Table 2.

Our fits also seem to show consistent negative residu-
als at ∼ 9 keV (see Figures 3 and 4). It is important to
note that this is most likely not physical. When we plot
the background spectrum, we see that this is probably a
background feature, namely the EPIC-pn Cu-Kα complex at
around those energies. Regardless of our source region size
or background region placement (keeping the latter within
the inner 4 CCDs), the feature remains. The residuals are
therefore likely the result of over-subtraction of the EPIC-pn
background features. We verify this by plotting the spectrum
without the background subtracted, and find that the fea-
ture is not present (see Appendix A). We also do not see
the negative residuals in any of the individual EPIC-MOS
spectra.

3.2.2 Broadband Spectrum

Fitting a power law to the data in the 2-79 keV range and
extrapolating the fit to lower energies also reveals a soft
excess below 2 keV. We begin our analysis in the broadband
by including a phenomenological disk blackbody component
to help fit the spectrum at soft energies. To account for the
possibility of intrinsic absorption, we use ztbabs. We also
keep the neutral, distant reflector from the previous section.

We first attempt a Newtonian emissivity profile for
the tbabs*ztbabs*(diskbb + xillver + relxill) model.
This gives a fit with χ2

ν = 1.04. Freeing the emissivity index
improves the fit by ∆χ2 = 37 for one additional free parame-
ter at a significance > 99.99%, with χ2/d.o.f. = 2760/2680 =
1.03. Increasing residuals at energies & 35 keV (see Figure
4) remain, so we include an extra power law to account for
a possible contribution of Compton upscattering further out
in the jet, similar to Paliya et al. 2019. An additional hard
power law improves the fit by ∆χ2 = 46 for two additional
free parameters with a significance > 99.99%. We find that
the fit does not significantly depend on the cutoff energy, so
we fix it to 300 keV. This best fit (see Figure 5 and second
column of Table 2) yields a photon index of Γ = 2.2+0.3

−0.1 for

the coronal emission models and Γhard = 1.5+0.1
−0.2 for the hard

power law, which is consistent with values found in γ-NLS1s
(see e.g. Paliya et al. 2019 and the Γ histograms for their
double power-law fit, as well as photon index values in Ojha
et al. 2020). It also gives a high inclination of i = 63+7

−5 deg,
as before. Moreover, we obtain a relatively flat emissivity
index q = 2.2 ± 0.3, suggesting not only that strong general
relativistic effects are not required to accurately describe the
illumination pattern of the disk, but also that more reflected
flux is emitted from the outer regions of the disk. The fact
that the observed flux seems to drop slowly at large radii

MNRAS 000, 1–11 (2020)
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Parameter xillver + relxill diskbb + xillver + relxill + po

NH,Gal (1022cm−2)* 0.126 0.126

NH, intrinsic (1022cm−2) ... < 0.01

Kdiskbb ... 200+65
−66

Kdist. reflection (10−5) 1.1+0.5
−0.4 0.5 ± 0.4

Krel. reflection (10−5) 3.3+0.5
−0.4 1.8+0.6

−0.5

z* 0.06 0.06

Tin (keV) ... 0.18 ± 0.01

Γ 1.91 ± 0.01 2.2+0.3
−0.1

Γhard ... 1.5+0.1
−0.2

Ecut/kT (keV) > 453 300

AFe 3 ± 1 4+5
−2

log ξ (erg cm s−1) < 2.9 < 1

Rrefl 0.6 ± 0.1 1.3+0.4
−0.7

i (deg) 59+4
−5 63+7

−5

Rin (ISCO)* 1 1

Rout (Rg)* 400 400

Rbreak (Rg)* 15 15

q 3 2.2 ± 0.3

a* 0.998 0.998

CA 1.17 ± 0.01 1.17 ± 0.01

CB 1.20 ± 0.01 1.20 ± 0.01

χ2/d.o.f. 2354/2379 2693/2679

χ2
ν 0.99 1.01

Table 2. 90% confidence level parameters for the 2-79 keV and
0.5-79 keV ranges, reported with respect to EPIC-pn. K ’s are nor-

malizations, CA and CB are the calibration constants for FPMA

and FPMB, respectively, and q is the emissivity index. Γhard is the
photon index of the hard power law, Tin the temperature at the

inner disk radius, and Ecut the cutoff energy in the rest frame of

the source. Rrefl and ξ are the reflection fraction and ionization
parameter of the relativistic reflection component, respectively.

NH,Gal, Rin, z, Rbreak, a and Rout were frozen to the correspond-
ing values (parameters with asterisk). In addition, the ionization

parameter in the xillver distant reflector model was frozen to 0.

could be an indication that the razor-thin disk assumption
is invalid.

We also attempt to model the data with a more physi-
cally motivated approach. Following the possibility that the
soft excess could arise from reflection off of a high-density
disk (e.g., Garćıa et al. 2016; Jiang et al. 2018; Tomsick
et al. 2018), we try to fit the soft excess with the extended
reflection model relxillD. Given that this source is at a low
galactic latitude, it is likely that there is a fair amount of
uncertainty in the column density, so we allow tbabs to be a
free parameter, and remove ztbabs. We also include an addi-
tional hard power law to compare directly with our diskbb

fit. This tbabs*(xillver + relxillD + po) model yields
an acceptable fit with χ2/d.o.f. = 2726/2680 and an electron
density log ne = 17.2+0.5

−0.1, but it requires an iron abundance

of > 9 and a high emissivity index q = 7+1
−2, which suggests a

much higher degree of relativistic smearing than is expected
given the equivalent width of our iron line. As in our pre-
vious model, it also requires a very high inclination, with
i = 72+3

−5.
For completeness, we also fit the broadband spec-

trum with an alternative, ionized partial covering model in-
stead of relativistic reflection, replacing relxill with zx-

ipcf*powerlaw in our best fit, in order to see if we actu-
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Figure 5. Unfolded spectrum and best-fit model. Model compo-
nents are also shown.

ally require a broad iron line. We also apply zxipcf to the
disk blackbody component and remove the hard power law
component for simplicity. This model, which instead fits the
broad line region with a combination of an absorbed power
law and a narrow reflection component, gives an acceptable
fit with χ2/d.o.f = 2726/2681 = 1.02. It requires a covering
fraction of 0.56+0.07

−0.08, as well as an outflow velocity of nearly
∼ 0.1c, which is probably needed in order to account for the
blueshift of the iron K line. However, the physical processes
represented by this model would manifest themselves in the
variability as shot noise, or additive, variability processes,
but we instead see a linear RMS-flux relationship represent-
ing multiplicative variability processes.

3.2.3 Disk Inclination

In our best-fit model, we find an unphysically high disk incli-
nation. We confirm this result by generating the statistic sur-
face for this parameter, which gives comparable values (see
Figure 6). This is much higher than predicted by superlu-
minal motion in radio observations (Fuhrmann et al. 2016),
which implies a relativistic jet at an inclination i = 4−13 deg
from the line of sight. We therefore attempt to further con-
strain the inclination angle by placing hard limits at these
values. However, we are unable to constrain the inclination
this way, as the parameter is pegged at the hard upper limit,
so we proceed to fix the inclination to a value of 10 deg. This
scenario provides a fit with χ2

ν = 1.04, and we again find that
our best fit with an unrestricted inclination is an improve-
ment at a significance of > 99.99% (∆χ2 = 70 for 1 addi-
tional free parameter). Therefore, our data suggests that,
although we do observe a broad iron line, the broadening
may be caused almost exclusively by line-of-sight Doppler
effects that result from a high inclination. However, this is
at odds with superluminal motion inferred from radio ob-
servations. Alternatively, the geometry is not a simple ge-
ometrically thin disk, as assumed by the blurred reflection
model.
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Figure 6. χ2 statistic vs. disk inclination for our best fit. The

red horizontal line is the 90% confidence level. The blue hashed
region depicts the range set by radio observations (4-13 deg).

3.3 Timing Analysis

In addition to the spectral analysis described in the previous
section, we also performed a timing analysis to compare to
timing analyses from RQ NLS1s. X-ray reverberation lags
have been used to probe the inner accretion disk region as a
means to gain insight into the origin of the X-ray emission
in NLS1s (e.g., Fabian et al. 2009; Uttley et al. 2014). These
so called “soft lags” are caused by a reflection-induced soft
excess that lags behind coronal power-law photons due to the
short, extra time the latter take to travel from the corona to
the inner disk. The detection of a soft lag therefore provides
evidence that the soft excess is due to relativistic reflection;
on the other hand, a non-detection of a soft lag could suggest
that the soft excess is possibly a different component that is
not simply reflection.

In the next subsections, we look into whether we can
detect soft lags in 1H 0323+342, and analyze the relationship
between variations in the soft band and those in the hard
band by using Fourier techniques outlined in works such as
Nowak et al. (1999) and Uttley et al. (2014).

3.3.1 Lag-frequency spectrum

We begin the second part of our timing analysis by using
the available 7 light curves to compute time lags between
the power law dominated hard band (1-4 keV) and the soft
excess (0.3-1 keV) as a function of temporal frequency, or
inverse timescale. If the light curve in, say, the soft band,
s, has N time bins of width ∆t, then its discrete Fourier
transform at each Fourier frequency fn = n/(N∆t) is

S =
N−1∑
k=0

ske2πink/N (1)

We focus on frequencies higher than 6× 10−5Hz to avoid red
noise leakage at lower frequencies. We require at least 10
frequencies per bin.

We can rewrite the Fourier transform in a complex polar
form as S = |S |eiφs . Repeating the process for the hard band
light curve h, we can write the complex conjugate of its

Fourier transform as H∗ = |H |e−iφh . The product of S and H∗

gives us the Fourier cross-spectrum between the two bands:

C = |H | |S |ei(φs−φh ) (2)

This gives the phase difference between the soft and hard
bands, and the average lag between the two bands in each
frequency bin is then obtained by taking the phase of the
averaged cross-spectrum, or φ = arg[〈C〉]. This can then be
manipulated to give the time lag at each frequency bin:

τ =
φ

2π f
(3)

Figure 7 shows the resulting lag-frequency spectrum be-
tween lightcurves in the 0.3-1 keV and 1-4 keV bands that
had 10 s bins. To decide our upper limit in frequency, we
calculate the frequency range where we expect to see rever-
beration, given the black hole mass of this AGN, by using
the correlation between soft lag frequencies and black hole
mass from De Marco et al. (2013). Landt et al. (2017) ob-
tain a mean mass of 1.9+0.4

−0.3×107M� through estimates based

on the ionizing 5100 Å continuum luminosity and the width
of the hydrogen broad emission lines. We use this mass in
the correlation in De Marco et al. (2013), and find that this
corresponds to a frequency range νlag = (2.3 ± 0.5) × 10−4

Hz where we can expect to find a soft lag. As a precaution,
we extend the frequency range to 1× 10−3Hz, to account for
uncertainties in the mass estimate and the frequency-mass
correlation.

While our spectrum shows a low-frequency hard lag that
is consistent with propagating fluctuations in the disk, our
spectrum shows no soft lags at shorter timescales, which
could be related to a lack of coherence between the soft and
hard bands, something we investigate in the next subsection.
This non-detection may also in fact support our spectral
results by suggesting that reflection off of the accretion disk
is not the dominant process causing the soft excess.

3.3.2 Coherence-frequency spectrum

In an attempt to further explain the non-detection of soft
lags, we proceed to calculate the coherence between the soft
and hard light curves. The coherence provides us with a way
of measuring how correlated two light curves or signals are.
Essentially, it tells us to what extent one light curve can be
predicted from the other. The coherence at each frequency
is defined as

γ2 =
|〈C〉|2 − n2

〈Ps〉〈Ph〉
(4)

where the n2 term is due to Poisson noise contributing to
the square of the cross-spectrum, and the terms in the de-
nominator are noise-subtracted power spectra. For unity co-
herence, the two light curves would be perfectly coherent,
meaning one would be able to predict a light curve from the
other through a linear transformation.

Figure 7 shows the coherence-frequency spectrum that
results from our data. In the frequency range where we ex-
pect to see reverberation, given this black hole mass, we can
see that for the most part the coherence is below 0.6 and con-
sistent with 0. The non-unity coherence at these frequencies
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Figure 7. Time lag and coherence between variations in the soft

(0.1-3 keV) and hard (1-4 keV) bands as a function of timescale

(temporal frequency). The dashed red line is the frequency above
which we would have expected reverberation. Our results yield a

soft lag of zero, possibly suggesting the soft excess is not neces-

sarily due to reflection, and a relatively low coherence, suggesting
that the soft excess may not be directly correlated with the hard

band.

shows that there is a non-linearly correlated component in
the soft band. A coherence less than unity may have to do
with an additional soft excess continuum component that is
variable in a way that is not correlated with the power-law
and reflection components.

4 DISCUSSION

4.1 Where does the X-ray emission of 1H
0323+342 come from?

Previous studies of 1H 0323+342 have had mixed approaches
when it comes to the modeling of the source’s X-ray spectra.
By using a simple comparison in count rates between the soft
(0.3-2 keV) and hard (2-10 keV) bands of Swift-XRT obser-
vations, Paliya et al. (2014) showed that 1H 0323+342 might
exhibit a strong soft excess whose variability was not per-
fectly correlated with the variability of the hard band, which
may suggest that at least two spectral components are re-
quired to fit the X-ray spectra of this source. They success-
fully fit the spectrum using an ionized reflection model, and
found that the fit improved when they took relativistic blur-
ring into account. However, they fix the inclination to 10 deg.
This resulted in a steep spectrum (Γ = 2.02±0.06) and a high
spin (a = 0.96± 0.14). Ghosh et al. (2018) also assumed that
the soft excess was due to reflection and arrived at similar
results. However, other studies such as Paliya et al. (2019)
and Kynoch et al. (2018) have managed to obtain good fits
by modeling the soft excess with a power law, which adds

a layer of ambiguity regarding the best description of the
excess at low energies.

In each of these cases (as well as in Walton et al. 2013,
Yao et al. 2015), there was some evidence of a potential
broad Fe Kα line, but there were a few aspects that were
unclear, such as a stark difference in the measured black
hole spin between Walton et al. (2013) and Yao et al. (2015)
(although the latter froze their inclination to a much lower
value), and the fact that the emission was relatively weak
to begin with. In addition, Paliya et al. (2019) and Kynoch
et al. (2018) found that a combination of narrow emission
lines was adequate enough to fit the residuals at ∼ 6 keV.
Therefore, as for the soft excess, the nature of these residuals
was up for debate.

We find through our spectral analysis that reflection
may play a role in both the excess emission in the soft band
and the residuals at higher energies (∼2-35 keV); that being
said, regardless of the model we use, we require some addi-
tional soft excess component that is not reflection. A com-
bination of a reflection model (relxill) and a phenomeno-
logical blackbody model, along with a distant reflector, re-
sults in a good fit to most of the broadband spectrum, and
we detect an iron line at 6.6 ± 0.1 keV thanks to the in-
creased signal-to-noise ratio that results from combining 6
simultaneous XMM-Newton and NuSTAR observations with
archival data. However, a discussion of the origin of the
blackbody-like component is warranted, and whether it is
related to the jet or is due to Comptonization is still un-
clear.

A high density reflection model can also describe the
data fairly well, but certain well-known issues arise, such
as the fact that the featureless soft excess requires stronger
broadening than the fit to the iron line alone. An alterna-
tive ionized partial covering model also works; however, the
variability imprinted by a partial covering model would not
predict the linear RMS-flux relation we obtain, which sug-
gests that the variability of this source is multiplicative in
nature. This further suggests that the X-ray emission origi-
nates in the central region of the AGN.

While we detect a hard low-frequency lag that suggests
propagating disk fluctuations, we do not detect a soft lag.
RQ AGN with similar variance, exposure, and flux do show
soft lags, which might suggest that this is not a signal-to-
noise issue. This might have to do with the presence of an
additional soft excess component that is not simply blurred
reflection and that displays variability that is uncorrelated
with the continuum-dominated hard band.

The final piece of the spectral puzzle involves the pos-
sible hard excess observed at energies above ∼ 35 keV. We
find that, in each of our models, the residuals seem to in-
crease at higher energies. None of our reflection models were
able to take care of this, which implies that this excess may
be due to non-thermal processes related to the jet. The
otherwise coronal-dominated X-ray spectrum suggests the
emission might be contaminated by a combination of syn-
chrotron self-Compton mechanisms and Comptonization of
external disk photons. This hard excess was also observed
in Ghosh et al. (2018). Paliya et al. (2014) and Paliya et al.
(2019) also detect a hard excess and manage to fit it with
a broken power law and a second power law, respectively,
and they attribute this to a combination of thermal coro-
nal emission and jet emission with a power-law shape, the
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latter of which would result from the AGN undergoing γ-
ray flaring. In other words, the same process that produces
the γ-ray emission (such as synchrotron self-Compton or ex-
ternal Compton) may be the dominant form of hard X-ray
emission above 35 keV. The fact that an additional hard
power law component helps fit the hard excess we observe
at a significance of > 99.99% seems to suggest a similar be-
havior.

4.2 Model Inconsistencies and Alternative
Assumptions

Fuhrmann et al. (2016) constrain the viewing angle of 1H
0323+342 to values between 4 and 13 degrees using obser-
vations in the radio band. In X-ray spectra, the inclination
can be independently determined by the shape of the Fe Kα
line in the reflection spectrum: if the line is mostly broad and
blue-shifted, line of sight Doppler boosting (i.e. larger line-
of-sight velocities) has the dominant influence on the line
profile, and therefore this would correspond to a highly in-
clined disk; on the other hand, if the profile is mostly skewed
towards lower energies, it would mean that gravitational and
time dilation redshifts are dominant, corresponding to a disk
that is almost face-on.

Our results in both the 2-79 keV and the broadband
ranges with relxill provide an inclination that is higher
than the upper limit obtained from radio observations (see
Table 2). Our detection of the iron line also shows that the
line is blue-shifted. Walton et al. (2013) had modeled Suzaku
observations with relativistic reflection and found that if
they let the inclination vary, they end up with a highly blue-
shifted line that peaks at ∼ 8 keV, and obtain an unphysical
value of i = 82±3 deg. Therefore, high inclinations have been
suggested in the past; however, as previously mentioned, the
iron line had only been marginally detected. In this work,
we finally have a constraint on the iron line profile, and we
still measure a high inclination. Given the latter, it seems
that the broadening of the line can be explained almost ex-
clusively through line-of-sight Doppler effects, but this is a
lot more Doppler boosting than is physically allowed by the
inclination measured in the radio observations. This, along
with the unusually flat emissivity profile from our best fit,
seems to suggest that we may have to reconsider our model
assumptions.

One way to account for a perceived high inclination is
to consider the possibility that the emission is being viewed
through the acceleration zone of the jet. In this scenario,
a highly energetic corona would end up inverse Compton
scattering the reflection spectrum. Studies have shown that
considering these processes provides a more complete picture
of the emission from both black hole transients and AGN,
with the logic being that if thermal seed photons from the
disk are upscattered by the corona, reprocessed reflection
photons that emerge in the inner regions of the disk should
also be influenced by the same process (e.g., Wilkins & Gallo
2015; Steiner et al. 2017). This process could cause the iron
line in 1H 0323+342 to be blueshifted, even if the disk is
face-on and the jet is closely aligned to the line of sight.

Another way to explain our measurements may involve
abandoning the thin disk geometry (Shakura & Sunyaev
1973) altogether and considering a model where the accre-
tion disk is geometrically thick, a scenario which has also

been suggested to explain similar inclination mismatches in
X-ray binaries (e.g., Connors et al. 2019). In the past few
years, simulations have been used to understand the un-
derlying physical processes behind sources that have very
high accretion rates (e.g., McKinney et al. 2015; Sa̧dowski
& Narayan 2015). All of these simulations lead to an accre-
tion disk that is both optically and geometrically thick. This
highly accreting, geometrically thick scenario could lead to
optically thick outflows that restrict the emitted radiation
to a funnel-like space. A jet from near the black hole could
then be able to clear out some of the inner flow and could
potentially give us a line of sight towards the central X-ray
emitting region (McKinney et al. 2015).

If 1H 0323+342 were to have a relatively high accretion
rate, its accretion disk would not be infinitesimally thin.
Since radio observations point to a low-inclination geome-
try, the blue-shifted iron line we observe could be caused by
radiation-driven outflows in the funnel, and since the pres-
ence of the jet would be exposing the central region, grav-
itational redshifts could also be used to explain the broad-
ening of the line. Kara et al. (2016) develop a simple model
for iron line reverberation in a funnel geometry where spe-
cial relativistic effects and gravitational redshift are taken
into account, and where only an outflow velocity profile for
the funnel walls is considered. Through Monte Carlo simula-
tions, they show that an iron line can indeed be blueshifted
and broadened due to reflection off an optically thick out-
flow.

A very recent study by Thomsen et al. (2019) makes
use of this funnel geometry to make a detailed comparison
between the iron line profiles of thin disks and those of a ge-
ometrically thick supper-Eddington disk. In particular, they
show that, in each type of disk, photons emitted from dif-
ferent radii have different contributions to the line profile.
They show that for thin disks, most of the flux comes from
radii less than 25Rg, since the emissivity profile drops rel-
atively quickly at larger radii. However, for a funnel geom-
etry, more photons are emitted between 25 − 50Rg because
the reflected flux does not decrease as quickly at large radii,
due to the fact that in this geometry, the emission from the
corona would be able to illuminate more of the disk at larger
radii than it would for a thin disk. In addition, they show
that the iron line profiles of the thick disk are significantly
more blue-shifted than those of the thin disk, for reasons
mentioned earlier.

We can test if 1H 0323+342 would be an adequate
candidate for a thick-disk model by performing a quick
calculation to estimate its Eddington rate using our data.
We use the 2-10 keV luminosity from our best fit model
to estimate the latter. After performing this calculation,
we arrive at a value of log(L2−10 keV)=43.8. Adjusting the
appropriate value in ergs s−1 by a bolometric correction
of ∼20 (Vasudevan & Fabian 2007) to get the bolomet-
ric luminosity L = η ÛMc2, we then divide by the Edding-
ton luminosity. As in our timing analysis, we use the mass
MBH = 1.9+0.4

−0.3 × 107M� obtained by Landt et al. (2017).

Our result is then L ∼ 0.5+0.2
−0.1LEdd. The values we calculate

here are comparable to the luminosity and Eddington ratio
values obtained in Kynoch et al. (2018) and several other
previous works (e.g., Paliya et al. 2019, 2014; Pan et al.
2018; Landt et al. 2017). Although this ratio does not im-
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ply super-Eddington accretion, it does represent a relatively
high accretion rate.

It is important to note that the bolometric correction
we use is really an average obtained for Eddington ratios
.0.1. Vasudevan & Fabian (2007) show that the correction
seems to increase with Eddington ratio, and discuss that
it may vary considerably between different objects, in par-
ticular when it comes to sources like NLS1s and RL AGN.
In fact, according to Vasudevan & Fabian (2007), for high-
Eddington AGN, the bolometric correction is closer to 60.
Given the high accretion rate of NLS1s, this could mean
that 1H 0323+342 may have an Eddington ratio as high as
∼ 1.5. Our results seem to suggest that these are the physical
phenomena that are relevant for the case of 1H 0323+342.

5 CONCLUSIONS

We have presented X-ray spectral and timing analyses of the
γ-NLS1 1H 0323+342 with a combination of the first simul-
taneous XMM-Newton and NuSTAR campaign and archival
data. Our main results are as follows:

(i) We definitively measure a broad iron line and a Comp-
ton hump in 1H 0323+342. The broad line extends from
∼ 5.5−8 keV, meaning that there are significantly blueshifted
and redshifted components of the line.

(ii) We attempt describing the data with a variety of ab-
sorption and reflection based models. We find that the X-ray
emission in the 0.5-79 keV range (soft excess and iron line)
is well described by a combination of a phenomenological
blackbody component and relativistic reflection model, sug-
gesting that the dominant form of the X-ray emission comes
from the corona in the vicinity of the black hole.

(iii) We find potential evidence of a hard excess at high
energies, suggesting that non-thermal jet emission con-
tributes yet another component to the hard X-ray spectrum.

(iv) Our measurement of the inclination using a razor-
thin disk model is definitively in tension with radio obser-
vations at a significance of >99.99%; this measurement can
be explained by the detection of a blue-shifted line in the
spectrum. However, the discrepancy might be reconciled by
considering a model that takes into account a geometrically
thick accretion flow.
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Dauser T., Garćıa J., Walton D. J., Eikmann W., Kallman T.,
McClintock J., Wilms J., 2016, A&A, 590, A76

De Marco B., Ponti G., Cappi M., Dadina M., Uttley P., Cackett

E. M., Fabian A. C., Miniutti G., 2013, MNRAS, 431, 2441

Deo R. P., Crenshaw D. M., Kraemer S. B., 2006, AJ, 132, 321

Fabian A. C., Rees M. J., Stella L., White N. E., 1989, MNRAS,

238, 729

Fabian A. C., et al., 2009, Nature, 459, 540

Fuhrmann L., et al., 2016, Research in Astronomy and Astro-
physics, 16, 176

Gallo L. C., Tanaka Y., Boller T., Fabian A. C., Vaughan S.,

Brandt W. N., 2004, MNRAS, 353, 1064
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Figure A1. 2-79 keV fit with a power law, extrapolated to lower

energies. The corresponding background spectrum is also shown,
with a peak at the same energies as our negative residuals.
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APPENDIX A: CHECKING FOR A
POTENTIAL ABSORPTION FEATURE
BETWEEN 8 AND 10 keV

The background spectrum reveals a peak that corresponds
to the energies where we observe negative residuals (Figure
A1). This is likely the Cu-Kα complex in EPIC-pn, and our
negative residuals are therefore the result of over-subtraction
of these features. To be more thorough, we perform an ex-
ercise to make sure that the negative residuals are not the
result of a physical absorption process. We fit the EPIC-pn
spectrum, without the background subtracted, to a power
law; in this case, if there is indeed absorption from an out-
flow, for instance, the residuals should remain negative, in-
dicating that the feature is not just an artifact.

We show this spectrum in Figure A2, and we find that
the residuals are not present, suggesting that background
over-subtraction is at fault. We also perform this exercise
for our individual high and low-flux observations, and still
the negative residuals do not show up. In addition, none of
the individual MOS spectra show these residuals.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A2. 2-10 keV spectrum, with no background subtrac-

tion, fit to a power law. The negative residuals we observe in our
main analysis are not present, suggesting that they are an artifact

caused by background over-subtraction.
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