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ABSTRACT
The narrow-line Seyfert I galaxy, 1H0707−495, has been well observed in the 0.3–10 keV
band, revealing a dramatic drop in flux in the iron Kα band, a strong soft excess, and short
time-scale reverberation lags associated with these spectral features. In this paper, we present
the first results of a deep 250-ks NuSTAR (Nuclear Spectroscopic Telescope Array) observation
of 1H0707−495, which includes the first sensitive observations above 10 keV. Even though
the NuSTAR observations caught the source in an extreme low-flux state, the Compton hump
is still significantly detected. NuSTAR, with its high effective area above 7 keV, clearly detects
the drop in flux in the iron Kα band, and by comparing these observations with archival
XMM–Newton observations, we find that the energy of this drop increases with increasing
flux. We discuss possible explanations for this, the most likely of which is that the drop in flux
is the blue wing of the relativistically broadened iron Kα emission line. When the flux is low,
the coronal source height is low, thus enhancing the most gravitationally redshifted emission.

Key words: black hole physics – galaxies: active – galaxies: individual: 1H0707−495 –
X-rays: galaxies.

1 IN T RO D U C T I O N

Since the discovery of the broad iron K line 20 years ago (Tanaka
et al. 1995), there has been debate as to the origin of this distinctive
spectral feature. Two physical interpretations fit the time-integrated
energy spectrum equally well: relativistic reflection, where the iron
Kα emission line is produced in the inner accretion disc and is
asymmetrically broadened due to special and general relativistic
effects in the strong potential well of the central supermassive black
hole (e.g. Fabian et al. 1989; Brenneman & Reynolds 2006; Dauser
et al. 2012), and partial covering absorption, where the primary
emission is partially covered by distant clumpy clouds or outflowing
winds, and this absorption pattern mimics the shape of the broad

� E-mail: ekara@ast.cam.ac.uk

iron line (e.g. Inoue & Matsumoto 2003; Miller, Turner & Reeves
2008).

This debate comes to a head in the spectral fitting of narrow-line
Seyfert I galaxy, 1H0707−495 (z = 0.0411). The time-integrated
spectrum shows a dramatic drop in flux at 7 keV (Boller et al. 2002),
which suggests in both the relativistic reflection model (Fabian
et al. 2004) and the partial covering model (Tanaka et al. 2004) that
there is an overabundance of iron in the emitting/absorbing material
(unless the absorbing material is outflowing with velocity >0.3c;
Done et al. 2007). In the case of relativistic reflection, overabundant
iron leads to a strong prediction: the broadened iron L emission line
at ∼0.9 keV. Fabian et al. (2009) showed in a 500 ks XMM–Newton
that the residuals to a phenomenological continuum model show
both the broadened iron K and iron L emission lines. In response,
Mizumoto, Ebisawa & Sameshima (2014) claim that these data can
be well fitted by a partial covering by a Compton thin absorber that
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envelops a Compton thick absorber, however the major features in
the spectrum (namely the iron L and iron K features) are fitted by
ad hoc absorption edges. They say: ‘In addition to the cold/thick
and hot/thin absorbers that respectively explain the iron K- and L-
edges, we had to introduce the ad hoc edge components to explain
the extremely strong edge features.’. Mizumoto et al. (2014) do
not discuss the implications of adding the edges on the rest of the
spectral model, nor do they discuss why the iron L and iron K edge
energies vary independently if they are part of the same absorbing
structure. The high-resolution XMM–Newton-RGS data were also
examined, and Blustin & Fabian (2009) found no evidence for the
narrow emission or absorption lines expected from a partial covering
model.1

Fortunately, 1H0707−495, in addition to its striking spectral fea-
tures, is also one of the most highly variable Seyfert galaxies, com-
monly known to increase by an order of magnitude in flux on time-
scales as short as one hour. This allows for extensive spectral-timing
analysis, which can help break the degeneracies of traditional spec-
tral modelling. In addition to revealing the iron L feature in the soft
excess, Fabian et al. (2009) and Zoghbi et al. (2010) showed that the
high-frequency variations in the soft excess from 0.3–1 keV lag be-
hind those in the 1–4 keV band by ∼30 s. These authors interpreted
this short time-scale lag as the reverberation time delay between
the primary-emitting corona and the inner accretion disc. This short
time delay would put the corona at a height of <10rg from the
accretion disc (using the black hole mass estimate of 2 × 106 M�
from the MBH–X-ray excess-variance relation; Bian & Zhao 2003).
Later, as predicted by the relativistic reflection model, a short time-
scale lag was also found in the iron K band using a total of 1.3 Ms
of archival XMM–Newton data on the source (Kara et al. 2013b).
This timing analysis showed that the high-frequency variability in
the soft excess is correlated with that of the iron K band, and that
both of these bands lag behind the 1–3 keV band by tens of sec-
onds. In other words, the energy spectrum of the high-frequency
lags resembles the relativistic reflection energy spectrum. To date,
the simultaneous soft excess and iron K lag has not been explained
with a partial covering model.

Miller et al. (2010) (and later Legg et al. 2012, for a similar source
Ark 564) presented a partial covering timing model in which longer,
low-frequency lags were interpreted as reverberation between a
compact continuum source and distant circumnuclear material. In
this model, the amplitude of the low-frequency lag increases with
energy because the continuum photons travel through a medium
whose opacity decreases with increasing energy, and therefore the
fraction of scattered photons increases with energy. We note that
this partial covering model requires the corona to be compact be-
cause the high-frequency variability must be intrinsic to the primary
emission. In this model, the high-frequency time lags are simply a
phase-wrapping artefact from the low-frequency lags. If this is the
case, then the high-frequency lags would be a mirror image of the
low-frequency lags (just with a smaller amplitude), however, as dis-
cussed in the previous paragraph, the high-frequency lags show a
distinct signature in the iron K band (for more detail, see Zoghbi,
Uttley & Fabian 2011; Kara et al. 2013b, and a complimentary ar-
gument based on lag measurements of NGC 6814 in Walton et al.

1 Mizumoto et al. (2014) also examined the same RGS data set, and claim
that there are narrow absorption features present. However, these authors
do not include a statistical comparison between a featureless continuum and
a model with absorption lines, so the significance of the putative narrow
features cannot be accessed.

2013b). The high-frequency iron K lag has now been well estab-
lished in a number of sources (e.g. Zoghbi et al. 2012, 2013; Kara
et al. 2013a; Alston et al. 2014; and see Uttley et al. 2014 for
a review). Until partial covering can explain both the high- and
low-frequency spectral-timing results that have now been widely
observed, it cannot be considered a viable physical model.

Gardner & Done (2014) recently presented an alteration to the
reverberation lags in 1H0707−495, in which reverberation off the
accretion flow around a non-spinning black hole is diluted by an
occulting failed wind at 20rg. This model does require inner disc
reflection, but the reflection fraction is very low because there is no
emission from within 6rg or more. The authors do not explain the
strong, very broad iron K lag that is present in this source and many
others.

Despite the extraordinary spectral features and variability pat-
terns of 1H0707−495, it is a relatively faint source with a very
steep spectrum, which means that it has never been detected above
10 keV until now (e.g. Walton et al. 2013a). The Nuclear Spectro-
scopic Telescope Array or NuSTAR (Harrison et al. 2013) has the
ability to make this detection because it carries the first high-energy
focusing X-ray telescope in orbit, and is 100 times more sensitive
than previous instruments in the 10–80 keV band. Above 10 keV,
photons are not photoelectrically absorbed and reprocessed. Rather
they Compton downscatter, which produces an excess of photons
in the 10–80 keV range. We call this hard excess the Compton
‘hump’, and it has been confirmed by NuSTAR in a number of ob-
jects, including NGC 1365 (Risaliti et al. 2013; Walton et al. 2014),
MCG-6-30-15 (Marinucci et al. 2014a), and Mrk 335 (Parker et al.
2014). NuSTAR even detects the associated high-frequency Comp-
ton hump reverberation lag in the bright sources, MCG-5-23-16
(Zoghbi et al. 2014) and SWIFT J2127.4+5654 (Kara et al. 2015),
which confirms that the variability in the iron K and Compton hump
bands are correlated, and that they lag behind the continuum by short
time delays. This time delay corresponds to light travel distances of
<10rg.

We present the first results of the NuSTAR observation of
1H0707−495, which clearly reveals the sharp drop above 6.4 keV
and Compton hump. Given the recent evidence from NuSTAR obser-
vations and reverberation measurements that support the relativistic
reflection interpretation, we will focus on that model for the remain-
der of the paper. We fit the spectrum with a relativistic reflection
model in order to explore the consequences of including the high-
energy emission and to check that the model works. We do not make
attempts to fit the spectrum with a partial covering model, as it is
not the aim of this paper to determine which model is correct based
on the NuSTAR spectrum alone.

The paper is outlined as followed: in Section 2 we describe the
new observations, and we present the spectral results in Section 3.
We find that the energy of the blue wing of the iron line is dependent
on flux in this source, and discuss possible reasons and implications
for this observation in Section 4. Finally, we summarize our con-
clusions in Section 5.

2 O B S E RVAT I O N S A N D DATA A NA LY S I S

1H0707−495 was observed with the NuSTAR Focal Plane Module
A (FPMA) and Focal Plane Module B (FPMB) on three separate
occasions for a total exposure of ∼250 ks. See Table 1 for dates, ob-
sids, exposures and background-subtracted count rates. The Level 1
data products were processed with the NuSTAR Data Analysis Soft-
ware (NUSTARDAS v.1.4.1), and the cleaned Level 2 event files were
produced and calibrated with the standard filtering criteria using
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236 E. Kara et al.

Table 1. Details on the NuSTAR observations of 1H0707−495. Obs 1 and Obs 3 were accompanied
by Swift-XRT snapshots.

Name Date obsid Exposure (ks) FPMA/FPMB count rate (counts s−1)

Obs 1 2014 May 5 60001102002 144 0.008 ± 0.0003/0.007 ± 0.0003
Obs 2 2014 June 10 60001102004 49 0.005 ± 0.0004/0.005 ± 0.0004
Obs 3 2014 June 28 60001102006 47 0.01 ± 0.0005/0.009 ± 0.0005

the NUPIPELINE task and CALDB version 20140715. We chose a cir-
cular source region of radius 40 arcsec and a background region
of radius 85 arcsec. The regions were the same for both detectors.
While there was spectral variability between the three observations,
there is little spectral variability within each observation. The three
pairs of spectra were binned in order to oversample the instrumental
resolution by at least a factor of 2.5 and to have a signal-to-noise
ratio of greater than 3σ in each spectral bin.

Swift/XRT took simultaneous snapshots during Obs 1 (obsid
00080720001 and 00080720002 for 2 and 1.1 ks, respectively) and
Obs 3 (obsid 00080720004, for 1.7 ks). There was also a scheduled
snapshot during Obs 2; however, this occurred during an anomaly
period for Swift, and therefore the data could not be used for spectral
analysis. The Swift snapshots were processed using the automated
processor supplied by the UK Swift Science Data Centre at the
University of Leicester (Evans et al. 2009).

We compare these new observations with archival XMM–Newton
observations (Jansen et al. 2001; Strüder et al. 2001). 1H0707−495
has been observed for a total of ∼1.5 Msec with XMM–Newton
over 15 separate observations. The data reduction of these archival

observations is presented in Kara et al. (2013b). All error ranges
are quoted at the 90 per cent confidence level for each parameter
(�χ2 = 2.71).

3 R ESULTS

All three observations of 1H0707−495 found the source in a low-
flux state. Fig. 1 shows the unfolded spectra for our three NuSTAR
observations along with the corresponding Swift snapshots (where
possible). Overplotted in grey are two archival XMM–Newton obser-
vations showing one of the highest (obsid: 0511580201) and lowest
flux states (obsid: 0554710801) observed with XMM–Newton. The
second of the NuSTAR observations was the lowest flux observation
of the three, and appears to be even lower than the previous low-
est flux observation taken in 2011 as an XMM–Newton Target of
Opportunity. Unfortunately, we do not have the simultaneous Swift
snapshot to confirm that Obs 2 was in a similar (or even lower) flux
state at soft X-rays.

NuSTAR, with its high effective area above 6 keV, clearly detects
a strong drop in the emission around 6–7 keV, even when the source

Figure 1. Unfolded spectrum of 1H0707−495 to a power-law model with index 0 and normalization 1. The green, red, and blue points show Obs 1, Obs 2,
and Obs 3 of our joint NuSTAR (combined FPMA and FPMB) and Swift observations. The grey points show two archival XMM–Newton observations of one
of the highest and lowest flux in order to demonstrate the range of fluxes exhibited by this source to date.
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1H0707−495 with NuSTAR 237

Figure 2. The residuals to a phenomenological continuum model, revealing
strong features at the iron L, iron K, and Compton hump bands. The data are
from the Swift and NuSTAR observations of Obs 1 and Obs 3, which were
taken in a similar flux state.

is in a low-flux state. Interestingly, the energy of this drop is not
constant between observations. In the high-flux XMM–Newton ob-
servation, the drop occurs at a higher energy than in the low-flux
observations. This variable blue wing was first observed in early
XMM–Newton observations (Gallo et al. 2004), and we confirm this
difference now with additional high-quality observations. We inter-
pret this as a variable blue wing of the iron Kα line, and discuss it
further in Section 4.

In Fig. 2 we show the ratio between the combined Obs 1 and
Obs 3 spectrum and the best-fitting continuum model, demonstrat-
ing the strong iron L, iron K, and Compton hump features. We
did not include the Obs 2 NuSTAR spectrum because there is no
accompanying Swift data. The continuum model was produced by
fitting the entire spectrum with a blackbody, power-law, two LAOR

models at iron K and iron L and a Gaussian for the Compton Hump.
The LAOR lines and Gaussian were then removed, leaving just the
continuum, consisting of a blackbody at kT = 0.05 keV and power
law with � = 2.9 with Galactic absorption. Other sources observed
with NuSTAR have shown similar ratio plots with clear iron K and
Compton hump features (e.g. Risaliti et al. 2013; Baloković et al.
2014; Marinucci et al. 2014a,b; Parker et al. 2014; Walton et al.
2014). The reflection features in 1H0707−495 are very pronounced
(∼4 times that of the continuum).

Next, we fit the spectrum with a relativistic reflection model in
XSPEC. The spectrum can be well described using the publicly avail-
able RELXILLLP, which combines the xillver reflection grid (Garcı́a
et al. 2013) with the relconv_lp relativistic convolution kernel for
a point source corona above an accretion disc (Dauser et al. 2013).
The benefit of the lamp-post model is that it returns a physical
height to the corona and calculates the emissivity profile consis-
tently from the source height, rather than assuming a power-law or
broken power-law emissivity profile. We emphasize that the lamp-
post geometry is an extreme simplification of the corona, which is
likely to be compact, but obviously not a point source. We allow for
the reflection fraction (ratio of the reflected to primary emission,
Fr/Fp) to vary because the self-consistent reflection fraction from
a point source corona will always overpredict the true reflection
fraction from a slightly extended corona.

We start by fitting the three NuSTAR observations individually
with the RELXILLLP model, tying together physical parameters, such
as the spin, inclination, and iron abundance. The goal was to see
which parameters were changing between our three observations.
Unfortunately, due to the quality of the data, we cannot constrain
all parameters individually. Instead, we start by fitting all three
spectra simultaneously, tying all parameters together except the
normalization. This results in a good fit χ2/dof = 251/233 = 1.08.
We use this as our baseline model, and test untying individual
parameters that could change between our observations to see if
this improves the fit. The fit improves by letting the ionization
parameter vary between observations. This results in a �χ2 = 10 for
two additional parameters (i.e. the fit is preferred with >99 per cent
significance). The ionization parameter is constrained to be lower
for Obs 1 and Obs 3 than in Obs 2: log(ξ 1) < 0.9 erg cm s−1

and log(ξ 3) = 0.4 ± 0.3 for Obs 1 and Obs 3 versus log(ξ3) =
1.75+1.25

−0.75 for Obs 2. The best overall fit comes from freeing the
photon index � between the different observations (χ2 = 234/231).
The improvement is �χ2 = 17 for two additional parameters. �1 and
�3 are consistent within error, and �2 is significantly harder, which
is consistent with the observed flux and photon index correlation
(Wilkins et al. 2014). See Fig. 3 and Table 2 for the best fit RELXILLLP

model with normalization and photon index left free to vary between
observations. When we let only the source height vary between
observations, the fit was slightly improved from our baseline model,
but we could not find differences in the source height, as all were
constrained to be less than 3rg within the 90 per cent confidence
limit.

To confirm that our model was appropriate for the soft band
as well, we included the simultaneous Swift snapshots, and added
Galactic absorption (NH = 5.8 × 1020 cm−2) and intrinsic absorp-
tion to the model. This resulted in a χ2/dof = 288/251 = 1.15.
All parameters were the same within error, though the ionization
parameter was slightly higher, log(ξ ) = 2 ± 0.3 erg cm s−1. The
reflection fraction was constrained to be over 15. The higher ioniza-
tion is consistent with previous spectral studies of 1H0707−495 in
the 0.3–10 keV band. Fabian et al. (2012) and Dauser et al. (2012)
found that the best fit required two reflectors with all parameters the
same but with different ionization parameters. The low-ionization
reflection contributes most to the iron line, while the high-ionization
dominates the soft excess. The double reflector is an empirical fit
to the data, and is not motivated by accretion disc models. In these
papers, the double reflector was interpreted as a patchy accretion
disc, where the density fluctuates throughout, but it could also be in-
terpreted, for example, as an accretion disc that has a highly ionized
surface layer, with a less ionized layer underneath.

Given the small source height and large reflection fraction found
in these observations, we know that the disc irradiation must be
very strong. However, the ionization parameter is constrained to be
log(ξ ) ∼ 0.3 erg cm s−1 in the NuSTAR band and up to log(ξ ) = 2 erg
cm s−1 when including the soft excess, both of which are relatively
low. The ionization parameter ξ = 4πFX/ne, where ne is the elec-
tron number density in the disc, and FX is the irradiating X-ray flux
from 1–1000 Ry. If FX is very high and the ionization parameter ξ

is low, this suggests that the density of the disc is very high in this
object. As an exercise, we compute a rough density of the disc given
the luminosity and ionization parameter suggested from our fit to
the 0.3–30 keV band. The average 1–1000 Ry luminosity from our
three observations is 1.2 × 1043 erg s−1. Some of this luminosity is
primary emission, and some is reflection. We are interested in the
amount of flux irradiating the disc. If we assume that the fraction
of reflected flux (R > 15) is equal to the fraction of the coronal
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Table 2. Best-fitting spectral parameters of
RELXILLLP model, corresponding to Fig. 3. The
differences between Obs 1, Obs 2, and Obs 3
can be modelled as differences in just the nor-
malization and primary continuum photon index.
Therefore N and � are denoted with underscores
referring to the individual observations. The nor-
malization is defined as usual in XSPEC, photons
keV−1 cm−2 s−1 at 1 keV.

Parameter Value

h (rg) 2.14+0.31
−0.09

a 0.97 ± 0.03

i (◦) 43.4+1.8
−3.9

rout (rg)α 400.0

�1 3.05+0.25
−0.1

�2 2.37+0.28
−0.17

�3 2.80+0.2
−0.05

log(ξ ) (log(erg cm s−1)) 0.3+0.3
−0.2

AFe >7.2

Ecut (keV)α 300.0

R >5.8

N1 × 10−4 3.6 ± 1.4

N2 × 10−4 0.52+0.53
−0.18

N3 × 10−4 2.0+1.6
−0.2

χ2/dof 234/231 = 1.02

Note: αFrozen.

Figure 3. The best-fitting relativistic reflection model, RELXILLLP to the three
NuSTAR observations. The top panel shows the spectrum in counts, and the
inset shows the unfolded model spectrum. The bottom panel shows the χ2

residuals. See Table 2 for more details on the fit.

emission that is irradiating the disc, then 15/16 of the total lumi-
nosity is irradiating the disc. We convert this luminosity to a flux
by dividing by 4πr2, where r is the distance from the corona to the
disc, which we find to be ∼2rg or 6 × 1011 cm for a 2 × 106

solar mass black hole (Bian & Zhao 2003). Given the ioniza-
tion parameter of 100, we find that the electron number density,
ne ∼ 1017 cm−3. The XILLER and REFLIONX grids assume reflection of
a slab of ne ∼ 1015 cm−3. The implications of this density discrep-
ancy may be important.

3.1 The low-flux spectrum

Fig. 1 shows that Obs 2 (red) was found in an extreme low-flux
state, very similar to the one triggered in 2011 with XMM–Newton
(grey). Unfortunately, there was no Swift data available at the time to
confirm the soft band similarity between these observations. How-
ever, we do have simultaneous UV coverage with the Swift-UVOT
(for the NuSTAR observation), and with the Optical Monitor (for
the XMM–Newton EPIC-pn observation). The V-band magnitudes
are remarkably similar for these two observations (15.46 ± 0.05
with Swift and 15.47 ± 0.01 with XMM–Newton), which gives us
confidence that we are looking at the source in the same flux level
for the two observations. Furthermore, the rms variability of the
3–10 keV band (the common band between the two observations)
is the same within error. For an 80-ks length segment with 3000-s
time bins, the XMM–Newton rms is 0.48 ± 0.07 and the NuSTAR
rms is 0.65 ± 0.28, both of which are lower than the rms in high-
flux observations. The origin of the rapid variability in the low-flux
observations is likely to include intrinsic variations in the X-ray
source that cause correlated variations in the reflected emission.
The similarity of the rms in these two low-flux observations lends
further support to fitting these two observations simultaneously.

We fit the NuSTAR and XMM–Newton low-state observations
by extending our best-fitting RELXILLLP model down to the XMM–
Newton band from 0.3–10 keV. Again, we include Galactic and
intrinsic absorption into the model, and refit. The single absorbed
relativistic reflection model to the XMM–Newton and NuSTAR low-
flux observations gives a reasonable fit, χ2/dof = 470/357 = 1.32,
with most of the deviations occurring between 1–2 keV. The sta-
tistical fit is improved (χ2/dof = 399/355 = 1.12) if we include
a second reflector that has all parameters tied except the ioniza-
tion parameter and normalization, as in Fabian et al. (2012) and
Dauser et al. (2013). Details are shown in Fig. 4 and Table 3. The
high-ionization reflector improves the fit at 1–2 keV. The reduced
χ2 is similarly improved if, instead of modelling a patchy disc, we
add a separate multitemperature blackbody component (i.e. DISKBB

in XSPEC) or a blackbody with temperature kT = 0.12 keV, both of
which fix the discrepancy at 1–2 keV.

With the double reflection model we constrain the low-flux state
to have a lower source height than the fit to all the NuSTAR observa-
tions. Interestingly, when we include the XMM–Newton low-state
spectrum the inclination becomes larger, and not well constrained.
One possibility for this may be because the error bars above 7 keV
are large in the XMM–Newton spectrum, and increasing the inclina-
tion helps to broaden the line in this very extreme spectrum. It may
also be that the inclination is increasing because the model is trying
to fit the excess at 2–3 keV with the broad iron line. It is possible that
this 2–3 keV excess is not iron, but actually overabundant sulphur
at ∼2.3 keV. Unfortunately, we cannot account for overabundant
sulphur with the current RELXILLLP model. The power-law flux is so
low in this observation that we cannot constrain it with the current
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1H0707−495 with NuSTAR 239

Figure 4. The relativistic reflection model with two different ionization
parameters fit to the low-flux observations: Obs 2 in the NuSTAR band (red),
and the 2011 XMM–Newton ToO observation (grey). The total model is
the thick solid line. The low- and high-ionization reflectors are the dot–
dashed and dotted lines, respectively. The model results in a reasonable fit,
χ2/dof = 403/355 = 1.14.

Table 3. Best-fitting spectral parameters of
Galactic and intrinsically absorbed reflection
model (with two different ionization parame-
ters) to the low-flux XMM–Newton and NuS-
TAR observations, corresponding to Fig. 4.

Parameter Value
NH(Gal) (cm−2)α 5.8 × 1020

NH(int) (cm−2) <1 × 1020

h (rg) <1.4
a >0.988
i (◦) 65.0 ± 14.0
rout (rg)α 400.0
� 2.57 ± 0.06
log(ξ1) (log(erg cm s−1)) 3.2 ± 0.3
log(ξ2) (log(erg cm s−1)) 1.2+0.03

−0.1

AFe >9.5
Ecut (keV)α 300.0
R �10
N1 × 10−7 0.1 ± 0.4
N2 × 10−7 10. ± 0.4

χ2/dof 403/355 = 1.14

Note: αFrozen.

data. Therefore we cannot put strict constraints on the reflection
fraction, though it is clearly very high.

The self-consistent reflection fraction for a point source of h = 1.4
is R = 8.2. However, our source height is an upper limit, and
therefore that self-consistent reflection fraction is a lower limit,
which greatly increases as the source height decreases down to the
event horizon (e.g. our true minimum in χ2-space is h = 1.17,
which corresponds to a reflection fraction of R = 22.3). If, in-
stead of fitting the reflection fraction separately, we fit the reflec-
tion spectrum self-consistently for a point source above the disc
(fixReflFrac=1 in the RELXILLLP XSPEC model), we obtain a fit with

χ2/dof = 536/358 = 1.49. In this scenario, the high-ionization
reflector is no longer required by the data, however this is still a
statistically worse fit that the single reflector without a fixed re-
flection fraction (�χ2 = 63 for one less degree of freedom). The
fit is much improved with an additional blackbody of temperature,
kT = 0.12 keV (χ2/dof = 404/356 = 1.14). This tells us that there is
some discrepancy between the data and the simple model of a static
point-source above an infinite thin slab of density ne = 1015 cm−3.
These high-quality data are pushing the limits of our theoretical
models, and therefore more work on the models is required, but is
beyond the scope of this paper.

4 D ISCUSSION

We have presented the analysis of the first NuSTAR observations
of 1H0707−495. The source went into an extreme low-flux state
during these observations, but can still be observed up to 30 keV
thanks to the unprecedented effective area of NuSTAR in the hard
X-ray band. The data are well described by a relativistic reflection
model, where the lamp-post source height is constrained to be ∼2rg.
As in previous spectral studies (e.g. Fabian et al. 2009; Dauser et al.
2012), the spin and iron abundance are very high, a = 0.97 ± 0.03
and AFe > 7.2, respectively. The reflection fraction is also very high
in these observations, similar to what was found in Fabian et al.
(2012) in a triggered XMM–Newton observation of 1H0707−495
in an extreme low state. The high reflection fraction in low-flux ob-
servations can be explained by the strong gravitational light bending
effects from a low coronal source height (Miniutti & Fabian 2004).
A high reflection fraction is also evidence for a high black hole spin
(Dauser et al. 2014; Parker et al. 2014).

In this section, we discuss the apparent variable blue wing of the
iron line, as seen by eye in Fig. 1. We quantify this effect using all 15
archival XMM–Newton observations of 1H0707−495 in addition to
these recent NuSTAR observations. The photon index is observed to
change with flux (Wilkins et al. 2014), and therefore it is important
to get a good description of how the underlying continuum changes.
To this end, we fit the 1.5–2.5 keV band with a power law for each
observation. We freeze the photon index and normalization of the
underlying continuum, and then examine the 3–10 keV band (the
iron line band). We fit the excess above the continuum with an
additional power law with an edge. In effect, we are fitting the red
wing of the iron line as a power law, and the blue wing of the
line as an edge. This is a good diagnostic for measuring the energy
of the blue wing. All observations were well fitted by this model.
One 40 ks observation taken in 2007 (obsid: 0506200301) had too
few counts to put meaningful constraints on the edge of the iron
line, so for this observation, we fit it together with the following
observation (obsid: 0506200201), which was contiguous with the
first. In Fig. 5 (left), we plot the best-fitting edge energy and the
3–10 keV flux for the 14 independent XMM–Newton observations
in black, and our three new NuSTAR observations in green, red, and
blue. We find that, especially for flux levels below 8 × 10−13 erg
cm−2 s−1, the energy of the blue wing increases with increasing
flux. The edge energies of the two highest flux observations do not
follow the increasing trend. A similar trend with flux is found in the
continuum (1.5–2.5) keV power-law photon index (Fig. 5, right).
Similar to recent results by Wilkins et al. (2014), the photon index
increases with flux. However, again, the trend does not hold for the
two highest flux observations.

Gallo et al. (2004) and Fabian et al. (2004) wrote back-to-back pa-
pers on the variable blue wing in 1H0707−495. These papers were
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Figure 5. Left: the rest-frame energy of the blue wing of the iron line versus the 3–10 keV flux. The blue wing energy increases with flux up to ∼6 × 10−13

erg s−1 cm−2, above which the line energy scatters around 7.2 keV. Right: the power-law photon index from the ‘continuum’ band (1.5–2.5 keV) versus the
flux at 3–10 keV. We do not include our newest observations in this as the continuum cannot be well constrained from the short Swift snapshots. We see a
similar dependence on flux for the edge energy and the photon index, perhaps indicative of an underlying change in the corona with flux.

based on the first two XMM–Newton observations of the source.
They found that the spectra could be equally well explained by a
changing partial covering absorber (Gallo et al. 2004), or by changes
in the emissivity profile of the accretion disc with flux (Fabian et al.
2004). If the data are described by the partial covering absorber,
then the change in edge energy is best explained by a high speed
outflow in the observation with the higher edge energy. The ab-
sorber with variable edge energy from a Compton thick outflow
was also used recently to describe the XMM–Newton observations
(Mizumoto et al. 2014). This interpretation would imply that the
flux is increasing as the outflow velocity increases, which is pos-
sible if we assume that no new absorbers are generated and the
covering fraction decreases with higher velocity outflow. However,
clumpy Compton thick absorption along our line of sight will re-
sult in a strong scattered component, unless the absorbers satisfy
very restrictive geometric constraints (Reynolds et al. 2009). No
clear narrow features are observed in the XMM–Newton EPIC-pn
or RGS data, though, of course, this non-detection does not rule out
the possibility of the specific geometry of multiple absorbers along
our line that reabsorb all the scattered emission.

The other interpretation explored to explain the shifting blue
wing was changes in the coronal height in the relativistic reflection
model. If in the low-flux state, the X-ray emitting source is com-
pact and the source height is small, then only a small portion of
the accretion disc will be irradiated due to strong gravitational light
bending effects, and the observer will see mostly the gravitationally
redshifted emission. The flux increase can be explained as an in-
crease in the coronal source height, which then causes larger radii to
be irradiated. This produces emission that is not gravitationally red-
shifted. In addition to light bending effects, the structure of the disc
itself could play a role in enhancing the gravitationally redshifted
emission at low-flux levels. In a standard Shakura & Sunyaev ac-
cretion disc near its Eddington limit, the scaleheight of the disc far
from the innermost stable circular orbit can be as large as 5rg. If the
coronal source height is less than 5rg, then, at medium inclinations,
it would be eclipsed by the large scaleheight disc at larger radii. The
eclipse of the primary emission would cause the reflection fraction

to increase, as we would still observe reflected emission from the
far side of the disc (which is not eclipsed). In this model, when the
source height is higher, it will not be eclipsed and so the observed
flux increases. The large source height means that larger portions of
the disc are irradiated, and the line centroid is clearly detected. Both
light bending and the disc eclipse would have the effect of steep-
ening the emissivity profile with decreasing flux. Similar affects
have been found for the evolution of the emissivity break radius
with flux in 1H0707−495 (Wilkins et al. 2014), and the steepen-
ing of the inner emissivity index with increasing reflection fraction
in the ‘twin’ to 1H0707−495, IRAS 13224−3809 (Chiang et al.
2015).

The two highest flux observations do not agree with the trend
of increasing edge energy with flux. One possible explanation for
this is that the corona is more vertically extended in the high-flux
observations than in the ones below 8 × 10−13 erg cm−2 s−1. While
more photons can escape the gravitational pull of the central black
hole, there is still a significant portion of the continuum that is ir-
radiating the innermost regions of the disc. The fact that we also
see this turnover at high fluxes for the photon index is also ex-
pected if the corona is more extended. For example, in Kara et al.
(2013b), we showed that the energy spectrum of the high-frequency
variability is harder than that of the low-frequency variability, sug-
gesting that the corona emits a harder continuum at smaller radii.
X-ray microlensing in quasars from Chen et al. (2011) also show
that the harder X-ray emission originates from smaller radii than
the soft emission. The spectral hardening of the two highest flux
observations would then suggest that some fraction of the coronal
emission in these two observations is produced at small radii. We
have not fit the archival XMM–Newton observations with an ex-
tended corona, and therefore we cannot quantify the extent. How-
ever Wilkins & Fabian (2013) have suggested through ray-tracing
simulations of an extended corona, that 1H0707−495 is extended
out to 20–30 rg, though most of the reflected emission comes from
within 5rg.

We also explore the effects of ionization on the broad line, but find
that this is likely not the dominant effect. As the ionization increases,
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there are Kα transitions from more Fe ions, and we see emission
from the H- and He-like ions (Fe XXV–XXVI) up to ∼6.9 keV. This
effect is only appreciable when the ionization parameter is high
(above log(ξ ) ∼3). Our spectral fitting shows that the ionization in-
creases with decreasing flux (consistent with stronger light bending
in the low-flux state). If ionization changes were driving the change
in edge energy, then we would expect the opposite correlation with
flux.

Lastly, changes in disc inclination would also change the blue
wing of the iron line, but this is not likely to be the cause. If the
disc were precessing, then the edge of the wing would decrease with
increasing flux. In the precessing disc model, as the inclination of the
disc becomes smaller (more face-on), we see a higher flux because
of the solid angle increase. However, this would also decrease the
Doppler boosting effects, and so the line would appear to be less
broad (i.e. the energy of the blue wing of the line would decrease).
Furthermore, the second and third NuSTAR observations were taken
days apart from each other, and the disc is unlikely to change on
such short time-scales.

The variable blue wing energy complicates our spectral mod-
elling. If the changing emissivity profile affects the energy of the
blue wing of the line, then we cannot use the blue wing as a clear
indicator of the inclination of the accretion disc. Usually, the blue
wing energy is constant because it is determined by how much
Doppler shifting is occurring. Therefore, it is likely that by fitting
the NuSTAR data alone, we are inferring a lower disc inclination
because it appears that there is less Doppler broadening.

In order to account for this variable blue wing in our spectral
modelling, we fit the NuSTAR observations with the same RELXILLLP

model, but this time freeze the inclination to 55.7 deg. This is the
inclination found in Fabian et al. (2009) from fitting a relativistic re-
flection model to 500 ks of XMM–Newton data when the 3–10 keV
flux was ∼6 × 10−13 erg cm−2 s−1. For this test, we take 55.7 deg
to be the ‘true’ inclination, and use it to fit the recent NuSTAR
spectra. This model gives a good fit, χ2/dof = 265/230 = 1.15,
and other parameters change slightly to account for this >10 deg
difference in inclination. The effect of increasing the inclination
is generally to decrease the height of the source. This, in re-
turn, increases the ionization and possibly the reflection fraction,
which is to be expected as stronger gravitational light bending oc-
curs when the source is lower. When the inclination is fixed at
55.7 deg, the height is more tightly constrained to be even lower,
h < 1.5rg. The ionization increases to log(ξ ) = 1.6 ± 0.7 erg cm
s−1, and the reflection fraction is constrained to be slightly higher,
R > 7.8. All other parameters remain largely the same. The spin
is still high, a = 0.96 ± 0.01, and the iron abundance is still high
AFe > 8.

We can track the changes in the energy of the blue wing of
the iron line in 1H0707−495 because it has been observed for
several years in many different flux states, but in addition to the
impressive coverage, 1H0707−495 is special because it has a high
iron abundance, which makes it easier to measure the iron features.
The question of the high iron abundance in 1H0707−495 has long
been a criticism of the reflection modelling in this source. Our
new observations also require a high iron abundance. In fact, if
we ignore the NuSTAR data below 7.5 keV (i.e. below the iron
line) and fit the high energy spectrum, we find that the fit requires
an iron abundance greater than 2.9 times solar abundance at the
68 per cent significance. While this is not extremely overabundant
or highly significant, it does suggest that the high iron abundance is
not motivated by the iron K edge alone, but also by the amount of
photoelectric absorption in the 8–13 keV band.

5 C O N C L U S I O N S

We have presented the spectral analysis of the first NuSTAR obser-
vations 1H0707−495. Our main findings are:

(i) NuSTAR confirms a strong drop in flux at the iron K band, and
observes the Compton hump in this object for the first time.

(ii) The NuSTAR observations were taken when the source was at
a relatively low flux. The lowest flux observation (Obs 2), appears
to be at an extreme low-flux state.

(iii) The three NuSTAR observations can be well fitted by a RELX-
ILLLP model with high spin and a high iron abundance. The iron
abundance derived from just fitting above 7.5 keV also suggests a
supersolar iron abundance with 68 per cent significance.

(iv) The lowest flux observation, Obs 2, can be well fitted with
the extreme low-flux XMM–Newton observation with a model of
relativistic reflection off a patchy (non-uniform density) disc.

(v) The energy of the blue wing appears to change with flux in
this source. The mostly likely explanation for this dependence on
flux is that at low fluxes, the coronal source height is lower, and
therefore we observe the more gravitationally redshifted emission
at lower flux. If we assume that the ‘true’ inclination is the one
found when the source was in a high-flux state and fit our NuSTAR
spectrum again fixing the inclination to a higher value, then the
source height for our new observations is constrained to be less
than h < 1.5rg.
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