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ABSTRACT

We examine archival XMM-Newton data on the extremely variable narrow-line Seyfert 1
(NLS1) active galactic nucleus (AGN) 1H 0707-495. We construct fractional excess variance
(Fyar) spectra for each epoch, including the recent 2019 observation taken simultaneously with
eROSITA. We explore both intrinsic and environmental absorption origins for the variability
in different epochs, and examine the effect of the photoionised emission lines from outflowing
gas. In particular, we show that the unusual soft variability first detected by eROSITA in 2019
is due to a combination of an obscuration event and strong suppression of the variance at 1 keV
by photoionised emission, which makes the variance below 1 keV appear more extreme. We
also examine the variability on long timescales, between observations, and find that it is well
described by a combination of intrinsic variability and absorption variability. We suggest that
the typical extreme high frequency variability which 1H 0707-495 is known for is intrinsic to
the source, but the large amplitude, low frequency variability that causes prolonged low-flux
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intervals is likely dominated by variable low-ionisation, low velocity absorption.

Key words: galaxies: active — accretion, accretion disks — black hole physics

1 INTRODUCTION

Variability in flux and spectral shape gives an additional dimension
to studies of compact objects, which in general cannot be spatially
resolved. This variability can be broadly divided into two categories:
variability which is intrinsic to the accretion flow, where the emitted
flux from the accretion disk and corona changes; and variability
caused by absorption and scattering along the line of sight to the
AGN changing the observed flux. Both of these phenomena are of
scientific interest. Absorption variability typically tells us about the
environment of the AGN, such as clumps of material in the broad
line region (BLR; e.g. Gallo et al. 2021). Intrinsic variability, on
the other hand, tells us about the accretion disk and corona on small
scales (e.g. Uttley et al. 2014; Alston et al. 2020). The ultra-fast
outflows (UFOs), winds launched from the accretion disk close to
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the black hole (e.g. Pounds et al. 2003), sit somewhere in between
these two categories. Their main observational characteristic is high
ionisation absorption lines in the X-ray spectrum, but the variability
of these features appears to be driven by X-ray continuum (e.g.
Parker et al. 2017b; Matzeu et al. 2017; Pinto et al. 2018, Xu et
al., in prep) and in observational terms can be thought of as an
enhancement to the intrinsic variability (Parker et al. 2020).

To use variability to study AGN, it is therefore vital that we
understand what is driving the observed variability in each case.
Arguably the simplest way to do this is by measuring the energy
dependence of the variability, as different mechanisms predict dif-
ferent variability patterns (e.g. Parker et al. 2015). Recently, we
showed that the absorption lines from UFOs respond to the X-ray
continuum flux (Parker et al. 2017b; Matzeu et al. 2017), enhancing
the variability in these energy bands, leading to spikes in variance
spectra (Parker et al. 2017a, 2018). This gives us a new, compli-
mentary tool for outflow detection (Igo et al. 2020), and a powerful
probe of the physics involved. To exploit this fully, we need to be
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able to quantify the properties of the variability spectra. We have
developed a scheme for modelling variance spectra within XsSPEC
based on simple, physically motivated, public models'. We have
used these to fit the variance spectra of IRAS 13224-3809 (Alston
et al. 2020; Parker et al. 2020) and PDS 456 (Hirer et al. 2021).

Using these models, we were able to show that intrinsic vari-
ability, with damping where the soft excess and reflection spectrum
are less variable and enhancement from UFO lines, can provide an
excellent description of the variance spectrum of IRAS 13224-3809
(Alston et al. 2020; Parker et al. 2020). Building on this, we were
able to recover the X-ray luminosity/UFO velocity correlation iden-
tified by Matzeu et al. (2017) in PDS 456 by fitting the variance
spectrum (Hérer et al. 2021). We were also able to detect three lay-
ers of UFO absorption with different velocities (previously detected
with different instruments in different observations: Reeves et al.
2009, 2016, 2018) in a single variance spectrum.

Similar to IRAS 13224-3809, 1H 0707-495 is a low redshift
(z=0.04) NLS1 galaxy, well known for its extreme variability and
spectral shape (e.g. Turner et al. 1999; Leighly 1999; Boller et al.
2002), with a very strong soft excess and relativistic broad iron
line from emission reprocessed by the accretion disk (Fabian et al.
2009). NLS1s are generally thought to be low mass, high accretion
rate AGN (see review by Komossa et al. 2008), making them highly
variable and also interesting test-cases for AGN feedback in the
early universe. 1H 0707-495 was also the first AGN where an X-
ray reverberation lag was detected (Fabian et al. 2009), which was
later shown to have a strong iron line feature in the lag-energy
spectrum (Kara et al. 2013). In addition, blueshifted absorption
features from an ultra-fast outflow (UFO) are present in the XMM-
Newton spectra of 1H 0707-495 (Dauser et al. 2012; Hagino et al.
2016), and emission lines from Oviir and Nvir are present in the
reflection grating spectrometer (RGS) spectrum (Kosec et al. 2018)
when the continuum flux is low. Various authors have at times
invoked low ionization partial-covering absorption in 1H 0707-495,
either as a way of producing spectral structure at 7 keV at the Fe K
edge (e.g. Mizumoto et al. 2014), or as a way of producing soft
X-ray variability (e.g. Boller et al. 2021).

In this paper, we use variance spectroscopy to examine the
variability behaviour of each epoch of observations of 1H 0707-495
with XMM-Newton, aiming to determine the physical mechanism(s)
driving its variability. 1H 0707-495 is one of the most observed
AGN in X-rays, with a total exposure duration of ~ 1.4 Ms, and its
extreme variability make it an ideal candidate for this kind of study.

2 OBSERVATIONS AND DATA REDUCTION

1H 0707-495 has been observed with XMM-Newton 16 times over a
period of 20 years. In this paper, we use data from the EPIC-pn cam-
era (Striider et al. 2001) only, due to its higher throughput. The raw
data were processed from Observation Data Files (ODFs) following
standard procedures using the XMM-Newton Science Analysis Sys-
tem (SAS; v19.0.0), using the filtering conditions PATTERN 0—4 and
FLAG = 0. The 2000 and 2002 EPIC observations were made using
full-frame mode and the remainder are in large-window mode. The
source counts were extracted from a circular region with radius 20
arc seconds. The background is extracted from a large rectangular
region on the same chip and avoids the Cu ring on the outer parts

! www.michaelparker.space/variance-models

Table 1. XMM-Newton observation properties.

obsID Rev. Start Date Duration Count rate
[s] (0.5-10 keV) [s7!]

110890201 159 21/10/2000 46018 0.654 + 0.004
148010301 521 13/10/2002 79953 2.398 + 0.006
506200301 1360  14/05/2007 40953 1.175 + 0.006
506200201 1361  16/05/2007 40914 0.379 £ 0.004
506200501 1379  20/06/2007 46913 3.63 +£0.01

506200401 1387  06/07/2007 42866 2.54+£0.02

511580101 1491  29/01/2008 123815 2.162 +0.004
511580201 1492  31/01/2008 123670 3.287 +0.008
511580301 1493 02/02/2008 122504 2.759 +0.007
511580401 1494  04/02/2008 121922 2.259 +0.009
653510301 1971 13/09/2010 116575 2.396 + 0.005
653510401 1972 15/09/2010 128200 3.280 + 0.006
653510501 1973 17/09/2010 127602 2.328 +0.005
653510601 1974  19/09/2010 129001 2.857 +0.005
554710801 2032  12/01/2011 98321 0.175 £ 0.002
853000101 3633  11/10/2019 60700 0.111 £0.002

of the pn chip. No significant pile-up is found using the SAS task
EPATPLOT (Ballet 1999; Davis 2001).

Strong background flares can affect timing results, which is
often worse at higher energies, so particular care has been taken to
remove the influence of flaring and background variations. These
are typically worse at the beginning and end of XMM-Newton ob-
servations. Following Alston et al. (2013, 2014, 2019), for flares
of duration < 200s the source light curve for the flare duration
was removed and the gap was interpolated by adding Poisson noise
using the mean of neighbouring points. The interpolation fraction
was typically < 0.5 %. For gaps longer than 200s the data were
treated as separate segments. Any segments where the background
light curve was comparable to the source rate (in any energy band
used) were excluded from the analysis.

2.1 Variability spectra

The energy dependence of the variability is investigated using rms-,
or frequency-resolved spectra (e.g. Edelson et al. 2002; Markowitz
et al. 2003; Vaughan et al. 2003, Alston et al. 2015). We calculate
the rms in a given energy band by integrating the noise subtracted
power-spectrum (PSD), using an rms normalisation, over the fre-
quency range of interest from fiow O fhigh- This gives the rms
spectrum in absolute units. The fractional excess variance (Fyar,
also known as the fractional rms spectrum or normalised excess
variance) is obtained by dividing the rms spectra by the mean count
rate in each energy band (e.g. Revnivtsev et al. 1999). Following
Poutanen et al. (2008) we calculate errors using Poisson statistics.
Energy bands are made sufficiently broad such that no time bins
have zero counts.

We compute the rms spectra in two broad frequency bands;
one at low frequencies; 0.8 — 2.0 x 104 Hz (LF), and one at high
frequency; 0.4 — 1.0 x 1073 Hz (HF). These bands are chosen to be
below and above the break frequency respectively (see e.g. McHardy
et al. 2006; Gonzdlez-Martin & Vaughan 2012). A full exploration
of the energy dependent PSD will be shown in Alston et al, in prep.

We divide the data into different epochs, grouping obsIDs from
continuous campaigns unless the count rates differ drastically be-
tween observations, and calculate average variance spectra for each
epoch. A summary of the different epochs used in this work is

MNRAS 000, 1-17 (2020)
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Table 2. Breakdown of obsIDs in each epoch spectrum. Observations from the same observing campaign are grouped together into a single epoch unless they
differ drastically in flux (as in the first two orbits in 2007). For each epoch, we report the low frequency and high frequency (LF and HF) Fy,; values, averaged

over two different energy bands.

Epoch obsIDs Fyar

LF,0.5-2keV  LF,2-10keV  HF, 0.5-2keV  HF, 2-10keV
2000 110890201 0.25+0.01 0.25 +0.05 0.12+0.01 0.24 £ 0.04
2002 148010301 0.178 £ 0.002 0.21 £ 0.02 0.052 +0.003 0.11 +£0.01
2007a 506200301 0.280 + 0.005 0.23 +0.04 0.232 +0.005 0.28 £ 0.04
2007b 506200201 0.56 +0.01 0.50 £ 0.03 0.39 +0.01 0.6+0.1
2007¢ 506200501, 506200401 0.170 £ 0.002 0.21 £0.01 0.087 +0.002 0.13+0.01
2008 511580101, 511580201, 511580301, 511580401 0.167 + 0.001 0.18 +0.01 0.050 + 0.001 0.10 £ 0.01
2010 653510301, 653510401, 653510501, 653510601 0.212 £ 0.001 0.30+0.01 0.053 £ 0.001 0.14 £0.02
2011 554710801 0.21 £ 0.01 0.41 £ 0.06 0.20 +0.01 0.22 +0.02
2019 853000101 0.69 +0.01 0.43+0.04 0.47 +£0.02 0.36 +£0.08
High flux All 2008 + 2010 obsIDs 0.239 + 0.001 0.26 + 0.01 0.053 + 0.001 0.11 £0.01
Inter-obs 110890201, 148010301, 506200301, 506200201, 506200501,  0.679 £ 0.001*  0.53 £0.01*

506200401, 511580101, 653510301, 554710801, 853000101

*Note that the frequency band for the inter-observation variance spectrum is not the same as the low frequency band used for other epochs, as it includes
variance on very long timescales (between observations) so these values are not directly comparable.

presented in Table 2. For simplicity, we only use the high signal
EPIC-pn data. While including the MOS data would marginally
improve the total counts, the improvement at high energies is neg-
ligible due to the lower effective area of the MOS detectors and the
higher background contamination. Including the additional detec-
tors would complicate the analysis, and risk introducing additional
systematic effects and background contamination.

In some low-flux epochs, the time-average spectra of 1H 0707-
495 are background dominated, due to its soft spectrum. In general,
this is not a major problem for the reliability of an Fy,, analysis, so
long as the background is stable and subtracted appropriately (see
above). The main effect of a high background is to lead to undefined
bins (where the predicted white noise variance exceeds the observed
variance, and the square root in the RMS would return a negative
value) and bins with very large errors. Both of these are visible in
our low flux epochs (Section 4.2.2, Fig. 6), but neither of these will
have a significant effect on the fits. In principle, this effect can result
in a bias towards higher values of Fyy; (see e.g. Wilkinson & Uttley
2009), however, this bias is only significant with a large number of
bins, as the errors on the positive bins are very large so the impact
they have on the fit is negligible. In the case of our low flux epochs,
we only have two bins above 8 keV that are strongly affected, so the
impact of this bias is negligible.

If the background is variable this could cause additional sys-
tematic effects if not properly subtracted. However, this is unlikely
after removing flaring periods. We test this by examining the power
spectra with and without background subtraction, and find minimal
difference in the PSD shape. We conclude that the background is
not significantly affecting the observed variability.

We also calculate a long-term variance spectrum by including
inter-observation variability, allowing us to study the equivalent
very-low frequency variability. To ensure the more densely spaced
observations (e.g. 2008 and 2010) do not dominate the resulting
variance spectra, we choose just one observation from these years:
obsIDs 511580101 and 653510301. The gaps in the light curves
between observations are then zero padded and the variance spectra
are determined in a similar way to before. The small difference in
the shape of the energy dependent PSD (e.g. Gonzdlez-Martin &
Vaughan 2012) means the introduction of any energy-dependent
aliasing effects will be negligible. The resultant frequency range for
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the very-low frequency variance spectra is 0.01 — 1.0 X 10" Hz
(VLF).

3 NEW VARIANCE MODELS

We introduce here two new variance models, constructed as
in Parker et al. (2020), which we use to model the variance
spectra of 1H 0707-495. Both models are available from www.
michaelparker.space/variance-models.

3.1 Photoionised emission

In addition to confirming the presence of a UFO in absorption in
1H 0707-495, Kosec et al. (2018) detected blueshifted emission
lines from Nvir and Ovir with a velocity of ~ 8000 km s~ !, which
were interpreted as emission from an outflow on larger scales, driven
by the UFO.

Regardless of their physical origin, the presence of these
ionised emission lines will have an effect on the observed variabil-
ity of 1H 0707-495. As they are not relativistic, they must originate
from a larger scale than the X-ray continuum and reflection spec-
trum. This means that the emission lines will be much less variable
than the continuum, lowering the fractional variance in bands where
emission lines are present.

For this model, we follow the same procedure as outlined in
Parker et al. (2020). For a grid of values of ionization &py, and flux
fraction fpr (defined as the fraction of the flux from 0.5-10 keV
in the photoionised component in the log-averaged spectrum)?, we
vary a powerlaw spectrum in the presence of a constant photoionized
emission component. We model the photoionized emission using

2 foris defined in this way because the variance is calculated assuming a log-
normal distribution of fluxes, however this definition will lead to values much
larger than will be typically measured by fitting a time averaged spectrum,
as that approach calculates fluxes based on the linear average and therefore
assigns much more flux to the highly variable powerlaw component. The
ratio between our parameter fp; and the linear average is a function of the
variance in the continuum, with the difference becoming more extreme as
the variance increases.
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4 M. L. Parker et al.

2.00
1.75
1.50
1.25 W
£ 1.00 4
W
0.75 A
— log(§)=0, f=0.1
0301  log(e)=1, Ff=0.1
0.25 4 log(§)=2,f=0.1
—— log(§)=3,f=0.1
0.00 . .
0.3 1.0 3.0 10.0

Energy (keV)

Figure 1. Variance spectra showing the effect of the photoionisation damp-
ing model FvAR_PION. Models are calculated for a variable powerlaw that
varies in normalization only (no spectral pivoting) in the presence of con-
stant photoionised emission (FVAR_PION X FVAR_POW in XsPEC), for four
different values of the ionisation parameter. Spectra are smoothed to the
approximate resolution of the EPIC-pn. A strong damping feature is present
around 0.9-1 keV for values of log( &) between 2 and 3. At high ionisations
a Fe line feature appears below 7 keV.

an xspec table model version® of the pron model (Miller et al.
2015; Mehdipour et al. 2016) from spex (Kaastra et al. 1996), as
in Parker et al. (2019), assuming a I" = 2 powerlaw spectral energy
distribution (SED)*. Ateach grid point we calculate 1000 model flux
spectra then calculate a variance spectrum from them, generating a
variance spectrum at each grid point. We then divide these spectra
by a reference powerlaw variance spectrum without photoionised
emission, to isolate the effect that the emission has on the variance.
We then convert this into a multiplicative table model in Xspec
format, which can be applied to an arbitrary continuum.

The main effect of this model is to lower the variability in en-
ergy bands where strong emission lines are predicted, which varies
as a function of ionization. We plot this model, referred to in XsPEC
as PIDAMP, for four values of ionisation in Fig. 1. Of particular rel-
evance for this work are the spectra for log(¢) = 2 and 3, where a
strong dip is present around 1 keV. A similar dip is present in the
observed spectra at low fluxes (see Section 4.2)

We show corresponding emission spectra for this region of
parameter space in Fig. 2. A forest of emission lines from various
species of Ne and Fe is present around 1 keV, which causes the
fractional variance to drop.

3.2 Partial-covering absorption

We construct a variance model for ionized partial covering absorp-
tion where the variability is driven by changes in covering fraction,
with a potential correlation between the covering fraction and the

3 https://www.michaelparker.space/xspec-models

4 This is necessarily approximate, as the model is intended to be general
rather than specific to a given source. The overall SED is unlikely to vary
significantly on the timescales we study, so the adoption of a constant and
approximate SED is unlikely to significantly affect our conclusions, beyond
a small bias in ionisation and column density.

1.0 A
— log(§) =2

0.5 A

0.3 1.0 3.0 10.0
1.0 A

— log(§)=2.5

0.5 A

0.3 1.0 3.0 10.0
1.0 A
log(§) =3

E2Fg (Arbitrary units)

0.5 A

0'0 i T T
0.3 1.0 3.0 10.0
Energy (keV)

Figure 2. Emission spectra for the pion photoionised emission model, cov-
ering the range log(&) = 2 — 3. For values above ~ 2.3 a strong forest
of lines is present at 0.9—1 keV, shifting higher in energy as the ionization
rises. A strong Ovi line is present at 0.6 keV in all cases, which generally
does not have a large effect on the variance spectra due to the limited energy
resolution of the EPIC-pn.

column density. A closely related model for neutral partial covering
variance will be presented in Joyce et al. (in prep), where we use it
to study variable absorption in a moderately obscured AGN.

We use the same basic process as in the previous section to
generate the model. We use the xaBs model from spEx to model
the effect of variable absorption, again assuming a I" = 2 powerlaw
SED. For a grid of values of average covering fraction, average
column density, and ionization, we apply the absorption model to a
powerlaw continuum. We then draw 1000 values of covering fraction
from a Gaussian distribution centered on the average to calculate
a range of spectra. If the instantaneous covering fraction would be
outside the limits of 0—1 we pin it to the corresponding limit. From
these spectra we calculate a variance spectrum for each grid point.

We also account for the possibility that the column density
correlates with covering fraction (for example, clouds are likely to
be denser in the core, so when they fully cover the source the column
would be higher) by including a correlation parameter, ¢y, with
values between 0 and 1. This relates the instantaneous covering
fraction and column density via the equation Ny ; = Ny avg X
(feov.il feov,avg)“Ni. Some example model spectra are shown in
Fig. 3, for different values of ionisation and column density. We
note that, regardless of ionization, none of these spectra show the
sharp drop in variability above 1 keV observed in 1H 0707-495 by
Boller et al. (2021, their Fig. 3), implying that absorption alone
cannot fully explain the extremely soft variability spectrum.

MNRAS 000, 1-17 (2020)
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Figure 3. Fy, spectra from our absorption variance model, FVAR_pcov,
where the variability is driven by changes in the covering fraction. Top:
Low ionisation (log(&) = 0) variance spectra, with different values of the
column density. Bottom: Fixed column density (Ny = 102 cm™2) spectra,
with different values of the ionisation. In both cases we assume an average
covering fraction fioy of 0.1 and standard deviations in covering fraction
T £y 0f 0.5. Note that as the ionization rises the variance below 1 keV drops,
so ionised absorption does not provide an explanation for the extremely soft
variability seen in 2019 (see Section 4.2.3).

4 RESULTS

We now consider the variance spectra of 1H 0707-495 in different
epochs and flux states. In each case, we attempt to model the spec-
trum at high (0.4 —1.0x 1073 Hz, HF) and low (0.8 —2.0x 10~* Hz,
LF) frequencies simultaneously using our variance models, keep-
ing most parameters fixed between the two frequencies and allowing
only those that could be frequency dependent to differ between the
two.

4.1 High flux average Fy,; spectrum

We first examine the combined 2008+2010 high flux spectrum, as
this spectrum has the highest signal (and correspondingly high-
est energy resolution), allowing us to establish a baseline model.
The low-frequency spectrum (Fig. 4, left) is very similar to that of
IRAS 13224-3809 (Parker et al. 2020), showing a depression of the

MNRAS 000, 1-17 (2020)
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variability below 1.5 keV, corresponding to the soft excess, and a
strong peak in variance at high energies corresponding to the Fe
xxv/xxv1 UFO line, with weaker peaks potentially corresponding
to the equivalent lines for lower Z elements. The high-frequency
spectrum is similar, but with a significantly lower power, making
it harder to distinguish line features. The low energy dip is clearly
present.

It is interesting that the UFO variance declines in parallel with
the continuum between the low and high frequency spectra. This
means that it shares a common frequency dependence/power spec-
trum, consistent with the interpretation of the UFO variability being
strongly correlated (and possibly driven by) the X-ray continuum.
The effect of the UFO variability can therefore be regarded as an ex-
tension of the intrinsic source variability, rather than an independent
source of variance.

The soft excess drop in variance is common in AGN (e.g. Igo
et al. 2020), and is a result of the soft excess being less variable than
the primary continuum, independently of the origin of the soft ex-
cess. It is important to note that neutral absorption variability does
not produce an equivalent feature, as it affects both the power-law
and soft excess photons equally. Ionized absorption can in principle
produce a similar effect, as it preferentially absorbs photons at spe-
cific energies, however such absorption would produce clear atomic
lines which would trivially be observed in grating spectra (and are
not). The presence of this soft excess dip therefore argues strongly
in favour of intrinsic variability dominating the variance spectrum.

We fit these spectra with the same intrinsic variability model
used for [IRAS 13224-3809 in Parker et al. (2020): a variable power-
law, damped by a constant black-body soft excess and less variable
relativistic reflection, and enhanced by a UFO that responds to
the ionizing continuum. The powerlaw (FvAR_pow) produces the
basic continuum shape, and the degree of pivoting of the pow-
erlaw (defined by the correlation between photon index and flux,
cr) determines how soft it is. The relativistic reflection component
(FvarR_REF) models the change in variance produced by a relativis-
tic reflection spectrum (modelled with RELXILL, Garcia et al. 2014),
where the flux in the reflection is correlated with the powerlaw
(log(Fref) = cref log(Fpow) + log(Fief ). For values of cper < 1,
the reflection spectrum is less variable than the powerlaw, and the
reflection causes Fy,r to drop in bands where it is strong. The aver-
age reflection flux is set so that it is a fixed fraction of the average
powerlaw flux, given by the fi.f parameter (note that this average
reflection fraction is extremely degenerate with the reflection corre-
lation, since low correlations and high fractions both produce strong
damping, and vice-versa). We also include a black body damping
model (Fvar_BB), which describes the damping effect of a constant
black body component. We use this as a phenomenological soft
excess component, in combination with the reflection model. The
UFO model (FvArR_UFo0) assumes that the variability in the UFO
lines comes from changes in the ionisation of the UFO, driven by
the powerlaw flux (log(§uro) = curo l0g(Fpow) + log(£uro,0))-
For any value of cypo > 0, the ionisation of the gas will increase
with increasing powerlaw flux, and the strength of the absorption
lines will change. For high ionization lines, such as the Lyman-a
lines which typically dominate UFO spectra, this will cause the
lines to weaken with increasing flux, enhancing the variance in that
energy band. For simplicity, as the UFO absorption variance model
can easily become stuck in false minima, we fix the blueshift of the
UFO to a velocity of 0.13¢ (Kosec et al. 2018). While the velocity
may vary between epochs (Dauser et al. 2012), the broad energy
bins we use for the Fy,, spectra mean that the effect is minimal.
In addition, we also add a constant photoionized emission compo-
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Figure 4. High flux variance spectrum, calculated from the long observing campaigns in 2008 and 2010, when the flux was relatively high. Low and high
frequency spectra (LF and HF) are shown in the left and right panels, respectively. The best-fit model intrinsic variability model is plotted as a stepped blue
line, in each case. For both LF and HF spectra, a strong damping effect from the soft excess is visible at low energies. A clear Fe UFO line is visible in the LF
spectrum at 8 keV, and weaker lines above and below 2 keV from Si and S. The UFO lines are not clearly visible in the HF spectrum, but it is consistent with

them still being present.

nent, which damps the variability at specific energies, to account
for the emission seen by Kosec et al. (2018). The effect of this
component is minimal in the high flux spectra, but we include it for
comparison purposes. We convolve all these components with an
energy-dependent Gaussian to mimic the instrumental resolution of
the EPIC-pn, with the o at 6 keV fixed to 0.1 keV and the index
of the energy dependence fixed to 0.165. In xspEc notation, the
model is: GSMOOTH X (FVAR_PIDAMP X FVAR_UFO X FVAR_REFDAMP
X FVAR_BBDAMP X FVAR_POW).

The relativistic blurring parameters of the reflection compo-
nent are fixed, as in Parker et al. (2020), to representative values
for IRAS 13224-3809. This is unlikely to significantly affect the
analysis, as the relativistic iron line has a negligible effect on the
variance spectrum and the corresponding parameters for 1H 0707-
495 are very similar. Finally, we add a 2% systematic error to all our
fits to stop the fits being dominated by very high signal bins at low
energies, where our relatively simplistic model (compared to those
used to fit count spectra) may not perfectly describe the data.

We fit the high and low frequency spectra simultane-
ously, and allow certain parameters which could be frequency-
dependent to vary between the two. Specifically, we free the UFO
ionization/power-law flux correlation, the reflection flux/power-law
flux correlation, the power-law flux/index correlation, the black-
body flux fraction (a proxy for how variable the soft excess is), and
the power-law variance.

This model gives an excellent description of the data (Fig. 4),
fitting all the main features (best-fit parameters in Table 3). A small
residual is visible in the high-frequency spectrum around 2.5 keV,
which is around the right energy for the blueshifted Sxvr line (e.g.
Dauser et al. 2012). However, we consider it unlikely that this is a
genuine feature, as it is anomalously strong relative to the other UFO
line signatures. There is sometimes an instrumental feature around
this energy range (see appendix of Marinucci et al. 2014), and it
is possible that this feature could be somehow variable and fre-
quency dependent, introducing a spurious feature into the variance
spectrum.

Table 3. Best-fit parameters for the high flux/high resolution spectrum shown
in Fig. 4. Parameters with the subscripts PI, UFO, and Ref refer to the
photoionised emission, UFO, and relativistic reflection, respectively. HF
and LF refer to the high and low frequency spectra. Where only one value

is given, parameters are tied between the two spectra.

Parameter LF HF Description
for 0. 14J:%_812 Photoionised fraction
log(&pr) 2.1+0.03 Tonization (erg cm s~1)
log( &uro) 4.7tg‘_ 13 Tonization (erg cm s™!)
Ny > 6.8 Column density (10% cm_z)
CUFO 0.21f8‘_?7 0.33’:%"%?5 Ionization correlation
NRef > 18.97 Density (cm™)
SRef O.Sng‘Ag% Reflected fraction
CRef 0.3+00> 0.4+03 Flux correlation
log ( &ref) 1.6770-1 Tonization (erg cm s™!)
kT 0.094“i8:8832 Temperature (keV)
fop o.39j§f§§ 0.6*0:3 Black body fraction
o 0.171%5 0()2 O.OSJ:%B%% Powerlaw flux o
cr 0.72f8‘_ })7 > 0.5 Index correlation
x2/dof 82/60 Fit statistic

MNRAS 000, 1-17 (2020)
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Table 4. Best fit parameters for the fits to the low (LF) and high (HF) variance spectra in each epoch. Fluxes are calculated from phenomenological powerlaw plus black body fits to the count spectra, are in units of
10712 erg cm=2 57!, and are not corrected for Galactic absorption. Other parameters are defined as in Table 3.

2000 2002 2007a 2007b 2007¢ 2008 2010 2011
Par LF HF LF HF LF HF LF HF LF HF LF HF LF HF LF HF
for 0.11*70:0 ¢ o.ost(‘é;‘é;g 0.12+00° 0.23*0.08 0.05 +0.02 0.08 +0.02 0.1+0.02 3.2%03
log(&pr) > 2.7 2.6’:8'_ 2 2+0.2 >3 2.6+0.2 2.19ﬁ§1§§ 2.2+0.05 274007
Jret > 0.41 L1 0.5+0.08 0.670-3 0.5670: 0.9*0% 0.56%0-2 0.57:3
CRef >0.54 0.340-> >0.5 <0.32 <0.33 0.59+0-06 <0.2 <0.38
log(&ref)  * 24492 1.4+0:4 2.3970.07 2.59+0.08 21?)»_94 2.42+02 2+0.1
fB <0.14 0.3 +0.09 o.stﬁ-% 0.6‘:‘())-? 0.36’:(2:0?) 0.36j§-g§ o.44j§-§§ 0.4+0-2
o 0.1179-04 0.08*0-02 0.13*00!  0.05970-9% 0.18 £0.01 0.16 £0.01 0.387003 0.28+9:92 0.121*0-02 . 0.074*0-00° 0.1+0.007 0.046*0-%0! 0.18 +0.008 0.063 £0.004 0.3370-M 0.27+0-03
cr 0.6+0.2 <0.18 0.8=+0.1 > 0.5 0.9%3  05+03 1.1*0 0701 0.6 0.3%03  0.83%006 >0.5 0.8 +0.05 >0.5 0.67*000 1£0.2
x*dof  31/28 31/28 49/30 33/27 29/27 72/48 81/49 43/26
Fos5-2 11 40 1.9 0.61 5.6 43 46 0.26
Fa_1o 0.44 L1 0.77 031 L5 12 0.93 0.28

S6F-20L0 HI Ut K1]1qolivp £vi-xX
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‘We note that the column density of the UFO is extremely high.
There are likely two reasons for this. Firstly, the main effect of this
parameter is to scale the strength of the UFO features. This means
that it is likely very degenerate with other parameters that have
the same function, in this case the UFO ionisation/powerlaw flux
correlation parameter cypg. The value of cypp here is 0.2-0.3,
which is much lower than the values of 0.6 found in IRAS 13224-
3809 (Parker et al. 2020) and 0.5-1 in PDS 456 (Hérer et al. 2021).
Secondly, we note that the Fe UFO line is much stronger here than
in the other two sources. Fy,, at the peak of the line is double the
continuum on either side, whereas in the IRAS 13224-3809 and
PDS 456 spectra the line peak is only 20-25% higher than the
continuum. It is likely that the UFO variance model cannot explain
this high variance with the correlation parameter alone. Increasing
the value of cygg does not just increase the variance of the lines, it
also increases the range of ionisation values covered by the model, so
it introduces strong lower energy line features from other ions, such
as Sixrv and Sxvr. These features are present in the Fy,, spectra of
IRAS 13224-3809 and PDS 456, but only weakly in 1H 0707-495.

It is interesting that the parameters of the photoionised emis-
sion are well constrained, and broadly consistent with those found in
the following epoch-resolved fits, despite there being no clear cor-
responding features in the variance spectrum. We speculate that this
is because it subtly modifies the shape of the soft excess damping,
leading to a better fit.

4.2 Epoch-resolved F — var spectra

We next fit each individual epoch with the same intrinsic variability
model. Because the data quality is typically lower, we freeze some
parameters to simplify the model. We fix all the parameters of the
UFO, the reflection density, and the black body temperature to the
best-fit values from the high resolution spectrum (Table 3). We note
that a shift in the velocity of the UFO was observed between 2008
and 2010 by Dauser et al. (2012), however this is unlikely to have a
major impact on our results with the limited signal and resolution of
the epoch resolved spectra. The best fit parameters for each epoch
are presented in Table 4.

The individual epoch spectra can be broadly divided into three
groups: those that come from high flux observations and are qual-
itatively very similar to the high flux/high resolution spectrum;
those that come from low flux states, which are typically noisier,
and show a strong damping feature around 1 keV; and the 2019
spectrum, which shows extreme soft variability.

4.2.1 High flux: 2002, 2007a, 2007c, 2008, and 2010

The high flux epochs have relatively uniform spectra (Figs. 5, Al).
They all show a dip at low energies due to damping from the soft
excess (clear evidence that the variability in these observations is
dominated by intrinsic variance), and a gradual decrease in variance
at high energies, likely due to a combination of a larger contribution
from less variable reflected emission at high energies and pivoting
of the powerlaw (the softer when brighter behaviour commonly
observed in AGN). Only the higher signal 2008 and 2010 observing
campaigns show a strong iron absorption line variance spike at
8 keV, but the other spectra are consistent with the feature being
present.

The fits are generally good, with only small residuals remain-
ing. There are some possible features at intermediate energies in
the 2007a spectrum, and the Fe UFO line is slightly too weak in

the 2010 low frequency spectrum. We conclude that these spec-
tra are well described by an intrinsic variability model, where the
coronal variability dominates, damped by relativistic reflection and
enhanced by the UFO.

4.2.2  Low flux: 2000, 2007b, and 2011

These lower flux spectra (shown in Fig. 6 and Fig. A2) are noisier
due to lower signal, but some features can be seen in the spectra.
Most notably, a strong dip in the variance is visible at 1 keV in
the 2007b and 2011 spectra, and a weak dip is present in the same
place in the 2000 spectrum. In general, negative features in Fyar
spectra requite the presence of a constant or less variable emission
component. Constant multiplicative components (such as Galactic
absorption) affect the absolute variability and flux equally, so have
no effect on fractional variance. Constant emission, on the other
hand, raises the flux while leaving the absolute variance unchanged,
so F' — var drops. In principle ionised absorption could produce a
negative feature, but this would have to be fine-tuned and has not
previously been observed in AGN. To produce a negative feature
in the spectrum, the absorption would have to vary in such a way
as to cancel out variability in the continuum. The absorption lines
would have to get stronger as the flux rises, but not so much stronger
that they start to introduce more variability. This would need to be
quite a precise trend that is only present at low fluxes, and which
is inconsistent with the observed trend of stronger UFOs at higher
fluxes seen in 1H 0707-495 (Xu et al., in prep) and in other AGN
(Parker et al. 2017b, 2018; Igo et al. 2020).

In this case, the 1 keV dip appearing in low flux spectra is natu-
rally explained by the presence of constant photoionised emission, as
discovered by Kosec et al. (2018). At this energy, the FVAR_PIDAMP
model predicts a dip in variance for log(¢) = 2-3 due to the presence
of a large number of Ne, Mg and Fe emission lines (see section 3.1).
These lines raise the flux but not the variance, causing a drop in the
fractional variance. A similar drop should be present at ~ 0.7 keV,
due to the Ovir line, but this is not resolvable at CCD resolution.
This interpretation also naturally explains why the dip feature is only
present at low fluxes, as at high fluxes the continuum dominates and
the contribution from photoionised gas is negligible.

An additional weak dip is visible at 67 keV in the 2011 model,
but not in the data. This is caused by a predicted Fe Ka line in the
model at high ionisations. The ionisation of the fit is driven by the
low energy data, where the signal is higher, so the feature is not
strongly disfavoured. We note that the FvAR_PION assumes that the
continuum is a I' = 2 powerlaw, while the 2011 count spectrum
shows a very strong relativistic iron line (Fabian et al. 2012). This
feature will lower the contribution of any photoionised emission
in the high energy band, suppressing any corresponding negative
feature in the data.

Aside from the 1 keV dip, the three spectra are relatively flat,
with variance not concentrated either at soft or hard energies (unlike
the 2019 spectrum). This suggests that in these epochs the short-
term (within an observation) variability is at least partly intrinsic.
Our intrinsic variability model, including the damping from the
photoionised emission, describes the data well. However, the spectra
are noisy, so we cannot exclude (or constrain) some contribution
from absorption variance at low energies (see further discussion in
Section 5.2). In particular, the 2000 spectrum (shown in Fig. A2)
does not appear to show a drop in variance at low energies due
to the soft excess, and it is possible that damping of the intrinsic
variability at low energies is cancelled out by soft variability caused

MNRAS 000, 1-17 (2020)
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Figure 5. Fits to the 2008 and 2010 high-flux epochs. In each case the high and low frequency fits are shown in the left and right panels, respectively. Top
panels show the data and model (blue stepped line). Bottom panels show the residuals in units of Ay.The 2008 and 2010 observing campaigns have higher
signal than the other epochs due to longer exposures, and the Fe UFO line can be seen in the spectra. As with the high flux average spectrum (Fig. 4), the UFO
line gets weaker with frequency, following the intrinsic variability of the source. The spectra for the shorter high flux exposures are shown in Fig. 4

by absorption in the same energy band (see further discussion on
this with a higher signal spectrum in Section 4.3).

4.2.3  Soft variance: 2019

The 2019 spectrum observed by eROSITA (see Fig. 3 of Boller
et al. 2021) is drastically different from the other spectra, as it
is much more variable at low energies. The simultaneous XMM-
Newton spectrum shows the same basic shape. It has the same
strong dip at 1 keV seen in the low flux spectra (2000, 2007b, and
2011), but the underlying variance is much higher at low energies.
For comparison, we plot the 2019 spectrum and the 2008/2010
bright state spectrum on the same axes in Fig. 7, and a second
plot of a source that is well known to be dominated by obscuration
variability, which shows a strikingly similar qualitative spectrum
(NGC5548, see e.g. Kaastra et al. 2014). It is also the lowest flux
of all the XMM-Newton observations: 1.6 x 10713 erg cm™2 s~!
and 2.4 x 10713 erg cm™2 s~! for the 0.5-2 and 2-10 keV bands,
respectively.

MNRAS 000, 1-17 (2020)

The intrinsic variability model does give an acceptable fit to
the spectrum (Fig. A3, top panel, Table 5). However, the fit param-
eters are very different from those found for the other spectra. The
powerlaw standard deviation is much higher, as is the index corre-
lation. This is likely required to produce the very high variance at
low energies. To compensate for this at high energies, the reflected
fraction is high and the flux correlation very low, leading to a high
degree of damping from the almost constant reflection. While the
model can accommodate this spectrum, we consider it unlikely that
this is the correct interpretation of the data.

‘We next consider a partial covering model, without accounting
for the constant photoionized emission. This gives a poor fit to the
data (y2/dof of 220/38), fitting well at low energies but leaving
large residuals at the 1 keV drop and at high energies where not
enough variance is predicted (Fig. A3, bottom panels). Adding in
the damping from constant photoionised emission improves the fit
hugely (y2/dof of 65/36, Fig. 8), and removes the strong residuals
around the 1 keV feature. This model is consistent with a scenario
where the primary X-ray emission from the accretion disk/corona



10

M. L. Parker et al.

2007b
1.0 T
LF HF
0.8 4 1 +
0.6 4 + 1
o<
+ | ﬂ
_|_
0.2 1 1
0.0 T T T T T T
5 5 :
Q
L R e S = N bt + o+ 4Ty ++.+
2 T T T T
B -5 ]
0t3 110 3t0 10.0 0f3 1j0 3?0 10.0
Energy (keV) Energy (keV)
2011
HF
Lé“ Bl +
i |
T +v ‘\T
5 5] ]
o
g0 +++ I ST ‘|‘|. . ++. .+.+ ++‘|‘
IR LIS L S A LR I L o SR SRS
S 51 ]
0t3 lIO 310 10.0 0?3 le 3:0 10.0
Energy (keV) Energy (keV)

Figure 6. Fy,r spectra for the low flux epochs. In each case the high and low frequency fits are shown in the left and right panels, respectively. Top panels
show the data and model (blue stepped line). Bottom panels show the residuals in units of Ay . Both spectra show a dip in variance around 1 keV which is well
modeled by a constant photoionised emission component. The noisier spectrum from 2000 in a similar low flux state is shown in Fig. A2

Table 5. 2019 intrinsic variability fit parameters.

Parameter LF HF Description
for 2.9J:?):§ Photoionised fraction
log(&pr) 2.9+0.05 Tonization (erg cm s™!)
SRef 0.7f%4 % Reflected fraction
CRef 0.1+0.1 Flux correlation
log( &Ref) I.SIt%'%)S Ionization (erg cm s7h
BB 0.9+0.1 Black body fraction
o 0.78*+0-04 O.68t0‘(1)6 Powerlaw flux o
cr 1 .27’:%? 1 .56%{82 Index correlation
x2/dof 59/35 Fit statistic

is obscured, but the photoionised emission comes from a more
extended region and is not significantly covered by the obscuring

cloud.

While this absorption variance model provides an acceptable
fit to the data, and leaves no obvious residual features, we note that
even during an obscuration event the AGN likely shows some intrin-

sic variability as well. We therefore consider a hybrid model, with
some contribution from intrinsic variability. Rather than including
the full intrinsic variability model used above, we only add a power-
law component (Fvar_row), with the index correlation frozen at 0
(i.e. with no pivoting). This allows the model to include some extra
variance at high energies, where the absorption is less dominant,
but only introduces one additional free parameter so the fit stays
reasonably constrained. This does not improve the fit by a large
amount (Ay2 = 5, for two degrees of freedom), but is likely a better
representation of the processes occurring than the pure absorption
model as the intrinsic variability is unlikely to stop when the source
is absorbed. A breakdown of the components of this model, and
the model without an intrinsic component, is shown in Fig. 9. The
absorption variability dominates below ~ 2.5 keV, while at high
energies the intrinsic variability is stronger. We note that in this
model the level of the intrinsic variability (Fyar ~ 0.2 in the low
frequency spectrum) is consistent with that seen in the high flux
spectra (Figs 4,5), which are well described by the intrinsic vari-
ability model. The best fit parameters for all absorption dominated
models are given in Table 6.

MNRAS 000, 1-17 (2020)
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Figure 7. Left: Comparison of the 2019 low frequency variance spectrum (red) with the high flux 2008/2010 low frequency variance spectrum (blue) from
Fig. 4. The 2019 spectrum is much more variable at low energies, and comparable above 3 keV. Right: The long-term variance spectrum of NGC 5548,
adapted from Igo et al. (2020). This spectrum is dominated by the variance caused by long-timescale obscuration events, which cause dramatic variability at
low energies. Note that structure from line-like drops in variance is visible at low energies, caused by the emission lines that become visible as the primary
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Figure 8. Photoionisation damped absorption fit to the 2019 Fy,, spectra, fit with the model FvarR_pioNnXFvaR_pcov. This fit gives a good description of the
data, and the absorption interpretation explains the qualitative differences in the shape of the variance spectrum between the 2019 observation and the other
epochs. Additional plots showing the fits with the intrinsic variability model and absorption without photoionised emission are presented in Fig. A3

4.3 Long-timescale variance

The 2019 variance spectrum is qualitatively different from those
in other epochs. We attribute this to the obscuration variability
discovered by Boller et al. (2021), which seems only to contribute
significantly in this observation. However, as Boller et al. point out,
there are other low state count spectra of 1H 0707-495 that appear
very similar to the 2019 spectrum, notably the 2011 spectrum. It
is important to note that absorption will only leave signatures in
the variance spectrum of an observation if it is variable within
that observation. Therefore, there could be absorption present in the
count spectrum while contributing nothing to the variance spectrum.

To examine variability on longer (inter-observation)
timescales, we next model the very low frequency spectrum, in-
cluding data from all epochs (see details in data reduction). If there
is variability in the absorption column on long timescales, it should
increase the variance of this spectrum.

MNRAS 000, 1-17 (2020)

The long-term variance spectrum is shown in Fig. 10. It has
some of the signatures of intrinsic variability: at low energies, the
variability is damped by the less variable soft excess, and at high
energies the Fe UFO line is clearly present, likely indicating the
same kind of intrinsic continuum driven variability seen in other
spectra and other sources. However, the overall spectral shape is
significantly softer than the high frequency spectrum from the 2008
and 2010 campaigns (Fig. 4), suggesting that another process con-
tributes additional variance at low energies. The two most obvious
candidates for this are neutral absorption, as in the 2019 observa-
tion, or additional pivoting of the powerlaw at very low frequencies
leading to more soft variance.

We fit this spectrum with a hybrid variance model, with both
partial covering absorption and intrinsic powerlaw driven variabil-
ity (GSMOOTH X (FVAR_UFO X FVAR_BBDAMP X FVAR_REFDAMP X
FVAR_POW + FVAR_Pcov)). For simplicity, and because there is no
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Figure 9. Model components for the partial covering and photoionised emission model (left) and the hybrid partial covering, powerlaw and intrinsic emission
(assumed to be a powerlaw) model (right), fit to the low-frequency 2019 spectrum. In each case, dashed lines show the spectral shapes of the corresponding
components when the damping effect of the constant photoionised emission is removed. In both cases, the photoionised emission is required in order to achieve
a good description of the data. The statistical difference between the two is not highly significant, but the hybrid model is likely a more realistic scenario as
some contribution from intrinsic variability at the same level as other observations is to be expected.
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Figure 10. Very low frequency Fy,e spectrum. The spectrum is fit with a
hybrid model containing both absorption variance and intrinsic variance.
The low ionization absorption contributes most of the variance below 2 keV,
while the intrinsic variability dominates at high energies, and gives the
characteristic soft excess dip and UFO spike.

1 keV dip in this spectrum, we exclude the photoionisation damping
component for this fit. We also fix the density and ionisation param-
eters of the reflection model to their best-fit values from the fit to
the high flux/high resolution spectrum. The best-fit parameters are
given in Table 7.

This hybrid model gives a good description of the data, with the
variance below ~ 2 keV dominated by absorption and above by in-
trinsic variance. Both components appear to be essential. Removing
the absorption variance worsens the fit by A ,\(2 =22, for 5 degrees
of freedom, and leaves large residuals in the Fe band as the intrin-
sic variance model cannot simultaneously fit both the low energy
and high energy bands. Removing the intrinsic variance component
(including the UFO) worsens the fit drastically, by Ay2 = 348, for
11 degrees of freedom. If we apply the UFO variance enhancement

to the absorption (FVAR_UFO X FVAR_PcoV)”, we still find a signifi-
cantly worse fit (Ay2 = 72, for 7 degrees of freedom), as the model
cannot adequately fit the soft excess.

To test that the requirement for both intrinsic and absorption
variance is not driven purely by the soft variance of the 2019 data, we
recalculated the spectrum with the 2019 data excluded. This did not
lead to any significant changes in spectral shape, so we conclude
that the long term variance includes this absorption component
independently of the 2019 observation.

5 DISCUSSION

We have fit the variance spectra of 1H 0707-495 with various
physically-motivated models, aiming to understand the nature of
the extreme variability seen in this source. We have fit each epoch
separately, and the resulting spectra can be broadly divided into
three categories:

(i) High flux spectra, dominated by intrinsic variability and en-
hanced by the UFO (2002, 2007a, 2007¢, 2008, 2010). These spectra
peak in variance around 1.5 keV, where the powerlaw contribution
is greatest, and show a strong dip in variance at low energies due
to the soft excess. Those epochs with the highest signal also show
peaks in the variance corresponding to the UFO lines, as seen in
IRAS 13224-3809 and PDS 456. None of these spectra show the
1 keV dip seen in the low flux spectra, as the contribution from
photoionised emission is negligible.

(i) Low flux spectra, where the intrinsic variance is damped
by the constant photoionised emission (2000, 2007b, 2011). These
spectra are consistent with the high flux spectra, but have a much
higher contribution from the photoionised emission lines, causing
a drop in variance around 1 keV.

(iii) The 2019 low flux spectrum. This is qualitatively different,
showing drastically more variance at low energies than the other

5 Note that the assumptions behind the UFO variance model (ionization
response to a variable powerlaw continuum) are not valid with this setup, so
it should not generally be used in this way, and this should be regarded as a
phenomenological test.
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Table 6. Best fit parameters for the 2019 variance spectrum using the partial
covering absorption model. Parameters marked with **’ are unconstrained.

Par. LF HF Description

1. Partial covering

Ny 2.0£0.2 Column density (1022 cm™2)
Jeov 0.81 £0.02 Covering fraction
T fooy 0.3+0.06  0.18 +0.009 Covering fraction o
CNy > 0.84 > 0.1 Column density correlation
log &abs < -0.92 Tonization (erg cm s7h)
x2/dof 483/38 Fit statistic

2. Partial covering and photoionised emission

o 1.0+0.1 Photoionised fraction
log(&pr) 2.96’:0'.%‘; Tonization (erg cm s™!)
Ny 15+ Column density (1022 cm~2)
Jfeov 0'74t()i(())56 Covering fraction
T foy >0.43 O.24t%27 Covering fraction o
CNy * * Column density correlation
log &abs < 0.92 ITonization (erg cm s7h
x2/dof 65/36 Fit statistic
3. Partial covering, photoionised emission, and powerlaw
for 1.0%0-2 Photoionised fraction
log(&pr) 2.8141%2(}); Ionization (erg cm s7h
Ny 3f'2 Column density (10?2 cm™2)
Jeov 0.8+0.1 Covering fraction
T foov > 0.51 0.27t(())'_%)2 Covering fraction o
CNy * * Column density correlation
log §Absl l.OtO'] Ionization (erg cm s7h
oF 0.12t§){§)§ 0.06 +0.03 Powerlaw flux o
x> /dof 60/35 Fit statistic

I'The error on the absorption ionization parameter returned from the
standard xspec algorithm is underestimated here, due to a maximum in the
x? contour just below log(&) = 1. When we explore the parameter space
further using the sTEPPAR command, this value is instead an upper limit of

log(¢&) < 1.2

Table 7. Best-fit parameters for the low frequency spectrum shown in Fig. 10.

Parameter Value Description
log(&uro) 4.6’:%1?)% Tonization (erg cm s™!)
Nu > 8.1 Column density (10%*cm~2)
CUFO 0.2’:?'009 Tonization correlation
JRef 0.36%"%‘3 Reflected fraction

CRef < 0.15 Flux correlation

kT 0. 120;(%;8)2)‘; Temperature (key)

feB 0.31_0_%3 Black body fraction

o 0.2234:?)' 21 Powerlaw flux o

cr 0.36’:%'(1) Index correlation

Nu 6t Column density (10?2 cm™2)
Jfeov 0.1+0.1 Covering fraction

O foow 0.62+0-9 Covering fraction o
CNy > 0.67 Column density correlation
log &aps! 0.99t?)'g7 Tonization (erg cm s~1)
x2/dof 64/38 Fit statistic

I'The error on the absorption ionization parameter returned from the
standard xspec algorithm is underestimated here, due to a maximum in the
x? contour just below log(&) = 1. When we explore the parameter space
further using the sTEPPAR command, this value is instead an upper limit of

log(&) < L.1.
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Figure 11. Top: Reflection spectra calculated with ReLxILL (Garcia et al.
2014) with the best-fit parameters from Boller et al. (2021) for the low and
high flux spectra. Bottom: ratio between the high and low flux spectra. The
low flux spectrum is a factor of 3 brighter than the high flux spectrum at
1 keV.

epochs. This is likely due to obscuration, which enhances the vari-
ance at low energies, modified by the photoionised lines, which
cause a sharp drop in variance at 1 keV.

5.1 The unusual variability in 2019

Boller et al. (2021) were able to fit flux-resolved eROSITA and
XMM-Newton spectra from the joint 2019 observation with a model
consisting of partial covering absorption and relativistic reflection,
and attribute the differences between the three spectra primarily to
absorption. We note, however, that the ionization parameter of the
reflection in their model is also free to vary between the three spectra
(along with the RELXILL normalization and the covering fraction of
the absorber), and the effect of this is crucial to understanding how
the model is able to fit the spectra.

In their best fit model, the ionisation of the reflection is 0.68
and 0.64 in the high and medium flux spectra, respectively, but 1.74
in the low flux spectrum. This implies an increase of the disk surface
ionisation by over an order of magnitude in the low state, coinciding
with the increase in absorption column. Spectrally, the main effect
of this increase is to drastically increase the flux of the reflection
spectrum at 1 keV in the low flux spectrum (Fig. 11).

This increase in the reflection flux means that there is much
less variability at 1 keV than would be predicted in the absorption
model, enabling it to fit the spectrum. Boller et al. (2021) suggest
that the change in reflection ionisation in their fits is likely not
correct, and attribute it to un-modelled changes in the ionization
of the absorber, which they assumed to be neutral. However, as
we have demonstrated (see Fig. 3, bottom panel), increasing the
ionization of the absorption decreases the amount of low-energy
(<1 keV) variability, and increases the variance at 1 keV where
strong lines are produced (hence higher ionizations are disfavoured
in our modelling), so such a model would not be able to explain the
variability.

It is possible that the ionization of the accretion disk could



14 M. L. Parker et al.

rise in low flux states in some scenarios. For example, in a lamp-
post light-bending scenario (e.g. Miniutti et al. 2003; Miniutti &
Fabian 2004; Parker et al. 2014), the corona contracts close to the
accretion disk and more of the primary emission is focused onto the
smallest radii. This could lead to higher ionization being observed
in this case. However, focussing the same amount of emission onto
a smaller region is unlikely to lead to such a dramatic increase in
ionisation, and the increased radiation pressure may act to increase
the surface density and lower the ionisation (Fabian et al., in prep),
so this solution is also unlikely.

A hybrid model, where the disk ionisation coincidentally in-
creases during an absorption-induced low state could explain a sin-
gle observation of this phenomenon, however the 1 keV dip is ob-
served in every low state, regardless of whether the variance is
dominated by absorption or intrinsic variability. This is trivially ex-
plained by constant photoionized emission, which produces strong
lines at 1 keV and will only have an effect on the variance spectrum
when the source flux is low.

This does not imply that the absorption interpretation for the
2019 data is incorrect. As we show in Fig. 8, a partial-covering
model can explain the variance spectrum with the addition of con-
stant (i.e. unabsorbed) photoionised emission. Additionally, the un-
derlying variance spectrum is very soft and very high amplitude
compared to the other observations. None of the bright state spectra
have variances at 0.5 keV above ~ 0.5 because of heavy damping
from the soft excess, while in 2019 it approaches 1. While this
variability can be well fit with our intrinsic variability model, the
parameters required differ strongly from those in other observations,
and the signatures of intrinsic variability (soft excess damping, and
the UFO lines) are not present.

One further thing to note when considering the 2019 spectrum
is that the XMM-Newton response is highly non-diagonal at low
energies. As discussed in Ingram et al. (2019), this means that a
significant number of photons in the 0.3-0.7 keV band may instead
be misclassified photons with energies of ~ 1 keV, particularly with
spectrally hard sources. In this case, this means that the variability
below 1 keV may actually be even more extreme, as it will be slightly
diluted by low variability 1 keV emission. This is likely a relatively
mild effect, and will not qualitatively change our conclusions, but
possibly introduces a slight bias into the absorption parameters.
Since the constraints on these parameters are fairly weak in our
fits it is not likely to be important here, but this effect should be
considered when studying soft variability with XMM-Newton in
general.

5.2 The role of absorption variability

We agree with the interpretation of Boller et al. (2021) that the
unusual variance seen in 2019 is likely due to absorption. This
establishes a clear precedent for absorption induced variability in
1H 0707-495, and raises the question of what role absorption vari-
ability plays in other observations of the source.

The other individual epoch variance spectra are qualitatively
different from the 2019 spectrum, with much lower soft variance
and signatures of intrinsic variability, and are well described by
the intrinsic variability model. In general, we cannot rule out some
contribution from absorption variance within individual epochs,
particularly those with low fluxes and poor signal, but with the
exception of 2019 it cannot be the dominant factor.

On longer timescales (between observations) the picture is
different. Our long term variance spectrum (Fig. 10) shows signifi-
cantly more soft variance than the individual epoch spectra. While

it has the signatures of intrinsic variability, it suggests that absorp-
tion variability also contributes. Fitting this spectrum with a hybrid
model suggests that the long-term variability below ~ 2 keV is
dominated by absorption variance, and above 2 keV by intrinsic
variance (enhanced by the UFO). This is consistent with the ex-
pected behaviour of low-ionisation absorption - it must be located
far from the black hole, otherwise it would be highly ionised, and
therefore it cannot produce much high-frequency variability. We
note that the 2019 observation is the only observation that shows
clear evidence for absorption variability on single-orbit timescales,
and that the variability in this observation is dominated by a gradual
decline in flux (Fig. 1 and 2 of Boller et al. 2021), rather than the
spiky stochastic variability more commonly seen in 1H 0707-495.

Overall, our modelling suggests a scenario where the variabil-
ity on short timescales is dominated by the intrinsic behaviour of
the AGN, while on longer timescales obscuration contributes sig-
nificantly. In 2019, we witness the onset of an obscuration event
which dominates the variance while in other low states like that
in 2011, which is spectrally very similar to 2019, the onset of
obscuration occurs outside the observation and the absorption is
approximately constant during the observation. Due to the different
timescales involved, this is unlikely to be a problem for high fre-
quency timing results (such as the detection of Fe K reverberation
by Kara et al. 2013). This is consistent with the properties of the
RMS-flux relation observed in 1H 0707-495, IRAS 13224-3809
and accreting compact objects in general. The RMS-flux relation
occurs over a broad range of frequencies, meaning that variability
on different frequencies must be linked. This occurs naturally in the
multiplicative propagating fluctuations model (Uttley et al. 2005),
where low frequency variability modulates high frequencies, but
not in an additive model such as when the variability arises from
multiple discrete clouds of absorbing gas. In practice, this means
that absorption variability cannot dominate in general, and cannot
be the origin of the high amplitude, high frequency variability seen
in sources like 1H 0707-495 (see discussion in Alston et al. 2020).
The RMS-flux relation in IRAS 13224-3809 will be examined in
more detail in Alston et al. (in prep).

We also note that we find no evidence of the kind of ex-
treme column density partial-covering absorption invoked by some
authors as an alternative explanation for the Fe K emission line
in 1H 0707-495 and other sources (e.g. Mizumoto et al. 2014).
These models typically require low ionization, near Compton-thick
material to vary extremely rapidly to produce the observed high
frequency variability, while never either fully covering or fully un-
covering the source. We consider it unlikely that such material ex-
ists, and our absorption models strongly rule out such high column
densities both in the 2019 fit and in the long-term variability.

5.3 Photoionised emission

The main difference between the intrinsic variance spectra of
1H 0707-495 and IRAS 13224-3809 is seen at 1 keV, where the
low flux observations of 1H 0707-495 show a strong dip. This dip
is present in both the observations that we interpret as dominated
by intrinsic variability and the 2019 observation that is likely dom-
inated by obscuration. This suggests an origin independent of the
inner accretion flow and the obscurer.

Producing such a drop requires a constant or low variability
emission component, as a constant absorption component leaves no
signatures in the fractional excess variance. We suggest that this
emission can be associated with the blueshifted photoionised gas
identified by Kosec et al. (2018), which notably has no counterpart
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in IRAS 13224-3809 (e.g. Pinto et al. 2018). Kosec et al. performed
a flux-resolved analysis, and found the emission in their lowest flux
spectrum. This agrees well with our variance analysis, where the
1 keV variance drop is only present at low fluxes. The emission
component detected by Kosec et al. has an ionization of log(¢) =
2.4 erg cm s~!, consistent with the log(&) = 2-3 erg cm s~ that
we find from fitting the variability spectra with a photoionisation
damping model, and the ionisation range that produces a strong
emission feature at ~ 1 keV. We note that high ionizations (log (&) ~
3) are ruled out by Kosec et al. as they predict a narrow Fe emission
line that is not observed in the data. Some of our fits have ionizations
in this regime, although they are not generally well constrained. We
note that the ionization in our fits is likely somewhat degenerate
with the velocity of the material, as the main effect of increasing
ionization in the FVAR_PION is to shift the main dip feature to higher
energies, as it becomes dominated by higher ionisation species.
Since the velocity of this material is significant (~ 8000 km s7h, it
is possible that shifts in the velocity between observations lead to
us inferring different ionisations.

We note that we are sensitive to different features than the RGS
data examined by Kosec et al.. The RGS spectrum is dominated by
the Ovi line at 0.65 keV, with only weak emission from the Ne/Fe
complex that causes the dip we observe at 1 keV. There are several
effects in play here. Firstly, the approximately constant energy res-
olution of CCDs mean that their resolving power declines rapidly
at low energies, so the Oviit line cannot generally be resolved. The
Ne and Fe complex at 1 keV is broad, and higher energy, so much
easier for the pn to pick up. Secondly, as a grating the RGS is more
sensitive to individual strong lines, while the pn picks up integrated
flux from multiple lines in a broader band. Finally, the absolute flux
in a feature is less important for an Fy, spectrum than the relative
flux of a feature to the continuum. The Oviir line may have a larger
absolute flux, but the Ne/Fe complex contributes a larger fraction
of the total flux at 1 keV, leading to a much stronger feature in the
variance spectrum. We note that this is a common result of compar-
ing EPIC and RGS spectra — see for example Figs 5 and 8 of Parker
et al. (2019), where the O lines dominate the RGS spectrum but the
PN spectrum shows a broad bump at 1 keV and no clear evidence
for O emission.

Kosec et al. suggest that the emission comes from a relatively
large scale wind, driven by the smaller scale UFO. This likely means
that the emission lines would be located on large enough scales that
they are relatively unaffected by the obscuration that absorbs the
emission from the inner accretion flow and corona. The emission
region does not necessarily have to be on larger scales than the
absorption, since the absorption is likely made of small clumps
(as it partially covers the corona) and those clumps would cover a
roughly constant fraction of a more extended photoionised emission
region, leading to low variability. This explains why the feature is
still present in the 2019 observation - as the majority of that emission
is not affected by the absorber, it remains approximately constant
while the absorbed continuum varies, causing lower variance in the
band where the photoionised lines are present.

5.4 The Ultra-Fast Outflow

We note in Section 4.1 that the UFO variance in 1H 0707-495
is significantly stronger than that observed in IRAS 13224-3809
and PDS 456 (Parker et al. 2020; Harer et al. 2021). The reason
for this is not clear, but the relatively low value of the ionization
correlation cygg suggests that it is not being driven by the UFO gas
responding to the continuum. It does still seem to be associated with
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the intrinsic variability rather than the absorption variance —no clear
UFO feature is present in the 2019 spectrum, which is dominated by
the absorption variability, and a strong feature is present in the bright
2008 and 2010 datasets. We suggest that the most likely reason for
the higher variability in the UFO is that an additional process (or
processes), in addition to ionization and recombination of the gas,
contributes to the variability of the UFO line features.

Flux resolved spectroscopy (Xu et al., in prep.) reveals that
1H 0707-495 does show a similar trend to IRAS 13224-3809 and
PDS 456 (Parker et al. 2018) of decreasing absorption strength with
increasing source flux, consistent with the gas becoming increas-
ingly ionised and no longer producing line absorption. This means
that at least some of the variance we see in the UFO lines is likely
due to ionisation. Xu et al. also find an anti-correlation between
wind velocity and X-ray flux, the opposite of what is observed in
PDS 456 (Matzeu et al. 2017) and IRAS 13224-3809 (Pinto et al.
2018), and speculate that it may be caused by over-ionisation of
the gas leading to a drop in line radiation pressure, or a shift in the
launch radius of the wind to larger radii at higher fluxes. While we
have not modelled this, it is possible that this anticorrelation could
lead to a further enhancement of the variance. There are various
other processes which could increase the observed variance in the
UFO, such as clumps in the wind crossing the line of sight, or a
changing mass outflow rate, which may still cause lines to weaken
with the X-ray flux (note that any process that caused the lines to
strengthen with flux would cause dips in the variance, not spikes).

5.5 Frequency behaviour

We do not have the level of signal required to track detailed proper-
ties of the source with frequency, but some general properties can be
observed. In particular, the correlation between powerlaw flux and
photon index, cr, is typically weaker in the high frequency spectra.
This parameter controls the degree of pivoting in the powerlaw, with
higher values increasing the variance at low energies, leading to a
softer spectrum.

Where this parameter is constrained for both low and high
frequency spectra, the low frequency spectrum always has a stronger
correlation, implying a soft intrinsic continuum variance spectrum,
with the notable exception of the 2011 spectrum. This trend is
common in accreting compact objects, and is generally thought to be
due to fluctuations propagating through the corona (e.g. Mahmoud
& Done 2018).

The 2011 low frequency spectrum is unusually hard, and does
not show the same trend with frequency as the other epochs. The
reason for this is not clear. The spectral hardness can be explained
by the high fraction of photoionised emission in this observation,
which suppresses the soft variance, but this does not explain why
the high frequency spectrum is softer. One possibility is that the
reflection spectrum suppresses the variance in the high frequency
spectrum. The 2011 count spectrum shows a high reflection fraction,
consistent with a compact X-ray source close to the event horizon
(Fabian et al. 2012). The high frequency range we use overlaps
with the reverberation frequency observed in 1H 0707-495 (Fabian
et al. 2009; Kara et al. 2013), and the reverberation delay will
act to reduce the variability in the reflection spectrum, leading to
increased damping in this frequency range. This effect would be
most noticeable at high energies where the reflection contributes
strongly, leading to a softer variance spectrum at high frequencies.

No clear trends are visible in the absorption models with fre-
quency, as we only have the 2019 spectrum to work with, and the
parameters are generally poorly constrained and/or highly degener-
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ate. However, it is interesting to note that the high flux observations
show a stronger drop in average Fy,r between the low and high
frequency spectra. This drop is a natural consequence of the red-
noise power spectrum common to accreting compact objects (e.g.
Gonzélez-Martin & Vaughan 2012), which produces less variance
at high frequencies. This weaker trend with frequency may indicate
that some process that does not follow the same red-noise power
spectrum contributes at low fluxes. One possible interpretation of
this is that absorption variability does not necessarily have to follow
a red noise power spectrum, so if some part of the variance in the
low flux epochs is due to absorption a weaker drop in variance with
frequency will be observed. A full examination of the power spectra
of each epoch will be presented by Alston et al. (in prep), which
will reveal this behaviour in much more detail.

6 CONCLUSIONS

We have presented an analysis of epoch-resolved Fy,; spectra of the
NLS1 AGN 1H 0707-495 with XMM-Newton. We have developed
two new variance models for fitting these spectra, for modelling
absorption variance and damping from constant photoionised emis-
sion. In general, our fits provide a satisfactory explanation of the
complex variability behaviour of 1H 0707-495. Our main results
are summarised below:

e Most epochs can be well described by an intrinsic variability
model, where the powerlaw continuum drives the variance, and is
damped by reflection and enhanced by the UFO.

o Inlow flux epochs, such as in 2011, a dip in the variance around
1 keV appears. This can be explained by the presence of constant flux
ionised emission lines, which make up a much higher fraction of the
flux in low states and dramatically decrease the fractional variance
in this band. We model this damping effect with a photoionised
emission model, and find that the gas properties are consistent with
those identified by Kosec et al. (2018).

e In 2019, the variance is much softer than in other epochs, as
noted by Boller et al. (2021). This suggests that the variance is
qualitatively different. We fit this variance spectrum with a par-
tial covering absorption model, but also require damping from the
photoionised emission at 1 keV to fully describe the soft variance.

e In low flux epochs, the variance drops less with frequency.
This may indicate the contribution of an additional process in these
observations (such as absorption variability) which does not follow
the same red-noise power spectrum as the intrinsic variability which
dominates the high flux epochs.

e We also construct a long-term variance spectrum, which in-
cludes variance between observations. This spectrum can be well
described by a hybrid model, including both absorption and intrin-
sic variance. Based on this, we conclude that aside from the 2019
observation absorption variance is generally restricted to low fre-
quency variability, but may be responsible for some of the extreme
low flux states seen in 1H 0707-495.

While variance spectra have been used extensively for qualita-
tive analysis of AGN spectra, they have not generally been examined
in a detailed qualitative fashion. In this work we have demonstrated
the potential for this kind of detailed analysis to shed light on the
nature of AGN variability, even in complex scenarios where multi-
ple processes contribute to the total variance. As variance spectra
are easy to calculate, and the models we have developed here are
simple, generally applicable, and freely available, we are hopeful

that this approach will be used more broadly for the analysis of AGN
variability, as well as for other compact objects.
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Figure A1l. F,,, spectra for the lower signal (shorter exposure) high flux epochs. All three spectra show damping from the soft excess at low energies. They are
consistent with the presence of UFO features, but the signal is limited by the short exposure times so the spikes are not significantly detected. There is some
possible structure in the 2007a LF spectrum at ~ 1.5 and ~ 3 keV, but this is likely just noise.

MNRAS 000, 1-17 (2020)



0.5

0.4 4

0.3

Fuar

0.2

o
e

o
o

(=]

(data-model)/error

X-ray Variability in 1H 0707-495

19

o]

|
(4]

2000
LF HF
+ 1 -
TR B AT T s S R ) S S R S S o ST
AR SRR S T T + T
013 110 3j0 10.0_ 023 110 3j0 10.0

Energy (keV)

Energy (keV)

Figure A2. Fy, spectra for the low flux 2000 observation. Similar to the other low flux spectra, although weaker, this observation shows a dip in the variance

around 1 keV.
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Figure A3. Additional fits to the 2019 Fy, spectra. The top panels show the fits with an intrinsic variability model, damped by photoionised emission. The fit is
acceptable, but is qualitatively dramatically different from the other spectra. The bottom panels show a fit where the variance is purely due to absorption, with
no other processes contributing. The fit captures the variability below 1 keV well, but overpredicts the variance at 1 keV and underpredicts it at high energies.
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