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ABSTRACT

It is generally thought that active galactic nucleus (AGN) optical variability is produced, at least in part, by reprocessing of
central X-rays by a surrounding accretion disc, resulting in wavelength-dependent lags between bands. Any good model of AGN
optical variability should explain not only these lags, but also the overall pattern of variability as quantified by the power spectral
density (PSD). Here, we present ~daily g’-band monitoring of the low-mass AGN NGC 4395 over 3 yr. Together with previous
Transiting Exoplanet Survey Satellite (TESS) and Gran Telescopio Canarias (GTC)/HiPERCAM observations, we produce an
optical PSD covering an unprecedented frequency range of ~seven decades allowing excellent determination of PSD parameters.
The PSD is well fitted by a bending power law with low-frequency slope a; = 1.0 & 0.2, high-frequency slope 2.11“8:3, and
bend time-scale 3.01“?:(7’ d. This time-scale is close to that derived previously from a damped random walk (DRW) model fitted
to just the TESS observations, although «/ is too steep to be consistent with a DRW. We compare the observed PSD with one
made from light curves synthesized assuming reprocessing of X-rays, as observed by XMM-Newton and Swift, in a disc defined
by the observed lags. The simulated PSD is also well described by a bending power law but with a bend two decades higher in
frequency. We conclude that the large-amplitude optical variations seen on long time-scales are not due to disc reprocessing but
require a second source of variability whose origin is unknown but could be propagating disc accretion rate variations.

Key words: galaxies: active — galaxies: individual: NGC 4395 — X-rays: galaxies.

1 INTRODUCTION

Active galactic nuclei (AGNs) have long been observed to emit X-
ray continua that vary rapidly and non-periodically (e.g. Lawrence
et al. 1987; McHardy & Czerny 1987), consistent with the idea
that the X-ray emission originates from a compact region within a
few Schwarzschild radii of the central black hole. X-ray variability
is often characterized by the power spectral density (PSD) of
the light curve. From early European X-ray Observatory Satellite
(EXOSAT) observations it was shown that AGN X-ray PSDs are well
described by bending power laws, P(v) o v~%, with @ ~ 2 at high
frequencies (> 107> Hz), flattening to « ~ 1 below a bend frequency
v (MHardy 1988). By comparison with the PSDs of galactic X-ray

* E-mail: mb15g14@soton.ac.uk
© 2025 The Author(s).

binary systems (e.g. Nolan et al. 1981) it was proposed that the bend
time-scale was proportional to the black hole mass (M°Hardy 1988),
a proposition which was supported by many subsequent observations
(e.g. Nandra & Papadakis 2001; Uttley, McHardy & Papadakis 2002;
M¢Hardy et al. 2004, 2006; Ponti et al. 2012; Tortosa et al. 2023;
Serafinelli et al. 2024).

The origin of short-time-scale (hours/days) optical variability in
AGN was a mystery for many years. However, many observations
over the last two decades have shown a strong correlation between
X-ray and optical variations, with the optical lagging behind the
X-rays. This correlation strongly suggests that at least part of the
optical variability is driven by reprocessing of X-rays. There is good
evidence that the accretion disc, the broad-line region (BLR) gas and
quite possibly also a disc wind act as reprocessors although there
is still considerable discussion as to their relative importance, e.g.
Korista & Goad (2001, 2019), Uttley et al. (2003), Cackett, Horne &

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
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Winkler (2007), Arévalo et al. (2008), Breedt et al. (2009, 2010),
McHardy et al. (2014, 2016), Shappee et al. (2014), Edelson et al.
(2015, 2019), Cackett et al. (2018, 2020), M°Hardy et al. (2018),
Netzer (2019), Kara et al. (2021), Vincentelli et al. (2021, 2022),
Hagen, Done & Edelson (2024), and many others.

If the optical variability of AGNs is mostly due to reprocessing
of X-rays, then the characteristic signature of the X-ray variations,
i.e. the shape of the X-ray PSD, should be present in the PSD
of the optical variations. In particular, the optical PSD should be
the product of the PSD of the X-ray variations with the square of
the modulus of the response function of the reprocessing material
(e.g. see Arévalo et al. 2009). Alternatively, the optical PSD can be
produced by convolving the X-ray light curves with the response
function and then calculating the PSD of the resulting reprocessed
optical light curves. Comparison of an observed optical PSD with
a model PSD based on reprocessing is therefore a powerful tool
for testing whether the reprocessing model is correct and whether
it explains all optical variability. This comparison can be carried
out independently of measurement of an interband lag. However, if
combined with measurement of a lag, or multiple interband lags,
which constrain the response function, the test is stronger (Arévalo
etal. 2009; Panagiotou et al. 2022; Hagen & Done 2023). Comparison
of the optical and X-ray PSDs of one particularly well-studied AGN
is the aim of this paper.

AGN optical PSDs have been studied previously by a number of
previous authors. We discuss some of the main observations here.
Czerny, Schwarzenberg-Czerny & Loska (1999) modelled the optical
PSD of NGC 5548 with a broken power law, claiming a break at
~100 d. However, they did not take into account PSD distortions from
red noise leak and irregular sampling so the time-scale uncertainty is
unclear. Arévalo et al. (2009) measured the X-ray and optical power
spectra of NGC 3783. They found that the X-ray PSD was described
by a bending power law with a bend at ~3 d. However, the optical
PSD continued rising as an unbending power law towards the longest
time-scales covered (~300 d). Thus, the X-ray power exceeded the
optical power at high frequencies but vice-versa at low frequencies.
Arévalo et al. (2009) also measured the lag of the X-rays by the
optical B and V bands (~6 d) and constructed response functions
for a variety of reprocessing geometries to determine which one
best reproduced the observed ratio of the optical to X-ray PSDs.
Given the 6 d lag, no geometry could smooth the X-ray variations
sufficiently to produce the observed optical variability, particularly
at low frequencies.

Breedt et al. (2010) carried out a detailed X-ray and optical
variability study of NGC 4051 using light curves of over 12 yr. They
found that, while the X-ray PSD was well described by a bending
power law (MHardy et al. 2004), the optical PSD was adequately
described by an unbending power law of slope ~1.4, intermediate
between the high-frequency (~2) and low-frequency (~1.1) X-ray
PSD slopes. This intermediate slope may have resulted from the
optical data not being good enough to properly define a PSD bend.

Breedt (2010) calculated the optical PSDs of six more bright
Seyfert 1 galaxies (NGC 3227, NGC 4593, NGC 5548, NGC 7469,
Mrk79, Mrk110) and compared the optical PSDs with the X-ray
PSDs derived by Summons (2007). The results were broadly similar
to those of Arévalo et al. (2009) finding, in three cases (NGC 5548,
NGC 4593, and Mrk 79), that the optical power exceeded the X-rays
at low frequencies. Although bending power laws could be fitted to
the optical PSDs, in no case were they a better fit than an unbending
power law.

The optical data used by the above authors, although covering
periods of more than a decade, were generally limited to ground-
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based observations once per night. Considerably improved sampling
was provided by the Kepler (Borucki et al. 2010) and Transiting
Exoplanet Survey Satellite (TESS) (Ricker et al. 2014) space obser-
vatories. Kepler observed selected areas continuously in white light
with 30 min sampling for one or more periods of 3 months (quarters).
TESS also has 30 min sampling with continuous observations of ~1
month in a broad red (600-1000 nm) observing band.

From Kepler data Mushotzky et al. (2011) measured the PSDs
of four type 1 AGNs, finding unbending power law slopes between
2.6 and 3.3. Smith et al. (2018) found a similar single slope range
for a sample of 21 type 1 AGNs although, for the 6 PSDs with the
steepest high-frequency slopes (ay), bending power laws were a
better fit. The bend time-scales (9 to 53 d) roughly scaled with mass.
Smith et al. (2018) do not discuss the slopes below the bend (ctz.)
but visual inspection of their fig. 10 indicates «;, > 0 in four AGNs
and o, < 0 in two. Probably the highest signal-to-noise ratio (S/N)
Kepler AGN PSD is that of Zw 229-15 (Edelson et al. 2014). They
find a bending PSD with a very steep high-frequency slope (~3.6)
flattening, on time-scales > 5d, to «;, ~ 2. Unfortunately, there is no
X-ray PSD available for comparison. Edelson et al. (2014) also found
no evidence for rms/flux relationships or lognormal flux distributions,
which are common in X-ray AGN light curves, and so they concluded
that X-ray reprocessing did not drive the optical variability.

The PSD slopes from Mushotzky et al. (2011) are interesting
because they are steeper than the value of 2 expected for the
high-frequency PSD slope in the damped random walk (DRW)
model which is commonly applied to AGN optical variations (e.g.
Kelly, Bechtold & Siemiginowska 2009). The DRW PSD is also
characterized by a low-frequency PSD slope of zero and a damping
time-scale, 7, equivalent to the bend time-scale of a bending power
law PSD, which Burke et al. (2021) have shown scales with mass
from white dwarfs to AGNs. Using variants of the DRW model, Zu
et al. (2013), Stone et al. (2022), and Yu et al. (2022), all suggest
a steepening of the PSD slope at the highest frequencies, possibly
indicating a second, high-frequency, bend time-scale.

Measurement of low-frequency PSD slopes in bending or breaking
power law models is rare. However, Simm et al. (2016) using
continuous-time autoregressive moving average (CARMA) models
(Kelly et al. 2014), found slopes consistent with 1 in the PSDs derived
from the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRST1) light curves of AGNs in the Cosmos—XMM field.
Above the bend they found a range of slopes between 2 and 4. These
low-frequency slopes again cast doubt on at least the simple version
of DRW as the explanation of all AGN optical variability.

Of particular relevance to this paper, we note the results of Burke
et al. (2020) on NGC 4395. They model TESS data with a DRW,
finding a damping time-scale of 2.3 d. They also fit a broken power
law to the PSD covering two decades in frequency from ~ 3 x 1077
to ~3 x 107 Hz, finding oy ~ 2 and o, ~ 0. The damping time-
scale is towards the bottom end of the time-scales covered by TESS
and a major aim of this paper is to refine these results with larger
frequency coverage.

Panagiotou et al. (2022), broadly following Arévalo et al. (2009)
and Breedt et al. (2010), modelled together the multiband PSDs and
lags of NGC 5548 using data from Swift (Edelson et al. 2015).
Covering a slightly lower frequency band than TESS, and with
reduced frequency range (~1.5 decades), they found power law PSD
slopes ~2. Unlike Arévalo et al. (2009) they concluded that X-ray
disc reprocessing could adequately describe both the lags and the
PSDs.

Although reprocessing of central X-rays provides a good ex-
planation of short-term optical variability, there are longer term
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(months/years) variations in the optical light curves which often
have no parallel in the X-ray band (e.g. Arévalo et al. 2008; Breedt
et al. 2010). These variations may explain why, at the very lowest
frequencies, the optical PSDs of AGNs often have more power than
the X-ray PSDs. The origin of the long-time-scale variations is
unknown but they may represent intrinsic variability of the quiescent
accretion disc, perhaps as a result of inwardly propagating accretion
rate variations (Arevalo & Uttley 2006). Such variability would occur
not on the fast light-travel time-scales of reprocessing but on the much
slower viscous time-scale. Slow moving temperature fluctuations,
travelling both inward and outward in the disc, have recently been
found by Neustadt & Kochanek (2022) and Stone & Shen (2023)
from analysis of Swift ultraviolet (UV)/optical and Sloan Digital
Sky Survey (SDSS) light curves, respectively. The physical origin
of these fluctuations is not yet clear but they may be related to the
non-reverberation signals seen by, for example Arévalo et al. (2008)
and Breedt et al. (2010).

The situation, then, regarding how much of the optical variability
of AGNs can be attributed to reprocessing of X-rays and, if so,
reprocessing from what, is not yet entirely clear. Whether optical
AGN PSDs can be explained easily by the disc reprocessing scenario
is even less clear. To provide a strong test of the reprocessing scenario
for PSDs there are a number of requirements. First, we require very
good X-ray and optical light curves so that we can produce high
S/N PSDs in both bands. Secondly, we require frequency coverage
over a large range, at least four decades in X-rays, so that we can
properly define the PSD shapes and can measure accurately oy, oy,
and vg. In the optical band we require even more. We need to be able
to measure those same three parameters over the frequency range
where we expect reprocessed X-rays to be found. However, we need
to extend to even lower frequencies to test whether there are any
other components in the optical variability, for example the intrinsic
disc variations suggested by Arévalo et al. (2009) and Breedt et al.
(2010).

The above requirements limit the number of AGNs that can be
observed in a human lifetime. In particular, we require a low-mass
AGN where time-scales are shorter and more accessible. The best
candidate is NGC 4395. Although its exact mass is still under debate,
there is agreement that it is very low. From UV line reverberation
mapping, generally considered to be one of the better methods for
measuring AGN masses, Peterson et al. (2005) derive a mass of 3.6 x
10°Mg, and, from gas dynamical modelling, den Brok et al. (2015)
derive 4 x 10°Mg,. However, from optical photometric reverberation,
aimed mainly at H,, Edri et al. (2012) derive 4 x 10*M, Woo et al.
(2019) derive 1 x 10*M, and Cho et al. (2021) derive 1.7 x 10*Mg.
The exact value is not critical to the analysis presented here as the
median point of the g ’-band response function, which we use later
to synthesize an optical light curve based on an X-ray light curve,
is fixed by observations of the X-ray to g’-band lag (McHardy et al.
2023). Thus, if we chose a low mass, we would simply increase the
accretion ratio to produce a response function broadly similar to that
of a higher mass and lower accretion ratio.

NGC 4395 is also well observed in both X-ray and optical/UV
bands. The X-ray PSD is well defined from XMM-Newton observa-
tions. From a single orbit (~120 ks) observation Vaughan et al. (2005)
obtained a good fit with a breaking power law with ay; = 1.9270:28,
o = I.ngjzé,and v = 1.9f?:§ x 1073 Hz. Thus, the break, or bend,
time-scale is a very accessible ~500-1000 s.

We have subsequently observed NGC 4395 for a further four
XMM—-Newton orbits, (Vincentelli et al., in preparation and Beard et
al., in preparation) which broadly confirm these PSD parameters.In
this paper, we use these new X-ray data, together with X-ray data
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Figure 1. XMM-Newton 0.5-10 keV light curve for NGC 4395 using data
from the night of 2019 January 2, binned up to 50 s.

covering longer time-scales from Swift, to simulate optical light
curves, assuming disc reprocessing, and hence to produce model
optical PSDs. These model PSDs are then compared with the real,
observed, optical PSD to determine whether disc reprocessing can
account for all of the observed optical variability.

To produce the observed optical PSD the highest frequencies,
4 x 107* to ~ 107! Hz, are provided by recent very high quality
simultaneous ugriz monitoring with 3 s-sampling over 6 h us-
ing HIPERCAM on the 10.4m Gran Telescopio Canarias (GTC)
(McHardy et al. 2023). Intermediate frequencies (approx 5 x 1077 to
4 x 10~*Hz) are provided by TESS (Burke et al. 2020). To cover the
lowest frequencies, ~ 2 x 1078 to 2 x 107°Hz, we combine these
data with nightly g’-band observations over a period of 3 yr with a
number of ground-based telescopes, including the Liverpool Robotic
Telescope (LT), the Las Cumbres Observatory (LCOGT), the Zwicky
Transient Factory (ZTF), and the Zowada Observatory. We also
include V-band data with 2 d sampling from two 4 month observation
periods with Swift (Cameron et al. 2012). Thus, overall, we are able
to determine the optical PSD from ~ 2 x 1078 to ~ 107! Hz.

The X-ray and optical observations are presented in Section 2. In
Section 3, we derive the synthetic optical light curves expected from
disc reprocessing of the new XMM-Newton X-ray light curves. In
Section 4, we derive both the observed and synthetic optical PSDs
and in Section 5, we compare these PSDs and discuss the implications
of the comparison.

2 OBSERVATIONS

In this section, we present the observations that will be used later in
this paper.

2.1 XMM-Newton observations

Four separate ~117 ks X-ray observations from the XMM-Newton
EPIC PN were taken, beginning on the 2018 December 13, 19, and
31 and 2019 January 2. The data were analysed in the standard
manner using the ESA XMM-SAS 19 software. We extracted source
plus background events in 10 s time bins in the energy band 0.5—
10 keV from a circle of radius 30 arcsec around the AGN, filtering
events with PATTERN < = 4 and FLAG= = 0. The background was
taken from a nearby blank area of the detector of the same size. As
an example the light curve from the fourth observation, binned up to
50s, is plotted in Fig. 1.

MNRAS 537, 293-305 (2025)
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Figure 2. GTC HiPERCAM SDSS g’-band light curve zeroed to MJD
58224.87378.

2.2 Optical observations

For a valid comparison of the observed and synthetic optical PSDs,
both PSDs must be in the same waveband. Here, we choose the g’-
band for a number of reasons. Almost all ground-based telescopes
have g’-band filters and detectors are also quite sensitive in the
g’-band, thus good quality g’-band light curves can be obtained
reasonably easily. Although fractional variability is higher in the
u band, telescope sensitivity is considerably less and atmospheric
absorption is more of a problem, so it is very hard to obtain long, high-
quality, u-band observations. The g’ band is a good compromise. For
some observatories, particularly TESS, only broadband observations
are available. In that case, we adjust the variations in the TESS light
curve to those expected in the g’ band. Here, we present new g’-band
observations from the LT, LCOGT, Zowada, and ZTF and also show
previously published optical light curves from Swift and TESS.

2.3 Short time-scales: seconds — hours

HiPERCAM: McHardy et al. (2023) carried out very high S/N
simultaneous ugriz multiband monitoring of NGC 4395 with HiPER-
CAM (Dhillon et al. 2021) on the 10.4 m GTC! for 22 ks continuously
on the night of 2018 April 16-17. In Fig. 2, we show the first 8000 s
of the HIPERCAM g’-band light curve, with 15 s sampling. Tracking
problems slightly affected the later parts of the light curve so we do
not use them here. As we are using these data to measure very high
frequencies, slight loss of lower frequencies, which are covered by
TESS (below) is unimportant.

Multiband monitoring, including g’-band, was carried out over
five nights with the LT (McHardy et al. 2023) and over two nights
on the Faulkes North Telescope (FTN) (Montano et al. 2022). Both
the LT and FTN are 2m telescopes. Given also that HIPERCAM has
a higher throughput than the instruments on the LT and FTN, and
no dead time, the HIPERCAM light curves are of much higher S/N
so we do not consider the short time-scale LT and FTN light curves
further.

2.4 Medium time-scales: days — month

TESS: A detailed light curve with 15 min sampling for a month from
the TESS is shown by Burke et al. (2020) and is the basis for their time
series analysis. TESS observes in a wide, 600—1000 nm bandpass.
Variability amplitude and hence power spectral normalization are a
function of wavelength. In the standard ‘rms/mean’ power spectral

http://www.gtc.iac.es/
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Figure 3. TESS light curve for NGC 4395 using data from Burke et al.
(2020). The scale on the right-hand y-axis gives the original count rate. The
scale on the left-hand y-axis gives the count rate after subtraction of the
constant required to produce a light curve with the same fractional variation
as the LT g’ band over the same time range.

normalization which we use below we should therefore adjust the
mean level of the TESS light curve by subtracting an appropriate
constant so that the resulting power spectral normalization is similar
to that expected of a g’-band light curve covering the same frequency
range.

We could calculate that constant by synthesizing a white light
light curve from the appropriately weighted ugriz HHPERCAM light
curves and calculating the resultant PSDs. However, there is an
additional consideration with TESS in that the pixels are very large
and hence there is a large non-AGN constant contribution to the light
curve. This constant must also be removed. We can, in fact, correct
for both problems by altering the zero level of the TESS light curve
so that the resultant fractional variation, F,,, i.e. standard deviation
divided by the mean, of the TESS light curve is the same as that of
the long term g’-band light curve discussed in Section 2.5 over a
similar length of time as that of the TESS light curve. The resultant
light curve can be seen in Fig. 3.

2.5 Long time-scales: months — years

LT, LCOGT, ZTF, Zowada: The main new data presented here are
long term SDSS g’-band light curves from the LT’s 10:O camera
(Steele et al. 2004), the LCOGT McDonald Observatory’s Sinistro
and Faulkes Telescope North’s (FTN) Spectral cameras (Brown et al.
2013), the Zowada Observatory (Carr et al. 2022) and the ZTF (Masci
et al. 2018). The details of the observations can be found in Table 1.

The LT and LCOGT data were processed with aperture photometry
using the HIPERCAM pipeline, as described in McHardy et al.
(2023), using the same comparison star, Star 1, as shown in figs 1
and 12 of McHardy et al. (2023) and with the same source aperture
radius of 4.25 arcsec. The ZTF light curve was extracted from the
images by the Automated Learning for the Rapid Classification of
Events (ALeRCE) pipeline (Masci et al. 2018)? and the light curves
were then downloaded from the ALeRCE ZTF Explorer.> Zowada
fluxes were also obtained by differential aperture photometry using
in-house code which compares the AGNs with a number of stars in
the field (Carr et al. 2022).

The light curves were initially in a variety of different units so
to combine them we first converted them all into mJy. The LT and
LCOGT light curves were initially in units of counts/sec relative

Zhttps://alerce.science/alerce-pipeline/
3https://alerce.science/services/ztf-explorer/
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Table 1. SDSS g’-band observations.
Observation name Exposure time Number of obs Start date Stop date
LTIO:O0 40s (until 2021 August 2)/60 s (after) 342 2019 November 9 2022 July 22
LCOGT 45 s (Spectral)/240 s (Sinistro) 128 2019 December 28 2022 July 11
ZTF 30s 97 2019 November 2 2021 July 2
Zowada 5 x 300s 13 2022 February 24 2022 March 28
¢ LCOGT Spectral and Sinistro
12 ¢ LTIO:0
’ ¢+ ZTF Palomar P48
¢+ Zowada Observatory
1.1
=
£1.0 :
— t ‘
X ¢ _-‘;
= 0.9 i
4
0.8+ b i
0.7
58800 59200 59400 59600 59800

Time (MJD)

Figure 4. Long term SDSS g’-band light curve for NGC 4395 comprised of data from Liverpool Telescope, Las Cumbres Observatory, Zowada Observatory,

and the Zwicky Transient Facility.

to comparison Star 1 and magnitudes are available for Star 1 from
SDSS which we converted to mJy. The ZTF light curve is in AB
magnitudes which we again convert to mJy. The Zowada data were
provided directly in mJy.

To ensure good cross-calibration between the various light curves,
points with common time stamps were compared and then a Chi-
squared minimization of an additive and multiplicative translation
was applied (relative to the LT data). This procedure created the
light curve seen in Fig. 4. Due to seasonal breaks, the light
curves are divided into three ‘epochs’ by which we will refer to
them.

Swift:There was long time-scale optical monitoring by Swift in
2008-2009 (Cameron et al. 2012) over two periods of duration 112
and 161 d, separated by a 76 d gap, with typical 2 d sampling. In
Fig. 5, we present again the Swift Ultraviolet and Optical Telescope
(UVOT) B and V band light curves from the longer, second, period.
The first period contains an outburst of amplitude larger than that
seen in other observations of this source. The concern then is that
the assumption made by most authors who analyse AGN temporal
variability, including ourselves, i.e. that the variability is a statistically
stationary process, might not be valid. However, in Section 4, we
show that the PSD of the first period is consistent with the PSD
of the second period and so the outburst is probably just part
of the normal variability of the source. Thus, although we note
the caveat, we proceed on the assumption that the variability is
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FigureS. Swift UVOT light curve for NGC 4395 from Cameron et al. (2012).

statistically stationary and so normal PSD analysis methods may
be used. The first period is, however, short and adds very little to our
long time-scale temporal coverage so we do not in fact consider it
elsewhere.

3 SIMULATING LONG-TERM OPTICAL LIGHT
CURVES

‘We simulate long time-scale optical light curves by reprocessing long
time-scale X-ray light curves by an accretion disc model. The longest
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observed high quality X-ray light curves, from XMM-Newton, are
only of maximum duration ~140 ks. Therefore, we first have to
simulate much longer X-ray light curves, of similar quality, but which
include the long term variability properties.

3.1 Simulating long-term X-ray light curves
3.1.1 Quantifying X-ray variability

The main variability characteristics of a light curve are usually
quantified in terms of its PSD. AGN X-ray PSDs are often well
described by bending power laws (M°Hardy et al. 2004) given by

1

P(v) = Av— <1+(U> . ) tc, 1)
VB

where v is the bend frequency, oy and « are the high-frequency
and low-frequency slopes, respectively, and A and C are constants.
As noted in M°Hardy et al. (2004), an arbitrarily large number of
bends can be incorporated by daisy-chaining the above equation. A
double-bending power law, which will be used later in this paper, is
therefore given by

P(v)=Avy~l 4 C @)

()G

If the PSD parameters are known, light curves similar to the
observed light curves can be simulated using the method of Timmer &
Konig (1995). However, this method produces only Gaussianly
distributed light curves and the X-ray light curves NGC 4395 are
not Gaussianly distributed (i.e. to first approximation, they are not
evenly distributed about the mean and are more ‘burst-like’). We
therefore use the method of Emmanoulopoulos et al. (2013) where
the parameters of the flux probability density function (PDF), as well
as the PSD parameters, are included.

These PSD and PDF parameters are derived directly from ob-
servations, here using our recent long XMM-Newton light curves,
using PYTHON code* written by Connolly (2015). However, these
X-ray observations do not cover the longer time-scales (~years)
that we require for comparison with our observed long time-scale
g’-band light curve. In particular the slope of the X-ray PSD on
long time-scales, o, is not well determined. However, we can
estimate «; by using the earlier Swift observations (Cameron et al.
2012).

with

]/:

3.1.2 Measuring the low-frequency X-ray PSD slope

The four new observed XMM-Newton observations are well fitted
(fit probability, P = 0.79) by a bending power-law model with «;, =
0.8%03, ay =2.3703, and vp = 7.77.%* x 10~* Hz. These values
are similar to those of Vaughan et al. (2005) for the same bending
power-law model. In particular, Vaughan et al. (2005) give «a; =
1.20%032 5o their value and ours are similar to that of all other AGNs
where that slope is reasonably well measured.

Although the sampling of the Swift data (2 d) is much lower than
that of the XMM—Newton data, we can derive a combined Swift and
XMM-Newton PSD, which extends our measurement of ¢, to years

“https://github.com/samconnolly/DELightcurveSimulation
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Figure 6. Combined Swift and XMM PSD. The data are represented by the
continuous solid lines. The dirty model is represented by the errorbars and
the underlying PSD is given by the dashed line.

time-scales using PSRESP.’PSRESP properly takes account of red
noise leak, aliasing, and window effects in the PSD caused by the
sampling pattern to reveal the true underlying PSD shape. We refer
readers to Uttley et al. (2002), and to other papers which have used
PSRESP (e.g. M°Hardy et al. 2004), for details of the method. The
resulting PSD is shown in Fig. 6 and is well described by a bending
power-law model.

The average flux in the first part of the Swift light curve is about
four times higher than in the second part. However, the pattern of
variability as quantified by the power spectrum in standard units of
(rms/mean)?/Hz, where the mean is the local mean of the particular
part, is very similar and so we include both parts here separately.
The resulting 90 percent confidence limits on the low-frequency
slope are 0.75 and 1.1 which is consistent with a fit where the
low-frequency slope determined just from the XMM-Newton fit
extrapolates reasonably well to lower frequencies. Thus, for the
present, we use the PSD and PDF parameters determined from fits to
the XMM—Newton data, assuming that oy, does extrapolate smoothly
to years time-scales, to simulate long-time-scale X-ray light curves.
Better sampled Swift observations are currently under way to improve
our determination of the low-frequency X-ray PSD. When complete
they will be the subject of future work but they are beyond the scope
of this paper.

3.1.3 Comparison of observed and simulated X-ray PSDs

Using the PSD and PDF parameters determined from those observa-
tions, and assuming that the low-frequency PSD is an extension of
that measured with XMM-Newton, we can now simulate X-ray light
curves which are arbitrarily long and arbitrarily well sampled.

The main feature in the X-ray PSD is a bend at a time-scale of
~1300 s. To simulate accurately this feature, including the PSD
slopes both below and above this time-scale, we retain the same
10 s sampling as the original observed XMM-Newton light curves.
Although it is then quite computationally expensive, we simulate
X-ray light curves of duration 10 d which, following convolution
with the g’-band disc response function (Section 3.2), will produce

Shttps://github.com/wegenmat-privat/psresp
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Figure 7. A 140 ks sample of the simulated X-ray light curve using data
from the night of 2019 January 2, binned up to 50 s for visual clarity.
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Figure 8. The 0.5-10 keV X-ray power spectra from the XMM-Newton data
plotted with the PSDs of those same nights’ simulated X-ray power spectra.

optical light curves which contain many samples of all likely time-
scales of disc variability. An example of a simulated XMM-Newton
X-ray light curve of similar length (140 ks) to the observed light
curves is shown in Fig. 7.

We simulate light curves based on each of the four separate XMM—
Newton observations to check for variation. To check that our analysis
is self-consistent we show, in Fig. 8, the observed PSDs from our
four XMM-Newton observations and also the PSDs derived from 140
ks sections of each of the simulated light curves. The observed PSDs
all overlap and the simulated PSDs lie within the range covered by
the scatter in the observed PSDs so, although not all identical, they
are consistent with being part of the same variability process.

3.2 Model optical light curves from X-ray simulations

As the PSDs from all four XMM-Newton observations are very sim-
ilar then, to avoid unnecessary computation, we choose, somewhat
arbitrarily, just one long X-ray light curve, simulated from the 2019
January 2 observation. We convolve this light curve with a model
disc response function from KYNREVERB (Kammoun et al. 2021).
As our observed optical data is either g’-band or calibrated to be
g’-band, we use a g’-band response function using the same input
parameters as found in Beard et al. (in preparation), i.e. zero spin, 10
R, corona height, a colour correction factor, fco, of 1.5, and a disc
outer radius of 1500 R,. These numbers are very similar to those
derived by McHardy et al. (2023) from modelling the inter-band lags
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Figure 9. A 140 ks sample of the synthetic g’-band light curve created from
the simulated X-ray LC in Fig. 7, binned up to 50 s for visual clarity.
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Figure 10. PSD of g’-band HIPERCAM observation with Poisson noise
removed.

but are slightly modified to fit the new XMM-Newton X-ray and UV
lag data.

The g’-band lags the X-rays by about 800 s (McHardy et al. 2016,
2023). The observed lag corresponds to the median of the g’-band
response function. Kammoun et al. (2021) show that the response
from a disc drops, from the peak, to time-scales 50x longer than the
median lag (see their fig. 8), by a factor ~ 10* which, for NGC4395,
is ~ 0.5 d. Thus, our 10 d long simulated light curves contain many
samples of even this extremely low part of the response function
and so are a good representation of what we might expect from
reprocessing central X-rays by a surrounding accretion disc.

For comparison with the simulated one-orbit XMM-Newton 140
ks X-ray light curve (Fig. 7), a 140 ks sample of the synthetic g’-band
light curve is shown in Fig. 9.

4 COMPARISON OF OBSERVED AND
SIMULATED OPTICAL PSDS

4.1 Observed optical power spectrum

4.1.1 The HIPERCAM PSD

We begin by showing (Fig. 10) the PSD of the HIPERCAM g’ —band
data alone at the original 3 s-sampling, produced using the standard
method of Deeming (1975) for discretely sampled data. This PSD
is well fitted (P = 0.91) by a combination of a power law of slope
2.00 £ 0.18 together with Poisson noise. Here, the Poisson noise
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power has been removed. Aliasing does not affect these data but
there may be a little red noise leak at the lowest frequencies. No
complex modelling has been carried out. For an underlying slope
of 2, red noise leak does not change that slope, but it does increase
the normalization, which we will deal with below. The measured
slope is in very good agreement with the value expected from a
DRW (2.0), or the value of the high-frequency slope of the broken
power law (1.88 £ 0.15) fitted to the PSD of the TESS data (Burke
et al. 2021), which covers the two decades of frequency immediately
below the HIPERCAM range. Thus, the initial indications are that a
single unbending power law covers most of the frequencies sampled
by TESS and HIPERCAM.

4.1.2 PSRESP modelling of the full data set

To measure the full optical PSD covering time-scales from years
to ~10 s, we combine the HIPERCAM and TESS data with other
observations described in Section 2 covering longer time-scales. To
properly take account of PSD distortions caused by sampling irreg-
ularities, red noise leak, aliasing, and Poisson noise from counting
statistics which flatten the observed PSD at high frequencies, we
model these data using PSRESP (Uttley et al. 2002), following the
prescription described by Uttley et al. and used in previous papers
(e.g. M°Hardy et al. 2004). In PSRESP the ‘dirty’ PSD, derived from
the raw observations and therefore distorted by the window function
of those observations and including the contribution from Poisson
noise, is first calculated. From an assumed underlying undistorted
model PSD, light curves are simulated and sampled with the same
window function as the observed data. The resulting simulated
dirty PSD is then compared with the observed dirty PSD. The
parameters of the underlying undistorted PSD are then varied to
obtain the best match between the observed and simulated dirty
PSDs. Following multiple simulations, uncertainties can then be
derived on the simulated dirty model PSD, rather than on the observed
dirty PSD. See Uttley et al. (2002) for more details.

To cover the highest frequencies, we include the HIPERCAM g'-
band light curve of duration 8000 s. As PSRESP is computationally
intensive we bin these data to 15 s. For intermediate frequencies we
input the TESS light curve, renormalized to g'-band variability, of
duration 28 d, in ~2 ks bins. At the lowest frequencies, we have
the LT, LCOGT, Zowada, and ZTF g’-band light curves which cover
3 yr, but with seasonal gaps. We input the three seasonal sections as
epochs 1, 2, and 3, binned at ~1.75 d, which is the average sampling
period. We also input separately the Swift B and V light curves from
the second, longer, section. This section is of similar length to epochs
1, 2, and 3 so the binning is the same. Spectrally, the B and V bands
are close to g’ band, on either side, so variability amplitudes should
not be very different, with B expected to be slightly more variable
and V less variable. As the number of data points is not large we
do not renormalize them, with the post-facto justification that their
resultant PSDs are almost identical.

For the very lowest frequencies longest time-scales we input the
entire 3 yr light curve in one piece. We bin it into 80 d bins to cover
the seasonal gaps and, with that large binning, we do not duplicate
the frequency coverage obtained from the smaller binning of each
individual epoch. For the PSRESP simulation of this light curve,
we set the sampling to a shorter time-scale (0.3 d) so that the high-
frequency variations are included, and then bin up to 80 d. This then
gives us some useful extra long-term power in the log(v/Hz) range
—7to =8.
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Figure 11. The observed ‘dirty’ optical power spectra are shown by contin-
uous, zigzag, lines with different colours indicating the different source light
curves as indicated in the legend. The corresponding best-fit model PSDs,
assuming an underlying unbending power-law PSD, are shown by the error
bars. The underlying power law is shown by the smooth, continuous, straight
line.

Unbending power-law fit: We first use PSRESP to determine
whether a simple unbending power law provides an adequate de-
scription of the data. The best-fit to such a model is shown in Fig. 11.
The best-fit slope is 1.7]:§ with P = 0.11. Whilst not bad enough to
entirely rule out this model, the fit probability is low and, visually,
there appears to be a flattening at the lowest frequencies.

Low resolution bending power-law fit: We next fit the PSD with a
bending power law. Although, the fit to an unbending power law had
indicated that the deviation from a single power law occurred towards
the lower end of the frequency range which our data samples, we none
the less began with a search for a bend over the full frequency range
sampled from 1078 to 10~ Hz. Performing a fit with high resolution
in frequency over such a wide frequency range is computationally
very time consuming so, to narrow down the parameter range to
search over, we began with a search at low resolution. We searched
initially with resolution of a factor 2, i.e. 0.3 in log(v), between
searched frequencies. We sampled the high-frequency slope between
1.5 and 2.5 in steps of 0.5 and the low-frequency slope between
0 and 2.0 also in steps of 0.5. This search generated a best-fit of
P = 0.57 with log(vz) = —5.675¢ (i.e. vy = 2.57%% x 107° Hz),
ay = 2.0f8jg, and oy = 1.0 £ 0.5. The large upper error on vg is a
consequence of the large step sizes and poor resolution and the zero
error on the lower limit to ay is a result of hitting the end stops of
the search range.

High resolution fit with fixed ay: As the best-fit to ay from both
the HIPERCAM and TESS data individually is 2.0, and as the best-
fitting value from our initial rough fit is also 2.0, we next fixed oy at
2.0 and performed a search with higher resolution in vg (factor 1.5)
and oy (steps of 0.1). A contour plot of the fit probabilities for these
two parameters is shown in Fig. 12. This plot shows that ¢, is very
close to 1 and that vy lies in the range 10~7 to 1075 Hz.

High resolution fit with all parameters free: We finally performed a
high resolution fit over all three parameters, restricting vg to the range
1077 to 1073 Hz, with factor 1.5 steps in frequency. The search range
for ap is 1 to 4, in steps of 0.1 and the range for oy, is 0 to 2, also in
steps of 0.1. The resultant best-fit is plotted in Fig. 13. The fit is very
good, with a best-fit model probability of P = 0.66 withay = 2.1107,
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Figure 12. Best-fit probability contours of vp versus «; with oy fixed at
2.0.
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Figure 13. The observed ‘dirty’ optical power spectra are shown by contin-
uous, zigzag, lines with different colours indicating the different source light
curves as indicated in the legend. The corresponding best-fit model PSDs,
assuming an underlying single-bend power-law PSD, are shown by the error

bars. The underlying power law is shown by the smooth, continuous line with
a single bend.

ap = 1.0%03, and vz = 3.873% x 1070 Hz, corresponding to a bend
time-scale of 3.0576$d.

Taking the bend time-scale as 1/vg, we obtain a value of 3 d, which
is very similar to the 2.3 d DRW damping time-scale measured by
Burke et al. (2020). Burke et al. (2020) also fit what they refer to as
a broken power law which, functionally, is the same as the bending
power law used here. They list the break frequency as 0.114 & 0.066
d~! which, taking the simple reciprocal as a measurement of the time-
scale, for comparison with our measurement, gives a bend time-scale
of 8.8 d. However Burke et al. (2020) do not make strong claims for
the precision of their bend time-scale as the bend is very close to the
lower limit of the frequencies covered by the TESS data, which are
better covered here.

The high-frequency slope measured here is in very good agreement
with that (1.88 £ 0.15) measured by Burke et al. (2020) from their
broken power law. The main difference between the present analysis
and that of Burke et al. (2020) is that we find a low-frequency PSD
slope of 1.0 &= 0.2 rather than the 0.00 £ 0.86 of the broken power
law or the 0 required by the DRW model. However, again we note that
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Figure 14. The synthetic g’-band PSD from the synthetic 10 d light curve
based on the XMM—Newton night 4 data. Also plotted are the best-fit model
PSD as well as the best-fit underlying power law for a bending power law
model. This plot uses the same axes limits as the full observed optical data
PSD for ease of comparison.

the TESS data provide very little PSD frequency coverage below the
bend, whereas here we have nearly two decades. Thus, the uncertainty
in the low-frequency PSD slope of Burke et al. (2020) is sufficiently
large to allow compatibility with the present results.

A high-frequency slope of 2 is a fixed parameter of a DRW model
but just because a DRW model can be fitted to a light curve, it does
not mean that the high-frequency PSD slope is exactly 2. The most
that we can say is that a measured slope of 2 is consistent with a
DRW model.

As we now have a good fit to the observed optical PSD we proceed,
in Section 4.2, to determine whether the model PSD derived from
X-ray disc reprocessing is consistent with the observed PSD.

4.2 Synthetic optical power spectra

In Fig. 14, we present the PSD resulting from the synthetic optical 10
d g’-band light curve, a section of which is shown in Fig. 9, together
with the best-fitting model which has vz = 1.72793¢ x 10~*Hz (i.e.
a time-scale of 1.6h), ay =2.970} and a; = 0.470-1. This PSD
shows a clear bend at ~ 10~* Hz with a steep high-frequency slope
and fairly flat low-frequency slope. This PSD looks similar to the
X-ray PSD from which it was generated except that the bend is a
decade lower in frequency. The high-frequency slope is also slightly
steeper consistent with the expectations from the disc reprocessing.
The very pronounced flattening at ~ 10~*Hz in the synthetic PSD
is not obviously visible in the observed optical PSD.

The optical light curves from which this PSD were derived were
simulated from the X-ray light curves assuming a reprocessing
function based on a mass of 3.6 x 10°Mg, and a low accretion rate.
However, if the mass is actually a decade lower, it will make little
difference to the optical light curves and hence to synthetic PSD as
the disc reprocessing function is mainly defined by the lags between
wavebands, which are fixed. Thus, parameters such as the accretion
rate and possibly the colour correction factor (see McHardy et al.
2023) would have to be adjusted to give the same lags.

One possibility is that this bend does exist in the observed PSD
but that, in addition to disc reprocessing, there are other causes of
variability which produce longer term variations, leading to the bend
we detect at ~ 107° Hz and obscuring the bend at ~ 107 Hz. In the

MNRAS 537, 293-305 (2025)

Gz0z Aenuer ¢z uo Jasn uosdwig pleyory Aq 86/516./S62/1/.ES/e10niE/SeIUW /WO dnoolwapeoe//:sdiy Woll papeojumod



302 M. W.J. Beard et al.

—— GTC HIPERCAM PSD

TESS PSD
% —— LT/LCO/ZTF Epoch 1 PSD

4 —— LT/LCO/ZTF Epoch 2 PSD
—_— —— LT/LCO/ZTF/Zowada Epoch 3 PSD
N Cameron UVOT B-band PSD
o Cameron UVOT V-band PSD
— 2] = Long Term LT/LCO/ZTF/Zowada PSD
E E —— Best-Fit Underlying Power-Law Model
SE Best-Fit Model PSDs
= 0
@ DOUBLE-BEND POWER LAW MODEL
= Best-Fit Model Probability = 0.67
g Best-Fit Model vy, = 8.0x10°7
g,—Z
-

=1

Best-Fit Model vy = 1.728x1074
Best-Fit Model ay = 2.7 4
Best-Fit Model ay = 1.7
Best-Fit Modela; = 0.8
-4 Ly
-6
5 =3 =2

- -3
Log v (Hz)

Figure 15. The optical power spectra from our data plotted with their best-fit
model PSDs as well as the best-fit underlying power law for a double-bending
power law model.
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Figure 16. Simulated 10 d light curve using the Timmer & Konig (1995)
method with an input bending power law with bend frequency 10~°, high-
frequency slope —2, and low-frequency slope —1.

next section, we explore whether both bends could be present in our
data.

4.3 Testing for double-bend compatibility

In Fig. 15, we show the best fit for a PSD with two bends. All
parameters were allowed to vary. The low-frequency bend is at
vpr = 8.0%3% x 1077 Hz and the high at vg; = 1.770¢ x 10~*. The

slope below the lowest bend, o; = 0.8f8:§, the slope between the

two bends, ay = 1.7703, and the slope above the highest bend,
ay = 2.7793. The fit probability (P = 0.67) is almost identical to the
fit probability for a single bending power law so it is not, statistically,
a better fit. It is, however, still a good fit and the inclusion of a
second bend at a frequency near to that expected from reprocessing
is consistent with the data. Thus, a combination of reprocessing
to explain the high-frequency optical variability and some other
variability process, for example intrinsic disc fluctuations, could
explain the total observed optical variability.

4.4 The origin of the low-frequency optical variations

To confirm that a combination of reprocessing and a second indepen-
dent source of variations can explain the observed variability, and to
roughly estimate the relative contributions of these two processes, we
attempt to reproduce the observed PSD with two such light curves.
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Figure 17. The power spectra from our synthetic g’-band light curve plus
10x the Timmer & Konig (1995) simulated light curve plotted with its best-fit
model PSD as well as the best-fit underlying power law for a double-bending
power law model. This plot uses the same axis limits as the optical data PSD
for ease of comparison.

For the reprocessed light curve we use the 10 d one discussed in
Section 3.2. As there is no obvious sign in any of the observed
optical light curves of the non-linear variations seen in the X-rays,
we can simulate the independent source of variations extending to
low frequencies using the method of Timmer & Konig (1995). We
take ¢y = 1, vp = 1 x 107°Hz, and oy = 2, seen in Fig. 16.

In the standard PSD normalization of (rms/mean)?/Hz which we
use here, the power level of the PSD can be adjusted by changing
either the rms or the mean of the input light curve, or both. Here, for
the independent source of variations, we take the same mean level
as for the reprocessed light curve and alter the rms until we obtain
a combined PSD (Fig. 17) which is similar to the observed one.
We find that an rms of approximately 70 per cent of the mean, when
combined with the reprocessed light curve, is required. This adjusted
rms is about 10 times the rms of the reprocessed light curve. However,
the exact value should not be regarded as being particularly precise
as there are a number of uncertainties involved, for example the exact
shape of the reprocessing function which depends on unknowns such
as the colour correction factor.

Although, for the computational reasons stated earlier, this PSD
does not extend to quite as low frequencies as our observed PSD it
does extend far enough for us to determine whether the two combined
light curves might provide an explanation of the observed PSD, which
it does. We do not claim that this combination is the only possible
explanation, just that it is one possible explanation.

4.5 Comparison with previously published optical PSDs

The optical PSD which we have derived here is of very high quality
and is well described by a bending power law witho;, = 1, oy = 2,
and a bend time-scale of 3 d. We briefly compare this PSD with the
previously published good quality optical PSDs noted in Section 1 to
see whether a similar model, and hence a similar underlying physical
mechanism, might apply to them all.

Considering first the bend time-scales, with our extended low-
frequency data, we confirm the time-scale measured in NGC 4395
from TESS data alone using DRW modelling by Burke et al. (2020).
From the present data, we find no requirement for any further bends
at lower, or higher, frequencies. Although choice of black hole mass
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can alter the slope of the relationship a little, NGC 4395 fits into the
relationship between AGN mass and bend (or damping) time-scale
which has already been thoroughly discussed by Burke et al. (2021)
and so is not unusual as far as bend time-scales go.

The high-frequency slope in NGC 4395 is towards the shallow end
of the distribution of Kepler high-frequency slopes (Mushotzky et al.
2011; Smith et al. 2018), but is within their distribution. The slope
which we simulate based on X-ray reprocessing, 2.9, is towards the
steeper end of the Kepler slope distributions but is, again, within
the distribution. Thus, reprocessing of X-rays is consistent with
producing at least some of the high-frequency optical variability
but is not necessarily the main contributor.

Low-frequency optical PSD slopes are rarely measured because
PSD bends tend to be near the lower end of the range of time-scales
sampled. NGC 4395 is a rare exception. The only large sample
we are aware of where low-frequency slopes are listed is that of
Simm et al. (2016). The sampling of their Pan-STARRS light curves
(Simm et al. 2015), typically 70-80 observations over 4 yr though
not very evenly spread, required use of CARMA models, rather than
Fourier techniques, to estimate PSD parameters. They find an average
o ~ 1. Smith et al. (2018) show bending PSDs for six AGNs but do
not list low-frequency slope values. However, four of the six AGNs
where bending power laws are required appear to have slopes which
are rising towards the lowest frequencies (their fig. 10), although two
are falling. Thus the limited previous data are consistent with the
better measured o, presented here.

The one AGN which does not easily fit the pattern discussed above,
or is at least an outlier to the distributions, is Zw 229-15, which is
probably the best-observed Kepler AGN. In the analyses of both
Edelson et al. (2014) and Smith et al. (2018) its PSD shows a clear
bend. Smith et al. (2018) list a power law slope of 3.4, although it
is not clear whether this is a fit to an unbending power law or to the
high-frequency part of a bending power law. However Edelson et al.
(2014) clearly list ooy ~ 4. This slope is at the extreme limits of all
listed high-frequency AGN optical PSD slopes. At low frequencies
Edelson et al. (2014) list ap ~ 2, steeper than any previous low-
frequency slopes. From fig. 10 of Smith et al. (2018), their low-
frequency slope appears somewhat flatter but they do not give a slope
value.

A possible explanation of the extreme slopes in Zw 229-15 might
be if its mass is actually much higher than the ~ 10’My, noted by
Mushotzky et al. (2011) and so the PSD bend detected by Edelson
et al. (2014) and Smith et al. (2018) is actually the equivalent of
a second, higher frequency bend which, in lower mass AGNs like
NGC 4395, would be at too high a frequency to be detected. The
low-frequency slope observed in Zw 229-15 and the high-frequency
slope in NGC 4395, both having the same slope value of 2, would
then just be intermediate slopes in a twice bending power law model.
However with the present mass (~ 10’Mg,), and with the presently
observed bend time-scale, Zw 229-15 fits in well to the mass—time-
scale relationship of Burke et al. (2021). There is also no sign of
a second high-frequency bend in NGC 4395, even to four decades
above the present bend. Thus it is not easy to argue for the second
bend hypothesis.

Measurement of PSD parameters is quite dependent on the exact
model being fitted and the production of reliable long-time-scale
light curves from Kepler data is not trivial (e.g. see Edelson et al.
2014; Smith et al. 2018) so some caution in comparisons is required.
However on the face of it, the PSD slope values of Zw229-15 may
be within the distributions of other AGNSs, but they are on the limits
of those distributions.
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5 CONCLUSIONS

We present new ~daily optical monitoring of the low mass AGN
NGC 4395 over a 3-yr period with the LT, LCOGT, Zowada, and
ZTFE. Together with 3 s-resolution over a 3 h period by HIPERCAM
(McHardy et al. 2023) and monitoring covering time-scales from
hours to weeks by TESS (Burke et al. 2020), we are able to measure
the optical g’-band PSD over an unprecedented range of almost seven
decades. The observed optical PSD is well fitted by a bending PSD
model with bend frequency of 3.873% x 10~° Hz, high-frequency
slope of 2.175-2, and low-frequency slope of 17)3. These parameters,
particularly the low-frequency slope, are probably the most accurate
yet measured for an AGN optical PSD, but are broadly within the
distribution of these parameters as measured from less extensive data
by previous researchers.

To test whether the observed PSD can be reproduced by repro-
cessing of X-rays by an accretion disc we have simulated g’-band
light curves based on reprocessing of X-ray observations, similar
to those observed by XMM—-Newton and Swift, from a disc. The
g’-band disc response function used is similar to that required to
explain the inter-band lags in NGC 4395 (McHardy et al. 2023),
slightly modified to take account of new XMM-Newton data (Beard
et. al, in preparation). The PSD of the resulting reprocessed light
curve is also well fitted by a bending power law but with a bend
frequency almost two decades higher in frequency than that in the
observed PSD. The longer bend time-scale in the observed PSD is,
however, close to the DRW damping time-scale found from analysis
of just the TESS data (Burke et al. 2020), although that time-scale is
towards the bottom of the range of time-scales covered by TESS. The
PSD slope below the bend, o, = 1.0, which we are able to constrain
well with the 3 yr time-scale light curve presented here is, however,
steeper than the equivalent PSD slope expected from a DRW, i.e.
oy = 0. Our observations are therefore inconsistent with the DRW
model for AGN optical variability.

To test whether a second PSD bend, at the higher frequency implied
from disc reprocessing, is compatible with the observed PSD we
fitted a model with two bends. The resultant fit does recover both low-
and high-frequency bends at frequencies similar to those mentioned
above, but the fit probability is no improvement on the single bend
model. We are able to simulate the observed double-bending power
law PSD by the addition of a separate light curve, generated using the
formalism of Timmer & Konig (1995), to the synthetic light curve
generated from X-ray disc reprocessing. This second light curve
dominates the low-frequency variability.

The origin of this second, dominant, source of variability is, at
present, unknown. Reprocessing by the Broad-Line Region (BLR),
or some mixture of disc wind and BLR (Elvis 2000; Hagen et al.
2024) which is larger than the disc, will be on longer time-scales
than disc reprocessing and so may be candidates. The long tails to
the reprocessing functions derived by MEMECHO mapping (Horne
et al. 2004) of NGC 4593 (M°Hardy et al. 2018) are factors of a
few longer than the duration of the disc response function and may
represent reprocessing in the BLR. In many AGNs, e.g. NGC4593
(Cackett et al. 2018), a clear signature of reprocessing in the BLR is
detected as a longer lag in the u-band, approximately a factor of 2 or
3 longer than the expected disc lag. Frequency-resolved lag analysis
of several AGNs also shows that the observed lags on time-scales
of tens of days are longer than can be explained by a standard disc
reprocessing model (Cackett, Zoghbi & Ulrich 2022; Lewin et al.
2023).

Thus although the BLR may well contribute power to the PSD on
longer time-scales than the disc, it is unclear whether the BLR can
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provide power on time scales 100x longer than the disc, as required
by our observations. This possibility requires further investigation.

An alternative possibility which might more easily explain the
long-time-scale variations, as it is related to viscous rather than
light travel time-scales, is inwardly propagating disc accretion rate
variations (Arevalo & Uttley 2006). The slow-moving radial disc
temperature variations recently found in AGN discs (Neustadt &
Kochanek 2022) may be related to this phenomenon, although
no claim has yet been made for the origin of these temperature
variations.

We conclude that reprocessing of central X-rays by a surrounding
accretion disc is consistent with part of the optical variability of NGC
4395 but it cannot explain all of the variability. At least one other
source of variations is needed, particularly at low frequencies, but
the physical origin of such variations is, as yet, unknown.
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