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ABSTRACT
We present fast (∼200s sampling) ugriz photometry of the low mass AGN NGC4395
with the Liverpool Telescope, followed by very fast (3s sampling) us,gs,rs,is and zs
simultaneous monitoring with HiPERCAM on the 10.4m GTC. These observations
provide the fastest ever AGN multiband photometry and very precise lag measure-
ments. Unlike in all other AGN, gs lags us by a large amount, consistent with disc
reprocessing but not with reprocessing in the Broad Line Region (BLR). There is very
little increase in lag with wavelength at long wavelengths, indicating an outer edge
(Rout) to the reprocessor. We have compared truncated disc reprocessing models to
the combined HiPERCAM and previous X-ray/UV lags. For the normally accepted
mass of 3.6× 105M⊙ we obtain reasonable agreement with zero spin, Rout∼ 1700Rg

and the DONE physically-motivated temperature-dependent disc colour correction
factor (fcol). A smaller mass of 4 × 104M⊙ can only be accomodated if fcol = 2.4,
which is probably unrealistically high. Disc self gravity is probably unimportant in
this low mass AGN but an obscuring wind may provide an edge. For the small mass
the dust sublimation radius is similar to Rout so the wind could be dusty. However
for the more likely large mass the sublimation radius is further out so the optically-
thick base of a line-driven gaseous wind is more likely. The inner edge of the BLR is
close to Rout in both cases. These observations provide the first good evidence for a
truncated AGN disc and caution that truncation should be included in reverberation
lag modelling.

Key words: accretion discs – galaxies:active – galaxies:Seyfert – galax-
ies:individual:NGC 4395 – galaxies:photometry

1 INTRODUCTION

The origin of UV/optical variations in AGN, their rela-
tionship to X-ray variations and what those variations
together can tell us about the inner structure of AGN, has
been a matter of major observational activity for over two

decades. Initially, combined X-ray monitoring from RXTE
and optical monitoring from the ground (e.g. Uttley et al.
2003; Suganuma et al. 2006; Arévalo et al. 2008, 2009;
Breedt et al. 2009, 2010; Breedt 2010; Lira et al. 2011)
typically showed optical variations lagging the X-rays by
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about a day (±0.5d). These observations are consistent
with reprocessing of X-rays from around the central black
hole by a surrounding accretion disc, but usually without
sufficient multiband detail to map out the temperature
structure of the disc (Blandford & McKee 1982). Some
multiband optical monitoring (e.g. Sergeev et al. 2005;
Cackett et al. 2007) showed wavelength-dependent lags
consistent with the expectations of reprocessing from an
accretion disc but without simultaneous X-ray monitoring.
More recently, X-ray and UV/optical multiwaveband
monitoring, based mainly around Swift observations (e.g.
Cameron et al. 2012; Cameron 2014; Shappee et al. 2014;
McHardy et al. 2014; Edelson et al. 2015; Troyer et al.
2016; Fausnaugh et al. 2016; McHardy et al. 2018;
Cackett et al. 2018; Edelson et al. 2019; Cackett et al. 2020;
Hernández Santisteban et al. 2020; Vincentelli et al. 2021,
2022), but also with XMM-Newton (e.g. McHardy et al.
2016), have confirmed that the UV/optical variations
are mostly well explained by reprocessing of high energy
radiation from an accretion disc, but have also noted a re-
processed contribution from the gas in the broad line region
(BLR). The lags expected from the BLR were predicted by
Korista & Goad (2001, 2019) and are particularly large in
the u band, where combined Balmer emission lines form the
Balmer continuum, and also in the i band from the Paschen
continuum (see particularly Cackett et al. 2018). The com-
bined signatures of reprocessed disc and BLR emission are
clearly seen in NGC 4593 (McHardy et al. 2018). Here the
response functions (Horne et al. 2004) required to explain
the UV and optical lightcurves by reprocessing of X-rays,
show both a short-timescale (disc) peak and long-timescale
(BLR) tail. In Mrk110, Vincentelli et al. (2021) also show
a combination of short-timescale (disc) and long-timescale
(BLR) lags.

Given the many observations and many suggested ex-
planations, there is increasing interest in modelling the lag
spectra. Initially most modelling was based on reprocessing
of X-rays by a disc with the temperature profile described ei-
ther by Shakura & Sunyaev (1973) or (with GR corrections)
by Novikov & Thorne (1973). Although the broad reprocess-
ing picture is now established, this modelling highlighted a
variety of problems including:
(1) The observed optical lightcurves are much smoother than
predicted (e.g Berkley et al. 2000; Arévalo et al. 2008) un-
less the X-ray emitting corona is much larger (∼ 100 gravi-
tational radii, Rg) than estimated from X-ray reverberation
(∼ 4Rg , e.g. Emmanoulopoulos et al. 2014; Cackett et al.
2014) or microlensing observations (

∼
< 10Rg Dai et al. 2010;

Chartas et al. 2012; Mosquera et al. 2013)
(2) The disc sizes estimated from almost all Swift mon-
itoring are larger than predicted, with analytic formu-
lae (e.g. Fausnaugh et al. 2016) giving larger discrepan-
cies (> 3× larger) than numerical disc modelling (

∼
< 2×,

McHardy et al. 2018). However numerical modelling which
better includes relativistic effects (Kammoun et al. 2021b)
gives no discrepancy, albeit with an X-ray source height
(∼ 20 − 70 Rg) much larger than that of most previous
modelling.
(3) The lag between the X-ray and far UV band is
much larger than expected, compared with the lags be-
tween the various UV and optical bands (e.g. summary
in McHardy et al. 2018). Possible solutions include scatter-

ing through an inflated inner disc (Gardner & Done 2017)
or including a more distant reprocessor such as the BLR
McHardy et al. (2018). Indeed Netzer (2022) claims that the
BLR dominates the lags. Alternatively, if all lags are mea-
sured relative to a reference UV band, then the X-ray to UV
lag may be increased if the X-ray auto-correlation function
is broad (Kammoun et al. 2021a).

Reprocessing, of course, cannot explain all aspects of
UV/optical variability. There are long term (months-years)
trends in the UV/optical which are not mirrored in the X-
rays and which may result from inwardly propagating ac-
cretion rate fluctuations in the disc (e.g. Arévalo et al. 2008;
Breedt et al. 2009, 2010). If these trends are filtered out then
the shorter-timescale reprocessing signature can be revealed
(McHardy et al. 2014, 2018; Pahari et al. 2020). However in
this paper we are concentrating on the short-timescale vari-
ations.

Most AGN which have been monitored so far have been
of similar black hole masses, mostly between ∼ 107 and
∼ 108 M⊙. Although accretion rates are notoriously hard
to measure accurately, the majority of AGN monitored so
far have had accretion rates of few per cent of Eddington, al-
though a small number have higher rates, eg Mrk110, ṁE∼

40 per cent (Vincentelli et al. 2021), NGC7469, ṁE∼ 50 per
cent (Pahari et al. 2020) and Mrk142 ṁE∼ 100 per cent
(Cackett et al. 2020). There have been very few observations
of very low mass or very low accretion rate AGN, largely be-
cause most of them are too faint. However to test models,
it is important to extend the range and hence objects at
the extreme edges of the distribution, where disc and BLR
properties are likely to be most different, are particularly
useful. For example, at very low accretion rates, the disc
scale height is likely to be lower (Treves et al. 1988) thus
affording a less obscured view to the outer disc.

Here we present lag measurements of NGC 4395. Al-
though its exact mass is currently a matter of some debate,
with values between 3.6×105M⊙ (Peterson et al. 2005) and
1 × 104M⊙ (Woo et al. 2019) having been claimed, there is
complete agreement that its mass is definitely very low. For
the mass noted by Peterson et al. (2005), the accretion rate
is also very low, 0.12 per cent Eddington so its luminosity is
low. However it is close enough to us (3.85 Mpc, Tully et al.
2009) that it is bright enough for accurate lag measurements
to be made.

Early Swift observations (Cameron et al. 2012) showed
that the B-band lagged the X-rays in NGC 4395 by less
than 45 min, with a tentative estimate of the UVW2 band
lagging the X-rays by 400s. XMM-Newton observations, us-
ing the optical monitor in fast readout mode, showed that
the UVW1 band lagged the X-rays by 473+47

−98s and parallel
ground based observations gave a lag of the X-rays by the g
band of 788+44

−54s. There have, however, been no simultane-
ous multiband lag measurements and so serious comparison
with reprocessing models has not yet been possible.

In Section 2 we discuss ugriz monitoring of NGC 4395
with the robotic 2m Liverpool Telescope (LT) which showed
variability on few hour timescales, consistent with the few
hundred second lags noted above, but were not able to mea-
sure the lags accurately. However based on those observa-
tions we obtained very high sensitivity simultaneous ugriz
photometry over one night with HiPERCAM on the 10.4m
Gran Telescopio Canarias (GTC) with time resolution down
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to 3s (Section 3), thus allowing very accurate measurement
of interband lags. In Section 4 we compare the resultant
lag measurements with reprocessing models. Conclusions are
presented in Section 5.

2 LIVERPOOL TELESCOPE OBSERVATIONS

2.1 The Observations

NGC 4395 was observed with the IO:O instrument on the
robotic Liverpool Telescope (LT, Steele et al. 2004) for ap-
proximately 6 hours on each of 5 separate nights in 2017
March. The IO:O1 is a CCD imaging camera with a 10× 10
arcmin field of view and an unbinned pixel size of 0.15 arc-
sec, here used in 2 × 2 binning mode.

The observations were made by cycling through suc-
cessive exposures in groups of filters. Given the previously
measured approximate lag of 330s between the UVW1 (290
nm) and g band (McHardy et al. 2016), the observations
were arranged in two groups so that cycle times between
the same filter did not exceed 200s, thus allowing reason-
able sampling of likely lag times. To allow measurement of
lags in all bands relative to the g-band, one group consisted
of the g, r, i and z bands and the other consisted of the g, B
and u bands. The g, r, i, z group was observed on nights 1,
3 and 5. The g, B, u group was observed on nights 2 and 4.
Due to bad weather, these nights were not consecutive. The
log of the observations is given in Table 1.

To remove any non-astrophysical variations, such as
those due to changes in atmospheric transparency which
would affect all objects on a CCD image, lightcurves were
produced using the standard method of differential photom-
etry relative to one or more comparison stars.

An LT IO:O g-band image of NGC 4395 is shown in
Fig. 1. In this figure a number of comparison stars are la-
belled, together with the AGN nucleus. Fig. 1 is centred
midway between comparison stars 0 (RA 12 25 54.63 Dec
+33 26 51) and 2 (RA 12 25 55.87 Dec +33 33 58). However
the observations reported in this paper were centred on the
AGN. Star 2 was always on the field of view, well away from
the edge of the CCD, but star 0 was outside of the field of
view. Star 2 was therefore used as the comparison star. Also
labelled in Fig. 1 are stars 1 and B which are within the
smaller HiPERCAM field of view.

For each CCD image, an aperture of radius 4.25 arc-
seconds, which is 14 LT (binned) pixels, was placed around
the AGN and a similar aperture was placed around star 2.
A background annulus of inner radius 3× the source radius
and outer radius 4× was also placed around each object.
Lightcurves were derived as the ratio of the background sub-
tracted counts in the AGN compared to those of the com-
parison star.

In later observations which will be reported elsewhere
(Beard et al, in prep), both stars 0 and 2 were on the IO:O
field of view. In Fig. 2 we show one of the IO:O lightcurves of
star 2 compared to star 0. The middle half of this lightcurve
is constant (reduced χ2 = 0.94) but including the ends there
is a very slight fractional decrease of 0.006. Stars 0 and 2
have different colours. From SDSS magnitudes g-r = 1.33

1 https://telescope.livjm.ac.uk/TelInst/Inst/IOO

Figure 1. g-band image of NGC 4395, 40s exposure, with the
IO:O CCD imager on the Liverpool Telescope. The comparison
stars, 0 and 2, used in the production of the LT lightcurves are
labelled, as are the comparison stars, 1 and B, used in the pro-
duction of the HiPERCAM lightcurves. The AGN nucleus is also
labelled. The field of view is 10× 10 arcmin.

for star 2 and 0.98 for star 0. We have not corrected the
lightcurves presented here for colour related changes in at-
mospheric transmission during these observations but it is
quite likely that this very small change might be explained
in that way. We therefore conclude that both stars are non-
variable over the timescales of the observations reported here
and can be used safely as comparison stars. Note that the
zero point in Fig. 2 is zero in order to demonstrate the rel-
ative constancy of the ratio.

We performed differential photometry using two
different pipelines. The first pipeline was an in-house
Southampton University pipeline and the second is the
HiPERCAM pipeline.2 Both pipelines use very similar
methods, centroiding on the objects of interest and then
performing aperture photometry using a background annu-
lus surrounding the object. The results were very similar.
Here we present the results using the HiPERCAM pipeline,
in large part because this pipeline is well established and
well documented and the code is already publicly available
thus allowing future researchers to check our results more
easily.

2.2 Interband Correlations and Lags

The lightcurves for nights 1, 2, 3, 4 and 5 are shown in
Figs. 3, 4, 5, 6 and 7 respectively. Here, unlike in Fig. 2,
the ordinate does not start at zero. Note that the fluxes
typically vary by ∼ 10 per cent, which is much larger than
the 0.6 per cent trend in the comparison stars. In all cases

2 http://deneb.astro.warwick.ac.uk/phsaap/hipercam/docs/html/
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Night Date (UTC) Start Time End Time Filters and Exposure Times Lightcurve Figure

1 2017-03-23 00:49:05 03:23:10 g,r,i,z all 10s Fig. 3
2 2017-03-24 01:03:46 07:01:45 u-30s, B-20s, g-20s Fig. 4
3 2017-03-26 00:40:01 06:39:45 g,r,i,z all 20s Fig. 5
4 2017-03-28 00:34:54 06:31:33 u-30s, B-20s, g-20s Fig. 6
5 2017-03-29 00:33:37 06:32:06 g,r,i,z all 20s Fig. 7

Table 1. Log of LT observations of NGC 4395. Start Time is the start time of the first observation in the series and End Time is the
start time of the last observation.
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Figure 2. Ratio of the background subtracted count rate of star
2 compared to that of star 0 in the g-band. From Beard et al (in
prep).

Figure 3. Night 1: Lightcurves of NGC 4395 in, from the top, the
g, r, i and z bands, from the Liverpool Robotic Telescope. Fluxes
are normalised to the mean. UT times are given in Table 1.

Figure 4. Night 2: Lightcurves of NGC 4395 in, from the top, the
u, B and g bands from the Liverpool Robotic Telescope. Fluxes
are normalised to the mean. UT times are given in Table 1.

Figure 5. Night 3: As for Fig. 3.
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Figure 6. Night 4: As for Fig. 4.

Figure 7. Night 5: As for Fig. 3.

the individual lightcurves on each night had similar shapes
and are well correlated. However on nights 1 and 5, the griz
lightcurves were dominated by slow trends, without enough
prominent features to measure a lag between the bands. Sim-
ilarly, the ubg lightcurves on night 4 were also dominated by
slow trends. However the griz lightcurves on night 3 and the
ubg lightcurves on night 2 did show more features.

In Figs. 8 and 9 we show, as representative, the sim-
ple discrete correlation functions (DCFs: Edelson & Krolik
1988) between the B and g bands on night 2 and between
the r and i bands on night 3. We also show the 68, 90 and
95 per cent confidence contours. The observed correlations
easily exceed 95 per cent confidence and so are unlikely to
have occured by chance. The confidence contours are gener-
ated as described in Breedt et al. (2009) and McHardy et al.

−4000 −2000 0 2000 4000
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0
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Lag of b−band by g−band (secs)
Figure 8. DCF showing the lag of the B-band by the g band in
seconds for LT night 2 (Fig. 4). From bottom to top, the 68, 90
and 95 per cent confidence contours are shown.
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Figure 9. DCF showing the lag of the r band by the i band in
seconds for LT night 3 (Fig. 5). From bottom to top, the 68, 90
and 95 per cent confidence contours are shown.

(2018). This process involves simulating 1000 realisations of
the shorter wavelength lightcurve based on its power spec-
trum. Specifically here we note that as the power spectrum
derived from the observed lightcurve is not of sufficient qual-
ity to measure accurately its low and high frequency slopes,
these values are fixed at -1 and -3. Varying these parame-
ters does change the confidence contours, but not by a great
deal.

The DCF is useful for establishing the significance of a
correlation but not for measuring the lag. For that purpose
we use the Flux Randomisation / Random Subset Selection
(FR/RSS) method of Peterson et al. (1998) and JAVELIN
(Zu et al. 2011, 2013). In Figs 10 and 11 we show the lag dis-
tributions from JAVELIN between the B and g lightcurves
from night 2 and the g and i lightcurves from night 3 re-
spectively. Formally the g band lags the B-band by 268+192

−155s
and the i band lags the g band by 267+309

−280s. The FR/RSS
method gives similar median values, though with larger un-
certainties. JAVELIN gives a lag of the g band by the r
band of −74+294

−226s whilst FR/RSS gives +28± 436s. For the
lag of the r band by the i band JAVELIN gives a lag of
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Figure 10. Lag distribution from JAVELIN between the B and
g lightcurves from LT night 2 observations (Fig. 4).

Figure 11. Lag distribution from JAVELIN between the g and
i lightcurves from LT night 3 observations (Fig. 5).

273+223
−365s and FR/RSS gives 300 ± 500s. Due to the low sig-

nal to noise (S/N) of both the u and z-band lightcurves, both
FR/RSS and JAVELIN, although showing correlations, give
very broad lag distributions with uncertainties > 1000s for
any correlations involving those bands.

We conclude that the LT lightcurves show a strong cor-
relation between all wavebands. The lag of the g band by
the B band is statistically robust (Fig. 10) and there are
suggestions of wavelength-dependent lags between some of
the other wavebands. However the lag uncertainties for the
other bands are too large to allow accurate measurement of
the lags.

Figure 12. HiPERCAM us-band image. The light blue lines des-
ignate the four quadrants of the CCD which are read out indi-
vidually. The AGN together with comparison stars 1 and B, also
shown in Fig. 1, are labelled. The inner circles, green around the
AGN and black around the comparison stars, of radii 52 pixels
(4.21 arcsec), define the object apertures. The sky background
lies between the two surrounding solid red circles (radii 84 and
140 pixels, i.e. 6.80 and 11.34 arcsec respectively). The dashed
red circles indicate stars in the background regions which have
been masked out. The dashed straight lines simply connect the
masked areas to the central object that they are associated with.
For the relatively bright star to the east of the AGN, a large
masking radius is chosen so as to encompass also a nearby fainter
star. However only the part of the image which is also within the
background annulus is masked. The object aperture is unaffected.
Note that, opposite to the conventional projection used in Fig. 1,
east is to the right of north. The HiPERCAM major axis was
tilted very slightly east of north.

3 GTC HIPERCAM OBSERVATIONS

3.1 Observations

Following the proof of concept LT observations, NGC 4395
was observed for just over 6 hours from 2018-04-16
20:58:14.665 UTC (MJD 58224.8737808) to 2018-04-17
03:06:07.266 UTC (MJD 58225.1292507) with HiPERCAM
on the 10.4m Gran Telescopio Canarias (GTC)3.

HiPERCAM (Dhillon et al. 2021) is a quintuple-beam
high-speed astronomical imager. Incoming white light is split
into 5 colours, each sent to a separate camera, with each
camera containing a 2048×1024 pixel frame-transfer CCD
which can read out at up to 1000 frames per second. The
5 filters have bandpasses which very closely resemble the
standard Sloan ugriz bands but have improved throughput,
particularly in the us band where throughput is 41 per cent
higher. These Super SDSS filters4 are referred to as us, gs,
rs, is, and zs. The plate scale is 0.081 arc seconds per pixel
giving a field of view of 2.8×1.4 arcminutes. The integration
time was 3s for the gs, rs, is, and zs bands and 15s for us.

We arranged the field of view to encompass the two
comparison stars, 1 and B, which are shown in Fig. 1. The
data were reduced using the HiPERCAM software suite5. A
HiPERCAM us image is shown in Fig. 12. Object (green or

3 http://www.gtc.iac.es/
4 http://www.vikdhillon.staff.shef.ac.uk/ultracam/filters/
5 http://deneb.astro.warwick.ac.uk/phsaap/hipercam/docs/html/
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Figure 13. Tracking and seeing plots of the HiPERCAM data.

black) and sky apertures (solid red) are shown around all
objects. Masked regions, to remove stars from background
areas (dashed red lines) are also shown. Details are given in
the figure caption. Note that this image is mirrored around
the north-south axis so east is to the right of north, not the
usual left. The software then produces count rates in the var-
ious apertures, X and Y coordinates and FWHM of targets
for all of the separate images thus allowing the production
of lightcurves.

During the observations the sky was dark and photo-
metric, but the seeing was quite variable, ranging between
∼ 1.5 and 4 arcseconds. The seeing, defined as the FWHM
of the unresolved core of the AGN, together with the X and
Y CCD pixel coordinates of the AGN, are shown in Fig 13.
We use the FWHM of the AGN rather than that of star
1 simply for computational convenience but the values are
almost exactly the same. In the g-band discussed here the ra-
tio of the FWHM of the AGN to that of the star is constant
at 1.02× with a variance of 8.4 × 10−5 so any variations are
tiny compared to the factors of a few in the seeing itself. The
field of view remained as shown in Fig. 12 until the source
approached transit, which occured close to the middle of the
observation. At this time the field passed very close to the
zenith where tracking is not so precise and, at the time of
these observations, there was no autoguider at the HiPER-
CAM focus of the GTC. Hereafter we refer to times after
the start of the observation. After 8000s, the field of view
drifted slowly to the west, as shown by the large change in
the Y-coordinate of the AGN (Fig. 13). After 12000s the field
of view was manually adjusted back to the original position.
During these movements, star B crossed into the CCD quad-
rant containing the AGN and was then moved back. How-
ever star 1 remained within its original CCD quadrant at all
times. Additionally, as the background surrounding star 1 is
empty, unlike that surrounding star B, star 1 is preferred
as the comparison star. There are a number of small bumps
in the lightcurves between 10000 and 14000s, most of which
can be associated with rapid changes in field location and so
are not considered to be physically real. Data between these
two times is therefore not considered to be reliable and so is
not considered in this analysis.

At 14650s an unplanned instrument rotator unwrap oc-
cured. As it is not possible to follow the motion of objects

0 5000 104 1.5×104 2×1040.
99

0.
99

5
1

1.
00

5
1.

01

N
or

m
al

is
ed

 F
lu

x 
R

at
io

Time (sec)

Figure 14. Normalised ratio of the gS-band count rates of stars
1 and B.

through that rotation, the lightcurve was produced in two
parts, before and after that time. There is a simultaneous
small ripple in all lightcurves at that time. Between 16780
and 16840s there was a small change in the Y-positions but
this change occured sufficiently slowly that we were able to
accurately follow the movement so the photometry was not
affected.

In Fig. 14 we show the normalised ratio of the count
rates between star 1 and star B. This figure only covers the
time when star B was in the CCD quadrant in which it
started. There is a gap in the middle when star B was in
a different CCD quadrant, i.e. the one in which the AGN
is always located. During the first part of the observation
when the AGN and both stars remained on their original
CCD quadrants, there is no change in the ratio of star 1
to star B. Formally the error-subtracted excess variance of
this part of the lightcurve is −6.68 × 10−8 and the aver-
age standard deviation is 1.37 × 10−3. There is no evidence
for variability in either comparison star on the timescales
of the observation and so, in principle, either star may be
used to measure changes in AGN intensity. We do, however,
note a small change in the stellar ratio after the gap shown
in Fig. 14 and around 16800s, corresponding to a sudden
change in position of the objects. As star 1 remains on its
original CCD quadrant throughout the observation and also
has a lower surrounding background and so is less likely to
suffer from spurious position-induced changes in intensity,
we use star 1 to determine changes in the AGN. The resul-
tant lightcurves are show in Fig. 15.

3.1.1 Seeing Effects

Although the lightcurves are generally quite smooth, there
are occasional changes of flux on timescales of a ∼few hun-
dred seconds. As the seeing can vary on timescales at least
as short we investigated whether seeing changes might cause
flux changes which might affect lag measurement. Assuming
that the slower changes represent real physical changes in
the luminosity of the AGN, we fitted 6th order polynomials
to the lightcurves and measured the residuals. An example
fit to the gs lightcurve, with residuals, and seeing, is shown
in Fig 16. Whilst recognising that this fit does make assump-
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Figure 15. Observed us, gs, rs, is and zs lightcurves, normalised to the mean, for NGC 4395 from HiPERCAM on the GTC binned to
15s exposures. Statistical errorbars are too small to be seen and are, from us to zs respectively, 0.0047, 0.00165, 0.00175, 0.00243 and
0.00356. The lightcurves between 10,000 and 14,000s, as indicated by the dashed grey lines, are affected by loss of tracking and motion
of the target and comparison stars over the CCDs, as described in the text. For each of the gs to zs bands, the us lightcurve, with

variability amplitude scaled to be the same as for the appropriate gs to zs band, is underlaid in grey, for comparison.

tions about what a real physical variation in the AGN is, a
lower-order polynomial does not fit the long-timescale vari-
ations as well and a higher order does not improve the fit.
We therefore take it as a first attempt at determining the
effect of seeing on flux.

In Fig. 17 we plot the residuals against seeing. Although
there is considerable scatter, there is a definite trend for the
residuals to become larger as the seeing improves, i.e. the
residuals and seeing are anti-correlated. Changes with seeing
in the fraction of light in the object apertures should be the
same for the AGN core and for the comparison star. There-
fore this anti-correlation may be more related to changes in
the light in the background apertures and may not necessar-
ily be repeatable in imaging of other objects in different envi-
ronments. We calculate the best fit to that relationship and
apply the resultant correction to the observed lightcurve,
producing a corrected lightcurve which is shown in Fig. 18.
The amplitudes of small-timescale variations are lower in
the corrected lightcurves. In the next section we consider
the effect of this correction on lag measurements.

3.2 Fractional Variability

We list, in Table 2, the percentage fractional variability
(Fvar) in the different bands as we are aware that these num-

bers may well be of interest to other observers in other con-
texts. The numbers in Table 2 are not corrected for seeing.
Correction for seeing reduces these numbers by only 4 per
cent. We list the values as derived for the first 8000s and
for the complete lightcurves with the section from 10,000
to 14,000s removed. The us band is approximately twice as
variable as the gs band but the decrease in Fvar with increas-
ing wavelength is not so pronounced at longer wavelengths.
The is band is, in fact, slightly more variable than both the
rs and zs bands. These observations are consistent with the
standard paradigm of the longer wavelengths coming from a
larger area of the disc, more distant from the black hole. As
Fvar is larger on longer timescales, we conclude that these
observations are sampling the high frequency part of the op-
tical variability power spectrum where the power spectrum
is steep. The power spectrum of these observations will be
discussed elsewhere (Beard et al, in prep).

We also list, in Table 2 the magnitudes of Star 1 in the
various bands as taken from SDSS. The SDSS coordinates
are 12 25 51.28 +33 31 26.76 (J2000). We also list the count
rate ratios of the AGN to Star 1 from the first 8000s of the
observations and hence the derived magnitudes of the AGN.
These numbers should be treated with caution and treated
as indicative rather than precise as we did not do detailed
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Figure 16. Top panel: gs-band normalised flux (red errorbars)
with 6th order polynomial fit (black) for the first 8000s of the
GTC HiPERCAM observation. Middle panel: Flux residuals rel-
ative to the polynomial fit. Bottom panel: Seeing, i.e. FWHM of
the AGN point spread function (PSF). An anti-correlation with

the residuals is apparent.

Figure 17. Residuals from Fig 16 vs seeing.

multiband photometric calibration of the HiPERCAM ob-
servations.

We have carried out flux/flux analysis similar to that
described in McHardy et al. (2018). We fit the fluxes in mJy,
i.e. Fν , as a function of time with a linear model

Fν(t, λ) = Aν(λ) + Sν(λ) X(t) (1)

X(t) is the underlying lightcurve, which is the same for all
bands. It is normalised to a mean 0 and rms 1. Aν(λ) is
the mean spectrum and Sν(λ) is the rms spectrum for each
band. The results are shown in Figs. 19 and 20.

In Fig. 19 we see linear relationships between the fluxes
in all bands and X(t) which tells us that the simple model of
a combination of a constant and a variable component is a
good representation of the data. The lack of curvature tells
us that the SED of the variable component does not change
with luminosity.

Figure 18. Top Panel The first 8000s of the gs-band lightcurve.
Bottom Panel. Corrected gs-band lightcurve, using the correction
shown in Fig 17

Figure 19. Fν(t, λ) versus an assumed underlying driving
lightcurve, X(t), as defined in equation (1), for each of the HiPER-
CAM bands.

From the intercepts of the flux/flux plots we can disen-
tangle the spectra of the constant and variable components,
as described in the caption to Fig. 20. The constant (galaxy)
component is red and the variable one (disc) is blue. The
apparent luminosity-related colour changes are a result of
combining different fractions of these two components.

3.3 Interband Lags

Given the concerns regarding possible spurious count-rate
variations induced by rapid positional changes, we initially
restrict our lag measurement to the first 8000s of the ob-
servation which are largely unaffected. In Table 3 we give
the lags, relative to the us band, for the other HiPER-
CAM bands for the first 8000s of the observations. We use
lightcurves with 15s sampling as that is the minimum avail-
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Figure 20. The two black lines give the total fluxes in the
HiPERCAM bands for the minimum and maximum fluxes ob-
served as defined at Xmin and Xmax in Fig. 19. The red line
is the constant galaxy contribution defined at Xgal in Fig. 19
where the us-band flux extrapolates to zero. The two blue lines
are the variable component, defined by the fluxes in the HiPER-
CAM bands at Xmin and Xmax. The dashed blue line represents
Fν ∝ ν1/3 which applies to simple accretion discs.

Band Fvar (%) Fvar (%) Ratio Star 1 AGN
First All bar AGN/Star1 Mag Mag
8000s 10-14ks

us 2.92 7.71 1.1482 17.41 17.26
gs 1.44 4.01 0.73566 16.23 16.56
rs 1.09 2.74 0.6153 15.71 16.24
is 1.17 3.05 0.4666 15.56 16.39
zs 1.04 1.71 0.5108 15.45 16.18

Table 2. Per centage fractional variability of the HiPERCAM
observations as a function of both waveband and timescale to-
gether with the SDSS magnitude of Star 1, the count rate ratio
of the AGN compared to Star 1 as derived from the first 8000s of
the observations and the derived magnitude of the AGN.

able for the us band. We list the lags as measured using
JAVELIN (Zu et al. 2011, 2013) and using the centroid lags
as calculated using the FR/RSS correlation function method
(Peterson et al. 1998). Here we apply both flux randomisa-
tion and random subset selection. Thus the errors here are
larger than would be obtained if we chose only one of the
methods. In Figs. 21 and 22 we show the lag distributions
from JAVELIN. We list the lags as measured both on the
uncorrected data and on data corrected for seeing effects.
There is no significant difference between any of the meth-
ods except that the uncertanties for the FR/RSS method
are larger as, in the RSS method, only 70 per cent of the
available data are used and gaps are introduced into the
lightcurves. Thus the associated uncertainties are very con-
servative. However, compared to all previous AGN lag mea-
surements, as presented in the many RXTE and Swift-based

papers listed in the first paragraph of the Introduction here,
the errors are still very small.

We have also calculated the lags for the full lightcurve,
excepting the middle region from 10,000 to 14,000s where
the tracking was particularly poor. Although these data
are therefore not of quite as good quality as that for the
first 8000s, they provide a preliminary check on whether the
lags might depend on which small section of the lightcurves
one chooses, which might be affected by some small non-
astronomical variation which we have not properly ac-
counted for. We have not attempted to correct this full
lightcurve for seeing variations. The only possible difference
between the first 8000s and the full lightcurve is that the av-
erage luminosity level is lower in the first 8000s than in the
full lightcurve. The measured lags, using JAVELIN, relative
to us are 415+13

−4 , 622+13
−14, 689+30

−45 and 669+9
−5s respectively for

the gs, rs, is and zs bands. Although the lags of the gs band
and to a lesser extent also the rs band are a little longer than
in the first 8000s of the observations (Table 3), the lags of
is and zs are quite similar. These small differences are in
agreement with what we expect from a higher illuminating
luminosity.

There are some short-timescale bumps in the
lightcurves which remain even after correction for seeing
variations. For example there is a bump at around 4800s
which is quasi-simultaneous in all bands. It is possible
that the seeing correction model has not been sophisticated
enough as the bump does correspond to a decrease in seeing.
We have therefore measured lags excluding the section from
4500 to 8000s but it does not make a noticeable difference to
the lags. Overall we conclude that the lags listed in Table 3
are a fair reflection of the true lags.

In Table 3 we also give the effective wavelength of each
band for these particular filters as used on HiPERCAM
on the GTC and taking account of atmospheric transmis-
sion. We derived these values, which are the ‘Bandpass Av-
erage Wavelengths’, using the pysynphot package6 which
is specifically designed for HiPERCAM. We note that the
values derived here are actually very similar to the central
wavelengths listed on the HiPERCAM filter web site7, i.e.
3526, 4732, 6199, 7711 and 9156Å respectively for us, gs, rs,
is and zs for which slightly simpler assumptions are made.
Here we use the effective, or Bandpass Average Wavelengths,
given in Table 3.

3.4 Referencing the HiPERCAM lags to the
X-ray band

The HiPERCAM lags are all measured relative to the us

band but to obtain full lag-wavelength coverage it is neces-
sary to reference the HiPERCAM lags to the X-ray band.
There has been a previous measurement with XMM-Newton
of the lag of the UVW1 band (2910 Å), observed using the
Optical Monitor in fast mode, relative to the EPIC X-ray
0.5-10 keV band, of 473+47

−98s McHardy et al. (2016). The X-
ray and UVW1 lightcurves overlap almost completely and
are both of good quality, resulting in a correlation exceeding
99 per cent significance. The X-ray and UVW1 lightcurves

6 https://github.com/StuartLittlefair/ucam_thruput
7 http://www.vikdhillon.staff.shef.ac.uk/ultracam/filters/
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Figure 21. HiPERCAM lag probability distributions from JAVELIN for (Left) the gs, and (Right) the rs, bands relative to the us

band. The distributions are for the first 8000s of the observation, with lightcurves corrected for seeing changes.

Figure 22. As for Fig. 21 except for (Left) the is and (Right) the zs bands.

are still available so we have repeated the lag analysis. We
confirm the original result, measuring a lag of 430+50

−80s. Al-
though it is of lower statistical significance, this result is
quite consistent with the measurement of a ∼ 400s lag of the
UVW2 band (1920 Å) relative to the X-rays (Cameron et al.
2012).

Ground-based g-band observations accompany most of
the X-ray and UVW1 lightcurves from which a g-band to
X-ray lag of 788+44

−54s was derived. However the g band
lightcurve had to be made by adding together lightcurves
from 6 separate ground-based observatories, all with differ-
ent S/N, and mostly of lower S/N than either the X-ray or
UVW1 lightcurves so the confidence level of the correlation
barely reached 90 per cent. We also note that although the
JAVELIN lag distribution for the X-ray to UVW1 is sym-
metric, with no long tails, the X-ray to g-band lag has a
long tail up to longer lags (∼ 900s). Unfortunately the g-
band lightcurve can no longer be found so we cannot repeat
this analysis. We therefore consider the X-ray to g-band lag
to be less reliable than the X-ray to UVW1 lag and therefore
we reference the HiPERCAM lags to the UVW1 lag.

The effective wavelength of the UVW1 filter on the
XMM-Newton Optical Monitor, including the entire in-flight

telescope response, is 2910 Å. This effective wavelength is
not very different from that of the HiPERCAM us band
(3694 Å), but is different enough that we should estimate
the small offset expected in the lags. In any reasonable sce-
nario, i.e. whether the UV/optical variability is dominated
by reprocessing from a disc or from the BLR, we expect
this lag to be positive. Scaling the lag to the 4/3 power
of wavelength (Cackett et al. 2007), as expected from re-
processing by a disc with the temperature profile defined by
Shakura & Sunyaev (1973), would give a lag of UVW1 by us

of ∼150s, i.e. us lagging the X-rays by 580s. However there
is sometimes an additional lag between the X-rays and far-
UV which would reduce the predicted UVW1 to us lag. On
the other hand, the contribution from the BLR may increase
the lag slightly. Thus we take a round figure of 600s for the
X-ray to us-band lag. Although this figure is almost cer-
tainly not absolutely correct, it probably is not very wrong.
We discuss the implications of incorrect referencing in Sec-
tion 4. Correct referencing of the HiPERCAM lags relative
to the X-ray band is important and is the subject of further
observations (Beard et al, in preparation).
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Band Central JAVELIN Lag JAVELIN Lag Centroid ICCF Centroid ICCF
Wavelength Uncorrected Corrected Uncorrected Corrected
(Angstroms)

us 3694 0 0 0 0

gs 4778 325+9
−7

360+10
−15

377± 20 390 ± 18

rs 6201 578+12
−5

578+11
−5

565± 20 585 ± 19

is 7640 606+13
−3

633+15
−14

571± 23 615 ± 23

zs 9066 676+10
−16

693+10
−8

650± 30 698 ± 33

Table 3. Lags, relative to the us band, in seconds for the first 8000s of the HiPERCAM observations. The first column gives the band.
The second column gives the effective, or Bandpass Average wavelength of the band. The third and fourth columns are the lags as
measured by JAVELIN using the original lightcurves and using the seeing-corrected lightcurves respectively. The fifth and sixth columns
are the centroid interpolation cross correlation function (ICCF) lags as measured using the FR/RSS method (Peterson et al. 1998) on
the original lightcurves and on the seeing-corrected lightcurves respectively.

4 DISCUSSION

4.1 Preliminary Conclusions: An Edge to the
Emission Region and little BLR contribution

Our best estimates of the multiwavelength lags in NGC 4395
are given in Fig. 23. Even without any comparison with mod-
els, two important conclusions can be drawn immediately.
Firstly the gs-band lags considerably behind the us-band,
unlike in almost all other AGN. This observation implies
that the BLR is not a major contributor to the UV/optical
variability of NGC4395. Secondly, the lag spectrum flattens
at long wavelengths, implying an edge to the emission region.
These two observations will be considered in more detail be-
low.

4.2 Full Response Modelling of the Lags: The
Disc Edge and The Colour Correction Factor

Kammoun et al. (2021a) give a formula from which it is
possible to estimate lags, for a given mass, accretion rate
and spin. However that formula is not valid for masses be-
low 106M⊙so we do not use it here. Instead we used the
full KYNxilrev code8, previously used by Kammoun et al.
(2021a), to produce response functions at a number of dif-
ferent wavelengths over our observed lag wavelength range.
We make the standard assumption that the lag is defined as
the mean of the response function. We do have an in-house
code (Veresvarska, see Appendix) which provides broadly
similar results but, unlike the KYNxilrev code, it does not
contain General Relativistic modifications. Hence, as it is
also not yet publicly available, we base our results on the
KYNxilrev code.

Besides the mass, other parameters which are required
to model lags are the illuminating X-ray luminosity and the
accretion rate.

Regarding the illuminating luminosity, although there
is considerable variability on short timescales, observers (e.g.
Vaughan et al. 2005; Kammoun et al. 2019, and Vincentelli
et al, in prep) agree on an average 2-10 keV XMM PN count
rate of ∼ 0.5 c/s. Kammoun et al. (2019) give a 3-10 keV
luminosity of 0.9 − 2.4 × 1040 ergs/s and a photon index
of 1.6. Taking a mean value, extrapolation to 14-195 keV
agrees closely with the luminosity from the BAT 105 month
survey9 of 8×1040 ergs/s. Extrapolating the BAT luminosity

8 https://projects.asu.cas.cz/stronggravity/kynreverb
9 https://swift.gsfc.nasa.gov/results/bs105mon/

to the whole illuminating X-ray band gives 1.6×1041 ergs/s
which is the value we take here.

The accretion rate through the disc, which affects the
structure and the lags, is harder to define. There are a
number of estimates of the bolometric luminosity, derived
from optical measurements via far-from-certain bolomet-
ric correction factors, which broadly agree. For example
Peterson et al. (2005) gives 5.4 × 1040 ergs/s, Moran et al.
(1999) gives 5.2 − 8.8 × 1040 ergs/s and Brum et al. (2019)
gives 9.9 × 1040 ergs/s. However NGC4395 has a larger X-
ray/optical ratio than for the higher mass AGN which have
been monitored recently with Swift and may well have a
jet contribution to the X-ray luminosity (e.g. King et al.
2013), so the bolometric corrections may not be accurate.
For example the BAT X-ray/g-band ratio of NGC4395
is 3× larger than for the higher mass and higher accre-
tion rate Seyfert 1 galaxy NGC4593 McHardy et al. (2018).
Kammoun et al. (2019) include high energy (NuSTAR) ob-
servations together with optical and derive a bolometric lu-
minosity for NGC 4395 of 1.9 × 1041 ergs/s.

If we derive the Eddington accretion ratio from the ra-
tio of bolometric to Eddington luminosity, which bolometric
luminosity should we use? As it is possible that material
could accrete onto the black hole through some corona over
the disc without releasing gravitational energy through the
disc, it could be argued that a bolometric luminosity de-
rived from optical observations which are dominated by disc
emission, is the most appropriate. This is not a question for
this paper but here we take the commonly used value from
Peterson et al. (2005), corresponding to an Eddington ratio
of 0.12 per cent. Choosing a larger value would increase the
model lags, however choosing a higher spin would decrease
the lags so there are many uncertainties.

The flattening of the lag spectrum at long wavelengths
requires an edge to the emission region which we model here
as a truncation in the outer disc radius; see also Fig.22 of
Kammoun et al. (2021a). However the shape and amplitude
of the lag spectrum also depends greatly on the assumed disc
colour correction factor. This factor takes account of the fact
that at high temperatures, in the inner disc, hydrogen and
helium will be ionised so that the deeper, and hotter, parts
of the disc are visible. So the disc will appear hotter than
expected on the basis of the standard Shakura & Sunyaev
(1973) and Novikov & Thorne (1973) models. The colour
correction factor is discussed at length by Done et al. (2012)
who provide prescriptions for the correction factor in differ-
ent temperature regimes. We refer to their standard pre-
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scription as the DONE colour correction factor. This factor
is approximated as 2.4 for T > 105K, 1 for T < 104K and
decreases between those two temperatures.

Finding the most appropriate combination of mass, ac-
cretion rate, spin, truncation radius, colour correction factor
and even inclination is not trivial or unambiguous. Thus our
aim here is not to find precise best-fit values but to find a
range of acceptable values. We begin by testing the values of
mass (3.6±1.1×105M⊙ with 1σ uncertainty) and accretion
rate (0.12 percent of Eddington) given by Peterson et al.
(2005). This mass is the same as that (4+8

−3 × 105M⊙ with
quoted 3σ uncertainties) derived by den Brok et al. (2015)
from detailed gas dynamical modelling. We take an interme-
diate inclination of 45 degrees, which is in good agreement
with the value of 37 degrees estimated by den Brok et al.
(2015) and gives almost identical lags. We assume a lam-
post X-ray emission geometry with a source height of 10Rg .
As noted earlier, changing this value even by a factor of 2
makes little difference to the predicted lags. We also choose
zero spin. Thus the remaining variables are truncation ra-
dius and colour correction factor.

Following some experimentation, it became clear that a
relatively small truncation radius,

∼
< 2000Rg , is required to

produce enough flattening of the lags at long wavelengths,
almost independent of the other variables. Assuming the
DONE colour correction factor, which is the best physically
motivated factor we show, in Fig. 23, models for a range of
disc outer radii which broadly bracket the observed lag data
and have roughly the right shape. A truncation radius of
1600-1700 Rg agrees reasonably with the data.

To investigate the effect of the colour correction fac-
tor, we then fix the outer radius at 1600Rg and vary the
colour correction factor (Fig. 24) with the other parameters
the same as for Fig. 23. Although the DONE prescription
varies the colour correction factor as a function of disc tem-
perature, the alternative implementations simply apply the
same colour correction factor over the whole disc. A factor of
2.4 is used, following Ross et al. (1992), by Kammoun et al.
(2021a). A broadly similar correction is derived, though with
a different physical model, by Petrucci et al. (2018).

The model using the DONE colour correction factor,
which is very close to almost no colour correction factor (i.e.
fcol=1 or 1.2), is closest to the data for this mass, accre-
tion rate and spin. The lag models with higher values of fcol
differ greatly from the data, having quite different shapes.
Davis & El-Abd (2019) give a prescription for fcol as a func-
tion of mass, accretion rate and stress parameter. For both
the large and small masses, and for values of alpha between
0.001 and 1, fcol remains close to unity, ie close to the DONE

value.

We have not shown model fits for maximum spin as the
lags for maximum spin are ∼ 20 per cent less than those for
zero spin and so, for this mass and accretion rate, lie well
below the observed lags.

To perform a brief self-consistency check on our pre-
ferred model we have used the kynsed model within
XSPEC to compare the average fluxes of the variable part
of the HiPERCAM lightcurves to a predicted SED. It is not
our intention here to perform a detailed fit to the SED but
simply to perform a consistency check. We will return to this
topic in more detail in a future paper. All input parameters,
including distance, are as defined above but the colour cor-
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Figure 23. The lag observations are as described in Fig. ??. Here
we assume a mass of 3.6 × 105M⊙, ṁE=0.12 per cent Edding-
ton, X-ray source height 10Rg , zero spin and the DONE colour
correction factor. The lines are lag predictions for different disc
outer radii of 1500, 1700 and 1900Rg .

rection factor and disc outer radius were left free. Despite
the uncertainties in the fixed parameters such as spin, accre-
tion rate and mass and uncertainties in deriving the input
fluxes, the agreement is remarkably close with a p value of
0.10. The derived colour correction factor (assumed to apply
over the whole disc) and outer disc radius were 1.4 ± 0.35
and 1850 ± 1900 Rg respectively. Although the disc outer
radius result is not terribly constraining, these results are at
least consistent with the values derived from the lags.

As a smaller mass, ∼ 4 × 104M⊙has been proposed
(Edri et al. 2012) we also show, in Fig. 25, some model
lags for that mass with appropriate accretion rate of 1.08
per cent of Eddington. Even for zero spin and a very
large truncation radius, the observed lags are almost twice
those for the DONE correction factor. We therefore experi-
mented with the large colour correction factor, 2.4, used by
Kammoun et al. (2021a). We show a range of cutoff radii.
Although not lying as close to the data as the low colour
correction factor models for the larger mass, the colour cor-
rection 2.4 model with cutoff radius of 14000Rg , is in ap-
proximate agreement with the data.

We conclude from this preliminary investigation that
disc reprocessing models based on the most commonly ac-
cepted mass of 3.6 × 105M⊙ for zero spin and for the most
physically motivated disc colour correction factor (DONE

factor), are in reasonable agreement with the observed lags
but the disc must be truncated with an outer disc truncation
radius of ∼ 1700Rg .

Models based on a smaller mass, 4 × 104M⊙, can also
be brought into moderate agreement with the observed lags
but do require a very high colour correction factor of 2.4
over the whole disc, not just the inner hot part, and an
outer truncation radius of ∼ 14000Rg .
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Figure 24. As for Fig. 23 but with the disc outer radius fixed
at 1600Rg and showing a range of colour correction factors, as
described in the text.
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Figure 25. The lag observations are as for Fig. ??. The model
lines are for a mass of 4.0×104M⊙, ṁE=1.08 per cent Eddington,
zero spin. The solid lines are for a colour correction factor of 2.4
and the dashed line is for the DONE colour correction factor. A
range of truncation radii are noted.

4.3 BLR contribution to the UV/optical
variability

In almost all other well studied AGN, with the possible ex-
ception of Mrk817 (Kara et al. 2021), the us-band lag is
longer than, or at the very least about the same as, that
in the surrounding wavebands. This us-band excess is usu-
ally attributed to a lag contribution from reprocessing in the
more distant BLR (Korista & Goad 2001, 2019). Here, how-
ever, the us-band lag is considerably shorter than that in the
gs-band. This result depends only on HiPERCAM observa-
tions so is completely robust. Although a weak contribution
from the BLR is still consistent with the data, and the lag
from the BLR can be reduced by a suitable choice of gas
density and ionisation parameter (Lawther et al. 2018), the

conclusion here is that the disc rather than the BLR is the
dominant contributor to the UV/optical variability, at least
on the few hour timescales observed here, in NGC 4395.

An HST UV spectrum of NGC 4395 is presented by
Filippenko et al. (1993) and optical spectra by Lira et al.
(1999). Most of the emission lines are dominated by an unre-
solved core but some of the permitted lines have weak broad
bases. Line fluxes are given in Tables 2 and 3 from Lira et al.
(1999). For example, the flux from the broad component of
Hβ was observed between 14 and 18×10−15 ergs cm−2 s−1,
compared with between 22 and 28×10−15 ergs cm−2 s−1 for
the narrow component, both of which variations are within
the quoted calibration uncertainties of 30 per cent. Typical
continuum levels below 4000 Å have varied between 0.5 and
1×10−15 ergs cm−2 s−1 Å−1. Thus when considered over a
typical ugriz bandpass of ∼ 1000Å, emission line variability
is not a large contributor to the total flux variations. This
limited contribution from the BLR may explain why we do
not see the large excess u-band lag in NGC 4395.

4.4 Physical Origin of the Truncation Radius

There are two natural radii which might be considered: the
self-gravity radius and the dust sublimation radius. Con-
sidering first the self-gravity radius, the physics here is not
straightforward and simple. As one moves out in the disc
the first change is when the gravity of disc material to itself
exceeds the forces supporting the disc, e.g. gas and radiation
pressure. Disc structure may become more fragmented but
there will still be a disc, available for reprocessing. Still fur-
ther out cooling may become efficient enough that the disc
will collapse into small clumps which will not be effective
reprocessors.

There is considerable modelling of this behaviour which
depends on a number of assumptions, e.g. regarding metal-
licity, illumination and viscosity, which we shall not attempt
to repeat. We refer the interested reader to Gammie (2001)
and also to Shore & White (1982); Laor & Netzer (1989);
Collin-Souffrin & Dumont (1990); Collin & Huré (1999);
Lobban & King (2022); Derdzinski & Mayer (2022). Those
papers provide formulae enabling the reader to estimate the
self-gravity radius. However, of relevance to NGC4395 is
that Shore & White (1982) note that the ’cliff’ which ap-
pears at the self-gravity radius, beyond which the disc scale
height is much reduced and reprocessing from the disc will
stop does not appear for masses < 3 × 107M⊙. For lower
masses, only a smoothly flared disc results. We conclude
that, although further work is needed to be certain, the self-
gravity radius may not be so important in defining an ef-
fective outer radius to the disc for reprocessing in low mass
AGN like NGC 4395 and we do not consider it further.

Considering next the sublimation radius,
Baskin & Laor (2018) state that, at the radius at which the
disc temperature falls to below the dust sublimation tem-
perature, the atmosphere of the disc will become dusty, its
opacity will greatly increase and the disc can again become
radiation-pressure supported. The resultant inflated dusty
disc obscures the region behind it, leading to an edge to the
part of the disc which can reprocess radiation. A dusty disc
wind, driven by radiation pressure, will also form, which
would constitute the inner radius of the BLR and give rise
to the wind component seen in some emission lines, such
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as CIV (e.g. Coatman et al. 2016). The dust sublimation
radius is therefore a natural edge to reprocessing either
from the disc or the BLR.

The dust sublimation radius, Rsub, depends on the dust
composition and on the temperature at which it will sublime.
Taking a sublimation temperature of 2000K Baskin & Laor
(2018) with an X-ray source height of 10 Rg an illumina-
tion luminosity of 1.6 × 1041 ergs cm−2 s−1, an albedo of
0.2 and zero spin we calculate sublimation radii for dust on
the surface of the illuminated disc of 4300Rg and 19000Rg

respectively for the large and small masses. For the smaller
mass this radius is not too much larger than the radius de-
termined from the lags, and may be consistent within the
many uncertainties of the parameters, but for the large mass
the sublimation radius is larger. For the small mass a dusty
wind might therefore obscure the outer part of the disc and
provide a suitable edge.

For the larger mass the sublimation radius is a factor
of almost 3 further out than the truncation radius derived
from the lags. We might try to drop the sublimation radius
by modelling the lags with a maximum spin disc. However
for maximum spin and the same observed Bolometric lumi-
nosity, i.e. the same ratio of LBolometric/LEddington, which
is commonly referred to as the Eddington accretion rate,
the required accretion rate in kg/sec then drops. This drop
occurs as much of the luminosity, unlike for zero spin, is
then emitted within 6Rg . Thus given a lower accretion rate
in kg/s, the outer disc becomes cooler and, in the present
case, the sublimation radius drops by 16 per cent. However,
given the addition of reprocessing material within 6Rg , the
lags also drop (here by about 10 per cent), so that does
not help much. The sublimation radii of cooler, unillumi-
nated discs are lower, closer to the truncation radii mea-
sured from the lags, but we require illumination to produce
the variable UV/optical emission. Also, for an almost unil-
luminated disc, the model lags drop by almost a factor of
2, at least at short wavelengths. If the disc continues out
to the sublimation radius and maybe beyond, we therefore
require material to shield the outer portion of the disc from
the central illumination. If this material is in the form of
a disc wind we would need it, for the large mass, to leave
the disc at a local temperature of ∼ 4 − 5000K, i.e. above
the dust sublimation temperature. Probably this material
would have to be gaseous rather than dusty as, once raised
from the disc and exposed fully to the illuminating radi-
ation, the dust would be rapidly vapourised. A line-driven
wind might be applicable in this case (e.g. Proga & Kallman
2004; Higginbottom et al. 2014). We comment further in
Section 4.5.

4.5 Alternative explanations of the shorter than
expected long wavelength lags

The is and zs lags here are shorter than expected from disc
reprocessing. Shorter than expected lags do not necessarily
imply reprocessing material closer to the illuminating source
than expected, we simply require that the path from the
illuminating source, via the reprocessor to the observer is
shorter than expected. A wind, close to the line of sight
(e.g. Hönig 2019) might, depending on the orientation, add
very little extra distance for the light path from the central
source to the observer and might produce very short near-IR

lags. The base of the wind, if optically thick, might provide
an effective wall which might mimic a truncated disc, at
least for the longer wavelengths.

The model AGN lag spectra from the BLR by Netzer
(2022) contain a peak due to the Paschen continuum at
8200Å and then become shorter at longer wavelengths. Al-
though this decrease, compared to the expectation from a
standard untruncated disc, is in the same sense as our ob-
served decrease, the change which we observe is even more
extreme. However a difficulty with interpreting the present
observed lag spectra as being mainly due to reprocessing in
the BLR is that here the gs-band lags a long way after the
us-band, whereas for BLR reprocessing we expect those two
lags to be the other way around.

However using the relationship between the Hβ BLR
radius and the 5100Å luminosity for low luminosity AGN
derived by Bentz et al. (2013), and taking a luminosity of
5.9 × 1039 ergs s−1 from Peterson et al. (2005), we derive a
radius, in light-travel time, of 1600s. Given the many uncer-
tainties involved, this figure is quite close to the lag at long
wavelengths which our measured lags seem to be asymptoti-
cally approaching. Thus the observations are consistent with
the inner edge of the BLR being at approximately the same
radius as the outer edge of the emission region, implying a
link between those two structures.

A possible scenario then is that an optically thick wind
arises from the disc which both shields the outer regions
of the disc from central illumination and acts, itself, as a
reprocessor. If the disc temperature is above the dust sub-
limation temperature this may not be a dusty wind but
winds can be driven by other mechanisms, eg line driv-
ing, leaving the disc at higher temperatures than the sub-
limation temperature. The base of such winds can be op-
tically thick and can shield the outer disc from X-ray irra-
diation (Dehghanian et al. 2020; Higginbottom et al. 2014;
Proga & Kallman 2004). The wind may also act as a repro-
cessor and contribute to the variable UV/optical emission
and there may even be some feedback of radiation from
the wind onto the disc. Depending on the height of the
centroid of the X-ray emission above the black hole, and
the flaring profile of the disc, the optically thick part of
the disc need not be particularly high. Also, as noted by
(Dehghanian et al. 2020), the wind base might not be opti-
cally thick all the time, hence lag spectra may change with
time. At greater heights, the optically thinner wind might
become the BLR. However the broad components to the op-
tical emission lines in NGC4395 are very weak and so if the
wind becomes the BLR is must becomes optically very thin
at quite low heights, providing a small effective solid angle
for reprocessing of line emission. None of these effects are
considered here and clearly, further modelling is needed to
test the wind scenario.

4.6 Implications for other AGN

The observations, and possible interpretation, presented
here have implications for our understanding of the previ-
ously puzzling lag spectra of some other AGN.
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4.6.1 The X-ray / UV disconnect

As noted in the Introduction, one of the major problems
in interpreting AGN lag spectra has been the observed ex-
cess lag between the X-rays and the shortest wavelength UV
band, compared to lags between the UV and optical bands.
Whilst it may not be the only cause of this excess lag, fitting
a disc model without truncation to observations from a disc
that actually is truncated will automatically produce an ap-
parent excess lag. A truncated disc model is then consistent
with a direct view of the disc from the central X-ray source
rather than requiring additional scattering through, e.g., an
inflated inner edge of the disc (Gardner & Done 2017), to
explain the excess X-ray to UV lag.

4.6.2 Overall lag modelling and mass estimation

As we can see from Figs. 23 and 25, if the UV/optical
variability really does originate from reprocessing of X-ray
emission by a truncated accretion disc, fitting a model from
an un-truncated disc will produce nonsense and completely
incorrect mass estimates. The very short wavelength bands,
being the least affected by disc truncation, are the most
sensitive to the mass and accretion rate. Here we note that
response functions for longer wavelength bands than B show
a cliff at long timescales but the shorter wavelength re-
sponses are unaffected. The red bands are most sensitive to
the truncation radius. A flattening of the lag spectrum with
increasing wavelength is an indication of disc truncation so
it is important to define the lag spectral slope well at short
wavelengths. Cackett et al. (2018), using HST to extend lag
measurements down to ∼1100Å, finds a steepening at wave-
lengths below 2000Å in NGC4593 which is consistent with
disc truncation. With only a small number of bands, there
will be degeneracy in the fits but with a full range of wave-
lengths quite sensitive mass estimates, and disc truncation
radii, may be made.

If there is only a mild degree of truncation, affect-
ing only the longest wavelengths, then lag fits of the form
lag ∝ λβ, which do not include any truncation, could pro-
duce values of β nearer to unity than 4/3, e.g. as seen in
NGC5548 Fausnaugh et al. (2016).

5 CONCLUSIONS

We present three nights (∼ 15hr) of u, g, r, z and two nights
(∼ 12hr) of u, B, g imaging of the low mass AGN NGC 4395
on the robotic LT. These data provide lightcurves which
show clear correlated variations on few hour timescales but
with interband lags too short to be measured accurately
given the ∼ 200s sampling. A follow-up 6 hr observation
with HiPERCAM on the 10.4m GTC provided superb si-
multaneous 5-band (us, gs, rs, is and zs) imaging, with 15s
sampling in us and 3s in all other bands, the fastest yet
reported for an AGN. The observation is dominated by two
smooth, almost sinusoidal, variations, similar to those seen
in the LT observations.

Very clear correlated variability is seen in all HiPER-
CAM bands and wavelength dependent lags between bands
are measured relative to the us-band with much higher pre-
cision than in any other AGN. Two main points are immedi-

ately obvious from the lags measured from the HiPERCAM
observations. Firstly, and unlike in almost all other AGN,
the gs-band lags considerably after the us-band. Thus the
us-band is not dominated by Balmer continuum emission
from a distant BLR and hence reprocessing in the BLR is not
a large contributor to the UV/optical continuum variability
in this AGN. Secondly, the lags between the rs, is and zs-
bands are very small, so that the lag spectrum flattens off at
long wavelengths. These observations imply an edge to the
emission region which limits the outward movement of the
centroid of the emission regions at long wavelengths. A likely
possibility is a truncated accretion disc. A brief investigation
shows that the observed SED based on the variable compo-
nent in the HiPERCAM observations is consistent with this
model.

We observe that when the source is brighter it is bluer
and also the lags, at least at short wavelengths, are longer.
These results are in fairly good agreement with the expec-
tation of disc reprocessing with a higher illuminating lumi-
nosity, around a factor 2 or 3. Variations in the X-ray lumi-
nosity by even larger factors on comparable timescales are
commonly seen in X-ray observations (Vaughan et al. 2005)
and could easily explain such variations. We hope to repeat
and test this analysis with higher quality HiPERCAM data.

We have combined the HiPERCAM lags with lags
measured previously between the X-ray, UV and g band
(McHardy et al. 2016) and have fitted the combined lag
spectra with truncated accretion disc models using lags de-
rived from the KYNxilrev code and also from our own in-
house models. Similar results are obtained with all codes.
We have not tried to perform a full statistical fit over all
parameters but have compared the observed lag spectrum
with models based on the most commonly assumed mass
of 3.6× 105M⊙ (Peterson et al. 2005; den Brok et al. 2015)
and also on a mass a factor of 10 lower (Edri et al. 2012).

We demonstrated that the disc colour correction fac-
tor has a large effect on the model lags. The DONE

temperature-dependent factor is probably the best physi-
cally motivated correction factor and is also similar to the
colour correction factor near unity which can be derived
for NGC 4395 using the formulation from Davis & El-Abd
(2019). Using that factor we find that model lags based on
a truncation radius of ∼ 1700Rg agree with the observed
lags reasonably well for the mass of 3.6 × 105M⊙and zero
spin. For a mass of 4× 104M⊙ the model lags based on the
DONE colour correction factor are too short. Although they
are not quite as close as for the DONE factor with the larger
mass, approximate model agreement with the observed lags
can be obtained for the smaller mass but only if a colour
correction factor of 2.4 is applied over the whole disc, which
is physically implausible.

Regarding possible reasons for the truncated disc,
Shore & White (1982) note that for low masses such as those
considered here the disc does not suffer catastrophic collapse
at large radii due to self-gravity effects and so self-gravity is
probably not the cause of the truncated disc. For the small
mass the disc truncation radius measured from the observed
lags is about at the same radius as the dust sublimation ra-
dius. However for the large mass the sublimation radius is
almost a factor 2-3 larger than the truncation radius mea-
sured from the lags. If our calculations are correct, a shield
of some sort is required to cut off illumination to the outer
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disc. A dusty disc wind might work for the smaller mass
but for the larger mass, where the dust sublimation radius
lies beyond the measured disc truncation radius, a differ-
ent type of wind, eg line-driven, might be more applicable
(Proga & Kallman 2004; Higginbottom et al. 2014).

We note that, if the relationship between optical lumi-
nosity and BLR radius for low luminosity AGN (Bentz et al.
2013) is applicable to NGC4395, the inner edge of the BLR
should be at a light radius of 1600s, which is close to the
maximum lag measured from our data. Thus the inner edge
of the BLR may be linked to a wind which is at least par-
tially responsible for the apparently truncated disc.

There are a number of caveats. In particular there are a
large number of variables involved in the lag modelling and
we have not carried out an extensive parameter search. It
may very well be that a different combination of variables
would produce model lags which are closer to the observed
lags. We note in particular the uncertainty regarding the
effective accretion rate. If a higher value, derived using the
full bolometric luminosity, is applied, the model lags for the
high mass option lie well above the observed lags and the
small mass option becomes a more attractive alternative.
However we do not believe that more detailed lag modelling
is yet merited by the data.

We also note that although the lags between the
HiPERCAM bands are determined with very high preci-
sion, we only have one set of measurements and the ob-
servations should be repeated to test for long term stability.
We also caution that referencing the HiPERCAM lags to
the X-ray band requires an estimate of the lag between the
XMM-Newton UVW1 band (2910Å) and the HiPERCAM
us-band (3695Å). Due to the closeness of these wavebands
the lag is unlikely to be large (

∼
< 150s), but it is not zero.

We also only have one measurement of a lag between the X-
rays and any UV band, here UVW1. However any change in
the registration between the X-ray frame and the HiPER-
CAM frame would mainly result only in slightly changing
the best estimate of the truncation radius and cannot affect
the main conclusions of this paper. To address the registra-
tion concern, further X-ray and UV observations from four
full XMM-Newton orbits (> 400ks), together with ground
based g-band observations, have been made and will be re-
ported soon (Beard et al, paper 1 in prep).

We note that, immediately prior to submission, we have
been informed that another group, using different methods,
are working on a similar conclusion regarding the outer edge
of the disc (Starkey et al, private communication).

We finally note that the HiPERCAM observations de-
fine the optical high frequency power spectrum very well.
A paper describing the overall optical power spectrum, in-
cluding long-timescale (months-year) monitoring from the
LT and intermediate scale (hours-weeks) observations from
TESS (Burke et al. 2020) is also in preparation (Beard et
al, paper 2).
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APPENDIX

Comparison of KYNxilrev lags with our in-house
lags

In Fig. 26 we present, for comparison, lags from the most re-
cent version of our in-house code (Veresvarska, in prep). This
version uses the Novikov & Thorne (1973) disc temperature
prescription but does not include any General Relativistic
ray tracing to compute path lengths in the very inner disc.
The parameters used are almost identical to that used in
Figs. 23 and 24 except that here we apply no colour correc-
tion (although the code does allow colour correction) and,
by eye, a slightly larger truncation radius of 2000 Rg rather
than 1700 is closest to the data. An albedo of 0.2 is used
here whereas for Fig. 23 the fraction of illuminating radi-
ation absorbed is calculated using detailed X-ray reflection
modelling within the KYNxilrev code. The two model lags
are very similar.

We also present, in Fig. 27, model lags from the code
which used in previous publications (e.g. McHardy et al.
2018). This code uses the Shakura & Sunyaev (1973) disc
temperature prescription. Here a slightly smaller truncation
radius, 1400 Rg and maximum spin provides a closer ’by
eye’ fit. The lags, in this model, for zero spin are 20 percent
larger, thus are not enormously different to those shown.
Again the model lags are close to those of KYNxilrev.

The aim here is not to carry out detailed comparison
between the KYNxilrev code and our original in-house code
but simply to show that the main result presented here, i.e.
that modelling the lags as resulting from disc reprocessing
requires a truncated disc, does not depend significantly on
any particular modelling code.
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Figure 26. As for Fig. 23 but the model lags are from our present
in-house code.
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Figure 27. Data as for Fig. 23 but the model lags are from our
original in-house code.
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