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A B S T R A C T 

We present the first intensive continuum reverberation mapping study of the high accretion-rate Seyfert galaxy Mrk 110. The 
source was monitored almost daily for more than 200 d with the Swift X-ray and ultraviolet (UV)/optical telescopes, supported 

by ground-based observations from Las Cumbres Observatory, the Liverpool Telescope, and the Zowada Observatory, thus 
e xtending the wav elength co v erage to 9100 Å. Mrk 110 was found to be significantly variable at all wavebands. Analysis of the 
intraband lags reveals two different behaviours, depending on the time-scale. On time-scales shorter than 10 d the lags, relative 
to the shortest UV waveband ( ∼1928 Å), increase with increasing wavelength up to a maximum of ∼2 d lag for the longest 
waveband ( ∼9100 Å), consistent with the expectation from disc reverberation. On longer time-scales, ho we ver, the g -band lags 
the Swift BAT hard X-rays by ∼10 d, with the z -band lagging the g -band by a similar amount, which cannot be explained in 

terms of simple reprocessing from the accretion disc. We interpret this result as an interplay between the emission from the 
accretion disc and diffuse continuum radiation from the broad-line region. 

Key words: accretion, accretion disc – black hole physics – galaxies: individual: Mrk 110 – galaxies: Seyfert – X-rays: galaxies. 
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 I N T RO D U C T I O N  

espite decades of observations across almost all of the accessible 
lectromagnetic spectrum, and their impact in galaxy evolution (e.g. 
errarese & Merritt 2000 ; Gebhardt et al. 2000 ; Marconi et al.
004 ), many aspects of active galactic nuclei (AGNs) are still poorly
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nderstood. While it is clear that the origin of emission from AGN
s fundamentally the result of accretion of matter on to supermassive
lack holes (SMBHs; 10 6 –10 9 M �) at the centre of galaxies (Lynden-
ell 1969 ; Rees 1984 ; Event Horizon Telescope Collaboration 2019 ),
nderstanding their detailed inner geometry remains challenging 
P ado vani et al. 2017 ). 

Most of the AGN luminosity is released as thermal radiation from
n optically thick, geometrically thin accretion disc that dominates 
he ultraviolet (UV), and a non-thermal power-law that dominates 
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he hard X-rays and which arises from the Compton up-scattering of
ower energy seed photons (Shakura & Sunyaev 1973 ; Haardt &

araschi 1991 ). It is commonly accepted that the non-thermal
omponent originates from a geometrically thick and optically thin
egion, often called the corona, but its geometry remains unclear
e.g. Done et al. 2012 ; Petrucci et al. 2018 ; Arcodia et al. 2019 ).
etermining the geometry of the accretion flow and inner corona

s one of the main goals in the study of AGN. This geometry
an be mapped out using the lags between different wavebands:
 process known as reverberation mapping (Blandford & McKee
982 ; Peterson 1993 ). Initially, this technique was employed by
easuring the lags between the continuum and the emission lines

n the UV and optical bands, thereby measuring the size of the
road-line region (BLR) and the mass of the SMBH (e.g. Peterson
t al. 2004 ; Bentz et al. 2013 ). Ho we ver, measurement of lags
etween X-ray bands can also reveal the mass and spin of the SMBH
nd also the size and geometry of the X-ray emitting region (De
arco et al. 2013 ; Cackett et al. 2014 ; Emmanoulopoulos et al.

014 ; Kara et al. 2016 ; Caballero-Garc ́ıa et al. 2018 ; Ingram et al.
019 ). 
The origin of the variability in the UV and optical bands and their

elationship to the X-ray emission has been a matter of considerable
ebate for several years. Do variations propagate inwards, e.g. as UV
eed photon variations or accretion-rate variations (Ar ́evalo & Uttley
006 ) or outwards, by reprocessing X-rays by surrounding material?
easurement of the lag between the X-ray and UV/optical bands

hould decide. Monitoring campaigns based mainly on RXTE X-
ay observations and ground-based optical observations (e.g. Uttley
t al. 2003 ; Suganuma et al. 2006 ; Ar ́evalo et al. 2008 , 2009 ; Breedt
t al. 2009 , 2010 ; Lira et al. 2011 ; Cameron et al. 2012 ) generally
ndicate that the optical lags the X-rays by about a day, consistent
ith reprocessing of X-rays by a surrounding accretion disc, but with

oo large uncertainty in any single AGN to be absolutely certain.
ergeev et al. ( 2005 ) showed that longer wavelength optical bands

agged behind the B -band with lags increasing with wavelength and
ackett, Horne & Winkler ( 2007 ) showed that the lags within the
ptical bands were consistent with the predictions of reprocessing by
n accretion disc with the temperature profile defined by Shakura &
unyaev ( 1973 ): i.e. lag τ ∝ λ4/3 . 
Intensive monitoring with Swift and other facilities has now greatly

mpro v ed our general understanding of these sources (e.g. McHardy
t al. 2014 ; Shappee et al. 2014 ; Edelson et al. 2015 ; Fausnaugh et al.
016 ; Edelson et al. 2017 ; Cackett et al. 2018 ; McHardy et al. 2018 ;
delson et al. 2019 ). Reprocessing of high-energy radiation by an ac-
retion disc has been shown to be a significant contributor to UV and
ptical variability, but these observations have highlighted problems
ith the straightforward Shakura & Sunyaev ( 1973 ) disc model.

n particular, the observed lags are ∼2–3 × longer than expected
e.g. McHardy et al. 2014 ), implying a larger than expected disc, in
greement with previous observations of microlensing (Morgan et al.
010 ). The U versus UVW2 band lag is also larger than expected
e.g. Cackett et al. 2018 ). In addition, almost all observations show
hat the X-rays lead the UV by considerably longer than would be
xpected purely on the basis of direct reprocessing by an accretion
isc. Finally, long-time-scale light curves sometimes have shown in
he UV/optical trends that are not paralleled in the X-rays, implying
n additional source of UV/optical variability (e.g. Breedt et al. 2009 ;
cHardy et al. 2014 ; Hern ́andez Santisteban et al. 2020 ; Kammoun

t al. 2021b ). 
A number of possible solutions to these problems have been

roposed. The o v erlarge discs might be e xplained if the discs are
lumpy (Dexter & Agol 2011 ). The excessive lag in the U -band can
NRAS 504, 4337–4353 (2021) 
e explained as arising from Balmer continuum emission from the
LR (Korista & Goad 2001 , 2019 ). The e xcessiv e lag between the
-ray and UV bands might be explained if the X-rays do not directly

lluminate the disc but first scatter slowly through the inflated inner
dge of the disc, emerging as far-UV radiation which then illuminates
he outer disc (Gardner & Done 2017 ). Alternatively, contributions
rom the BLR can also explain the additional lag in at least one case
McHardy et al. 2018 ). There are additional, well-known, problems
ith reprocessing from a disc in that the observed UV/optical light

urves are much ‘smoother’ than expected. The model of Gardner &
one ( 2017 ), with an extended far-UV illuminating source, provides
ne solution, as does a very large X-ray source (e.g. Ar ́evalo
t al. 2008 ; Kammoun, Papadakis & Dov ̌ciak 2019 ), although the
equired source size ( ∼100 R G ) is much larger than measured ( ∼4–
 R G ) by X-ray reverberation methods (e.g. Cackett et al. 2014 ;
mmanoulopoulos et al. 2014 ) or X-ray eclipses (Gallo, Gonzalez &
iller 2021 ). 
Interestingly, the large majority of AGN monitored to date have

 broadly similar accretion rate. This parameter is known to have a
rucial role in the configuration of the accretion flow of all accreting
ompact objects (e.g. Done et al. 2012 ; Marcel et al. 2018 ; Noda &
one 2018 ; Koljonen & Tomsick 2020 ). Analysis presented by
cHardy et al. ( 2018 ) indicated a possible dependence of the lag

n the disc temperature, finding a smaller discrepancy between the
bserv ed and e xpected ratio of X-ray-to-UV and UV-to-optical lags
n the systems with hotter discs, moti v ating further investigation at
igher accretion rates. Ho we ver, the fe w studies to date on higher
ccretion-rate objects (Cackett et al. 2020 ; Pahari et al. 2020 ) still
eported discrepancies between the observed and predicted lags
imilar to those of lower accretion-rate AGNs. 

Among the various classes of AGN, narrow-line Seyfert 1 (NLS1)
alaxies (i.e. active galaxies with optical emission lines width at
alf-maximum, FWHM ≈82 000 km s −1 , weak [O III ], and a strong
e II /H β ratio; Osterbrock & Pogge 1985 ; Mathur 2000 ) and are

herefore probably one of the most suited for this investigation. Not
nly do they have a relati vely lo w mass, and therefore a significant
igher variability amplitude, but also they typically show a high
ccretion rate (Nicastro 2000 ; V ́eron-Cetty, V ́eron & Gon c ¸alves
001 ). Here, we present observations of another high accretion-
ate AGN: Mrk 110. This source, despite the presence of strong
O III ] lines, and the very weak Fe II , has been classified as an
SL1 due to narrow Balmer lines (FWHM H β = 1800 km s −1 ;

ee also Kollatschny et al. 2001 ; V ́eron-Cetty et al. 2007 , for
 discussion). Different accretion rate measurements have been
eported depending on the method (see e.g. Meyer-Hofmeister &

eyer 2011 ; Dalla Bont ̀a et al. 2020 ). For the purposes of this paper,
e take the value of L / L Edd ≈40 per cent (Meyer-Hofmeister &
eyer 2011 ). The exact value does not affect the conclusions of

his paper. It has a black hole mass 2 × 10 7 M � (Peterson et al.
998 ; Kollatschny et al. 2001 ; Kollatschny 2003 ; Peterson et al.
004 ; Bentz & Katz 2015 ) and is 150 Mpc ( z = 0.03552) distant.
t is known to be one of the most variable AGN in the optical
and, with variations of ∼2 × on a time-scale of a few months
Peterson et al. 1998 ; Bischoff & Kollatschny 1999 ). The few optical
ine reverberation mapping studies on Mrk 110 achieved weekly
ampling o v er a period of sev eral months and rev ealed a relativ ely
ong lag ( ≈25 d) for the H β line, as expected from a high-luminosity
ource (Kaspi et al. 2000 ), and indications for stratification depending
n the ionization of the source (Kollatschny et al. 2001 ). Here,
e present results from an intensive multiwavelength campaign of
200 d combining observations from both space and ground-based

elescopes. 
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Table 1. Report of the observations. Columns 1 and 2 report telescope and filter, respectively, 3 and 4 show the start and end of 
the light curve in MJD. Column 5 reports the number visits during the whole campaign. The average, minimum, and maximum 

flux (in units of count rate for XRT, and ( ×10 −15 ) erg cm 

−2 s −1 Å−1 for the other filters) during the period of strict simultaneity 
of all observatories (i.e. MJD 58053–58143) are reported in column 6, 7, and 8. Column 9 reports the number of points during 
the XRT campaign. 

(MJD 58053–58143) 
Telescope Filter Start End No. Visits Avg. Min. Max. No. Visits 

XRT 0.3–10 keV 58053.1 58143.9 253 1.24 ± 0.23 0.66 1.89 253 
UV O T UVW2 58053.1 58143.9 226 23 ± 4 14.75 33 226 
– UVM2 58053.1 58143.9 224 20 ± 3 13.6 26.8 224 
– UVW1 58053.1 58143.9 233 17 ± 2 12.6 22.7 233 
– U 58053.1 58143.9 243 11.1 ± 1 8.6 13.7 243 
– B 58053.1 58143.9 244 6 ± 0.5 4.9 7.5 244 
– V 58053.1 58143.9 243 4.5 ± 0.6 3.8 5.4 243 
Zowada B z 58033.5 58208.2 74 1 0.77 1.07 34 
– G z 58028.5 58197.2 73 1 0.81 1.06 36 
– R z 58028.5 58208.2 91 1 0.9 1.04 37 
LCO + LT g 58034.4 58257 309 5.8 ± 0.6 4.6 6.4 156 
– V 58034.4 58248.2 170 4.5 ± 0.6 3.7 5.6 80 
– r 58034.4 58257 435 5.4 ± 0.5 4.7 5.7 238 
– i 58034.4 58257 286 2.8 ± 0.3 2.4 3.1 154 
– z 58034.4 58257 280 2.2 ± 0.1 1.9 2.3 150 
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 OBSERVATIONS  A N D  L I G H T- C U RV E  

E A SUREM ENTS  

rk 110 was monitored by Swift in X-rays and in six UV and
ptical bands for 3 months from 2017 October 26 to 2018 January
5. Optical imaging observations were also obtained o v er a longer
onitoring duration from ground-based facilities including Las 
umbres Observatory (LCO), the Liverpool Telescope (LT), and 

he Zowada Observatory. The log of these observations is given in 
able 1 . In Fig. 1 , we show the o v erall light curve of the source
rom LCO + LT, highlighting the strictly simultaneous window with 
he Swift campaign (shown in Fig. 2 ). The Swift and ground-based
bservations are described below (Sections 2.1 and 2.2). 

.1 Swift 

wift observed Mrk 110 three times per day from 2017 October 26
o 2018 January 25. Each observation totalled approximately 1 ks 
lthough observations were often split into two, or sometimes more, 
isits. The Swift X-ray observations were made by the X-ray Tele- 
cope (XRT; Burrows et al. 2005 ) and UV and optical observations
ere made by the UV and Optical Telescope (UV O T; Roming et al.
005 ). In total, 253 visits satisfying standard good time criteria, such
s rejecting data when the source was located on known bad pixels
e.g. see https:// Swift.gsfc.nasa.gov/ analysis/xrt swguide v1 2.pdf), 
ere made. The XRT observations were carried out in photon- 

ounting (PC) mode and the UV O T observations were carried out in
mage mode. X-ray light curves in a variety of energy bands were
roduced using the Leicester Swift Analysis system (Evans et al. 
007 ). We made flux measurements for each visit, i.e. ‘snapshot’
inning, thus providing the best available time resolution. X-ray data 
re corrected for the effects of vignetting and aperture losses. 

During each X-ray observation, measurements were made in all six 
V O T filters using the 0x30ed mode that provides exposure ratios,

or the UVW2, UVM2, UVW1, U, B, and V bands of 4:3:2:1:1:1.
V O T light curves with the same time resolution were made using
 system developed by Gelbord et al. ( 2015 ). This system includes a
etailed comparison of UV O T ‘drop out’ regions, as first discussed
n observations of NGC 5548 (Edelson et al. 2015 ). When the target
ource is located in such regions the UVW2 count rate is typically
0–15 per cent lower than in other parts of the detector. The drop in
ount rate is wavelength dependent, being greatest in the UVW2 band 
nd least in the V-band. The new drop-out box regions are based on
ntensi ve Swift observ ations of three AGNs, i.e. NGC 5548 (Edelson
t al. 2015 ), NGC 4151 (Edelson et al. 2017 ), and NGC 4593
McHardy et al. 2018 ). Observations falling in drop-out regions were
ejected. 

The resultant Swift light curves, together with ground-based 
bserv ations described belo w (Section 2.2), are sho wn in Fig. 2 .
s observed previously (Bischoff & Kollatschny 1999 ; Kollatschny 

t al. 2001 ), Mrk 110 varied significantly in all bands during these
bservations (see F var in Table 2 ). 

.2 Ground-based obser v ations 

round-based observations were performed with almost daily ca- 
ence between 2017 October and 2018 May 19 at LCO, the LT, and
o wada Observ atory. Table 1 lists the start and end dates and number
f visits for each filter. 
Las Cumbres Observatory: We used the 1-m robotic telescopes of 

he LCO network (Brown et al. 2013 ) and Sinistro imaging cameras
o observe Mrk 110. 1 Observations were taken in Johnson V , SDSS
 

′ 
r 

′ 
i 
′ 
, and Pan-STARRS z s filters (abbreviated hereinafter as griz for

onvenience). Exposure times were typically 2 × 300 in the V and z 
ands, and 2 × 180 s in g , r , and i . 
Li verpool Telescope: Observ ations were carried out at the 2-m LT

Steele et al. 2004 ) using the IO:O imaging camera and griz filters.
xposure times were 2 × 10 s in each filter. 
Zo wada Observ atory : The Zo wada Observ atory, located in Ne w
exico, operates a 20-inch robotic telescope. 2 During the Mrk 110 

ampaign, it was in its full first season of operations and was equipped
ith RGB astrophotography filters having ef fecti v e wav elengths of
365 Å, 5318 Å, and 4519 Å, respectively; these will be listed as R z ,
MNRAS 504, 4337–4353 (2021) 

https://Swift.gsfc.nasa.gov/analysis/xrt_swguide_v1_2.pdf
https://clas.wayne.edu/physics/research/zowada-observatory
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Figure 1. LCO + LT observations of Mrk 110 using griz filters. Light curves were computed with respect to their mean, and shifted vertically for clarity. The 
grey area shows the strictly simultaneous coverage with Swift observations. 
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 z , and B z to distinguish them from other filter systems. Typically
ev en e xposures of 100 s were obtained per filter on each visit. 

.3 Ground-based light-cur v e measurements 

ll images were processed with standard methods as part of the
bservatory pipelines, including o v erscan subtraction, flat-fielding,
nd world coordinate system solution. Measurement of light curves
rom the LCO and LT data was carried out using the automated
perture photometry pipeline described by Pei et al. ( 2014 ). This
rocedure, written in IDL, is based on the photometry routines in
he IDL Astronomy User’s Library (Landsman 1993 ). The routine
utomatically identifies the AGN and a set of comparison stars in
ach image by their coordinates and carries out aperture photometry
n magnitudes. An aperture radius of 4 arcsec was used, along with
 background sky annulus spanning 10–20 arcsec. The comparison
tar data are then used to normalize the magnitude scale of each
mage to a common scale. For Mrk 110, 10 comparison stars were
sed. Measurements taken at a given telescope on the same night
ere averaged together to produce a single data point. 
Photometric uncertainties include the statistical uncertainties from

hoton counts and background noise, and an additional systematic
erm determined by measurement of the excess variance of the
omparison star light curves after normalization. The systematic
erm, measured separately for each telescope and each filter, accounts
or additional error sources such as flat-fielding errors or point-spread
unction variations across the field of view. The uncertainties on each
ata point were combined as σ 2 

total = σ 2 
stat + σ 2 

sys . 
To account for small calibration differences between the tele-

copes, the LT light curves were shifted by adding a constant
ffset in magnitudes to bring them into best o v erall agreement with
he LCO data. The magnitude scale for each filter was calibrated
sing comparison star magnitudes taken from the APASS catalogue
Henden et al. 2012 ). Finally, the light curves were converted from
agnitudes to flux density ( f λ). 
NRAS 504, 4337–4353 (2021) 
For the Zowada data, aperture photometry was performed using
 circular aperture of radius 4 pixels (5.7 arcsec) on Mrk 110
nd three nearby comparison stars. The mean seeing FWHM was
pproximately 2.3 pixels. The comparison stars were between 1 and
 times brighter than Mrk 110. Relative photometry was calculated
rom individual exposures, and the mean of all exposures for a
iven night used to create the AGN light curve in each filter. Since
tandard star calibrations are not readily available for the Zowada
lter passbands, the flux scale of the Zowada light curves is not
alibrated to an absolute scale. Without a flux calibration, the Zowada
ata can still be used for lag measurements but not for measurement
f the AGN spectral energy distribution. 

 ANALYSI S  

.1 Variability: intraband variability and lags 

.1.1 X-ray versus UVW2 correlation 

s a first step, we quantified the correlation between the X-ray and
VW2 bands. We show in Fig. 3 the discrete correlation function

DCF; Edelson & Krolik 1988 ) between these two bands, together
ith simulation-based confidence contours (Breedt et al. 2009 ). We

ee that a correlation exists between these two bands at a confidence
evel greater than 99 per cent. No filtering has been applied to the
ight curves to remove long-term trends which often distort DCFs.
ere, the significance level of these contours is reduced, following

he method outlined in McHardy et al. ( 2018 ), to take account
f the range o v er which lags are investigated. The present light-
urve simulation method follows Emmanoulopoulos, McHardy &
apadakis ( 2013 ), with code available from Connolly ( 2015 ), which

akes account of the count rate probability density function as well
s the power spectrum of the driving light curve, unlike the method
f Timmer & Koenig ( 1995 ) which can only produce Gaussian
istributed light curves. The present X-ray light curve is not of

art/stab1033_f1.eps
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Figure 2. Left-hand panels: Light curves used for the short time-scale lag analysis. While the XRT light curve is shown in count s −1 , the measurements in the 
UV O T filters are in ( ×10 −15 ) erg cm 
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Table 2. Results of the lag versus UVW2 band computed between different bands. For sake of completeness, we reported even the lags with multiple peaks, 
even though they are probably due to artefacts. 

Band Wavelength ( Å) 
F var (per 

cent) peak r Lag FRRS (d) peak r Lag FRRS (d) peak r Lag FRRS (d) Lag Javelin (d) 
(Linear) (Box-car) (un-filtered) 

X-ray 0.25 17.6 0.29 ± 0.05 −0.03 + 0 . 53 
−0 . 12 0.38 ± 0.05 0.15 + 0 . 37 

−0 . 17 0.65 ± 0.09 −0.13 + 0 . 88 
−2 . 47 −0.17 + 0 . 3 −0 . 04 

UVW2 1928 15.3 – – – – – – –

UVM2 2246 13.8 0.88 ± 0.02 −0.14 + 0 . 39 
−0 . 11 0.77 ± 0.03 0.03 + 0 . 15 

−0 . 13 0.98 ± 0.01 0.56 + 1 . 19 
−0 . 56 0.01 + 0 . 03 

−0 . 01 

UVW1 2600 11.5 0.86 ± 0.02 −0.05 + 0 . 25 
−0 . 15 0.72 ± 0.04 0.04 + 0 . 18 

−0 . 12 0.97 ± 0.01 0.62 + 1 . 63 
−0 . 67 0.01 + 0 . 05 

−0 . 02 

U 3465 10.8 0.72 ± 0.03 −0.01 + 0 . 41 
−0 . 29 0.57 ± 0.04 0.14 + 0 . 26 

−0 . 24 0.95 ± 0.01 0.45 + 1 . 10 
−0 . 85 0.03 + 0 . 18 

−0 . 16 

B 4392 8.2 0.68 ± 0.04 0.69 + 0 . 37 
−0 . 33 0.523 ± 0.05 0.66 + 0 . 62 

−0 . 28 0.93 ± 0.01 0.84 + 1 . 04 
−0 . 96 0.31 + 0 . 32 

−0 . 38 

B z 4500 – 0.68 ± 0.04 0.03 + 1 . 02 
−0 . 78 – – 0.93 ± 0.01 0 . 31 + 1 . 34 

−1 . 16 –

G z 5500 – 0.68 ± 0.04 −0.22 + 0 . 97 
−1 . 33 – – 0.93 ± 0.01 −0.71 + 1 . 01 

−0 . 59 –

R z 6500 – 0.55 ± 0.05 0.99 + 0 . 76 
−1 . 34 – – 0.94 ± 0.01 1.14 + 1 . 36 

−1 . 09 –

g 4770 14.1 0.7 ± 0.1 1.04 + 0 . 31 
−0 . 24 0.42 ± 0.11 1.46 + 1 . 04 

−0 . 56 0.93 ± 0.03 0.87 + 1 . 03 
−0 . 47 1.02 + 0 . 07 

−0 . 09 

V 5468 12.7 0.78 ± 0.03 0.96 + 0 . 5 −0 . 4 0.53 ± 0.06 1.75 + 0 . 6 −0 . 35 0.97 ± 0.01 2.05 + 0 . 85 
−0 . 80 2.16 + 0 . 84 

−0 . 05 

r 6400 9.4 0.55 ± 0.05 1 . 54 + 0 . 51 
−0 . 39 0.5 ± 0.05 2.30 + 0 . 44 

−0 . 32 0.94 ± 0.01 2.79 + 1 . 27 
−1 . 49 3.04 + 0 . 03 

−0 . 54 

i 7625 10.7 0.54 ± 0.05 1.50 + 0 . 75 
−0 . 40 0.42 ± 0.05 2.72 + 0 . 63 

−0 . 42 0.91 ± 0.01 2.69 + 0 . 86 
−0 . 69 2.29 + 0 . 52 

−0 . 18 

z 9132 9.4 0.51 ± 0.05 2.40 + 1 . 05 
−0 . 50 0.46 ± 0.06 2.39 + 0 . 76 

−0 . 44 0.91 ± 0.01 2.66 + 1 . 74 
−0 . 96 2.09 + 0 . 06 

−0 . 04 

Figure 3. Left-hand Panel: Discrete cross-correlation function (DCF) between XRT (0.3–10 keV) and UV O T (UVW2) light curve . Green, Blue, cyan, and 
magenta line corresponding to 68, 90, 95, and 99 per cent confidence contours. Right-hand Panel: DCF computed with the smoothed light curves (averaged with 
a 10 d box-car filter) from BAT (15–50 keV) and g band . 
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ufficient quality to determine the shape of the power spectrum;
e therefore fixed the broken power-law spectral parameters at those
erived by Summons et al. ( 2008 ) from combined RXTE and XMM–
ewto n observations (i.e. αlow = 1, αhigh = 2.8 and νbend = 1.7 × 10 −6 

z). The level of the confidence contours does not depend greatly on
he exact choice of these parameters and, for any reasonable choice,
he peak of the DCF al w ays exceeds the 95 per cent confidence level
nd usually exceeds the 99 per cent level. 

.1.2 Short time-scales 

iven the presence of a significant correlation between the X-ray and
he UV band, we e v aluated the lag as a function of wavelength with
espect to the UVW2 band (1928 Å). As mentioned abo v e, the light
urves show clear evidence of a long trend o v er the whole duration
f the campaign, which could affect the measured lag (White &
eterson 1994 ; Welsh 1999 ). We therefore performed the calculation
NRAS 504, 4337–4353 (2021) 
y separating short and long time-scales. The canonical approach to
tudy the variability at different time-scales consists of using Fourier
omain analysis techniques (Vaughan et al. 2003 ; Uttley et al. 2014 ).
o we ver, due to the structure of the data, such methods cannot be

pplied. We therefore filtered out the long-term trend applying two
ifferent approaches: in one case we subtracted a linear trend fitted
etween MJD 58050 and 58150 for the Swift data and MJD 58050
nd 58200 (i.e. when the peak of the light curve is reached) for the
round-based data; in the second case, following the procedure used
n by McHardy et al. ( 2014 , 2018 ) we subtracted a moving averaged
rend, with a box-car width of 10 d (see also Pahari et al. 2020 ).
he second method is equi v alent to e v aluating the lag between the

wo signals after applying a ‘sinc’ filter to their power spectrum,
.e. removing variability longer than 10 d (van der Klis 1989 ). In
articular, we chose a 10 d width due to the presence of few day gaps
n the data. It is important to recall that applying the same filter to
ll light curves prevents the distortion of the lags. We notice that the
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easured lags remained stable for reasonably small variations of the 
ox-car’s width (i.e. a few days). 
In order to compute the lags, we used the so-called flux random-

zation (FR) and random subset selection (RSS) method (Peterson 
t al. 1998 , 2004 ). This method e v aluates the lag distribution of the
nterpolated cross-correlation functions (ICCF) by re-sampling and 
andomizing the values of the fluxes at different epochs N times. 
iven the structure of the data, we limited the range of the possible

ags between −10 and + 10 d. 
In Fig. 2 , we show the ICCF’s centroid probability distributions for

he unfiltered and the two filtered (box-car and linearly de-trended) 
ight curves in all the bands. Given the small number of visits (and
herefore the large gaps between the points), we did not apply a box-
ar filter to the Zowada data. The plots show that the distributions
btained from the raw light curves are wider and often distorted;
oreo v er, it is also possible to see that the distributions computed
ith the linear de-trending method show almost al w ays a shorter

entral lag. The resulting lag-spectra are shown in Fig. 4 , while the
esults for each band are reported in Table 2 . The trends show a clear
volution as a function of wav elength, especially be yond 4000 Å. The
alues obtained between the two methods are consistent within the 
rrors and at longer wavelength are smaller than the ones obtained 
n the non-filtered case, suggesting the presence of a time-scale- 
ependent time-lag. 
In order to check the consistency of our result, we also computed

he wavelength dependent lag using the JAVELIN algorithm (Zu, 
ochanek & Peterson 2011 ), which has been recently shown to 
roduce more realistic errors with respect to the FRRSS method 
Edelson et al. 2019 ; Yu et al. 2020 ). JAVELIN assumes that the
ifferent light curves can be described as a damped random-walk 
Zu et al. 2013 ) linked by an impulse response function: therefore
he lag is computed by constraining the parameters of the process
nd of the impulse response function through a Markov chain Monte 
arlo. The results for the raw light curve are shown in Table 2 , and
re fully consistent with the results obtained with the FRRSS. 
To better characterize the variability properties of the light curve, 
e also quantified the excess variance in each band and also

heir correlation coefficient with respect to the UVW2 band. As 
lready seen in other AGN studies, the source showed a very strong
orrelation between the UVW2 and the longer wavelengths bands 
all ≥ 0.9) and poorer correlation with the X-rays. Repeating the 
ame experiment using the filtered light curve, ho we ver, we notice
wo interesting features: first, the X-ray-UVW2 correlation becomes 
ignificantly poorer (0.29) and second, the correlation seems to 
ecrease as a function of wav elength. F or the X-rays such a drop
n correlation can be explained by the presence of much stronger fast
ariability in the X-rays (excess variance is almost 18 per cent). On
he other hand, at longer wavelength the poorer correlation is due to
he decreasing variability at longer wavelengths (see Table 1 ). 

.1.3 Long time-scales 

e analysed the o v erall variability during the campaign. In order
o better appreciate the long-term trend, we smoothed the data with
 moving average with a box-car filter of 10 d width. Due to the
ifferent sampling strategies of the various telescopes, we combined 
he light curves with similar filters. In particular, we merged the V
and data from UV O T and LCO + LT and the r band data from
CO + LT together with the R z band from the Zowada observatory.
o do this, we used the inter-calibration software CALI (Li et al.
014 ). Given that the Zowada R z band is computed with respect
o the average, calibration was done in two steps: first, the r band
as also renormalized with respect to its average before running the

oftware, then the resulting light curve was multiplied by the average
 band flux. 

The ground-based light curves in the 4000 to 10 000 Å regime
how a clear increase as a function of time reaching a peak around

JD 58200. Ho we ver , XRT and UV O T co v ers only the first section
f the light curve (see Table 1 , Figs 1 and 2 ). In order to co v er also the
MNRAS 504, 4337–4353 (2021) 
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Panel : Lag distributions from which the lag spectrum was obtained. 
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eak of the light curve at higher energies we downloaded the BAT
aily light curve from Krimm et al. ( 2013 ) from its online archive. 3 

AT light curves are known to show spurious variations due to the
arge field of view used with coded-mask technology. Even though
he source detection is not significant at a 5 σ level, the variations
bserved in the data are present on time scales longer than ≈ a few
ays, and are not correlated with variations in the Crab or other
earby sources. 
Given the low statistics of the data, we applied a 10-d box-car filter

o smooth the light curve. In order to be able to compare properly
ts behaviour with the other filters, we applied the same procedure
o the ground-based ones. As shown in Fig. 5 , a clear peak in the
5–50 keV band is seen at approximately MJD 58180. Given the
trong resemblance between the BAT and the optical light curve, we
 https:// swift.gsfc.nasa.gov/ results/ transients/ 

 

s  

c  

NRAS 504, 4337–4353 (2021) 
onclude that the observed flare is most probably due to an intrinsic
ariation of the source and not a systematic effect. Moreo v er, it is
lear that while the rise of the BAT is significantly faster than the
ne observed at lower energy, the optical bands seem to decay with
 slower rate as a function of wavelength. 

As in the previous section, we computed the DCF to quantify
he correlation between the BAT and the g band, including the data
etween MJD 58140 and 58240. Sensibly small changes ( ≈few days)
n the choice of the dates and of the box-car width did not lead
o any significant differences in our results. Confidence contours
ere derived in the same way as described in the previous section.
lthough the exact lag is not well defined by this simple DCF, the
eak is around a lag of about 15 d and is significant at just below the
9 per cent confidence level (Fig. 3 ). 
In particular, we use the same power spectral parameters to

ynthesize BAT light curves as are quoted for the earlier XRT light
urve. Both BAT and long-term g -band have here been smoothed,
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Figure 6. Results from the MEMEcho modelling. Left-hand Panels: Inferred 
response functions to be applied to the X-ray band in order to reconstruct the 
light curves at lower energies. Right-hand panels: Observed (green points) 
and modelled light curves (blue line). 
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Table 3. Lag versus g band using the smoothed light curves: i.e. after 
applying a 10 d box-car mo ving av erage. Values are plotted in Fig. 5 , bottom 

panels. 

Band Lag (d) 

BAT −9.43 + 1 . 53 
−1 . 27 

V 0.28 + 1 . 57 
−0 . 78 

r 2.40 + 0 . 55 
−0 . 78 

i 3.94 + 0 . 76 
−0 . 59 
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hich will remo v e high-frequenc y variability and should steepen the
ower spectrum. The power spectrum for the smoothed BAT light 
urve is reasonably well fitted by a single power law of slope −1.5 but
he bend frequency derived by the method of Summons et al. ( 2008 )
s within the range of the power spectrum so a model changing slope
rom −1 at low frequencies to −2.8 at higher frequencies could also
e fitted. We have tried a variety of different underlying BAT power
pectral shapes and the peak significance reaches the 99 per cent 
onfidence level. 

We then computed the lags as function of wavelength with the 
RRS method by using the 10-d smoothed light curves, and choosing 

he g filter as reference band. The lag probability distributions are 
hown in Fig. 5 (bottom right panel). As expected the g is lagging
ehind the BAT curve by ≈10 d. The lag increases as function of
avelength, going from few days in the V band to almost 10 d for the
 versus z band (see Table 3 and Fig. 5 , bottom panels). Given the
hape of the light curves, it is clear that the origin of the measured
elay is the slower response of the longer wavelength during the 
ecay after the peak. Ho we ver, it is interesting to notice that the lag
pectrum for the long time-scales seems to follow a linear trend from
-ray to near-IR (see Fig. 5 ). We also tested the goodness of the lag
y changing the width of the box-car, finding a stable lag between 5
nd 13 d. For shorter width, the statistics becomes too low to measure
 significant lag; for larger box-cars, the long-term trend is distorted
y the smoothing, changing the value of the lag. 

.2 Reverberation modelling 

s a first unbiased approach, we attempted to model and reproduce
he variable emission from an X-ray corona illuminating the accretion 
isc through the MEMECHO algorithm (Fig. 6 , see Horne 1994 )
sing all the collected light curves: i.e. attempting to reconstruct the
mpulse response function of the system through a maximum-entropy 
olution method (see also McHardy et al. 2018 ). We chose the X-
ays as a reference band. The algorithm manages to reconstruct the
ight curve at lower energies, with an acceptable chi square ( χ2 / N =
.1). The obtained responses show clearly a broadening as a function
f wavelength. Ho we ver, it is also interesting to notice that almost
ll responses (especially at longer wavelengths) require a long tail 
hat extends to ≈ 10–20 d, as seen also by the lag computed by
sing the long-term light curve. The excesses shown around 20 light
 in the response of some filters are likely due to the presence of
n X-ray dip around MJD 58060. The modelling using the UVW2
lter as a reference band showed a smoother trend. Nevertheless, 

he consistency of the shape of the response function among the
ifferent filters indicates that the presence of an extra component 
cting at longer time-scales. 

The variable emission from an illuminated accretion disc is 
xpected to produce an increasing lag ( τ ) as a function of wavelength
 λ) as follows (Cackett et al. 2007 ): 

= α

[ (
λ

λ0 

)β

− 1 

] 

, (1) 

here λ0 is the reference band wavelength (UVW2 band in this case:
929 Å) and β = 4/3 for a Shakura & Sunyaev ( 1973 ) accretion
isc. In our data set, we found two different components acting on
ifferent time-scales. From the values of the lags and from the shape
f the responses obtained by MEMEcho analysis, the short time-scale 
omponent resembles the behaviour of an illuminated accretion disc. 
iven this, we perform a polynomial fit to the lag-spectrum obtained
ith the linearly de-trended light curve with equation (1) (fixing 
= 4/3) and obtained α = 0.28 ± 0.04 d with a reduced χ2 of

.63. The lo w v alue is due to the large errors. We also fitted the lag
ea ving the power -la w inde x ( β) as a free parameters and found α =
.1 ± 0.06 d and β = 2.1 ± 0.4. The addition of a free parameter
ecreases the reduced χ2 (0.44). This is mainly due to the very short
ag measured below 4000 Å. Even though the best slope is marginally
teeper, the small χ2 and the large errors do not allow us to determine
 significant deviation from the predictions of a standard accretion 
isc. 
MNRAS 504, 4337–4353 (2021) 

art/stab1033_f6.eps


4346 F. M. Vincentelli et al. 

 

n  

t  

i  

o  

l  

c  

r  

a  

4  

w  

g

3

3

I  

w  

(  

(  

t

f

 

s  

R  

t  

l  

fi  

f  

W  

e  

f  

m  

λ

 

d  

r  

d  

a  

b  

T  

a  

t

3

T  

b  

i  

q  

t  

4

s
2
s
C
t
l
V

d  

T  

a  

s  

p  

a  

G  

1  

o  

M  

a  

i  

f  

1  

m  

a  

t  

b
c

 

c  

t  

e
e  

s  

≈
 

o  

c  

t  

d  

l  

w  

b
 

l  

m  

u  

T  

c  

n
 

g  

r  

d  

T  

s  

a  

w  

w  

o  

w  

o  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/4337/6226646 by H
artley Library user on 26 June 2025
We then performed a more detailed modelling using the same
umerical code used by McHardy et al. ( 2018 ). This model computes
he response function of a Shakura & Sunyaev ( 1973 ) accretion disc
lluminated by a ‘lamp-post’ X-ray source (i.e. a point-source located
 v er the rotation axis of the disc at a certain height). The expected
ag is taken as half the time for the total light to be received. We
onsidered a mass of 2 × 10 7 M � (Bentz & Katz 2015 ), an accretion
ate of L / L Edd = 40 per cent (Meyer-Hofmeister & Meyer 2011 ),
 source height of 6 gravitational radii ( R G ), and an inclination of
5 ◦. 4 As shown in Fig. 4 , even though the data points at shorter
avelengths seem to present a flatter trend, the predicted lag is in
ood agreement with the observations. 

.3 Spectral energy distribution and energetics 

.3.1 Flux–flux analysis 

n order to better characterize the origin of the variable emission,
e performed a flux–flux analysis in order to separate the constant

galaxy) and variable (AGN) components following Cackett et al.
 2020 ; see also Cackett et al. 2007 ; McHardy et al. 2018 ). We fitted
he light curves using the following linear model: 

 ( λ, t) = A λ( λ) + R λ( λ) X( t) . (2) 

Where X ( t ) is a dimensionless light curve with a mean of 0 and
tandard deviation of 1. A λ( λ) is a constant for each light curve, and
 λ( λ) is the rms spectrum. All three parameters are determined by

he fit. Such a simplified model does not take account of any time
ags, adding some scatter around the linear flux–flux relations. We
rst focused using the rise of the light curve during which all the
acilities were observing. The results of the fit are shown in Fig. 7 .

e estimate the minimum host galaxy contribution in each band by
xtrapolating the best-fitting relations to where the first band crosses
 λ = 0. The constant spectrum is consistent with the past host galaxy
easurements by Sakata et al. ( 2010 ). The rms spectrum follows a
F λ ≈ λ−4/3 , as expected from the predictions of an accretion disc. 
We then analysed the long-term trend using the ground-based

ata. When plotting the modelled light curve with respect to the
eal observations, only the rise is well reproduced, while of the
ecay follows a different trend (see Fig. 8 , top panels). We therefore
nalysed the tail of the long-term variation separately (see Fig. 8 ,
ottom panels), finding a significantly steeper spectrum ( λF λ ≈ λ−2 ).
he presence of a variable component different from a standard
ccretion disc can explain the presence of a longer lag at longer
ime-scales. 

.3.2 SED: optical-UV/X-ray broad-band 

he analysis reported so far shows the presence of a clear connection
etween the X-ray and optical-UV variability, but does not take
nto account the energy budget of the two components. In order to
uantify it, we estimated the variable flux in the different bands. We
herefore built the X-ray spectral energy distribution from the XRT
 An inclination of 40 ◦ is usually taken as a standard value for this class of 
ources (Cackett et al. 2007 ; Fausnaugh et al. 2016 ; Kammoun et al. 2019 , 
021b ). Recent X-ray spectral timing measurements of a similar source have 
ho wn e vidence of a higher inclination (Alston et al. 2020 ; see, ho we ver, 
aballero-Garc ́ıa et al. 2020 ). We notice that while the inclination is known 

o have a strong effect on the X-ray spectrum, the dependence of the optical 
ags is expected to be negligible (Cackett et al. 2007 ; Starkey, Horne & 

illforth 2016 ; Kammoun et al. 2021b ). 
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ata including also the Mrk 110 BAT 70 month catalogue spectrum.
he flux in the 14–195 keV range is 5.7 × 10 −11 erg cm 

−2 s −1 with
 power-law slope ( 
) of 2. The XRT data (0.3–10 keV), instead,
hows a harder slope ( 
 3 − 5keV = 1.66 ± 0.07; see Fig. 9 , right-hand
anel). This has already been seen in past studies (Idogaki et al. 2018 )
nd suggests the presence of the so-called Compton hump (see e.g.
uilbert & Rees 1988 ; Lightman & White 1988 ; George & Fabian
991 ). We therefore applied a simple model for an exponentially cut-
f f po wer-law spectrum, reflected by neutral material (i.e. PEXRAV;
agdziarz & Zdziarski 1995 ). We grouped the XRT spectrum with

 minimum of 30 counts per bin using the FTOOL GRPPHA . We
ncluded in the fit a broad line for K α and the blackbody emission
or the soft excess. The results are reported in Table 4 under MODEL

 . We obtained a fit with χ2 of 439 (375 degrees of freedom). The
odel finds a power-law slope of 
 ≈ 1.66 ± 0.02 with a cut-off

t ≈ 120 keV and reflection fraction of 0.2. In order to estimate the
otal ionizing flux, we extrapolated the power-law flux in the 3–5 keV
and to the 0.1–150 keV range: we obtained F pl = 1 × 10 −10 erg s −1 

m 

−2 . 
In order to quantify the connection with the optical-UV emitting

omponent, it is necessary to take into account the illuminating frac-
ion. Following the assumptions described in the previous section, we
stimate that total amount of radiation impacting the disc is 3 × 10 −11 

rg s −1 cm 

−2 . Moreo v er, giv en that the source can vary up to 1 count
 

−1 the variable flux we can take as an upper limit to the variable flux
2 × 10 −11 erg s −1 cm 

−2 . 
From the rms-spectrum computed in the previous subsection, we

btained a variable optical-UV flux of 2.5 × 10 −11 erg s −1 cm 

−2 . We
onclude therefore that the X-ray variations contain enough energy
o power most of the variability seen in the optical-UV (if they are
riven by an illuminated accretion disc). We also notice that if the
ow-energy emission is dominated by the BLR, the solid angle to
hich it is exposed will be much larger, and the argument will still
e valid. 
The reported estimate for the ionizing variable flux sets a solid

ower limit, which, however, is based on a purely phenomenological
odel. In order to have a more realistic value, we also fitted the SED

sing the physically moti v ated model OPTXAGNF (Done et al. 2012 ).
he model assumes the presence of emission from an extended hot
orona, going from the soft X-rays to the far-UV, while optical and
ear UV emission would be dominated by the accretion disc. 

We included optical and UV data average fluxes, subtracting the
alactic contribution. The fit was performed by fixing mass accretion
ate L / L Edd = 40 per cent and spin ( a ) to 0. Mass, redshift, and
istance were fixed accordingly to values reported in the introduction.
he best-fitting model reproduced the data with an acceptable chi
quare ( χ2 / d.o.f = 769 / 594; see Table 4 ). Some excess is found
t higher energies and in the UV O T band. This means that the flux
ill be slightly o v erestimated. We also attempted to fit the data
ith a = 0.998, but, despite values were still in the same range
f uncertainties of the previous fit, the obtained χ2 was significantly
orse ( χ2 /d.o.f. ≈2). Ho we ver, an acceptable χ2 was found for a mass
f 2.5 × 10 7 M � (which is still within the range of uncertainties for
ost f-factors; Bentz & Katz 2015 ). We estimated a total ionizing
ux (5 eV–1000 keV) of F ion ≈ 6 × 10 −10 erg cm 

−2 s −1 (i.e. L ion ≈
 × 10 45 erg s −1 ). 

.3.3 HST spectroscopy 

he diffuse continuum (DC) emission from the BLR will be a source
f wavelength-dependent lags in addition to lags from reprocessing
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Figure 7. Flux–flux analysis for the rising section of the light curve. Left-hand panels show the light curves, and the model (black line). The parametrization 
described in equation (2) represents the data well. Top right panel shows the flux–flux relation between the different bands and the driving light curve X ( t ). 
Bottom right panel shows the optical/UV variable spectrum. Purple points on the higher section of the graph represent, minimum, average, and maximum values 
for each band. Orange continuous line represents the host galaxy contribution. Blue points show the rms spectrum computed as maximum–minimum, while the 
black point represents the actual rms. Red dashed lines show the best fit. 
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n the accretion disc (Korista & Goad 2001 , 2019 ; Lawther et al.
018 ). In order to estimate the contribution from the BLR DC,
e obtained Hubble Space Telescope ( HST ) spectra of Mkn 110.
bservations were performed on 2017 December 25, 2018 January 
, and 2018 January 10 using STIS. Observations were taken with 
he 52 arcsec × 0.2 arcsec aperture using the G230L, G430L, and 
750L gratings. During each epoch exposures totally 800s (G230L), 
80s (G430L and 180s (G750L) were obtained. In addition to the 
tandard pipeline-processing we used the STIS CTI package to apply 
harge Transfer Inefficiency corrections to the data. Moreo v er, we 
sed the contemporaneously obtained fringe flats to defringe the 
750L spectra. Any remaining large outliers in the spectrum that 
ere identified visually as hot pixels were removed manually. 
We fit the mean spectrum with a variety of models to estimate a

lausible contribution from the BLR DC. To model the BLR DC,
e use a model calculated by Korista & Goad ( 2019 ) that is tailored

or NGC 5548. This assumes a locally optimally emitting cloud 
odel for the BLR, with a fixed cloud hydrogen column density 

f log N H (cm 

−2 ) = 23, and a gas density distribution ranging from
og n H (cm 

−3 ) = 8–12 (solid black line in fig. 4 of Korista & Goad
019 ; see that paper for full details of the model calculation). We
oppler-broaden the DC model by convolving with a Gaussian with 
WHM = 5000 km s −1 (Peterson et al. 1998 , 2004 ), consistent
ith emission from the inner BLR in Mrk 110. The presented 
C model does not include the unresolved high-order Balmer and 
aschen emission lines redward of those jumps. In addition to the 
ile-up of Doppler-broadened higher-order Balmer, Paschen, and 
ther emission lines (He I and Fe II ), there is another effect that
ay serve to smooth the free–bound continuum emission jumps in 
avelength space. The CLOUDY photoionization model simulations 

ll assume that the wavelengths of the Balmer and Paschen series
imits are at their low-density values, with these values then corrected
or atmospheric refraction. Ho we ver, due to the likely presence of
igh-density gases within the BLRs of AGN (e.g. 10 12–13 cm 

−3 ), the
avelengths of the free–bound jumps are likely shifted to somewhat 

onger wavelengths due to the finite sizes of the emitting hydrogen
toms. The contributions of mixtures of continuum emission from 

as spanning the full range of expected densities within the BLR will
hus smooth out somewhat the abrupt free–bound continuum jumps 
n wavelength space. This effect is also currently not included in the
odel spectral template. As neither of these effects are included in

he spectral template for the BLR DC, we exclude the wavelength 
anges 3600–4050 Å and 8000–8700 Å from the fit. 

We further note that we have not calculated a model specific to
he line luminosities of Mkn 110, and, while the general shape of the
C spectrum is common to all models, the amplitudes of the Balmer

nd Paschen jumps do depend somewhat on model assumptions. For 
hese reasons, we view the present spectral fitting process as simply
roviding a guide and an estimate of the BLR DC contributions to
he spectrum. 

For the underlying AGN continuum emission, we try two different 
odels – the first is a simple power law, the second is a standard
MNRAS 504, 4337–4353 (2021) 
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Figure 8. The two blocks show the flux–flux analysis for the whole light curve (Top) and only the tail (bottom). Left-hand panels show the light curves, and 
the model (black line). A hysteresis is evident while using the whole light curve. Top right panels show the flux–flux relation between the different bands and 
the driving light curve X ( t ). Bottom right panels show the optical/UV variable spectrum. Purple points on the higher section of the graph represents, maximum, 
average, and maximum values for each band. Orange continuous line represents the galactic contribution. Blue points show the rms spectrum computed as 
maximum–minimum, while the black point represents the actual rms. Red dashed lines show λf λ ∝ λ−4/3 . 
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Figure 9. Left-hand Panel: X-ray emission spectrum observed by Swift XRT (black points) and BAT (red points) and modelled with MODEL 1 . Right-hand 
Panel: Ratio of the data to a simple power-law model. 

Table 4. Best-fitting parameters modelling. MODEL 1 was applied to the only X-ray data from XRT + BAT and is consists in ZPHABS ×
[ PEXRAV + ZGA USS + ZBBOD Y ]. Errors are reported with 90 % confidence interval contour. In order to obtain the fit, we froze the following parameters: 
nH = 1.27 × 10 20 [cm 

−2 ], z = 0.035; He abund (elements heavier than He) = 1; Fe abund = 1. MODEL 2 includes also optical and UV wavelength, 
and was parametrized with using ZPHABS × OPTXAGNF . Mass was fixed to 2 × 10 7 M �, accretion rate to 40 per cent , R out = 10 3 R G , spin a to 0. 

Model 1 Model 2 
ZPHABS × [ PEXRAV + ZGA USS + ZBBOD Y ] ZPHABS × OPTXAGNF 

Parameter Best Fit Parameter Best Fit 


 1.66 ± 0.02 
 1.72 ± 0.02 

E cut [keV] 118 + 33 
−22 a 0 

reflfrac 0.21 + 0 . 17 
−15 R cor [ R G ] 70 ± 20 

norm pexrav ( × 10 −3 ) 5.2 ± 0.1 kTe [keV] 0.25 ± 0.08 

Line E [keV] 6.7 ± 0.1 τ 11 ± 2 

σE [keV] 0.3 + 0 . 8 −0 . 2 f pow 0.5 ± 0.1 

norm zgauss ( × 10 −5 ) 4.2 ± 0.1 
kT [keV] 0.11 ± 0.05 
norm zbbody ( × 10 −5 ) 5.62 ± 0.4 
χ2 / d.of. 648 / 590 χ2 / d.of. 769/594 
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ccretion disc model (Shakura & Sunyaev 1973 ) with the outer 
adius set to be equi v alent to a temperature of 2000 K. This
roduces a spectrum following the relation F λ ∝ λ−7/3 through 
ost of the wavelength range, but begins to rollover at the longest
 avelengths. These tw o models test the sensitivity of the results to

ssumptions about the accretion disc emission. We include both UV 

nd optical Fe II templates. In the optical, we use the template of
 ́eron-Cetty et al. ( 2001 ), while in the UV we use the model of
ej ́ıa-Restrepo et al. ( 2018 ). This latter model has the advantage

hat it co v ers a broader wav elength range in the UV than other
odels. We investigate Doppler broadening in these Fe II emission 
odels by convolving with a Gaussian, and find best fits for FWHM
 3000 km s −1 . We fit broad and narrow emissions lines with
aussians. For the host dust emission from the torus we include 
 single temperature blackbody with T = 1800 K, while this is
implistic (see e.g. appendix A of Korista & Goad 2019 , for a
ore complex model), longer wavelength coverage is needed to 

etter constrain this component. We also include an 11 Gyr old 
olar metallicity stellar population model (Bruzual & Charlot 2003 ), 
roadened to the resolution of STIS G430L and G750L. We use the
urface brightness profile fit parameters of Bentz et al. ( 2009 ) to scale
he galaxy flux to the slit width (0.2 arcsec) and extraction size (0.36
rcsec) used for these HST data, finding 6.4 × 10 −17 erg s −1 cm 

−2 

−1 at 5100 Å. This is fixed in all the fits. 
The DC model described abo v e is fitted including a scale factor

llowing it to best-match the data. Although we have not optimized
he modelled DC spectrum for the broad emission line spectrum of

rk 110, we checked that the spectral fit’s scaling of the DC is in
ine with the model predictions for NGC 5548 by Korista & Goad
 2001 , 2019 ). The best-fitting model using an accretion disc is shown
n Fig. 10 , and generally does a reasonable job of fitting the o v erall
hape of the spectrum from ∼1600–10 000 Å. 

We perform synthetic photometry on the best-fitting power-law 

nd disc models to estimate the fraction of the flux contributed by
ach component in each of the Swift and LCO filters, and they are
iven in Table 5 . Note that the significantly higher spatial resolution
f HST compared to Swift and seeing-limited images from the ground
ean that Swift and ground-based images will have a significantly 

igher galaxy fraction in most filters than here. The model with the
ower-law continuum has shallower slope than the disc, with a best
t of F λ ∝ λ−2.0 . This shallower slope reduces the flux needed from

he DC, and both the optical Fe II and stellar templates, with the
MNRAS 504, 4337–4353 (2021) 
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Figure 10. Left-hand Panel: X-ray + optical/UV spectrum of Mrk 110 measure with Swift BAT (red points), XRT (black points), UV O T (green), LCO + LT 

(blue) data. Data were fitted with MODEL 2 . Right-hand Panel: Mean HST spectrum of Mkn 110 (black). The light grey line shows the wavelength regions 
excluded from the fit. Blue is the overall model, while individual components shown are the accretion disc (purple), DC (green), Fe II template (red), stellar 
population template (yellow), and hot dust blackbody (tan). 

Table 5. Fraction of flux in each of the spectral components through each filter. The first numbers in each column are for the 
power-law model, the second for the disc model. 

Filter Power-law or disc Diffuse continuum Broad lines Fe II All other components 

UVW2 0 .79, 0.76 0 .03, 0.08 0 .11, 0.10 0 .07, 0.06 0 .0, 0.0 
UVM2 0 .81, 0.76 0 .04, 0.11 0 .025, 0.02 0 .125, 0.11 0 .0, 0.0 
UVW1 0 .69, 0.63 0 .05, 0.14 0 .05, 0.05 0 .20, 0.18 0 .0, 0.0 
U (Swift) 0 .64, 0.49 0 .13, 0.32 0 .0, 0.0 0 .22, 0.19 0 .01, 0.0 
B 0 .87, 0.69 0 .06, 0.16 0 .06, 0.10 0 .0, 0.04 0 .01, 0.01 
V 0 .76, 0.54 0 .08, 0.20 0 .06, 0.09 0 .0, 0.07 0 .10, 0.10 
g 0 .77, 0.58 0 .06, 0.15 0 .12, 0.18 0 .0, 0.045 0 .05, 0.045 
r 0 .70, 0.49 0 .09, 0.24 0 .15, 0.16 0 .0, 0.035 0 .06, 0.075 
i 0 .67, 0.42 0 .12, 0.30 0 .15, 0.16 0 .0, 0.01 0 .06, 0.11 
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ormalization of the last two dropping to zero with this model. The
ontribution from the DC is strongest around the Balmer and Paschen
umps, in the U and i bands, respectively. We estimate it contributes
3–32 per cent of the flux in the U band and 12–30 per cent of
he flux in the i band. Moreo v er, the flux of the Fe II complex is a
ignificant fraction of the flux throughout the UV, contributing around
0 per cent of the flux in the UVW1 and U bands. If this emission
everberates (as has been reported for optical Fe II ; Barth et al. 2013 )
hen it will also contaminate the accretion disc continuum lags. 

 DISCUSSION  

e hav e inv estigated the variability of the Seyfert galaxy Mrk 110
ith an ≈200 d multiwavelength campaign. We have measured the

ags with respect to the UVW2 band for 10 bands from 0.3–10 keV
-rays with the Swift XRT telescope to almost the near-IR. Filtering
ut the long-term variability ( > 10 d), we found that the lags increase
ith wavelength up to ≈ 2.5 d at ≈ 9000 Å. Ho we ver, belo w ≈ 4000
the lags are very close to zero. On longer time-scales, we do not

av e co v erage with the Swift XRT but there are variations in the hard
-ray band (15–50 keV) detected by the Swift BAT. Here, we find

hat the g -band lags behind the BAT light curve by ∼10 d and that
he other optical bands lag behind the g -band by amounts increasing
inearly with wavelength up to almost 10 d for the z -band. 

The change of lag behaviour when sampled on different time-
cales has been noted previously (McHardy et al. 2018 ; Chelouche,
NRAS 504, 4337–4353 (2021) 
ozo Nu ̃ nez & Kaspi 2019 ; Hern ́andez Santisteban et al. 2020 ; Pahari
t al. 2020 ) and is most simply explained as emission from more than
ne reprocessor. 

.1 Short time-scales 

he increasing continuum lag as a function of wavelength observed
n short time-scales is consistent with the expectation from an
lluminated disc and has been observed also for other accreting
MBHs (e.g. Wanders et al. 1997 ; Collier et al. 2001 ; Shappee
t al. 2014 ; Lira et al. 2015 ; Edelson et al. 2019 ; Cackett et al.
020 ). Ho we ver, we highlight here the presence of some interesting
eatures. While for almost all the probed AGN so far, the X-ray to
V lag was always of a few days, (in contradiction with a standard

ccretion disc predictions; see e.g. Gardner & Done 2017 ; Cai et al.
018 ; Kammoun et al. 2019 ; Mahmoud, Done & De Marco 2019 ;
ai, Wang & Sun 2020 ), we measure a very short and approximately
ero lag with respect to the UVW2 band in the range between the X-
ays (UVW2-X-ray lag ≈−0.4–1.6 d, 3 σ confidence) and near UV
UVW2-UVW1 lag ≈−0.5–0.7 d, 3 σ confidence). Even though the
easurements are consistent with simulated standard accretion lags

as also found recently by Kammoun, Papadakis & Dovciak 2021a ;
ammoun et al. 2021b ), we notice that the slope from our best fit is
arginally steeper than expected; such a behaviour might therefore

uggest the presence of a different radial temperature profile induced
y a different accretion flow geometry (Wang & Zhou 1999 ; Collier
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Figure 11. Diagram of the proposed physical scenario for the observed long 
term trend in the optical bands (black fined-dashed curve), assuming a linear 
rise and an exponential decay. If we assume that the BAT flare is driven by 
the disc emission (blue long-dashed curve), then this has a similar rise, an 
earlier peak (peaks separated by � t ), and a faster decay than the optical bands. 
Therefore, in order to reco v er the total light curve, an additional component is 
needed. We interpret the difference between the total and the disc light curve 
as the contribution from the DC (red curves), which dominates the emission 
after the peak. 
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t al. 2001 ; Cackett et al. 2020 ). This, ho we ver, does not seem to
e confirmed by the rms spectrum, which shows, during the rise, a
ower-law slope of ≈ −4/3 during the first part of the campaign. 
Moreo v er, despite a clear feature observed in the HST spectrum,

e did not find any significant excess in the U band lag (UVW2-U
ag ≈−0.6–1.2 d, 3 σ confidence), as often observed in other sources.
his excess has been usually associated with the effect of the DC

rom the BLR (see e.g. Cackett et al. 2018 ; Lawther et al. 2018 ;
orista & Goad 2019 ). 
These two elements suggest a fundamental difference between 
rk 110 and the AGN monitored so far. A first possibility could be

he higher accretion rate of this source, which can affect the geometry
f the accretion flo w. Recent observ ations of other high accretion-rate 
bjects (see e.g. Pahari et al. 2020 ; Cackett et al. 2020 , for NGC 4769
nd Mrk 142, respectively), however, still showed evidence of an X- 
ay-UV and U band excess: therefore, this parameter alone cannot 
ully explain the observed discrepancies. Another possibility could be 
he presence of a different component in the UV range, affecting the
ag. For instance, the HST spectrum shows a clear strong contribution 
f the DC and the Fe II in the UV, which, ho we ver, it is not expected
o vary on short time-scales. NGC 7469 and Mrk 142 have a smaller

ass with respect to Mrk 110 (see e.g. Peterson et al. 2004 ; Bentz
t al. 2010 ; Bentz & Katz 2015 ). Given that the duration of the
ampaign for these objects is similar, the DC from the BLR could
ave a stronger contribution to the lags from smaller mass objects, 
eading to a stronger excess in the UV on short time-scales. This is
lso supported by the fact that the lags associated with the emission
ines from the BLR in NGC 7469 and Mrk 142 are significantly
maller than the ones measured in Mrk 110 (see e.g. Kollatschny 
t al. 2001 ; Peterson et al. 2004 , 2014 ; Du et al. 2014 ). On the
ther hand, we also notice that the short emission lines observed in
rk 142 are thought to be due to the shadowing of the BLR by the

nner part of the slim disc (Cackett et al. 2020 ). The lower ṁ of
rk 110 (hence its more standard disc configuration), may therefore 

lso explain why the lags are longer. A more detailed and systematic
omparison between the different sources is therefore necessary to 
nderstand how important the relative size of the BLR with respect 
o the disc is for multiwavelength variability studies. 

.2 Long time-scales 

rom the analysis of the long-term variations, we observed for the 
rst time a very long lag of ≈ 10 d between the hard X-rays and the
 band. The response of the lag seems also to get longer, following
he same linear relation, as a function of wav elength. Giv en the large
mount of energy from the hard X-ray flare and the very similar
hape between the different bands it is reasonable to believe that 
he long-term optical variations are indeed powered by the X-rays. 
o we ver, despite a larger lag is expected on longer time-scales due

o the tail in the disc response (Cackett et al. 2007 ), such long X-
ay/optical lags are difficult to explain just in terms of a standard
ccretion disc. This is also supported by the much steeper slope of
he rms spectrum ( λF λ ≈ λ−2 ) detected using the smoothed long- 
erm variations. This indicates the presence of a different physical 
echanism for the long-term trend. 
Such a long lag could be due to the DC from the BLR. For

nstance, Mrk 110 is known to have, due to its high luminosity, a
arge BLR (H β emission line lag behind the continuum of ≈20 light
; Kollatschny et al. 2001 ; Peterson et al. 2004 ). This would also be
upported by the longer lag as a function of wavelength and by the
esults of our fit, which shows that the stronger contribution of the DC
t longer wavelength. Ho we ver, other two elements point against a
cenario where only the BLR dominates the long term variation: first,
uring the rise of the long term trend, the flux–flux analysis are fully
onsistent with the prediction of the accretion disc; second, the HST
pectrum shows that the DC can contribute only ≈10–20 per cent of
he total emission and variability in the optical (Table 5 and Fig. 10 ,
ight-hand panel). 

A hint for the solution to such a puzzling behaviour could come
rom the BAT data. Even though its trend may be affected by the
nstrument sensitivity, there is a clear difference before and after the
eak observed in the hard X-rays. From the light curves and the
esults of the flux-versus-flux analysis, it is clear that in the first
art of the campaign, while the hard X-rays show a very low flux,
he optical and UV band follow the same trend; after the rise in the
AT data, instead, the optical bands show a different response as a

unction of wavelength, leading to the observed linear trend in the
ag spectrum. 

Large variations in the X-rays are usually associated with changes 
n the geometry of the system (Done, Gierli ́nski & Kubota 2007 ;
oda & Done 2018 ). Spectral timing studies have already shown

vidence of the corona changing height on relatively short time-scales 
n both stellar mass and SMBHs (see e.g. Kara et al. 2019 ; Alston et al.
020 ; Caballero-Garc ́ıa et al. 2020 ). A different size or height of the
orona would lead to significant changes in the illuminated regions 
f the accretion flow. This suggests that the observed behaviour is
he result of an interplay between accretion disc reflection and of a
econd reprocessor that can be the DC from the BLR and/or outer
egions of the accretion disc. A detailed modelling of the response of
he various components is beyond the aim of this paper; however, it
s easy to imagine a scenario in which the relative contribution of this
eprocessor to the total emission changes according the geometry of 
he corona (see Fig. 11 ). 

In particular, it is interesting to notice that the DC from the BLR
s expected to have a higher contribution during the decay of the
-ray flare, rather than during the rise, not only because of the light

raveltime distance from the central source, but also because of its
ize. Moreo v er, the response time of the BLR is known to scale as
 function of wavelength due to its ionization stratification (see e.g.
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orista & Goad 2001 , 2019 ; Lawther et al. 2018 ). Therefore, this
cenario would explain both the slower evolution of the light curve
t longer wavelengths, as well as the linear trend observed in the lag
pectrum (see Fig. 11 ). 

An intriguing alternative possibility could be that the change in
easured lag is just a consequence of a change in the temperature

rofile of the disc. Fig. 5 shows clearly that the detection of the lag
s due to a slower decline at longer wavelength, while the rise is
pproximately similar at all bands. A variation lasting a few months,
s roughly consistent with the typical disc thermal time-scale of
hese systems: i.e. the time-scale on which the disc gets back to
hermal equilibrium. It is possible to think that after the BAT flare,
he temperature profile of the disc might have steepened its radial
rofile, leading to a variable spectral slope of −2. For instance,
ummery & Balbus ( 2020 ) found that an accretion disc extending

own to the innermost last stable circular orbit with a finite stress,
ave a spectrum of λF λ ∝ λ−12/7 ≈ λ−2 , so roughly consistent with
hat we measured. The main consequence of this would be a clear

hange in the lag spectrum. Ho we ver, due to the lack of intensive
bservations during the tail of the flare, this hypothesis cannot be
onfirmed yet. 

Ne w intensi ve monitoring observ ations of this source will help
o unveil the nature of this behaviour. In particular, these results
how the importance of high cadence spectroscopically resolved
bservations, which is the only way to disentangle the different
omponents present in these systems. Future time resolved and wave-
ength dependent simulations together with further multiwavelength
bservations can help to understand the origin of these peculiar
ehaviours. 

 C O N C L U S I O N S  

e have measured the lag spectrum of the NLS1 galaxy Mrk 110
 v er a campaign of ≈200 d. Filtering the data on long ( > 10 d) and
hort ( < 10 d) time-scales, we find evidence of different behaviour.
n short time-scales, the source shows very short lags that are none

he less consistent with the expectations of reprocessing from an
ccretion disc. On long time-scales, where the Swift BAT provides
he X-ray observations, the g -band lags the hard X-rays by ≈ 10 d,
ith the other optical bands lagging behind the g -band by amounts

ncreasing linearly with wavelength up to almost 10 d for the z -band.
he simplest, although not the only possible, explanation of this
ehaviour is direct continuum radiation resulting from reprocessing
n the more distant BLR (Korista & Goad 2019 ). This behaviour
s similar to that seen in NGC 4593 (McHardy et al. 2018 ). The
mplied distance to the BLR is longer here than in NGC 4593, but
he observed lags are consistent with the ∼20 d lag of the H β line
ith respect to the continuum (Kollatschny et al. 2001 ; Peterson

t al. 2004 ). Further, multiband monitoring o v er long time-scales is
ecessary to properly reveal the contribution of components other
han the accretion disc to the UV and optical variability of AGN. 
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