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A B S T R A C T 

We examine the long-term history of the optical spectrum of the extremely variable Active Galactic Nucleus (AGN) MKN 110. 
By combining various archival data with new data, we co v er an unprecedented long period of ∼30 yr (1987–2019). We find 

that the He II λ4686 emission line changes by a factor of forty and varies more strongly than the optical continuum. Following 

Ferland et al., we take He II λ4686 as a proxy for the FUV continuum and compare the flux of several other line species against 
it. This comparison reveals a clear pattern, whereby lines respond close to linearly at low FUV fluxes, and saturate at high FUV 

flux es. The saturation lev el of the response appears to depend on the excitation energy of the line species. In addition to this 
global pattern, we note changes among observational epochs, indicating a structural evolution in the broad line region (BLR). 
The line profiles in our spectra show an offset between the narrow and broad components of the He II λ4686 and H β lines. This 
of fset sho ws a significant negati ve correlation with the FUV flux and a positive correlation with the line velocity width. Our 
analysis reveals a complex BLR response to a changing continuum. The clear presence of a non-responsive component of the 
broad lines indicates the existence of multiple contributions to the line emission. We find there are several kinematic models of 
the BLR and inner regions of the AGN that match our data. 

Key words: galaxies: nuclei – quasars: emission lines – galaxies: Seyfert. 
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 I N T RO D U C T I O N  

wo striking features of the optical/UV spectra of Active Galactic 
uclei (AGNs) are the blue continuum and the broad emission lines

BELs). These features are closely connected: they are al w ays seen
ogether, and it is assumed that an extrapolation of the blue continuum
nto the far-UV provides the photons that ionize the gas producing the
mission lines (see e.g. Osterbrock & Ferland 2006 ; Peterson 2006 ;
etzer 2013 , and e xtensiv e references therein). Strong evidence for

his connection is found in the fact that variations in the strengths
f the BELs track the variations in the blue continuum, but with a
elay (lag) of the order days-months, depending on the luminosity 
f the object (Gaskell & Sparke 1986 ; Clavel et al. 1991 ; Peterson
t al. 1998 ; Netzer 2020 ). The lags, interpreted as light traveltime
elays, tell us the size of the Broad Line Region (BLR), using a
echnique referred to as Reverberation Mapping (RM; Blandford & 

cKee 1982 ; Peterson 1993 ). 
Simple single-cloud ionization models typically require an ion- 

zation parameter of U ∼ 0.1, 1 along with a typical BLR particle 
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umber density of n ∼ 10 10 cm 

−3 , and a typical cloud thickness N H ∼
0 23 cm 

−2 (Peterson 2006 ; Netzer 2013 ). The size of the lag observed
n reverberation experiments correlates well with the luminosity of 
he AGN (Kaspi et al. 2000 ; Bentz et al. 2013 ; Pancoast et al. 2014 ;
ira et al. 2018 ; Dalla Bont ̀a et al. 2020 ; Netzer 2022 ), which suggests

hat the value of U ∼ 0.1 is quasi-uni versal. Ho w the uni versal U -
alue comes about is a long-standing puzzle (Rees, Netzer & Ferland
989 ; Baskin, Laor & Stern 2013 ; Baskin & Laor 2018 ), and indeed,
lthough the basic parameters of the BLR – size, density, co v ering
actor – are reasonably well known, its detailed structure, its velocity 
eld, as well as its physical origin, remain contro v ersial (Netzer
020 , 2022 ). 
A potentially important clue to the structure of the BLR is the

esponsivity of lines to changes in the continuum (Goad, O’Brien &
ondhalekar 1993 ). It was already clear in the pioneering study of
GC 5548 (Clavel et al. 1991 ; Krolik et al. 1991 ) that some lines

re more responsive than others. While the UV continuum 1350 Å in
his object at underwent peak-to-trough changes of a factor of ∼2.5,
ine responses ranged from Ly α, changing with a factor of ∼1.8, to

g II λ2798 with a factor of ∼1.2. The difference in responsivity
ay have a natural explanation in terms of the ‘Local Optimally

mitting Cloud (LOC)’ picture (Baldwin et al. 1995 ; Korista &
oad 2000 , 2004 ; Goad & Korista 2015 ), as the changing ionizing

ontinuum picks out clouds from a broad distribution of density and
istance. 
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2 virial factor f ≡ 1/(4 sin 2 i ), following McLure & Dunlop ( 2004 ), who assume 
a flattened BLR geometry. Ho we v er, other studies hav e assumed different 
BLR geometries resulting in different interpretations of f . 
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Ho we ver, the response behaviour of lines is complicated. For
xample, Mg II is generally assumed to be weakly responsive, and
ometimes seems to show no response at all (Cackett et al. 2015 ;
un et al. 2015 ), but e xtreme variability o v er sev eral years seen in
Changing Look Quasars’ can show large changes in Mg II λ2798
MacLeod et al. 2016 ; Guo et al. 2019 ; Homan et al. 2020 ).

eanwhile, the He II λ4686 line can show extremely strong changes,
ossibly even larger than the optical continuum (Peterson & Ferland
986 ; Peterson 1988 ; Grier et al. 2012 ; Peterson et al. 2014 ; Barth
t al. 2015 ; Ferland et al. 2020 ). 

In order to study the BLR response more fully and to clarify these
onfusing patterns, what is needed are sets of observations that are
oth high-cadence and long-term, and that involve a large amplitude
f variability . Recently , Ferland et al. ( 2020 ) have discussed the
uitability of using He II as a proxy for the unobservable FUV
ontinuum since this emission line is ef fecti vely a photon counter.
ere we explore further the use of He II as an indicator of the
UV continuum and apply it to the long-term evolution of the broad
mission lines in the local Seyfert galaxy MKN 110, which has been
bserv ed o v er man y years, and has under gone lar ge flux changes. 
The paper is organized as follows. In Section 2 , we summarize

revious work on MKN 110. In Section 3 , we present new spectro-
copic observations, and tabulate key values along with data from the
iterature. We then present our methods for flux calculation and line
rofile measurements in Section 4 . Section 5 provides an o v erview
f the long-term evolution of MKN 110 and in Section 6 , we present
n analysis of how various lines respond to the continuum, using
e II λ4686 as a proxy. In Section 7 , we examine how velocity
ffsets, velocity width, and luminosity state correlate o v er time. We
ummarize our results in Section 8 . In Sections 9 –12 we discuss our
ew results in the context of ri v al interpretations of BLR structure
nd origin, and point towards future work. 

 M K N  1 1 0 :  K E Y  RESULTS  F RO M  P R E V I O U S  

O R K  

KN 110 has a long history of observations, focusing on optical,
V, and X-rays (e.g. Bischoff & Kollatschny 1999 ; Ferrarese et al.
001 ; Boller, Balestra & Kollatschny 2007 ; Porquet et al. 2021 ;
incentelli et al. 2021 ). The type E galaxy hosts a type 1 Seyfert
ucleus at z = 0.0353, with an average bolometric nuclear luminosity
f ∼2 × 10 44 ergs −1 (V ́eron-Cetty et al. 2007 ). Optical imaging of
he galaxy shows a clear tidal tail suggesting a past merger or tidal
nteraction, but there is only one obvious nucleus. The nucleus is
learly detected in X-rays by ROSAT , XMM–Newton , and Swift -BAT
ith a spectral slope typical of type 1 AGN: for a single power-law
t � ∼2.4 (Lawrence et al. 1997 ; Grupe, Thomas & Beuermann
001 ; Boller et al. 2007 ; Winter et al. 2012 ; Porquet et al. 2021 ). The
ucleus is radio-quiet, observed in NVSS at 10.1 mJy at 1.4 GHz
Condon 1992 ) and observed with the VLBA to be between 0.7 and
.6 mJy at 5 GHz (Panessa et al. 2022 ). 
Of particular rele v ance to this work are several programmes of

ptical spectroscopic observations (Bischoff & Kollatschny 1999 ;
 ollatschny et al. 2001 ; K ollatschny & Bischoff 2002 ; Kollatschny
003a , b ), that co v er the evolution of the continuum and the BLR.
ischoff & Kollatschny ( 1999 , BK99) collected 24 spectra o v er
 yr (1987 to 1995), measured lags for several lines, and showed
hat the lags correlate with line width. This is one of the clearest
nown examples of BLR stratification. Kollatschny et al. ( 2001 ,
01) undertook a more intense short-term reverberation campaign,
ith 26 epochs spread o v er a few months. Kollatschny & Bischoff

 2002 , KB02) and Kollatschny ( 2003a , K03a ) used the same data set,
NRAS 519, 1745–1763 (2023) 
ut split several lines into 200 km s −1 se gments, to produce v elocity-
esolved delay maps. These maps showed that the line wings have a
horter delay than the cores. The authors argued that the results were
onsistent with the kinematics of a Keplerian disc. There is marginal
vidence that the blue wings lag the red wings by ∼2 d, matching a
isc wind model, with a combination of rotation and outflow ( K03a ).
Kollatschny ( 2003b , K03b ), again using the K01 data-set, noted

hat several broad emission lines show a velocity offset towards
he red compared to the narrow lines, and that the offset correlates
ith the line lag, and therefore also with line width – the offset

s especially striking in He II λ4686. K03b interprets the offset as
ravitational redshift . On this basis they derive a central mass of
og[ M BH /M �] = 8 . 15 + 0 . 03 

−0 . 10 . Comparing this with the much smaller
01 reverberation mass, log[ M BH /M �] = 7 . 26 + 0 . 09 

−0 . 11 , K03b derives
n inclination for the BLR disc structure of i = 21 ± 5 ◦, i.e. close to
ole on. 
There is a large discrepancy between the K01 and K03b mass

stimates, which has a significant impact on the derived physical
arameters of the BLR and the classification of MKN 110. Discrepant
esults for different methods of mass estimation are found in other
orks as well. As MKN 110 is a well-studied object, there is a

arge number of independent mass estimates. Based on X-ray data,
og[ M BH / M �] = 7.37 was reported using the excess variance in the
ux (Ponti et al. 2012 ), and log[ M BH / M �] in the range 7.4–8.3 using a
ethod based on a Comptonization model to scale from stellar-mass
Hs to SMBHs (Gliozzi et al. 2011 ; Williams, Gliozzi & Rudzinsky
018 ). Reverberation mapping studies, including BK99 and K01,
eported log[ M BH / M �] in the range 6.89–7.78 (BK99,K01; Kaspi
t al. 2000 ; Peterson et al. 2004 ). The broad range in the RM values
s in large part due to the uncertainty in the virial factor f , 2 which
ccounts for the unknown orientation and geometry of the BLR. The
ssumed values of f vary from 

√ 

3 / 2 to 5.5 (co v ering spherical and
attened BLR geometries), among the different studies. Based on

he stellar velocity dispersion in the bulge, measured by Ferrarese
t al. ( 2001 ), a log[ M BH / M �] of ∼6.5 can be deduced (Ferrarese &
erritt 2000 ; Greene & Ho 2006 ; V ́eron-Cetty et al. 2007 ). Finally,

sing spectropolarimetry of the H α line, a method that should
e independent from the BLR’s inclination, Afanasiev, Popovi ́c &
hapo valo va ( 2019 ) reported a (log) mass of 8.32 ± 0.21 M �. 
The BELs of MKN 110 are relatively narrow, which means the

ucleus could tentatively be identified as a narrow-line Sy1 (e.g.
rupe 2004 , BK99). Ho we ver, the X-ray po wer-la w inde x and low
-ray absorbing column density (Lawrence et al. 1997 ; Porquet

t al. 2021 ), as well as the strong [O III ] lines and weak Fe II

mission (V ́eron-Cetty et al. 2007 ) indicate that this classification
s likely incorrect. NLSy1s typically have low black-hole masses
nd accretion rates near or o v er the Eddington limit (Nicastro 2000 ),
hereas the range of black-hole mass estimates for MKN 110 better
atches BLSy1s. Meyer-Hofmeister & Meyer ( 2011 ) find an average
ddington ratio for MKN 110 of ∼40 per cent (using the mass from
eterson et al. 2004 ). The most likely explanation appears to be that
KN 110 is a BLSy1 viewed close to pole-on. 
MKN 110 has long been known as a highly variable source.

ptical photometric variability on time-scales smaller than days was
oted by Webb & Malkan ( 2000 ) and MKN 110 was recently the
opic of an e xtensiv e continuum-RM campaign (Vincentelli et al.
021 , 2022 ). The continuum RM studies not only showed clear
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Table 1. Overview of our available data on MKN 110. 

Data a Epoch N spec Spectra b Fluxes c Resolution Slit/Fibre Observing conditions 

WHP98 1992–1996 95 � � 1600 (at 4800 Å) – –
BK99 1987–1995 24 � � 1300 (at 4000 Å) 2–2.5 arcsec Non-photometric 
K01 1999–2000 26 � � 650 (at 4000 Å) 2 arcsec –
SDSS 2001 1 � � 1500 (at 3800 Å) 2 arcsec Photometric 
FAST 2002–2019 59 � � 1600 (at 4800 Å) 3 arcsec Mixed 
WHT 2016–2017 2 � � 1500 (at 5200 Å) 1–1.5 arcsec Photometric (2016)/cloudy (2017) 

Notes. a Name of data set. WHP98 is a previously unpublished data set of RM observations, BK99 and K01 refer to Bischoff & Kollatschny ( 1999 ) 
and Kollatschny et al. ( 2001 ), respectively. FAST and WHT refer to instruments. For the FAST we make us of both archi v al and new spectra. The 
WHT data set contains only new spectra. 
b Check mark if the spectra themselves are available. 
c Check mark if the line and continuum fluxes are available. 
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orrelations between X-ray, UV, and optical photometric bands on 
 time-scale of days–weeks, but interestingly found that X-ray to 
V lags and UVW2 to U -band lags evolve with the luminosity state
f the nucleus. In the case of the U -band lag, the authors suggest
hat the correlation with the luminosity state could be explained by 
 continuum-dependent contribution by the diffuse BLR gas to the 
ontinuum (Goad et al. 2019 ; Vincentelli et al. 2022 ). In X-rays,
KN 110 shows variability similar to other BLSy1, based on a 

omparison of their normalized excess variance (Ponti et al. 2012 ; 
orquet et al. 2021 ). Recent VLBA observations also indicate the 
resence of variable 5 GHz radio emission, on time-scales of days–
eeks, with the fastest varying emission originating within ∼360 
ravitational radii of the nucleus (Panessa et al. 2022 , using a mass
f log( M BH / M �) = 7 . 68 + 0 . 15 

−0 . 23 ). 
The series of spectroscopic RM papers (BK99, K01, K03b ) pro-

uces an interesting and self-consistent story. The pole-on viewing 
ngle would provide an explanation for the strong discrepancy 
etween the mass estimates based on RM and those independent 
f the orientation of the BLR ( K03b , Liu, Feng & Bai 2017 ), as
ost of the BLR motion would be perpendicular to our line of sight.
o we ver, a pole-on view cannot account for the lower mass estimate
ased on the stellar velocity dispersion (Ferrarese et al. 2001 ), which
atches the RM results. A different potential counterindication is 

ound in NGC 4051, in which a large He II velocity offset has been
oted (Peterson et al. 2000 ). In this case, the offset is to the blue ,
hich rules out gravitational redshift. Peterson et al. interpret the 
ffset as the sign of an outflowing wind. We argue that although it
s not required, it would be preferable if both blue and red offsets
ould be incorporated into a unified picture. A large part of the
nalysis presented in this paper will focus on the relation between 
he BELs and the ionizing continuum, ho we ver we will return to
he discussion of black-hole mass and the nature of the offset of the
road and narrow emission lines in Sections 7 and 12 . 

 DATA  SETS  USED  IN  THIS  PA PER  

ur data set consists of flux measurements from literature and of
ptical spectra drawn from a range of observing campaigns, including 
e w observ ations. For those observ ations for which we have the
pectrum available we use spectral fitting to calculate the line fluxes, 
s well as to extract information on the line profiles. An o v erview
f our data and their pro v enance is given in Table 1 . This table
lso includes information on the average observational parameters 
nd conditions, where available. In total the sample consists of 207 
pectral epochs spread o v er 28 yr (1987–2019). For 62 of the epochs
he spectrum itself was used in our analysis. For the other 145 epochs,
eferred to as the ‘literature data’ below, we only have measured
uxes available. 

.1 Literature data 

he key studies of MKN 110 by BK99 and K01 provide line and
ontinuum fluxes at a total of 49 epochs spread over 1987–2000.
n this paper, we make use of the BK99 tabulated values for H α,
 β, He I λ5876, He II λ4686, and the continuum flux at 5100 Å.
he data set from the K01 paper is limited to one observing season

MJD 51480–51665). For these observations K01 provide continuum 

uxes at 5100 Å, as well as at 4265 Å and 3750 Å for a subset of the
pochs, and line fluxes for H α, H β, He II λ4686, He I λ4471, and
e I λ5876. 
In addition to these published values, we make use of previously

npublished observations by B. Wilkes, J.P. Huchra, and B. Peterson. 
hese observations were part of an RM campaign made using the
AST spectrograph (see below) in the period 1992–1996 (MJD 

8651–50389). This campaign included MKN 110. The fluxes have 
ot been published before now. From this archi v al FAST data set we
av e continuum flux es at 5100 Å available, as well as line fluxes for
 β and He II λ4686. We will refer to this data set as WHP98. 

.2 Tillinghast (FAST) spectra 

n the period 2002-2019 MKN 110 was observed 59 times by the
AST spectrograph on the Tillinghast 60 inch telescope at Mount 
opkins in Arizona (Fabricant et al. 1998 ). The first of these
bservations were part of a campaign undertaken by B. Wilkes, 
.P. Huchra, and B. Peterson, concentrated into two observing 
easons: 2002 No v ember–2003 May and 2003 No v ember–2004 May
MJD 52580–52760 and 52944–53126). These were high-cadence 
ampaigns for RM (Note: this a separate campaign from the WHP98
ata). Two further FAST spectra were part of studies reported by
andt et al. ( 2008 , 2011 ). The FAST spectra taken in 2018 and 2019
ere part of our monitoring programme. 
The spectra were downloaded from the FAST public archive. 

he public FAST spectra have been reduced, including wavelength 
alibration, with the FAST reduction pipeline (Tokarz & Roll 1997 ).
or inclusion in this study we flux calibrated the spectra. This
alibration was performed using available FAST observations of 
tandard stars. These observations were selected to match the target 
bservation in time as closely as possible. The match in observing
ate lay within a week to a few weeks. We further applied a grey-
hift to the FAST spectra, to correct for a possible offset in the flux
alibrations between the FAST spectra and the other spectra in our
ample. The correction is based on the assumed constancy of the
MNRAS 519, 1745–1763 (2023) 
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Table 2. Overview of the wavelengths and spectral ranges used to calculate 
continuum and line flux values, using the pseudo-continuum method. This 
table follows Table 2 in K01. 

Region of interest Line window Pseudo-continuum range 

H α 6400–6700 Å 6260–6780 Å
He I λ5876 5785–6025 Å 5650–6120 Å
H β 4790–4940 Å 4600–5130 Å
He II λ4686 4600-4790 Å 4600–5130 Å
5100 Å continuum – 5130–5140 Å
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arrow [O III ] λ4959 and λ5007 lines. The FAST spectra were scaled
o match the [O III ] fluxes of the SDSS spectrum. 

.3 SDSS spectrum 

e use the Sloan Digital Sky Survey (SDSS) spectrum of MKN 110
aken in 2001. This is the only SDSS spectrum publicly available
or MKN 110 (SDSS DR16). The SDSS observations and spectral
eduction pipeline are discussed in Gunn et al. ( 2006 ) and Stoughton
t al. ( 2002 ). No adjustments were made to the calibration of this
pectrum. This spectrum is of particular importance in our data set,
s the observation caught MKN 110 in an extremely low state, as we
iscuss in the following sections. 

.4 William Herschel telescope spectra 

e observed MKN 110 on two occasions with the ISIS long-slit
pectrograph on the 4.2m William Herschel telescope (WHT) on La
alma. The 5300 dichroic was used along with the R158B/R300B
rating in the red/blue arms respectively, along with the GG495 order
orting filter in the red arm. This setup results in a spectral resolution
f R ∼1500 at 5200 Å in the blue and R ∼1000 at 7200 Å in the red
or a slit width of 1 arcsec. 

The observations were carried out at parallactic angle. Cosmic rays
ere remo v ed from the 2D spectra using the L.A.Cosmic method

van Dokkum, Bloom & Tewes 2012 ), after which we performed
tandard wavelength and flux calibrations. The flux calibration was
erformed with standard stars observed within 2 h of the observations
nd at similar airmass. 

 MEASUREMENTS  O F  FLUXES  A N D  LINE  

ROFILES  

or the FAST and WHT spectra we have made new measurements of
oth fluxes and line profiles. The fluxes were then combined with the
uxes from the BK99, K01, and P98 data sets, to make one combined
ux data set co v ering the whole observational history of MKN 110.
his data set is used for the analyses presented in Sections 5 and
 . The line profiles from the FAST and WHT spectra are used in
ection 7 to study the BLR’s kinematics. 

.1 Flux measurements 

e measure the line fluxes for H α, H β, He I λ5876, He II λ4686,
e I λ4471, and the continuum fluxes at 5100 Å, 4652 Å, and 3750 Å.
o match the BK99 and K01 data, we use the same method as
escribed in BK99: the continuum flux is calculated as a local average
nd the line flux is calculated by defining a ‘pseudo-continuum’ at
he position of the line. The pseudo-continuum is defined as the
inear interpolation between two flux values, one either side of the
ine. This continuum level is then subtracted from the spectrum and
he residuals are summed o v er a specified window for each line to
stimate the line flux. To a v oid being o v erly sensitiv e to fluctuations
n a single wavelength bin, we define each of the two flux values by
aking the median flux value o v er 20 wavelength bins and assigning
his value to the central wavelength of the range of bins. Table 2 lists
he spectral ranges o v er which the pseudo-continuum is calculated
or the different lines species, as well as the spectral ranges that are
ummed o v er to find the line flux es. 

Our flux measurements are provided in Table 3 . For completeness,
e include all av ailable v alues from the literature data in this table

s well. We note that the pseudo-continuum method used to derive
NRAS 519, 1745–1763 (2023) 
hese values produces a total line flux, which does not distinguish
etween broad and narrow line components. In Sections 5.2 and 6.2 ,
e discuss our method for making corrections to the flux. The fluxes

n Table 3 all represent the total line flux. 

.2 Line profiles 

or the 62 epochs with available spectra (Table 1 ), we perform spec-
ral fitting to extract detailed information about the observed changes
n line profiles. We derive line widths and central wavelengths for
ifferent line components in He II 4686 and H β. The fitting is
erformed using the lmfit package. 3 For the Tillinghast spectra
aken between MJD 52252 and 52798 and between MJD 52940 and
3140 the He II flux is so low that any information on the line profiles
n the individual spectra is lost in the noise. In order to none the less
xtract information from this data set, we stacked these spectra and
tted the average ‘low-state’ spectrum. Those spectra with sufficient
e II λ4686 flux for a successful fit were modelled individually. 
Through experimentation with the fitting window we find the

ptimal procedure is to fit the He II and H β lines separately, in
eparate windows. The wavelength ranges for the windows are
elected to split the problematic o v erlap re gion between He II and
 β. For He II , the fitting region is set to 4400–4810 Å (QSO

estframe), and for H β it is set to 4820–5050 Å. Next, we test
he effects of including a range of spectral model components:
aussian or Lorentzian line profiles for He II , H β, [O III ] λ4959,

nd [O III ] λ5007, additional narrow line components for He II and
 β, a power-law continuum of the form A ν−α , and an optical Fe II

mission template (V ́eron-Cetty, Joly & V ́eron 2004 ), convolved
ith a Gaussian kernel of variable width. 
Our final fitting model is deliberately minimal. All many-

omponent models had a strong tendency towards overfitting. An
xample of the results of our final fitting procedure for the two line
pecies is shown in Fig. 1 . The components included in the model
or the He II region are the continuum power law and two Gaussians,
or the broad and the narrow component of the line, respectively.
he amplitude, width, and centre for the narrow line are fixed. The
arrow line parameters are set to those derived in a free fit to the
pectrum of MJD 53019, a high S/N FAST spectrum. The line flux
nd central wavelength of the He II narrow line in MKN 110 are
herefore assumed to be constant during the time spanned by these
bservations, which is approximately 15 yr. For H β, the model
onsists of the same power law and four Gaussian components. The
aussian components are used to model broad and narrow H β,

O III ] λ4959, and [O III ] λ5007. We list our fitting results for He II
nd H β in Table 4 . 

https://lmfit.github.io/lmfit-py/
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Table 3. Overview of the flux data used in this paper, combining the results from multiple data sets. The full data set is available online. 

MJD F 5100 
a F 4625 

a F 3750 
a H αb H βb He II λ4686 b He I λ4471 b He I λ5876 b Data set 

46828.0 3.14 ± 0.09 3.97 ± 0.1 9.0 ± 0.2 1656.0 ± 24.0 477.9 ± 9.8 108.3 ± 5.2 30.8 ± 5.2 68.7 ± 5.4 BK99 
47229.0 2.57 ± 0.08 2.83 ± 0.1 5.2 ± 0.2 1499.0 ± 22.0 389.3 ± 8.9 58.1 ± 4.2 20.6 ± 4.4 54.7 ± 4.7 BK99 
47438.0 1.77 ± 0.07 1.96 ± 0.1 2.9 ± 0.4 1112.0 ± 18.0 287.3 ± 7.9 37.2 ± 3.7 17.6 ± 4.2 33.1 ± 3.7 BK99 
47574.0 3.06 ± 0.09 3.53 ± 0.1 6.6 ± 0.4 1439.0 ± 21.0 347.0 ± 8.5 60.5 ± 4.2 26.7 ± 4.9 51.1 ± 4.6 BK99 
47663.0 4.43 ± 0.12 5.27 ± 0.1 12.5 ± 0.4 1744.0 ± 24.0 475.1 ± 9.8 159.2 ± 6.2 25.8 ± 4.8 61.8 ± 5.1 BK99 
47828.0 1.98 ± 0.07 1.99 ± 0.1 – 1520.0 ± 22.0 357.9 ± 8.6 30.6 ± 3.6 22.5 ± 4.6 41.7 ± 4.1 BK99 
48651.8 5.68 ± 0.11 – – – 545.1 ± 10.9 153.2 ± 12.3 – – WHP98 
48670.9 5.40 ± 0.25 – – – 581.2 ± 26.4 182.8 ± 14.6 – – WHP98 
48676.8 5.04 ± 0.10 – – – 526.5 ± 10.5 129.5 ± 10.4 – – WHP98 
48691.9 4.31 ± 0.09 – – – 529.4 ± 10.6 86.1 ± 6.9 – – WHP98 

Notes. a units of 10 15 erg cm 

−2 s −1 Å−1 . 
b 10 15 erg cm 

−2 s −1 . 

Figure 1. Example of the results of our fitting method for the two line 
species, as described in the text. The spectra were both taken with F AST . 
Top: The He II λ4686 line fit (orange) containing the power-law continuum 

(dashed red) and two Gaussian components (green). The spectrum was taken 
on MJD 52997. Bottom: The H β line fit (colours as for He II ), with power- 
law continuum and Gaussian line fits to narrow H β, broad H β, and the two 
[O III ] lines. The spectrum was taken on MJD 53021.OK 
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 HISTORY  O F  M K N  1 1 0  VARIABILITY  

.1 Ev olution o v er three decades 

ur data set includes 207 epochs spread o v er 28 yr and contains high-
adence and low-cadence periods of observation. Over this extended 
eriod of observation the flux at 5100 Å has shown variation by up to
 factor of 9.4. We plot the long-term history of the optical continuum
n Fig. 2 . Over large parts of the light curve the variability appears
tochastic, as would be expected for AGN (e.g. Kelly, Bechtold & 
iemigino wska 2009 ; Kozło wski et al. 2010 ). Ho we ver, our sampling
 v er much of the light curve is too sparse to capture shorter term
hanges. The inset in Fig. 2 shows a detailed look at the three
igh-cadence campaigns that took place o v er MJD 51544–53300. 
e have split the archi v al FAST spectra into the groupings FAST-
M1 and FAST-RM2, to mark the separate Reverberation Mapping 
ampaigns. From the data in the inset we see that MKN 110 can
ndergo variations in flux up to a factor two during a single year.
ver a single observing season the data show rising and falling

rends on a time-scale of months. 
MKN 110’s strong photometric variability is accompanied by large 

hanges in its optical spectrum. Fig. 3 shows a selection of spectra
hat co v er the range of luminosity states. Ov er the course of the past
ecades, MKN 110 has shown large changes in its broad emission
ines, in particular the broad Helium and Balmer lines. A more
istant AGN, observed with lo wer signal-to-noise, sho wing the same
ariations might well have been labelled a Changing Look Quasar 
e.g. LaMassa et al. 2015 ). The spectra also show that MKN 110
ets bluer when brighter, as is typical in AGN (Paltani & Courvoisier
994 ). It is clear that while the BELs in MKN 110 change, they
o not behave identically. The most striking aspect of the evolution
isible in Fig. 3 is the extremely strong changes in He II λ4686. In
he lowest state (SDSS), broad He II is undetected. If we compare the
ext lowest state available to the maximum flux level, He II changes
y a factor of 38. We also calculate the fractional variability ( F var ; cf.
aughan et al. 2003 ) o v er the full time range of our data. We find F var 

f 0.460 ± 0.002 for the 5100 Å continuum flux, 0.338 ± 0.001 for
 α, 0.367 ± 0.002 for H β, and 0.694 ± 0.006 and 0.698 ± 0.020 for
e II λ4686 and He I λ5876, respectively. We will investigate this re-
arkable differential behaviour of the various line species. In the rest

f this section we detail how we prepare our data set for this analysis.

.2 Corrections to the flux data 

o present a uniform data set, we make a number of corrections to our
ux data. The first is to compensate for the narrow-line contribution

o the He II λ4686 fluxes. The pseudo-continuum method we have
sed to measure the line fluxes does not distinguish between the
road and narrow components of a line. It simply returns all the
mission abo v e the continuum level in a given interval (Section 4.1 ).
s we wish to investigate the behaviour of the broad emission

ines, we require a correction for the emission from the Narrow
ine Region (NLR). Although it is possible to model the broad and
arrow components separately through spectral fitting, we do not 
ave the spectra available for the literature data sets. We therefore
equire a more general method of correction. Visual inspection of 
MNRAS 519, 1745–1763 (2023) 
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Table 4. The results of our spectral fitting of the He II λ4686 and H β lines. The full data set is available online. 

MJD He II λ4686 broad H βbroad H βnarrow 

λc 
a flux b σ a λc 

a flux b σ a λc 
a 

52961 4878.21 ± 2.39 19.12 ± 2.19 28.07 ± 2.80 5040.26 ± 0.51 89.35 ± 4.14 16.27 ± 0.64 5032.21 ± 0.03 
52975 4872.73 ± 1.74 25.65 ± 2.03 29.31 ± 2.03 5038.91 ± 0.39 110.57 ± 3.96 14.97 ± 0.47 5031.97 ± 0.03 
52988 4873.81 ± 9.15 31.08 ± 13.23 43.79 ± 12.75 5037.80 ± 0.49 97.56 ± 4.73 13.67 ± 0.58 5031.99 ± 0.04 
52997 4869.03 ± 1.59 24.95 ± 1.85 26.71 ± 1.80 5038.53 ± 0.30 137.97 ± 3.78 14.26 ± 0.35 5032.59 ± 0.04 
53001 4866.63 ± 2.22 24.98 ± 2.39 31.90 ± 2.63 5037.66 ± 0.26 154.69 ± 3.75 14.07 ± 0.31 5032.04 ± 0.03 
53005 4866.26 ± 2.19 18.02 ± 1.99 22.97 ± 2.41 5037.25 ± 0.26 151.16 ± 3.67 14.52 ± 0.31 5031.76 ± 0.03 
53016 4873.31 ± 4.87 7.33 ± 2.00 20.45 ± 5.38 5037.53 ± 0.30 138.93 ± 3.96 14.74 ± 0.37 5031.60 ± 0.03 
53019 4872.98 ± 2.30 14.23 ± 1.63 24.12 ± 2.56 5036.64 ± 0.25 142.73 ± 3.32 14.01 ± 0.30 5031.56 ± 0.03 
53021 4873.52 ± 2.47 24.07 ± 2.65 27.64 ± 2.92 5037.42 ± 0.29 131.99 ± 3.65 14.42 ± 0.35 5031.96 ± 0.03 
53047 4869.94 ± 2.43 21.10 ± 2.46 25.40 ± 2.73 5037.78 ± 0.27 167.45 ± 4.19 14.53 ± 0.33 5032.55 ± 0.03 
53049 4868.07 ± 2.76 27.03 ± 3.22 33.32 ± 3.34 5037.27 ± 0.27 172.79 ± 4.40 14.44 ± 0.33 5031.99 ± 0.03 

Notes. a units of Å. 
b units of 10 15 erg cm 

−2 s −1 . 

Figure 2. The long-term continuum light curve for MKN 110 based on spectrophotometric fluxes at 5100 Å ( f 5100 ). The AGN shows significant variability in 
its output, including multi-year trends, as well as seemingly more erratic jumps. MKN 110 reached a low state around the time of the SDSS spectral observation. 
The epochs have been labelled according to the origin of the spectral data, with the abbreviations as listed in Table 1 . The archi v al FAST spectra have been 
divided into RM1 and RM2, representing two separate Reverberation Mapping campaigns. The Roman numerals and dashed grey lines indicate the three 
observational epochs we define in our data set (see Section 6.4 ). The inset shows a closer view of the observational epochs for the high cadence K01, FAST-RM1, 
and FAST-RM2 data. These RM data show that MKN 110 continued to display low-level variability in addition to the larger structural flux changes. 
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he He II λ4686 line (Fig. 3 ) shows that the He II narrow component
s quite distinct. The low-state SDSS spectrum, in which the broad
omponent has vanished, contains a clear narrow He II component. 

We therefore assume the narrow He II component to be constant
 v er our period of investigation. We note there is evidence for
ariability of the [O III ] narrow lines in NGC 5548 on a time-scale of
ecades, significantly longer than the broad line response time-scale
Peterson et al. 2013 ). We are not able to exclude such narrow-
ine variability from our data set, which may therefore introduce an
dditional uncertainty in the He II broad component fluxes. This is
aken into account when we estimate the total uncertainty in the line
uxes in Section 6.3 . We measure the flux of narrow He II λ4686

n the SDSS spectrum, fitting a single Gaussian to the line. Our
orrection to the He II flux data consists of subtracting the flux of
he narrow component in all epochs, giving us an estimate of the
road-line flux. For the other line species (H α, H β, and He I λ5876)
here is no epoch in which the broad component is completely gone.
NRAS 519, 1745–1763 (2023) 
e will correct these fluxes using a different method than for He II .
s this other method requires us to first e v aluate the response of the
arious line species to the changing luminosity state, we will co v er
his step later on, in Section 6.2 . 

We next adjust the data to account for the BLR’s spatial stratifica-
ion. RM results show that a fluctuation in the FUV flux originating
n the central engine will reach the line-forming regions of different
ine species at different times. Representing the fluxes from the
ame observational epoch as synchronous measurements implicitly
ssumes that the line-forming regions are affected by the same
onizing flux. This approach would therefore ignore light traveltimes
etween the different regions of the stratified BLR. In the subset
f our data set consisting of fluxes from RM studies (K01, FAST-
M1, and FAST-RM2) we are able to to correct for this effect, as the
adence of observations is sufficiently high. 

We make use of the lags reported in K01 (Table 5 ). The date of
ach flux observation is shifted by the appropriate lag, after which the

art/stac3571_f2.eps
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Figure 3. A selection of redshift-corrected spectra from high, low, and intermediate luminosity states of MKN 110. The spectra show an evolving blue 
continuum as well as strong variability in the BELs. We have marked some of the most important emission lines in the plot. Particularly noteworthy is the 
variability in the broad He II λ4686 line, which is not detected in the SDSS spectrum, is very strong and broad in the WHT spectrum of MJD 57539, and is in 
intermediate states at other epochs. 

Table 5. Fitting results long-term BLR responsivity curves. 

Line σ est 
a a b y sat 

c RM lag d 

H α 0.15 0.39 + 0 . 06 
−0 . 04 0.65 + 0 . 09 

−0 . 08 32.3 + 4 . 3 −4 . 9 

H β 0.18 0.57 + 0 . 04 
−0 . 06 0.90 + 0 . 10 

−0 . 06 24.2 + 3 . 7 −3 . 3 

He I λ5876 0.24 0.79 + 0 . 07 
−0 . 07 1.47 + 0 . 16 

−0 . 15 10.7 + 8 . 0 −6 . 0 

Notes. a Estimated uncertainty (normalized line flux). 
b Best-fitting value for the slope of the two-component function. 
c Best-fitting value for the saturation level of the two-component function. 
d Reverberation Mapping lags presented in K01 (days). 
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Figure 4. The fluxes of four broad-line species in MKN 110. The line fluxes 
are plotted against the continuum flux at 5100 Å. The line-species are H α

(green hexagons), H β (dark blue squares), He II λ4686 (cyan circles), and He I 
λ5876 (red triangles). All fluxes have been adjusted as specified in Section 5 . 
The red dashed line indicates a 1:1 ratio between the line and continuum 

fluxes. The He II λ4686 flux has a distinct responsiveness compared to the 
other lines: it increases more rapidly than the optical continuum and continues 
to grow in flux at higher f 5100 , whereas the response of the other line species 
appears to flatten. 
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uxes are matched with the closest, lag-corrected 5100 Å continuum 

uxes. We performed all analyses presented in this paper with the 
ag-corrected and the original data set and find no significant changes 
n our conclusions. We are therefore confident that the inability to 
orrect for lags among the lower cadence data sets has no significant
mpact on our results. 

In the final step of our corrections, the fluxes are normalized. We
ormalize to the fluxes from a single epoch. The normalization allows 
or the investigation of the relative change in line-flux. The fluxes 
sed for the normalization are those from the observation on MJD
7574, an epoch from the BK99 data set. 4 All fluxes at this epoch
herefore have a value of unity in our data set, while fluxes at other
pochs are scaled relative to the flux on this date. 

To summarize the various changes we make to the data set: we
ave corrected the He II λ4686 fluxes by fitting the flux of the
arrow component (assumed to be constant) and subtracting it. We 
ave adjusted (where possible) the combination of line-flux and 
ontinuum-flux measurements, to compensate for the light traveltime 
etween different line forming regions in the BLR. And finally, we 
ormalized all flux values to the measurements on one particular 
ate: MJD 47574. 
 The choice of date is arbitrary for our normalization. 

o  

s  

a  

i  
.3 The connection between emission lines and continuum flux 

he corrected and normalized fluxes are shown in Fig. 4 , where we
lot the line fluxes against the optical continuum at 5100 Å. The
100 Å flux is often used in reverberation studies as a proxy for the
riving continuum, as this region of the spectrum is relatively free
f contamination by blended lines and is more readily accessible to
bservations than the UV continuum (Peterson et al. 1992 ). All line
pecies in Fig. 4 show a clear flux correlation with the continuum,
s would be expected. As the optical continuum flux increases, the
onizing flux powering the BLR increases as well. We also note a
MNRAS 519, 1745–1763 (2023) 
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Figure 5. The line flux ratios H α/H β (left-hand panel) and He I λ5876/H α (right-hand panel) are plotted against the 5100 Å continuum flux. We use these 
metrics to investigate whether variable obscuration can explain the spectral evolution observed in MKN 110. The theoretical reddening curve is calculated using 
the e xtinction curv e from Fitzpatrick ( 1999 , F99) under the assumption that all changes in continuum flux are due to dust reddening. The data and theoretical 
extinction are a poor match. We therefore rule out a changing attenuation by dust as the driving force for the observed variability in the line and continuum flux 
levels. It appears that these changes are instead driven by changes in the ionizing power source. 
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5 In Hydrogen Case B recombination, the ionized gas is assumed to be 
optically thin at photon energies below the Lyman limit. 
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trong differentiation in response among the line species, with the
almer lines having the flattest response, He II λ4686 varying with a
reater amplitude than the optical continuum , and He I λ5876 being
ntermediate. The slope of the response of the Balmer lines is close
o 1:1 with the optical continuum (as indicated by the dashed red
ine) and shows signs of an even lower response at higher continuum
uxes. In contrast, the He II line shows no sign of flattening off at
igh luminosity states. 

.4 Ruling out reddening 

e consider whether the detected flux variations can be explained by
ariable obscuration by intervening dust. To check for reddening we
se the line flux ratios H α/H β and He I λ5876/H α, viewed against
he 5100 Å continuum flux. The dust is modelled as a single sheet
nd we make use of the extinction curve from Fitzpatrick ( 1999 ). We
alculate the level of reddening required to explain the relative change
n the 5100 Å flux and model the expected value for the given line
atios. The comparison is shown in Fig. 5 . The reddening modelled
or H α/H β (left-hand panel) shows the same o v erall behaviour as
he data, but still provides a poor fit: it does not match either the
elativ e constanc y of the ratio at high luminosities, or the steep rate
f change at low luminosities. The ratio of He I /H α (right-hand
anel) shows an even poorer fit. Thus, we find that variable, single-
creen extinction due to dust does not dominate the variability in line
nd continuum. It therefore appears likely that the variability in the
ine fluxes is indeed attributable to changes in the ionizing flux, and
ubsequent reprocessing in the BLR. 

 T H E  RESPONSE  O F  T H E  BLR  IN  M K N  1 1 0  

.1 Using He II λ4686 as an FUV continuum proxy 

he Balmer and Helium emission lines discussed in this paper are
ll recombination lines, powered by an ionizing ( E > 13.6 eV;
UV) continuum, which we cannot observe directly. Based on the
trength of emission lines compared to the observed continuum, it
as long been suspected that the continuum powering the broad-
ine emission, the emission the BLR ‘sees’, is different from the
NRAS 519, 1745–1763 (2023) 
ontinuum that we can observe directly (Mathews & Ferland 1987 ;
orista, Ferland & Baldwin 1997 ). This has moti v ated observ ational

tudies to approximate the unseen part of the SED, using broad
mission lines (Mathews & Ferland 1987 ; Mel ́endez et al. 2011 ;
anda et al. 2019 ; Ferland et al. 2020 ). Modelling of AGN SEDs,
ound by the constraints provided by observational studies, also
hows a limited connection between the optical continuum ( f 5100 )
nd the FUV (Done et al. 2012 ; Jin, Ward & Done 2012 ; Kubota &
one 2018 ). As the optical region of the SED lies significantly

edwards of the peak in the spectrum, the FUV flux can take on a
ide range of values, with only marginal changes in the optical flux

Kubota & Done 2018 ; Ferland et al. 2020 ). Reverberation studies
ave also observed a negative correlation between wavelength and
ariability amplitude (e.g. Fausnaugh et al. 2016 ), which is evident
n MKN 110 (Vincentelli et al. 2021 ). The f 5100 flux is therefore a
seful measure to detect when the FUV continuum changes, ho we ver
t is less suitable to measure by how muc h . F or the latter, the broad
mission lines provide a better approach. 

The He III recombination lines in AGN, such as He II λ4686, are
owered by photons with an energy greater than 54.4 eV. This means
e II lines provide a measure of the continuum flux in the FUV part
f the SED, even beyond the H-ionizing region (Korista et al. 1997 ).
erland et al. ( 2020 ) argue for the use of He II λ4686 in particular, as a
elatively clean metric for the strength of the FUV continuum. Based
n photoionization modelling, Eastman & MacAlpine ( 1985 ) found
hat in BLR conditions, photons for He II resonance lines, in particular
e II Ly α, have a high probability of being absorbed by H I . This
eans that, unlike the Balmer lines, which are affected by several

omplicating factors, He II recombination is in good approximation
o Case B for Hydrogen 5 (Ferland et al. 2020 ). He II 4686 therefore
unctions as an FUV photon counter: it provides our most direct
easurement of the strength of the ionizing continuum. The fact that

n MKN 110 we observe the He II flux to show larger variations than
he optical continuum agrees with this idea. In the following we will
herefore explore the use of the He II λ4686 flux as a proxy for the
UV ionizing continuum of MKN 110. 
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Figure 6. The normalized line fluxes for H α (green hexagons), H β (blue squares), and He I λ5876 (red triangles), plotted against the normalized He II λ4686 
flux. All line flux es hav e been corrected by adjusting for the non-variable narrow-line component (see Sections 5.2 and 6.2 ). The responses of the line fluxes have 
been modelled using a two-component fitting function. The fitting results show the line species have different gradients in their response, as well as different 
saturation levels. This stratification indicates slope and saturation level are efficient parameters for distinguishing the three lines species. The uncertainties on 
the data were calculated by incorporating the intrinsic scatter apparent in the data (see Section 6.3 ). We include the uncertainties on the data set for H α as an 
example, in the top left of the plot. 
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.2 Correcting for the non-responsi v e flux component 

ig. 6 shows normalized H α, H β, and He I λ5876 plotted against
e II λ4686. The fluxes for the three lower ionization lines have
een corrected for the presence of a non-varying component in the 
ollowing way. Each line species showed a vertical offset, indicating 
hat at the lowest He II λ4686 flux states, there was still a measurable
ine flux. This is despite the fact that at the lowest flux state (associated
ith the SDSS spectrum), the He II λ4686 flux had completely 
isappeared. We correct the fluxes by removing this non-variable 
omponent, as our interest is in the fraction of the flux that is
esponsive to He II changes. Unlike for He II λ4686, we have not
ubtracted a narrow line flux from the broad component for H α,
 β, and He I λ5876 (Section 5.2 ). This means that the non-varying

omponent in these lines must at least partially be associated with 
arro w line emission. Ho we ver, it will also include any non-varying
road-line flux. 
The correction for the non-varying flux contribution is made by 

erforming a linear fit to the flux data for each line species in the
ange where normalized f He II < 1. The offset of the data is such that
t requires the linear fit to pass through the origin (see Fig. 6 for
he effect in the corrected data set). The downward shifts in units of
ormalized flux are 0.2, 0.35, and 0.45 for He I λ5876, H β, and H α,
espectively. 

.3 Quantifying the response 

t is evident from Fig. 6 that, abo v e a threshold, the fluxes of all
hree line species, H α, H β, and He I λ5876, have a diminishing
esponse to an increase in He II λ4686 flux. For the highest He II

uxes the response appears almost flat. Each line species responds 
pproximately linearly at low luminosities and saturates to a fixed 
aximum flux as the He II line increases further. There are also

otable differences among the line species: both the gradient of the 
esponse at low He II fluxes and the saturation level of the fluxes
ncreases from H α and H β to He I . A diminishing line response
as also noted for the C IV λ1550 line compared to the 1350 Å

ontinuum (Wamsteker & Colina 1986 ). And similar behaviour was 
escribed by Ferland et al. ( 2020 ) for the He II λ4686 line itself.
sing a low-redshift AGN sample spanning a very large range in

uminosity, Ferland et al. ( 2020 ) showed that the highest luminosity
ources, identified mainly with NLSy1s, showed the largest deficit 
n He II emission, relative to predictions based on the SED. 

To quantify the observed behaviour, we fit the flux data with
 simple empirical function. We experimented with a number of 
unctions and found that a double straight line results in the the most
table fits whilst also capturing the two key aspects of the response: a
ifference in gradient at low He II fluxes and a difference in saturation
evel. If we let y represent the normalized line flux for each of the the
ow-ionization lines and x the line flux for normalized He II λ4686,
ur fitting function has the form 

 ( x ) = 

{
ax if x ≤ x k 
y sat if x > x k . 

(1) 

ere x k represents the ‘knee’ value of the He II flux, where y ( x k ) =
 sat , i.e. the turning point in the response. The free parameters are the
lope a and the saturation level y sat , with x k fixed by the other two
arameters. 
To find the uncertainties on our fits, we need to account for

he uncertainties in our data set. We note that the measurement
ncertainties, associated with the statistical uncertainties of the 
pectral fits at each epoch, represent an underestimate of the real
ariance. We are interested in the gradual, long-term evolution 
f MKN 110, which means that the uncertainties of interest are
 combination of the measurement uncertainties and the scatter 
round the long-term behaviour caused by short-term (days–months) 
hanges in the line-forming regions. We find that this scatter, evident
n Fig. 6 , is the dominant cause of uncertainty in our data set. To
stimate the level of uncertainty, we first fit our model function using
MNRAS 519, 1745–1763 (2023) 
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Figure 7. The saturation levels ( y sat ) for H α, H β, and He I λ5876, plotted 
against the Reverberation Mapping lags for these line species presented 
in K01. The saturation levels belong to the two-component model for the 
response of the normalized line fluxes to changes in the He II λ4686 flux 
(Section 6.3 ). The results show a strong ne gativ e correlation between an 
emission line’s ability to track the continuum and the distance of the line- 
forming region from MKN 110’s central engine. 
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he statistical errors of the data. We then apply the standard deviation
f the residuals as a uniform error on the data set (for each line species
eparately). We then use this new error estimate, which now includes
he additional uncertainties associated with short-term variability, to
alculate the best-fitting parameters of our fitting model. The results
f our fits, as well as the estimated 2 σ uncertainties, are listed in
able 5 and the best-fitting models are included in Fig. 6 . 
The response results show an interesting anticorrelation when

ombined with the measured lags from the K01 RM study. These
ags represent the approximate response time of each line species
o changes in the FUV continuum and are therefore directly related
o the distances between the SMBH and the different line forming
egions. We plot our values of y sat against the RM lags in Fig. 7 .
e I λ5876, which is formed closer to the central engine, saturates

t a higher level than the other two lines. Similarly H β saturates
t a higher level than H α. The ability of a line species to track the
ncreasing FUV continuum therefore appears closely related to the
hysical parameters that determine the optimal line-forming distance
rom the SMBH. This conclusion can be drawn without making any
ssumptions about the nature of these physical parameters: we only
eed to assume that the RM lag corresponds to the distance from the
entral source of ionizing radiation. 

.4 Responsivity from epoch to epoch 

o estimate the uncertainties on our line-responsivity fits (Fig. 6 ) we
ade the assumption that a combination of short-term variability and
easurement uncertainties led to a random scatter around a single

ong-term response curve. This approach allows us to treat all the
pectroscopic data, which co v er o v er 30 yr, as a single data set. Giv en
he time-span of the combined data set, we now investigate whether a
rend is visible on time-scales of several years. Over the three decades
f observations, MKN 110 varies from high to low luminosity states.
hen MKN 110 returns to a luminosity state that it was previously

n, do the line fluxes return to the same level they had before? If
ot, is this a form of hysteresis, in which the AGN ‘remembers’ its
NRAS 519, 1745–1763 (2023) 
volution o v er sev eral years? To answer these questions, we consider
he difference in responsivity among different observational epochs.

e define three such periods (see Fig. 2 ): 

(i) MJD 46900–50900, co v ering BK99 and WHP98. 
(ii) MJD 51500–52300, co v ering K01, FAST-RM, and SDSS. 
(iii) MJD 53700-58500, new FAST and WHT data. 

In the first and last epochs, MKN 110 is on average in a higher
ux state than during the middle epoch, in which MKN 110 dims

o the o v erall lowest state (SDSS). Although the cadence of the
pectroscopic co v erage in epochs I and III is not as high as in epoch II,
t is unlikely that all of our observations will have missed historic low
tates. To explore whether the long-term evolution of the luminosity
tate, from epoch to epoch, leaves a detectable imprint on the BLR
nd the line responsivities, we consider the response curves for each
f the line species separately. 
In Fig. 8 we show the example of H β (plotted against He II as in

ig. 6 ), where the data have now been grouped by epoch. He I λ5876
nd H α show similar patterns as H β. The data from epoch I show a
hallower response than those of epoch II. As the data in epoch II and
II do not co v er a sufficiently broad range in normalized He II flux,
e compare the responsivity among epochs using a simple linear

egression. The results of the linear fits for the three line species are
isted in Table 6 . The fitting results confirm the change in response
 v er time: we measure a significantly steeper responsivity for epoch
I as well as a difference in slope between epoch I and III. The stronger
esponse for epoch II is as expected, as this epoch is dominated by low
ux-state data points (the sloped part in our two-component model).
he difference in slope between epoch I and epoch III suggests that

he responsivity does not only evolve with flux state, but also o v er
ime-scales of 5–10 yr. 

The data sets comprising epoch II provide our most detailed view
f the evolution of continuum and BLR in MKN 110. We examined
hether there is any significant difference among the different

easons within this middle epoch, which co v er shorter periods (up
o 1 yr) of rising or lowering continuum levels. Linear regressions
n subsets of the data show that the slopes are all consistent within
ncertainties. It therefore appears that the BLR responsivity changes
nly on longer time-scales. In general, responsivity of the BLR to
hanges in ionizing continuum will be due to either lighting up
ifferent parts of a static but distributed structure, or to the BLR
hysically changing. The fact that we see repeatability on short
ime-scales but differences on long time-scales suggests that in fact
oth of these effects are happening. We will return to this point in
ections 10 and 11 . 

 LI NE  PROFILES  A N D  KI NEMATI C  

VO L U T I O N  

he broad components of the emission lines in MKN 110 are
edshifted by velocities of 100s to 1000s km s −1 , relative to their
arrow-line components and therefore relative to the redshift of the
GN and its host. This broad-to-narro w-line of fset is most distinct

or He II λ4686, but is also visible as a line asymmetry in the Balmer
ines (Fig. 1 ). As noted in Section 2 , the offset has been associated
ith a gravitational redshift ( K03b ). Ho we ver, the large range among
ifferent mass estimates for the SMBH in MKN 110 leads us to
nv estigate alternativ es. We first consider whether the offset in the
mission lines, like the line flux, depends on the level of the FUV
onizing continuum. We focus on two lines: He II λ4686 and H β. As
e are investigating changes in the offset o v er time, we follow the
tting procedure set out in Section 4.2 (in contrast to the procedure

art/stac3571_f7.eps
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Figure 8. The normalized H β flux data plotted against He II λ4686, split according to epoch as in Fig. 2 . The dashed green line is our best-fitting two-component 
model for the full H β data set as seen in Fig. 6 . The three straight lines represent the results of linear regressions on subsets of the data: continuous, dotted, 
and dot-dashed lines for epochs I, II, and III, respectively. It is noticeable that the slope in the data points for the second epoch, associated with a relatively low 

state, is different from those of the two ‘high state’ epochs. This implies that identical changes in He II flux resulted in different changes in H β flux, with a time 
interval of 5–10 yr, from one epoch to the next (see Fig. 2 ). On shorter time-scales, within a single epoch, this effect is not visible (Section 6.4 ). The slopes of 
the linear regressions indicate that there is also a difference in response between the two high-state epochs. 

Table 6. Results of a linear regression of the normalized line flux data, separated by line species and by epoch. 

Full I II III 
Line Shift a Slope Offset R 

2 b Slope Offset R 

2 Slope Offset R 

2 

H α 0.45 0.10 ± 0.04 0.46 ± 0.08 0.26 0.27 ± 0.03 0 .04 ± 0.02 0.60 0.13 ± 0.07 0.37 ± 0.14 0.23 
H β 0.35 0.26 ± 0.02 0.36 ± 0.02 0.71 0.45 ± 0.02 − 0 .01 ± 0.02 0.83 0.36 ± 0.07 0.17 ± 0.15 0.67 
He I λ5876 0.20 0.26 ± 0.06 0.69 ± 0.12 0.48 0.65 ± 0.04 0 .13 ± 0.03 0.80 0.48 ± 0.14 0.40 ± 0.29 0.49 

Notes. a Shifts applied to the normalized line fluxes (Section 6.2 ). 
b Coefficient of determination (1–

∑ 

(residuals) 2 /Variance). 
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n K03b , who use the MAD spectrum). The large amount of available
pectra in our data set allows us to track the line evolution o v er time.

.1 Offset, FUV flux, and line width 

he data set used for this part of the study contains all FAST and
HT spectra. As discussed in Section 4 , the lowest state spectra are

ot included individually. These spectra are included as an average, 
stablished by stacking the spectra, such that they have sufficient 
/N for spectral fitting. All spectra in FAST-RM1 as well as the first
pectrum of FAST-RM2 (MJD 52940) are stacked together. The other 
pectra are fit individually. Before comparing the narrow line to broad 
ine offset, we confirm that the narrow line components of He II and
 β are found at the same redshift. For He II , the centre of the narrow

ine was kept fixed in the fitting procedure (Section 4.2 ), at a value
orresponding to z = 0.0351. For H β, we find that the median value
f the narrow line centre, o v er all fitted spectra, also corresponds to
 = 0.0351. The standard deviation of the H β narrow-line centres is
0.5 Å, corresponding to around 28 km s −1 . This difference is very

mall compared to the measured offsets between narrow and broad 
omponents. In addition to the similarity in redshifts, we find that 
he width ( σ ) of the narrow-line components is comparable within 
0 per cent: 4.2 Å for He II and 3.8 Å for H β. We therefore conclude
hat the narrow-line components for He II and H β are formed in the
ame part of the Narrow Line Region and can be reliably used to
auge the offsets of the broad line components. 

The results of our spectral fitting indicate that the velocity redshift
f broad-line components compared to the narrow lines changes 
ignificantly o v er time, for both He II and H β. The correlations
mong offset and He II /FUV flux present a complex picture of
KN 110’s broad-line variability. Fig. 9 shows the velocity offset 

etween components plotted against broad He II flux. The left-hand 
anel shows the results for He II and the right-hand panel the results
or H β. The data have been split between the FAST-RM2 data (red
ircles) and the newer FAST and WHT data (blue squares). The
poch is indicated by the shading of the colours, going from light
o dark for later epochs. In the H β plot, one can trace the passage
f time from the top left-hand side (light red circles) to the bottom
ight-hand side (dark blue squares). The observed increase in He II
ux agrees with the rise in the continuum light curve for this period
See epochs II and III in Fig. 2 ). 

The first thing to note in Fig. 9 is that the average offset for He II
s significantly larger than for H β. Secondly, H β appears to have a
e gativ e correlation between He II flux and offset: as the He II line
ux increases, the offset becomes smaller. In other words: as the

onizing flux goes up, the relative redshift of the broad component
MNRAS 519, 1745–1763 (2023) 
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Figure 9. The offset between the line centres of the broad and narrow components of He II λ4686 (left-hand panel) and H β (right-hand panel), plotted against 
the normalized broad He II flux. The offset between between the broad and narrow lines measures the relative redshift of the broad line components. The broad 
He II flux acts as a proxy for the ionizing continuum. The shading of the colours indicates the time at which the spectrum for the data points was taken. The two 
colour ranges represent the observational periods: red circles co v er the spectra of the FAST-RM2 campaign (MJD 52961–53137) and blue squares co v er the 
newer FAST and WHT spectra (MJD 53741–58500). The green hexagon represents the fits from the stacked ‘low-state’ FAST spectra (MJD 52252-52798). r s 
is the Spearman ranked correlation coefficient. The p value is for a two-tailed test (on a null hypothesis of non-correlation) of Pearson’s correlation coefficient 
and it indicates the probability that the two parameters are not correlated. Both r s and the p -value relate to the the full data-sets. The He II data show two distinct 
‘branches’ as the ionizing flux changes o v er time, whereas H β shows a consistent correlation. 
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oes down. The correlation for H β is consistent o v er the different
pochs, whereas the He II behaviour is less straightforward, as it
ppears to form two distinct branches. Finally, we note that not just
he avera g e offset, but the chang e in offset is larger for He II than for
 β. The somewhat aberrant high He II flux point in the far right of
oth plots is associated with the WHT spectrum of MJD 57539, the
pectrum with the highest S/N in the sample. 

We next consider the correlation between the broad-line widths and
he He II λ4686 flux. The results are shown in Fig. 10 . The line widths
or He II are significantly larger than for H β, in agreement with the
otion that He II is formed closer to the ionizing source (as found
n RM studies). A luminosity-dependent line width, as would be the
ase for a ‘breathing’ BLR, is evident for H β. In agreement with
he results shown in Fig. 9 , the distance of the broad-H β emitting
egion to the SMBH (which is inversely correlated with the broad-
ine width) increases with luminosity. This breathing of the BLR is
xpected, if the BLR motion is Keplerian. This comparison functions
s a check on both our line-fitting results and the basic assumptions
ade in the analysis presented so far. Remarkably, He II shows the

pposite trend. As was the case in the offset-versus-flux results, the
ata for H β form a clearer pattern than those for He II . 
Finally, we investigate the dependence of the broad line widths

n the offsets between the line components. The results are shown
n Fig. 11 . We find that there is a clear correlation between the two
arameters for H β, whereas there is again no single pattern in the
e II data. If the offset is inversely correlated with the distance from

he line-forming region to the SMBH, the behaviour of H β would
e a typical presentation of AGN breathing. He II remarkably shows
 trend in the opposite direction. This could indicate that the motion
f the BLR where He II is formed is not purely set by Keplerian
NRAS 519, 1745–1763 (2023) 
inematics. We return to the discussion and interpretation of this
ehaviour in Section 12 . 

.2 Origin of scatter 

he data in Figs 9 , 10 , and 11 show considerable scatter. The data for
 β appear to show a clearer pattern than those for He II . A potential

ause for the scatter that is extrinsic to MKN 110 is the relative
uality of the fits: the He II line is considerably weaker than H β in
ll spectra, making the fit more sensitive to noise. This interpretation
grees with the fact that the scatter in Fig. 9 appears largest for the
pectra at earlier epochs, when the He II line was relatively weak. 

Ho we ver, the scatter does not appear to be random: whereas the
tacked result, which is made up almost e xclusiv ely of FAST-RM1
ata, is consistent with the trend of the FAST-RM2 data, the later
igh-state data seem to be on a separate ‘branch’. This separation
s much more significant for He II than for H β. If the scatter in the
e II data is intrinsic to the AGN, this could imply that the response

o a changing continuum is more erratic for gas closer to the central
ngine (such as for the gas that forms He II compared to the gas
orming H β), or that the response of this gas can change on shorter
ime-scales. We return to this point in Section 10 . 

 SUMMARY  O F  K E Y  RESULTS  

.1 Broad-line flux response effects 

1.1: Lar ge v ariability . MKN 110 sho ws strong v ariability on time-
cales of months to decades, in both the continuum (a factor of ∼10)
nd the lines (up to a factor ∼40 for He II 4686). 

art/stac3571_f9.eps


MKN 110 BLR response 1757 

Figure 10. The width of the broad emission-line components plotted against the broad He II λ4686 flux. The colours, shading, and correlation metrics are 
the same as in Fig. 9 . For H β we can see that the broad-line width decreases with increasing He II flux, an inverse correlation known as AGN breathing: as 
the luminosity (and the FUV flux) increases, the radius of the BLR increases, corresponding to a smaller rotational velocity and σ broad of the BLR clouds. 
Interestingly, He II shows an opposite trend, which could indicate that the kinematics of the He II line-forming region are not purely Keplerian. 

Figure 11. The line width of the broad component of He II λ4686 (left-hand panel) and H β (right-hand panel), plotted against the broad-to-narrow-line offsets. 
The colours, shading, and correlation metrics are as described for Fig. 9 . There is a strong correlation between the parameters for H β, whereas the pattern for 
He II is considerably noisier. The black lines indicate the theoretical relation between offset and σ , if the offset is caused by gravitational redshift, for the case 
of a 21 ◦ inclination and virial factor f = 4.1. The shaded regions correspond to ±5 ◦ uncertainty, following the estimate from K03b . 
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R1.2: Extreme He II variability . Among the emission lines in 
he optical range, the variability is most pronounced for the high- 
onization line He II λ4686. This is in agreement with previous 
GN variability studies, which show that the amplitude of variability 
orrelates with the ionization level (Peterson 2008 ; Bentz et al. 2010 ).
he He II variability is considerably stronger , around a factor of 4,
han that of the optical continuum, suggesting it is a proxy for the
naccessible FUV continuum variability. 

R1.3: Differentiation in the emission line response . As the He II
ux heads towards zero, other lines do not, with shifts of the order of
MNRAS 519, 1745–1763 (2023) 
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0–40 per cent of the normalized line flux. We correct for this non-
esponsive component by subtracting the fitted He II 4686 narrow-
ine flux (Section 5.2 ) and an offset for H α, H β, and He I λ5876
Section 6.2 ). 

R1.4: Cur v ature in the emission line response . The response of
he H α, H β, and He I λ5876 emission lines to changes in the FUV
ux (as indicated by He II λ4686) is dependent on the level of incident
ux. The line-emitting gas is less responsive at high FUV flux

evels (Fig. 6 ). The effect can be approximated by a two-component
unction that has a flat response once it reaches a saturation level
Fig. 6 ). It is important to note that the full data set co v ers ∼30 yr
f observations. This means that the responsivity discussed here is
ifferent from the instantaneous responsivity previously investigated
n photoionization models (e.g. O’Brien, Goad & Gondhalekar 1995 ;
orista & Goad 2004 ). 
R1.5: Saturation-distance correlation . The level at which the

esponse of the emission lines saturates, shows a ne gativ e correlation
ith the lags found in RM measurements (Fig. 7 ). This suggests that

he saturation level for the lines is related to the physical location
n the BLR or that it depends on the minimum ionization energy
equired to generate the line. 

R1.6: Historical changes . The response of the lines to changes
n the FUV differs from epoch to epoch. Over a time-scale of less
han 5 yr, the response curve of a line is repeatable (i.e. going up
nd down in FUV flux has the same results), whereas data separated
y 5–10 yr show a different line response (Fig. 8 and Table 6 ).
 notable aspect of this slo w-moving e volution is that some of

esponse curves in Fig. 8 do not return to zero, even after our earlier
emoval of an average offset. This means that the fluxes from both
he responsive and non-responsive material change with historical
poch. 

.2 Kinematic effects 

2.1: Velocity widths and velocity offsets change . As noted by
03b , the line profiles of He II λ4686 and H β show a clear offset
etween the broad and narrow components. K03b , using a data set
o v ering ∼7 months, found that the offset is smaller for lines which
av e longer rev erberation lags. In this study, where we make use of
pectra taken o v er a period of ∼16 yr, we find that the magnitude
f both the offsets and the line widths evolve over time (Figs 9
nd 10 ). 

R2.2: Velocity offset versus flux . The broad-to-narrow-line
elocity offset shows a ne gativ e correlation with the broad He II

ux for the H β line (Fig. 9 ). This means that the velocity offsets
re smaller at high flux states. The correlation is visible for H β,
hereas the response of He II is more complex and possibly double-
ranched. 
R2.3 Line width versus flux . The line width shows a ne gativ e

orrelation with the He II flux for H β (Fig. 10 ). He II , in contrast,
hows o v erall a positiv e correlation, and again the behaviour is more
omplex. 

R2.4: Line width versus offset . The line width of the broad
omponent shows a strong and clear positive correlation with the
ffset for H β (Fig. 11 ). For He II we find no significant correlation. 
R2.5: Contrast between He II and H β. As the ionizing flux

aries, the H β line shows quite simple and consistent changes in
elocity offset and line width. He II on the other hand shows no
uch clear trends. Although this can reflect uncertainties in the fitting
rocess, this clear distinction likely indicates the large differences in
inematics between the two line-forming regions. 
NRAS 519, 1745–1763 (2023) 
 DI SCUSSI ON:  G E N E R A L  POI NTS  

n the following discussion sections, we concentrate on model-
ndependent implications, with some comments on specific models. 

.1 Black hole mass and scale alternati v es 

nterpretations depend on the observed lags and deduced masses, so
e first summarize these. Based on the lags observed by K01, the
LR is clearly stratified, with the material dominating the He II , H β,
nd H α emission located at distances of 3.9 + 2 . 8 

−0 . 7 , 24.2 + 3 . 7 
−3 . 3 , and 32.3

 4 . 3 
4 . 9 light-days respecti vely. Ho we ver, the physical implications of

hese lags also depend on the assumed black hole mass. As discussed
n Section 2 , K02 and K03b represent the two extreme ends of the
istribution of mass estimates. Based on the lags and the assumption
hat the line widths are set purely by Keplerian motion, KB02 derived
 1 = 1.8 × 10 7 M �. The abo v e lags then correspond to R / R S = 1,

00, 11, 800, and 15 700 for He II , H β, and H α. Here R S is the
chwarzschild radius. On the other hand, based on the assumption

hat line velocity offsets are caused by gravitational redshift, K03b
erived M 2 = 1.4 × 10 8 M �. The line-lags then correspond to R / R S =
44, 1, 516, and 2023. To make this second mass value consistent with
he observed lags, K03b discusses a disc-wind model, in which we are
eeing the MKN 110 system almost pole-on, at an inclination of 21 ◦.
n this case, there could well be a significant additional geometric
orrection factor in deducing the distance of the BLR clouds from
he observed time lags. This large correction factor would mean the
lack hole mass deduced from the lags would also be significantly
arger, reducing the tension between the gravitational-redshift mass
stimate and the lag-based mass estimate. 

.2 Is MKN 110 r epr esentati v e? 

here are two ways in which MKN 110 may be considered unusual
or a broad-line type 1 AGN – the first is its large amplitude of vari-
bility and the second is the narrowness of the broad lines. Regarding
he variability, there are other well-known historic examples of large
hanges in individual sources, for example NGC 1566 (Alloin et al.
985 ), NGC 3516 (Ili ́c et al. 2020 ), Cen A (Lawrence, Pye & Elvis
977 ), and NGC 4151 (Penston & Perez 1984 ). Recently, it has
ecome clear that even high-luminosity quasars can show extreme
ariability o v er decadal time-scales. In a sample of approximately
00 000 quasars, MacLeod et al. ( 2016 ) found that ∼1 per cent show
agnitude changes | 
 g | > 1 on time-scales smaller than 15 yr.
imilarly, an estimated fraction of 30–50 per cent of quasars shows
ariability of | 
 g | > 1 on time-scales greater than 15 yr (Rumbaugh
t al. 2018 ), suggesting large changes in AGN are perhaps quite
ommon. 

Regarding line width, the Balmer lines are certainly narrower
han for most type 1 AGN, and towards the upper end of what
ould traditionally be classed as NLSy1 (Osterbrock & Pogge 1985 ;
omossa 2008 ), although the He II width is more typical of AGN
LRs. For MKN 110 FWHM H β ∼1940 km s −1 , on average; for
LSy1 typically FWHM H β < 2000 km s −1 (Osterbrock & Pogge
985 ), whereas ‘regular’ type 1 Seyferts have broad-line widths of
housands to tens of thousands km s −1 (Peterson 2006 ). Traditionally,
here have been two ri v al explanations of the NLSy1 phenomenon:
ormal AGN seen close to pole-on, or objects with a high Eddington
atio, such that lines are formed further out. The current consensus is
hat the high-Eddington explanation is broadly correct, with perhaps
 minority of objects being pole-on cases (Komossa 2008 ). MKN 110
ould fit into either explanation. If the larger mass M 2 is correct, then
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e are seeing MKN 110 at an inclination angle of 21 ◦. An inclination
his small or smaller will occur in ∼6 per cent of all AGNs, for
andom orientations. Alternatively, if the smaller mass M 1 is correct, 
hen MKN 110 is marginally super-Eddington – L / L E ∼ 1.4 using
he optical luminosity estimated by Bischoff & Kollatschny ( 1999 ) 
nd a standard bolometric correction (Richards et al. 2006 ). As noted
n Section 2 , MKN 110 has very weak Fe II emission, and a normal
-ray spectrum and X-ray loudness, whereas most NLSy1s have 

trong Fe II , steep X-ray spectra, and are X-ray quiet (e.g. Lawrence
t al. 1997 ). This may suggest that the ‘pole-on’ explanation is more
ikely; ho we ver, it is not conclusi ve. 

In either of the abo v e scenarios, MKN 110 is indeed unusual, but
t remains a useful laboratory, to test ideas about the structure and
hysical nature of the BLR. 

0  DISCUSSION:  RESPONSE  TIME-SCALES  IN  

H E  BLR  

e observe non-linear line response repeatable over short time- 
cales, but not o v er longer ones (results R1.4, R1.5, R1.6). To
nderstand this, it is useful to separate three kinds of BLR response
re verber ation , breathing , and longer term structur al response . 

0.1 Reverberation 

t the high densities, we understand to be present in BLR clouds, the
ecombination time-scale is of the order of hours, so, locally, clouds 
rack changes in the ionizing continuum with negligible delay. We 
ee those changes with a lag of the order of tens of days due to the
nite size of the o v erall BLR system. The light curve of each line is
 convolution of the continuum light curve, encoding the geometry 
nd radial structure of the BLR. Using reverberation to deduce that 
tructure is the focus of considerable effort in AGN monitoring. 

0.2 Breathing of the BLR 

or some AGN, it has been demonstrated that the observed lag 
hanges from one reverberation campaign to another, and that the ob- 
erved lag correlates with the mean luminosity during the campaign 
Peterson et al. 1998 ; Peterson et al. 2002 ). The change in lag does
ot imply physical bulk motion; rather, this phenomenon is consistent 
ith the basic insight of the ‘Locally Optimized Cloud’ (LOC) 
icture of Baldwin et al. ( 1995 ), that the BLR contains material
ith a wide range of distances, densities, and thicknesses, with the 
bserved emission representing a weighted mean response o v er all 
his material. Because the response is sensitive to the ionization 
arameter, the radial location of that mean changes with luminosity. 
his phenomenon, of epoch-by-epoch shifting of the BLR response, 
as been referred to as ‘breathing’ (Korista & Goad 2004 ; Cackett &
orne 2006 ). The term ‘breathing’ is somewhat misleading as it

mplies a bulk motion, rather than the actual interpretation of ‘lighting 
p’ different regions within a fixed structure. 

0.3 Structural response 

n the breathing phenomenon, a fixed BLR structure responds 
assively to the changing luminosity. We then expect that the line- 
ux response to changing luminosity should be repeatable from 

ne season to another. This is indeed what we see on ∼year time-
cales, but on ∼decade time-scales, the response pattern changes. 
his suggests that on long enough time-scales, the BLR clouds 

hemselves, and their distribution in space, physically respond to the 
adiation from the central engine. This raises the question whether 
his is consistent with physical expectations. 

For a variety of models, restructuring may occur on roughly 
he dynamical time-scale t d = 

√ 

R 

3 /GM – for example if BLR 

louds are condensations formed in a disc wind driven by the central
adiation (Murray et al. 1995 ; Elvis 2000 ; Proga, Stone & Kallman
000 ; Waters et al. 2016 ; Matthews et al. 2020 ). In this case t d 
epresents the time that material takes to travel through the BLR.
t the H β-lag radius of 24.2 light days, for the smaller black hole
ass case M 1 we get t d = 10.2 yr, and for the larger mass M 2 we

et t d = 3.6 yr. Therefore it is not sufficient to simply observe over
everal years. What is required is to observe changes in the luminosity
moothed o v er sev eral years. From Fig. 2 , it is clear that the long-
erm average has indeed changed from epochs I to II to III. We can
hen plausibly make the argument that we have detected the BLR
ynamical time-scale in MKN 110. 
Another possible cause for the observed long-term evolution is 

hat individual BLR clouds are compressed by the central engine 
adiation, and so adjust their density structure, such as in the model
resented by Baskin, Laor & Stern ( 2014 ) and Baskin & Laor
 2018 ). This should occur on the acoustic crossing time-scale for
 BLR cloud. For a cloud of thickness N H , number density n e , and
emperature T we get 

 a = 2 . 7 yr 
N H 

10 23 cm 

−2 

10 9 cm 

−3 

n e 
. 

We therefore find that this is also a potential explanation of changes
n the long-term response pattern. The clouds in the Baskin et al.
 2014 ) model will maintain U ∼1, as is expected for BLR material,
ven after significant changes in internal pressure. 

A further clue comes from the kinematic changes seen in 
KN 110’s broad emission lines. Correlations are seen among 

ine width, offset, and flux (results R2.2, R2.3, R2.4), but while
he changes in H β are simple and consistent, He II shows a more
omplex behaviour (R2.5). This may be due to the shorter structural
esponse time-scale of the He II emitting gas, causing hysteresis 
ffects. For mass M 1 , while the dynamical time-scale at the H β

ag radius is 10.2 yr, for the He II lag radius of 3.9 light days we
nd a dynamical time-scale of 240 d, comparable to an observing
eason, so that the structure of the He II line-emitting regions may
e substantially different from one year to the next, and even change
ignificantly during a single season. 

Like the dynamical time-scale, the acoustic time-scale may also 
e shorter for clouds closer in to the ionizing source (such as He II
orming clouds compared to H β forming clouds). This would be 
he case if the typical density of BLR clouds increases towards the
entre of the system. Ho we ver, whether this ef fect occurs is less clear
han the difference in kinematic time-scales. Overall, the kinematic 
ffects that we see thus add weight to the suggestion that in addition
o the normal breathing, we are seeing the BLR physically respond
n a mechanical time-scale, i.e. corresponding to gross motions or 
ressure waves. 

1  DISCUSSION:  T H E  SHAPE  O F  FLUX  

ESPONSE  PAT T E R N S  IN  T H E  BLR  

rouping all epochs together, it seems that the BELs in MKN 110
ave a curved response to changes in ionizing luminosity, in that
he emission lines are less responsive at high luminosity (result 
1.4). Ho we ver, e ven with our large and long time-scale data set,

t is still difficult to reliably distinguish instantaneous flux changes 
rom historical changes (result R1.6). Nevertheless it seems clear 
MNRAS 519, 1745–1763 (2023) 



1760 D. Homan et al. 

M

t  

l  

b  

s  

fl  

s  

a  

w

1

F  

b  

s  

l  

a  

h  

E  

e  

m  

l  

i  

l
 

a  

p  

d  

m  

t  

t  

(  

c  

s  

s  

i  

c

1

A  

b  

t  

n  

p  

h  

m  

K  

(  

d
 

L  

n  

o  

s  

T  

l  

I  

s  

s  

e  

t  

(  

o  

2

1

A  

t  

s  

t  

t  

(  

t  

t  

t  

s  

K  

p  

t  

I  

m  

d  

t  

f  

b  

H  

o
 

s  

r  

f  

C  

i  

c  

t  

c  

a
 

t  

m  

c  

r  

g  

V  

p  

o  

l  

s  

f

1
T

H  

A  

R  

t  

a  

s  

H  

c
 

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/1745/6881735 by U
niversity of D

urham
 user on 14 D

ecem
ber 2023
hat responsivity is slower than proportional, and varies between
ine species, even for recombination lines. Furthermore, the relation
etween line flux and ionizing flux has a non-zero intercept, i.e. it
eems that some of the BLR material does not respond to ionizing
ux changes at all, even at low luminosity. We note that Fig. 6
hows responses after correcting for the non-responsive component
v erage o v er all epochs, and Fig. 8 shows an epoch-dependent offset
ith respect to that global average offset. 

1.1 Single cloud response 

or the simplest single cloud models, thick clouds will be ionization
ounded, with an ionized zone on the side facing the continuum
ource. The emitted flux for Hydrogen and Helium recombination
ines should then be roughly proportional to continuum luminosity
s the ionized zone increases in depth with higher luminosities. For
eavier elements, and collisional lines, things are more complicated.
ven for Hydrogen, for high density clouds, and with an SED
xtending into the X-rays, there are effects that have plagued AGN
odellers for years, such as ionization from abo v e the ground lev el,

e vel-dependent line-transfer ef fects, and the ef fect of a partially
onized zone caused by X-rays (see e.g. Netzer 2013 ). None the less,
ine-luminosity should continue to increase with luminosity. 

Thinner clouds could be matter bounded, i.e. fully ionized, so that
 change in luminosity may produce no change in line flux at all. To
roduce a curved response including saturation, a cloud of interme-
iate thickness could be ionization bounded at low luminosity, and
atter bounded at high luminosity, i.e. at high enough luminosity

he ionizing radiation can penetrate the far side of the cloud. This
ransition mechanism was also proposed by Wamsteker & Colina
 1986 ) to explain the diminishing response of the C IV λ1550 line to
ontinuum increases. As pointed out by Gaskell ( 2009 ), rather than a
ingle thick cloud, there could be a series of o v erlapping, and so self-
hielding, thinner clouds at different distances. As the luminosity
ncreases, the clouds become fully ionized in radial sequence, inner
louds first. 

1.2 Distributed cloud systems 

s recognized in the LOC picture, the BLR is much more likely to
e a system of clouds, with a wide distribution of densities, cloud
hicknesses, radial distances, and co v ering factors. To calculate the
et output requires photoionization calculations o v er a grid of cloud
roperties. In a series of papers, Goad, Korista, and collaborators
av e e xplored this idea thoroughly in the conte xt of quite generic
odels with power-law distributions of those various quantities, e.g.
orista & Goad ( 2000 ), Korista & Goad ( 2004 ), Goad & Korista
 2015 ). Such models clearly can produce curved responses, but the
egrees of freedom in these generic models is rather large. 
On the other hand, the geometry of the BLR in the context of the

OC model could play a significant role in explaining the striking
ature of the patterns that we see in MKN 110. Ferland et al. ( 2020 )
bserved a similar pattern for a single line (He II λ4686) but using a
ample of AGN spanning a sufficiently large range of luminosity.
hey attributed the emission-line deficit observed at the highest

uminosities to a BLR with a toroidal geometry of a fixed scale height.
f the fact that all three of our studied broad emission lines experience
aturation at the highest He II line luminosities can be explained with
uch a toroidal geometry, their difference in saturation level could be
xplained if this BLR torus had a limit in radial extent. Such a limit to
he BLR could be naturally provided by the onset of the dusty torus
Netzer & Laor 1993 ; Landt et al. 2014 ). Ho we ver, this mechanism
NRAS 519, 1745–1763 (2023) 
nly works if its inner radius was luminosity-invariant (Pott et al.
010 ; Landt et al. 2019 ). 

1.3 Non-responsi v e material 

 distributed cloud system can produce a non-linear response, but
he observation of differences in response (result R1.3) is most
imply explained by the presence of material that does not respond
o changes in the ionizing flux. One way to achieve this would be
o consider multiple thin o v erlapping clouds, such as in the Gaskell
 2009 ) picture. In this picture, the non-responsive material is nearer
he middle. K03b compares mean and rms velocity profiles, and finds
hat for H α and H β the profiles are very similar in shape, suggesting
hat to first order the non-responsive material is distributed very
imilarly to the responsive material. The mean H α profile in the
03b data (judged by eye) may be somewhat broader than the rms
rofile, suggesting that there is more non-responsive material nearer
he SMBH, contributing to non-variable emission in the line wings.
n MKN 509, spectropolarimetry showed the line wings of H α are
ore polarized than the line centre, potentially indicating they are

ominated by scattered light and therefore have a different behaviour
han the line centre (Young et al. 1999 ; Lira et al. 2021 ). Ho we ver,
or both He I and He II , the rms profiles in MRK 110 are clearly
roader than the mean profiles, suggesting that the non-responsive
e II material is further out (contributing emission closer to centre
f the line). 
In a series of papers Devereux and collaborators have argued that

ome local AGN do not reverberate at all (e.g. Devereux 2018 , and
eferences therein), and that therefore BLR emission does not come
rom clouds, but from a large, optically thin, fully ionized region.
learly in the MKN 110 case there is reverberating material, but

t is possible that we have line flux contributions from both dense
louds and a thin medium in which the clouds are embedded. Rather
han being a spherical Str ̈omgren-sphere-like arrangement, this idea
ould fit well into disc-wind models. To go beyond this would need
 specific model. 

Finally we note that as the response slope changes o v er historical
ime (result R1.6), the offset also changes. The non-responsive
aterial therefore also likely has a structural physical response to

hanges in luminosity, averaged over many years. There is both
esponsi ve and non-responsi ve material, and the amount of both
radually changes. This is an interesting parallel to the conclusion by
incentelli et al. ( 2022 ), that the BLR contribution to the continuum ,
robably associated with an optically thin component, itself varies
 v er time (on a time-scale of months), as a function of the continuum
uminosity. Again we see that the BLR evolves on multiple time-
cales, with structural changes occurring in MKN 110 on time-scales
rom years to decades. 

2  DI SCUSSI ON:  KI NEMATI C  RESPONSE  IN  

H E  BLR  

ere we look at the implications of results R2.2, R2.3, and R2.4.
s noted in Section 10 , the complexity of He II behaviour (result
2.5) is likely because of the short physical time-scales rele v ant to

he He II emitting region, such that its structure is changing almost
s fast as the continuum. This makes it very hard to interpret, and
o for the rest of this section we concentrate on the behaviour of
 β. The complexity of the behaviour of He II will add noise to the

orrelations among the He II flux and the parameters for H β. 
Result R2.3, that velocity width decreases as ionizing flux in-

reases, is qualitatively consistent with the idea that velocities are in
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eneral gravity dominated and so roughly virial, together with the 
dea that as luminosity increases, clouds further out are lit up. It is
ard to go beyond this to a quantitative prediction, as it is likely that
he H β material co v ers a wide range of radii, and so a large range of
elocities, at any one time. 

To explain result R2.2, that velocity offset decreases as flux 
ncreases, we need to make an assumption as to what causes that
f fset. Belo w, we test se veral generic possibilities: (1) the of fset is
aused by a gravitational redshift of the broad line component; (2)
he offset is caused by radial infall of the BLR material; (3) the offset
s caused by a radial outflow of BLR material. 

2.1 Gravitational redshift 

f the velocity offset between the narrow and broad lines is caused by
ravitational redshift, we can derive the expected relation between 
edshift and the line velocity width, the latter of which is still set by
eplerian motion. Expressed in terms of the gravitational radius R g , 

he velocity offset due to gravitational redshift is given by 
v gz =
/ 
√ 

R/R g , where R is the radial distance from the SMBH. We can
xpress the virial velocity in the same terms: 

V = 

c sin ( i) 

f 
√ 

R/R g 

= 

√ 

c
v gz sin ( i) 

f 
, 

here i is the inclination, and f is the virial factor relating observed
elocity width to virial velocity (Section 2 ). Fig. 11 shows this
rediction for σ broad as a function of the offset ( 
v gz in the expression
bo v e). F or an inclination of i = 21 ◦ (Kollatschny 2003b ) and a virial
actor f = 4.3 (Grier et al. 2013 ), the model does not reproduce the
hape of the correlation. For simplicity we show the relation for
 specific value of f , rather than for a range of possible values;
o we ver, no v alue of f results in the right shape to match the data.
e are implicitly assuming a single specific radius for the material, 

ut the quadratic relationship should be the same at every radius, so
t is not obvious that a distributed system of clouds can produce the
ight shape. A large mass with a pole on view produces a qualitative
xplanation for the discrepancy between the lag-based mass estimate 
nd the estimate based on a presumed gravitational redshift; ho we ver,
t does not fit the shape of the correlation that we find between line
idth and offset. 

2.2 Infall 

f the motion of the clouds has a net infall component, the near-side
louds appear redshifted, and the far-side clouds are blueshifted. Here 
e define ‘near-side clouds’ as the clouds that are on the same side
f the SMBH as the observer, along the line of sight, and ‘far-side
louds’ as the clouds on the other side. In the case of infall, the near-
ide clouds are therefore moving away from us. To see a net redshift
equires that the emission from the far-side clouds is systematically 
uppressed from along our line of sight. To investigate the possible
onfigurations, we consider two cases: clouds that are optically thick 
n the H β transition and clouds that are optically thin in H β. In
he optically thick case, the clouds will emit anisotropically, such 
hat the side facing the nucleus is brighter. For almost all geometries
his would result in the opposite effect – far-side clouds will appear 
righter, as we are observing the parts of the far-side clouds facing
he nucleus. 

On the other hand, if the clouds are optically thin, we see them
ll equally well. Suppressing the far-side clouds could perhaps be 
chieved by blocking them from our view with the accretion disc 
such as found for Arp 151; Pancoast et al. 2014 , 2018 ), provided it
xtends to large enough radii. The correlation between velocity width 
nd offset then implies that the infall velocity is increasing inwards
o the SMBH. This is generally consistent with any gravitational 
odel. To go further requires a model that explains the relationship

etween rotation and infall. 
In summary, for an infall model, clouds need to be optically thin,

ccelerating inwards, and with the far-side shielded by the disc. 

2.3 Outflow 

or a BLR in outflow, the emission from the far-side clouds is
edshifted and the emission from the near-side ones blueshifted. As 
or the case of infall, if the clouds are optically thin, we see them all
qually well. An occulting disc would result in the opposite effect –
 net blueshift, as we only see the near-sided clouds. For optically
hick, anisotropic clouds, we preferentially see the far-side ones (the 
arts facing the nucleus), so this picture naturally gives a net redshift
s long as there is not an occulting disc. The width-offset correlation
hen implies that the clouds are decelerating as the y mo v e radially
utward. 
Outward deceleration is not what would be predicted for a 

adiation-pressure dri ven outflo w. Ho we ver, this behaviour could
esult from a ballistic outflo w, which recei ves an initial impulse
earer the central source and then decelerates under gravity. Ho we ver, 
he deceleration would be very fast – the offset velocity changes by a
actor of five, while the velocity width changes by about 25 per cent.
his implies the presence of a drag force, as proposed in the ‘Quasar
ain’ model of Elvis ( 2017 ). In this model, a thin disc wind is

adiatively accelerated at some radius on the disc, and the BEL clouds
re condensations which form within this wind. The clouds have a
ery dif ferent (lo wer) radiati ve force multiplier than the surrounding
ind, so they stop accelerating, and furthermore suffer a drag force

rom the wind. In the end, the clouds fall back towards the disc. In
his scenario, we could expect to observe both outflow and infall,
ssociated with different clouds. 

2.4 Rotation with projection effects 

inally, we note that apparent velocity offsets can be achieved without 
 radial velocity component, by projection effects. Consider, for 
xample the case where the BELs are condensations in a conical
tructure which is primarily rotating, even if it also has an outflow
omponent (e.g. Elvis 2000 ). If the clouds are optically thick and
herefore emitting anisotropically, the line radiation will ef fecti vely 
rise from the inner surface wall of the cone, with the rotational
oppler shift varying with position around the cone wall. However, 

he cos θ projection effect ( θ with respect to our line of sight) will also
ary with position around the wall, which can result in a velocity-
ependent suppression. The degree of observed shift will depend on 
oth the opening angle of the cone and the tilt angle towards the
iewer - it is possible to result in either net redshifts or net blueshifts.
he observation that the amount of offset depends on the velocity
idth suggests that the cone opening angle increases with larger 

adii, such as proposed in the model of Elvis ( 2017 ). We leave a
etailed comparison of this model to future work. 

3  C O N C L U S I O N S  

he strongly variable output and e xtensiv e history of optical moni-
oring campaigns make MKN 110 an excellent test case for our study
f the long-term evolution of the BLR response. Our data set co v ers
MNRAS 519, 1745–1763 (2023) 



1762 D. Homan et al. 

M

3  

v  

t  

p  

l  

o  

c  

r  

c  

e  

k
 

fi  

l  

t  

l  

o  

o  

e  

t  

b  

c  

B  

 

t  

p  

s  

a  

s  

o  

t

A

D  

u  

a  

t  

F  

C  

fl  

t  

t  

p  

t

D

A  

c  

u

R

A  

A
B
B
B
B
B
B

B
B
B
B
C
C  

C
C
D
D
D
E
E
E
F
F
F  

F
F  

F
G
G
G
G
G
G
G
G
G
G
G
G
G  

H  

I
J
K  

K
K
K
K
K  

K
K
K
K
K
K  

K
L
L
L  

L  

L
L
L  

L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/1745/6881735 by U
niversity of D

urham
 user on 14 D

ecem
ber 2023
0 yr of spectroscopic observations and provides a uniquely detailed
iew of the evolution of the BLR on this long time-scale. We find
hat using He II λ4686 as a proxy of the FUV continuum provides a
romising method to understand and interpret the behaviour of the
ower ionization lines. We observe a le velling of f of the responsi vity
f the ionization lines at higher He II λ4686 levels. In our two-
omponent model we fit this behaviour as a saturation level of the
esponse. The stratification of the saturation levels in the line response
orresponds with the physical stratification of the line species, as
vident from RM studies. This suggests we are seeing the effect of
ey physical processes in the regulation of BLR emission. 

In studying the profiles of the He II λ4686 and H β lines, we
nd that the change in velocity offset between the narrow and broad

ine components does not fully match expectations, if we assume
hat the offset is caused by a gravitational redshift of the broad-
ine component. We explore se veral alternati ve explanations for the
bserved evolution, in which the offset is caused by bulk motion
f the broad-line emitting gas. We find several generic models that
xplain the observed behaviour. Ho we ver, the response of the BLR
o a changing continuum is complex, as perhaps best exemplified
y the difference in behaviour between He II λ4686 and H β. This
omplexity emphasizes the need for a more sophisticated, physical
LR model. Such a model lies outwith the scope of this publication.
The detailed behaviour that we are able to observe, emphasizes

he analytical power provided by long-term observations, and in
articular by repeated spectroscopy, in the study of AGN. The data
et available for MKN 110 is currently rare, both in its duration
nd its detail. Ho we ver, we can look forward to the results from new
pectroscopic surv e ys, such as SDSS-V, that will increase the number
f objects where we can study the evolution of the BLR using the
echniques outlined in this paper. 
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