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A B S T R A C T 

Intensi ve broad-band re verberation mapping campaigns have shown that AGN variability is significantly more complex than 

expected from disc reverberation of the variable X-ray illumination. The UV/optical variability is highly correlated and lagged, 
with longer lags at longer wavelengths as predicted, but the observed time-scales are longer than expected. Worse, the UV/optical 
light curves are not well correlated with the X-rays, which should drive them. Instead, we consider an intrinsically variable 
accretion disc, where slow mass accretion rate fluctuations are generated in the optical-UV disc, propagating down to modulate 
intrinsically faster X-ray variability from the central regions. We match our model to Fairall 9, a well-studied AGN with L ∼
0.1 L Edd , where the spectrum is dominated by the UV/EUV. Our model produces light curves where the X-rays and UV hav e v ery 

different fast variability, yet are well correlated on longer time-scales, as observed. It predicts that the intrinsic variability has 
optical/UV leading the X-rays, but including reverberation of the variable EUV from an inner wind produces a lagged bound-free 
continuum that matches the observed UV-optical lags. We conclude that optical/UV AGN variability is likely driven by intrinsic 
fluctuations within the disc, not X-ray reprocessing: the observed longer than expected lags are produced by reverberation of the 
EUV illuminating a wind, not by X-ray illumination of the disc: the increasing lag with increasing wavelength is produced by 

the increased contribution of the (constant lag) bound-free continuum to the spectrum, rather than indicating intrinsically larger 
reverberation distances for longer wavelengths. 

Key words: accretion, accretion discs – black hole physics – galaxies: active. 
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 I N T RO D U C T I O N  

ctive galactic nuclei (AGN) are powered by accretion onto a super-
assive black hole (SMBH), a process that is generally understood

hrough the framework of a Shakura & Sunyaev ( 1973 ) optically
hick and geometrically thin disc. In this model, the energy dissipated
hrough the flo w gi ves rise to a radial temperature profile, increasing
t smaller radii. The full spectral energy distribution (SED) from this
odel is the sum of blackbody components, peaking typically in the
V/EUV for bright AGN. 
A key feature of the standard Shakura & Sunyaev ( 1973 ) disc the-

ry is that the time-scale for changing the mass-accretion rate through
he disc is the viscous time-scale, typically several thousand years
or SMBH (see e.g. Noda & Done 2018 ). Ho we ver, observ ations of
ptical/UV emission from AGN clearly show stochastic variability
n time-scales of months to years (e.g. MacLeod et al. 2010 ). This
s incompatible with standard disc theory (Lawrence 2018 ). 

Ho we ver , A GN SEDs are more complex than a simple sum of
lackbody components. AGN spectra al w ays include an X-ray tail
xtending to higher energies, showing that some energy is dissipated
utside of the optically thick-disc structure (Elvis et al. 1994 ; Lusso &
isaliti 2016 ). This X-ray emission is generally highly variable on
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hort time-scales, showing it is formed in a compact corona (e.g.
awrence et al. 1987 ; Ponti et al. 2012 ). This gives a potential solution
f the variability problems, as some fraction of the variable X-ray
mission should illuminate the disc, giving a variable reprocessed
omponent in the optical/UV (Clavel et al. 1992 ). This can be directly
ested by long, well-sampled light curves in the X-ray, UV, and
ptical, as it predicts that the variations in the X-ray emission ‘echo’
hrough the disc, progressively modulating first the UV from the
nner disc, then the optical from the outer disc. The radial temperature
rofile of a standard disc predicts a relation for the time lag between
he variability of the X-ray source and that at an y wav elength λ
mitted by the disc of τ ∝ λ4/3 (Collier et al. 1999 ; Cackett, Horne &
inkler 2007 ). The recent intensive multiwavelength monitoring

ampaigns of AGN were designed to use this relation to map the
ccretion disc size scale (McHardy et al. 2014 ; Edelson et al. 2015 ;
ausnaugh et al. 2016 ; Edelson et al. 2017 ; Cackett et al. 2018 ;
cHardy et al. 2018 ; Chelouche, Pozo Nu ̃ nez & Kaspi 2019 ; Edelson

t al. 2019 ; Hern ́andez Santisteban et al. 2020 ; Kara et al. 2021 ;
incentelli et al. 2021 ). 
Ho we ver, what these campaigns have instead showed is that AGN

ariability is significantly more complex than predicted by these
odels. Generally, the measured lags give a size scale several times

arger than expected for a disc, and often the correlation between the
-ray and UV/optical is poor. The long lags can be produced if there

re additional structures such as e.g, a wind on the inner edge of
© 2024 The Author(s). 
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he BLR contributing to the reprocessed signal (e.g. Chelouche et al. 
019 ; Dehghanian et al. 2019 ; Kara et al. 2021 ), or if the X-ray source
s located at larger-scale heights abo v e the black hole than expected
y gravity (Kammoun, Papadakis & Dov ̌ciak 2021a ; Kammoun et al.
021b ). The poor correlation between the X-ray and UV/optical, 
o we ver, cannot easily be explained in the standard reverberation 
icture. Attempts at directly modelling the UV/optical light curves 
hrough disc reverberation all predict light curves that are highly 
orrelated with the X-ray (Gardner & Done 2017 ; Mahmoud & Done
020 ; Mahmoud et al. 2023 ; Hagen & Done 2023a ). Reverberation
mooths on time-scales similar to the lags, and the optical/UV lags 
re of the order a few days, yet these light curves have typical
ariability time-scale of 20–40 d, while the X-rays have a typical 
ime-scale of < 1 d. This amount of smoothing cannot be produced
y the same reverberation material that gives rise to the lags, strongly
ndicating that reverberation is not the sole driver of variability in 
GN. 
Intrinsic variability of the accretion flow is even more directly 

equired in the ‘changing look’ AGN. These show a transition in 
almer line profiles, from type 1 (broad plus narrow lines) to type
.8–2 (where the broad component of the line is strongly suppressed).
his change correlates with a drop in the observed optical/UV 

ontinuum flux. Most of these events are not likely due to obscuration,
s posited by unification models, as there is no associated reddening 
ignature (LaMassa et al. 2015 ; McElroy et al. 2016 ; Ruan et al. 2016 ;
unnoe et al. 2016 ). Even more convincingly, the infrared emission

reprocessed UV from the torus) also follows the optical/UV, showing 
learly that this is an intrinsic change in the AGN accretion flow
Sheng et al. 2017 ; Ross et al. 2018 ; Stern et al. 2018 ; Wang et al.
018 ), likely marking the transition between some sort of efficient 
ptically thick-disc accretion, to being dominated by a radiatively 
nefficient optically thin hot flow (Noda & Done 2018 ; Ruan et al.
019 ). 
In this paper, we will consider the scenario where the accretion 

isc itself is intrinsically variable on observable time-scales. This 
bviously departs from standard Shakura & Sunyaev ( 1973 ) disc 
heory. Ho we ver, the disc emission itself also clearly departs from
tandard Shakura & Sunyaev ( 1973 ) theory in its disc spectral shape
e.g. Antonucci, Kinney & Ford 1989 ; Lawrence 2018 ). There is a
biquitous downturn in the far UV that appears to extrapolate across
he unobservable EUV data gap to meet an upturn below 1 keV
elative to the X-ray coronal tail (Laor et al. 1997 ; Gierli ́nski &
one 2004 ; Porquet et al. 2004 ) (historically referred to as ‘the
ig Blue Bump’ and soft X-ray excess). These two features can 
e modelled together with a single warm, optically thick thermal 
ompton emission component (Mehdipour et al. 2011 ; Done et al. 
012 ; Mehdipour et al. 2015 ; Kubota & Done 2018 ; Petrucci et al.
018 ). Such models can provide successful fits to the optical/UV/X- 
ay SEDs of individual AGN (e.g. Czerny et al. 2016 ; Done & Jin
016 ; Hagino et al. 2016 ; Matzeu et al. 2016 ; Hagino et al. 2017 ;
orquet et al. 2018 , 2019 ) and also larger samples of AGN (e.g. Jin
t al. 2012a ; Jin, Ward & Done 2012b ; Mitchell et al. 2023 ; Temple
t al. 2023 ). 

The warm Comptonization component generally dominates the 
olometric luminosity, indicating its origin in the energy generating 
tructure. It also requires a large optical depth. Both these strongly
uggest that this is emission from the disc itself, but obviously it
s not thermalizing to a blackbody as in the Shakura & Sunyaev
 1973 ) models. Instead, one way to produce the spectrum is to
hange the vertical structure of the disc such that the accretion 
ower is dissipated higher in the photosphere (R ́o ̇za ́nska et al. 2015 ;
etrucci et al. 2018 ; Jiang & Blaes 2020 ), rather than concentrated
n the equatorial plane as in the Shakura & Sunyaev ( 1973 ) models.
o we ver, this is not yet well understood, so there are no theoretical
odels to predict the intrinsic variability of this structure, though this

s the subject of recent numerical studies (Secunda, Jiang & Greene
024 ). Instead, we will use the observations as a guide, and model
he intrinsic variability phenomenologically. The results can then be 
sed to build more physical models of the disc structure as well as
o give more realistic driving light curves to reverberation map the
ccretion flow structures. 

We take models of the disc and corona variability seen in the
tellar mass black hole binaries as our starting point. Unlike the
GN, these can show spectra that are dominated by what looks
ery like a standard Shakura & Sunyaev ( 1973 ) disc (high/soft
tate, see, e.g. Done, Gierli ́nski & Kubota 2007 , X-ray tail is very
eak). Again, unlike AGN, the variability of this component is well
atched to the viscous time-scale of the outer disc of weeks/months

Dubus, Hameury & Lasota 2001 ; Lasota 2007 , 2008 ), with no short
ime-scale disc v ariability. Ho we v er, the y also show spectra (bright
ow/hard and intermediate states) with more X-ray tail where the disc
mission is much weaker and distorted from the Shakura & Sunyaev
 1973 ) models. This disc emission varies on time-scales of seconds
Uttley et al. 2011 ; De Marco et al. 2017 ; Kawamura et al. 2022 ),
uch faster than expected from a viscous time-scale even from the

nner disc. This may instead indicate a turbulent region on the inner
dge of a truncated disc, where the flow transitions to a hot corona
Kawamura et al. 2022 ; Marcel et al. 2022 ; Kawamura et al. 2023 ;
ucchini et al. 2023 ). 
The first models of the variability in stellar mass systems only

ocused on the hard X-ray tail, which shows the fastest variability
ith substantial power down to ∼0.1 s. The broad-band power- 

pectrum and lags between different energy bands in the X-ray power
aw emission can be reproduced in models based on a propagating
uctuations framework. Larger radii typically produce longer time- 
cale fluctuations, and these drift inwards, modulating the shorter 
ime-scale fluctuations stirred up at smaller radii (Lyubarskii 1997 ; 
r ́evalo & Uttley 2006 ; Ingram & Done 2011 , 2012 ). These models
ere then extended to include the turbulent disc region. The key

eature is that there is a discontinuity in time-scale of intrinsic
uctuations at the radius at which the geometrically thin, cool disc

ransitions into the geometrically thick hot flow (Rapisarda et al. 
016 ; Mahmoud & Done 2018 ; Kawamura et al. 2022 , 2023 ). Since
uctuations propagate inwards, the hard X-ray light curve contains 

he propagated slow fluctuations from the disc, as well the faster
uctuations generated in the corona itself, while the intrinsic disc 

ight curve contains only the slow fluctuations generated within the 
isc, as shown schematically in Fig. 1 . This clearly holds out the
ossibility to explain the disconnect in variability time-scale seen in 
GN, where the disc light curve is intrinsically much smoother than

he X-ray light curve. This also retains a correlation between disc
nd X-ray light curves on long time-scales due to the propagation of
he disc fluctuations, but giv es an o v erall poor correlation on faster
ime-scales as these are produced only in the X-ray hot flow so are
ot intrinsically part of the disc variability. 
We will scale up these models from black hole binaries to AGN,

sing Fairall 9 as a typical example of a moderate luminosity
eyfert 1 galaxy. This AGN was the subject of a long time-scale

ntensive broad-band monitoring campaign, giving excellent spectral 
nd variability data (Hern ́andez Santisteban et al. 2020 ), that show
utgoing variations on short time-scales as well as tentative evidence 
f propagation on long time-scales, where the lag time is 10s of days
Hern ́andez Santisteban et al. 2020 ; Neustadt & Kochanek 2022 ; Yao
t al. 2023 ). 
MNRAS 530, 4850–4867 (2024) 
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Figure 1. A depiction of what we envisage with the propagating fluctuations. 
The disc like structure (green) generates slow variability, giving light curves 
that vary on long time-scales (bottom left). These variations propagate into 
the hot Corona (blue), which generates fast v ariability. The slo w v ariations 
from the disc modulate the fast from the corona, giving light curves containing 
both long- and short-term trends (bottom right). We stress that this is a sketch, 
and as such the components and light curves are not to scale. 
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We first build a broad-band spectral model, which is tailored
or variability studies (Section 2), and then parametrize propa-
ating fluctuations in mass accretion rate through this structure
Section 3). This full spectral-timing model predicts the intrin-
ic light curves in any energy band, so gives input for rever-
eration (Section 4). We allow the X-ray emission to illumi-
ate the disc to produce a disc reverberation signal, and use
he bolometric (especially extreme UV) flux to reverberate from
 larger-scale wind on the inner edge of the BLR. Finally, in
ection 5, we generate a set of model light curves and explore
o w the dif ferent components within the accretion flo w af fect
he observables (i.e lags and cross-correlation functions (hereafter
CF)). 

 M O D E L L I N G  T H E  SED  

hroughout this paper, we use R for radius in physical units
measured from the black hole) and r for dimensionless gravitational
adii, where R = rR G with R G = GM / c 2 . Additionally, we will use ṁ
or dimensionless mass accretion rate, scaled by the Eddington rate
uch that ṁ = Ṁ / Ṁ Edd , where Ṁ is the physical mass-accretion
ate in g / s , and Ṁ Edd is the Eddington mass-accretion rate, related
o the Eddington luminosity by L Edd = η( a) Ṁ Edd c 

2 , where η( a ) is a
pin-dependent accretion efficiency. 

We base our spectral-timing model on the underlying radially
tratified SED AGNSED from Kubota & Done ( 2018 ). This assumes
he radial emissivity profile for a thin disc, ε( R ) ∝ R 

−3 f ( R ), where f ( R )
escribes the stress free inner boundary condition for the Kerr metric
No viko v & Thorne 1973 ; Page & Thorne 1974 ), but allows the
mission from the flow to transition from blackbody from a standard
uter disc ( r > r w ), to warm Comptonization ( r w ≥ r > r h ), and then
o hot Comptonization ( r h ≥ r > r isco ). Within our code, the standard
uter disc and warm Comptonization region are implemented as
n Kubota & Done ( 2018 ), and we refer the readers to this paper
or details regarding these two regions. For the hot Comptonization
egion, ho we ver, we make some small modifications to better follow
he spectral variability. 
NRAS 530, 4850–4867 (2024) 
The hot Compton emission in AGNSED is parametrized by the
oronal radius r h , photon index � h , and electron temperature kT e, h .
o we v er, the photon inde x and electron temperature are fundamen-

ally set by the balance between Compton heating and cooling per
lectron within the hot flow (see, e.g. Done 2010 ). Compton heating
epends on the power, L diss , dissipated within r h while cooling
epends on the seed photon luminosity from the disc, which is
ncident on the hot flow, L seed (see Hagen & Done 2023b for an
pdate on how L seed is calculated). F ollowing Beloborodo v ( 1999 )
see also the QSOSED model in Kubota & Done 2018 ) this gives: 

 h = 

7 

3 

(
L diss 

L seed 

)−0 . 1 

. (1) 

We use this formalism to better capture the time dependent
ehaviour of the X-ray spectrum as changes in the seed photons
rom the disc L seed travel at the speed of light, whereas mass accretion
ate fluctuations that modulate L diss propagate more slowly (see, e.g.
eledina 2016 , 2018 ). This means that the power law spectrum pivots

ather than changing only in normalization (Mastroserio, Ingram &
an der Klis 2018 ; Uttley & Malzac 2023 ). 

Continuing from Beloborodov ( 1999 ), we can then calculate the
oronal electron temperature, kT e, h , from � h and τ h : 

kT e , h 

m e c 2 
= 

4 y 

τh ( τh + 1) 
where y = 

(
4 � h 

9 

)−9 / 2 

, (2) 

here y is the Compton y -parameter. 
This gives an SED model where � h and kT e, h are calculated self-

onsistently, and can therefore become time-dependent when we
alculate the variable SED. We call this model τAGNSED . 

.1 Fairall 9 fit to τAGNSED 

e refit the Fairall 9 SED from Hagen & Done ( 2023a ) (hereafter
D23a ) with this new model, so as to get the time averaged
alues of each parameter, using XSPEC v.12.13.0c (Arnaud 1996 ).
e assume a standard Cosmology of H 0 = 69.9, �m 

= 0.29, and
ν = 0.71 for a flat Universe. As in HD23a , we also include a

eutral reflection component to account for the Fe–K α line and
ompton hump, modelled with PEXMON (Magdziarz & Zdziarski
995 ; Nandra et al. 2007 ) convolved with RDBLUR (Fabian et al.
989 ) to account for any smearing within the reflection spectrum.
e tie the value of the hard X-ray spectral index in PEXMON

o that in τAGNSED . The optical/UV fluxes are dereddened, and
ost galaxy subtracted (see Hern ́andez Santisteban et al. 2020 for
etails), so we include galactic absorption only on the X-ray data,
sing PHABS with fixed N H = 0.035 × 10 22 cm 

2 . The final XSPEC

odel is then PHABS ∗ ( τAGNSED + RDBLUR ∗PEXMON) . The resulting
ntrinsic model SED is shown compared to the data (unabsorbed,
nd deconvolved from the instrument response) in Fig. 2 , with the
orresponding fit parameters given in Table 1. . 

In common with man y intensiv ely studied AGN (e.g. Mehdipour
t al. 2011 , 2016 ; Petrucci et al. 2018) , there is no need for an outer
tandard disc component. The flow is well described using only the
arm Comptonized disc from r ∼ 500–10 and a hot inner flow from
0–r isco . The properties of the X-ray corona calculated by the model
re � h = 1.9 and kT e, h = 83.1 keV. We will use these parameters from
he time-averaged SED to set the size scale and physical conditions
or our model of variability from propagating fluctuations through
his structure. 
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Figure 2. The mean SED of Fairall 9 during the 1st year of the intensive 
monitoring campaign, which will be used throughout this paper to initiate the 
variable model. The solid black line shows the total τAGNSED model, with 
the components shown separately as dashed lines. The hot Compton flow 

is in blue with its neutral reflection in magenta. The whole of the optically 
thick disc emission is modelled as warm Compton (green dashed line) rather 
than including any standard Shakura & Sunyaev ( 1973 ) disc region. This is 
important later when we consider the variability time-scales of the system. 

Table 1. Fit parameters for the mean SED of Fairall 9. Values with no 
errors were frozen during the fitting process. We note that the inner radius in 
RDBLUR w as k ept free to fit the Fe–K α line profile, which may have substantial 
contribution from material further out in the accretion flow (wind/BLR and 
torus). The lower limit on τ h is formally 0, as this is degenerate with kT e, h and 
our data do not have sufficient spectral co v erage to constrain the high energy 
rollo v er. Finally, the outer radius is fixed at the self-gravity radius, calculated 
from Laor & Netzer ( 1989 ). This forms our mean SED model throughout the 
paper when we calculate the variability. 

Component Parameter (Unit) Value 

PHABS N H (10 20 cm 

−2 ) 3.5 
τAGNSED M (M �) 2 × 10 8 

Dist (Mpc) 200 
log ṁ ( Ṁ / Ṁ Edd ) −1 . 217 + 0 . 0196 

−0 . 024 

a � 0 . 722 + 0 . 062 
−0 . 11 

cos ( i ) 0.9 
τ h 0 . 99 + 2 . 4 −0 . 99 

kT e, w (keV) 0 . 394 + 0 . 037 
−0 . 036 

� w 2 . 821 + 0 . 028 
−0 . 029 

r h 9 . 16 + 0 . 90 
−0 . 81 

r w = r out 

log r out = r sg = 530 
h max 10 

Redshift 0.045 

RDBLUR Index −3 
r in 386 + 517 

−163 

r out 10 6 

Inc ( ◦) 25.8 

PEXMON � Calculated from τAGNSED 

E c (keV) 10 4 

Redshift 0.045 
Inc ( ◦) 25.8 

Norm (10 −3 ) 4 . 52 + 0 . 70 
−0 . 60 

χ2 /d.o.f 229.50/166 = 1.38 –

Table 2. Parameter values used for the generator and prop- 
agator frequencies (see equation ( 5 )) for all simulation runs 
in this paper. Parameters denoted with the subscripts w and h 
correspond to the warm and hot corona, respectively, while the 
subscripts g and p correspond to generative and propagation 
time-scales, respectively. 

Parameter Value 

Generator parameters 
r var, max 200 
F var, w 0.6 
F var, h 0.5 
B g, w 5 × 10 −5 

B g, h 1 
m g, w −3/2 
m g, h 1 

Propagation parameters 
B p, w 5 × 10 −3 

B p, h 100 
m p, w −3/2 
m p, h 1 
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 P RO PAG A  TI NG  FLUCTUA  T I O N S  IN  τAG NS ED 

.1 Propagating fluctuations 

he propagating fluctuations model considers local variations in 
he mass accretion propagating down through the accretion flow 

Lyubarskii 1997 ). In this work, we will consider these propagating
ass accretion rate fluctuations as the driver of intrinsic variability in
GN. The formalism used is based on Ingram & Done ( 2011 , 2012 ),

ngram & van der Klis ( 2013 ), as used in Kawamura et al. ( 2023 ),
nd we refer the reader to these papers for a detailed description of
he model. For completeness, ho we ver, we gi ve a brief overview of
he key aspects here. 

Following Ingram & van der Klis ( 2013 ), we split the accretion
ow into N annuli centred at r n with equal logarithmic spacing such

hat d log ( r n ) = d r n / r n = constant. The local mass accretion rate
ariability is then assumed to have a well defined power-spectrum, 
iven by a zero-centred Lorentzian peaking at the frequency at which
uctuations are locally generated, f gen . 

 A ( r n , f ) | = 

σ 2 

πT 

f gen ( r n ) 

( f gen ( r n )) 2 + f 2 
, (3) 

here f is the F ourier frequenc y, and σ and T are the variance and
uration of the time-series a ( r n , t ). The fractional root-mean-square
ariability is σ/μ = F var / 

√ 

N dec , where μ is the mean, fixed at unity,
 dec is the number of radial bins per decade, and so F var is the

ractional variability produced per decade in radius in the flow. Using
 A ( r n , t ) | , we can now create realizations of the time-series a ( r n , t )
sing the method described in Timmer & Koenig ( 1995 ). Since the
uctuations generated within each annulus propagate down through 

he flow, the total time-series within each annulus will be modulated
y those from the previous annuli. As this is a multiplicative process
Ingram & van der Klis 2013 ), we can write the mass-accretion rate
ime-series at each annulus as: 

˙  ( r n , t) = ṁ 0 

n ∏ 

k= 1 

a( r k , t − �t kn ) , (4) 

here ṁ 0 is the mean mass-accretion rate, set to 1 throughout, and
 t kn is the propagation time between the annuli at r k and r n . 
In a standard Shakura & Sunyaev ( 1973 ) disc, f gen is given by the

iscous time-scale in the flo w. Ho we ver, this is clearly many orders of
MNRAS 530, 4850–4867 (2024) 
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agnitude too slow to describe the data (see Introduction). Instead,
ollowing Kawamura et al. ( 2023 ), we parametrize f gen as a broken
ower law, with a discontinuity at r h to allow for the much faster
ime-scales expected in the hot flow compared to the warm disc. 

 gen ( r) = 

{
B g , h r 

−m g , h f K ( r) r < r h 
B g , w r 

−m g , w f K ( r) r > r h 
. (5) 

here f K = (1/2 π ) r −3/2 is the Keplerian frequency at r in units of
 / R G . 

We tailor our fiducial model for variability to Fairall 9. From the
ED fits abo v e, we see that the warm disc structure extends from r
200–10, i.e. spans more than an order of magnitude. Ho we ver, the

airall 9 optical and UV light curves all have similar variability time-
cales (Hern ́andez Santisteban et al. 2020 ), so we fix m g, w = −3/2 so
s to give constant fluctuation time-scales across the entire warm disc.
onversely, the hot Compton region barely spans a factor 2 in radius,
ut there is some evidence for radial stratification of time-scale across
he hot flow seen in AGN power spectra, with more high-frequency
ariability at higher X-ray energies (Ponti et al. 2012 ; Ashton &
iddleton 2022 ; Tortosa et al. 2023 ). Hence, we choose m g, h = 1

o that there is a factor ∼5 increase in f gen with decreasing radius
cross the hot flow. There are ∼3 yr of well sampled optical/UV light
urve for Fairall 9 showing variability, so we choose a generator
ime-scale, 1/ f gen , of ∼3 yr for the warm disc (Edelson et al. (sub)).
he X-ray shows substantially more fast variability, extending with

arge fluctuation power up to around 0.1 d (Markowitz et al. 2003 ;
arkowitz & Edelson 2004 ; Lohfink et al. 2014 , HD23a ), so we

hoose a generator time-scale of 0.1 d for the inner edge of the
orona at r ∼ 4. 

The propagation time-scale between each annulus is character-
zed in terms of a propagation frequency f prop such that � t kn =
d r n / r n )(1/ f prop ( r n )) (e.g. Ingram & van der Klis 2013 ). Early models
ad this set to the same as the generator time-scale, but there is clear
vidence in the BHBs that propagation of fluctuations happens on
aster time-scales than this (see e.g. Kawamura et al. 2023 ). There
re now some tentative detections of propagation in AGN disc light
urves, including in Fairall 9, where the lag time is 10s of days
Hern ́andez Santisteban et al. 2020 ; Neustadt & Kochanek 2022 ;
incentelli et al. 2022 ; Yao et al. 2023 ). Hence, we set the propagation

ime-scale to be f prop ( r ) = 100 f gen ( r ), i.e. we keep the same power
aw indices, but increase the normalization, so that B p, w = 100 B g, w 

nd B p, h = 10 B g, h (see Kawamura et al. 2023 ). This gives a 10 d
ropagation time-scale from r = 100 to 50, which are typical radii at
hich the disc emission peaks in the V and UVW 2 band, respectively,

nd a 20–40 d lag for fluctuations in UVW 2 to propagate down into
he hard X-ray corona. 

Fig. 3 a shows example time-series for the mass-accretion rate
uctuations using these parameters (see T able 2 ). W e discard the
rst 200 d to allow propagation throughout the accretion flow. The

ower panel shows the variability propagating through the inner edge
f the warm disc, while the upper panel shows the total variability in
ass accretion rate through the inner edge of the hot flow. It is clear

hat the hot flow light curve has more fast variability than the warm
isc, but that the two are correlated on long time-scales. 
Fig. 3 b shows the power-spectrum of the mass accretion rate

uctuations propagating through the inner edge of the hot flow
grey). As the model is stochastic, these data are the power spectrum
v eraged o v er 100 realizations, but we also show the analytic solution
f the propagating fluctuation model (Ingram & van der Klis 2013 ).
he blue line shows the result for propagation through the entire flow,
hile the green line shows the result for propagation only through the
arm disc. The warm disc has strong but slo w v ariability while the
NRAS 530, 4850–4867 (2024) 
ot corona has this variability propagated into its mass accretion rate
uctuations, plus much faster variability generated in the hot flow

tself. Plainly this captures some aspects of the observed disconnect
n time-scales between the UV and X-ray behaviour seen in Fairall
, so we use these parameters in our exploration of how this affects
he spectrum as a function of time in the next section. 

.2 Converting ṁ ( t, r) to light curves via the SED model 

ow that we have a description of the variability in mass-accretion
ate at each radial annulus we can calculate the time dependent SED,
ollowing the description in Section 2 . First, we generate realizations
f ṁ ( t, r), follo wing the pre vious section, for each radial annulus
ithin the flow. This allows us to calculate the time-dependent

mission from each annulus, which we then sum o v er to create the
ime-dependent SEDs. We note that calculating the SED at any given
ime is similar to calculating a single mean SED, with the difference
eing that we use a local ṁ ( t, r) at each radial annulus rather than a
ingle ṁ for the entire flow. 

For the standard disc region, the spectrum at each radius is directly
iven by ṁ ( t, r), as this sets the ef fecti ve blackbody temperature.
or the warm Compton region, the optical depth and temperature are
ssumed constant so the only shape change is from the seed photon
emperature, which is set by reprocessing on the underlying passive
isc to the ef fecti ve blackbody disc temperature. 
The hot corona is more complex as the spectral index, � h , and

emperature, kT e, h , change with the changing ratio between seed
hoton cooling, L seed and gravitation heating, L diss . We set the power
issipated in annulii in the corona as L diss ( t, r) ∝ ṁ , while L seed ( t ,
 ) tracks the warm Compton power lagged by the light travel time.
he difference in time dependence of heating and cooling lead to
hanges in � h and kT e, h as described by equations ( 1 ) and (2 ). 

Fig. 4 shows a resulting model realization, using the underlying
ean SED from Fig. 2 and the variability parameters used for
ig. 3 . For repeatability, we set the initial random seed to 1113,
sing the random number generator from NUMPY . This seed will
emain the same throughout the paper (unless otherwise stated), such
hat different model light curves can be directly compared, and also
orresponds to the time-series in ṁ shown in Fig. 3 . Additionally,
he radial resolution is set to N dec = 500. We discard the first 200 d
f our output time-series in order for the propagating fluctuations to
ll the radial grid. 
Fig. 4 a shows 200 SEDs randomly selected from within the model

ime-series (orange lines) compared to the mean SED (black line). It
s immediately obvious that the model has variability, which is much
arger in the EUV (warm disc peak) than in the UV/optical. This is
ue to our assumption that the optical/UV/EUV emission is warm
omptonization of seed photons from a disc. Each disc annulus has
 spectrum below its peak, which is like the Rayleigh–Jeans tail of a
lackbody at the disc ef fecti ve temperature. This has monochromatic
uminosity L ν ∝ Ṁ 

1 / 4 , whereas around the peak the monochromatic
uminosity goes more like the bolometric luminosity so L ν ∝ Ṁ .
hus, the disc variability around and abo v e the peak (EUV/soft X-

ay) is strongly enhanced relative to that in the Rayleigh–Jeans tail
optical/UV). 

The predicted variability is even stronger in the hard X-ray part of
he spectrum. The warm disc peak produces a variable seed photon
ux, which adds to the variability produced by the propagating
uctuations in modulating the slow variability in the hard X-ray
orona. There is also faster variability generated in the corona itself.

We quantify this energy dependence of the variabilty by extracting
ight curves in Swift UV O T bands ( UVW 2: magenta, U : green, and
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Figure 3. Example mass-accretion rate time-series and power-spectrum for a two component flow, consisting of a slowly varying warm disc region (green) and 
an intrinsically faster hot corona (blue). Left: ∼1500 d snapshot from a time-series realization calculated for N = 2 18 time-steps and sampling rate d t = 0.1 d. It 
is clear that the time-series from within the hot corona (blue) has both stronger and faster variability than the disc. Right: The power-spectrum for the inner part 
of the warm disc (green) and the inner part of the hot flow (blue). The coloured lines show the analytic solution, following Ingram & van der Klis ( 2013 ), while 
the grey line shows the average power-spectrum from 100 time-series realizations, again using N = 2 18 and d t = 0.1 d. As expected, these follow the analytic 
treatment. It can be seen that the hot coronal variability closely follows that of the warm disc at low frequencies, due to the disc variations propagating into the 
corona, and hence modulating its variability. 
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 : orange) by multiplying the SEDs with each filter ef fecti ve area
urve. We similarly extract soft and hard X-ray light curves from 0.3–
.5 keV (hereafter SX : cyan) and 1.5–10 keV (hereafter HX : blue)
y multiplying the absorbed spectrum by the XRT ef fecti ve area,
apisarda et al. ( 2016 ) (their equation A5). 
The resulting light curves are shown in the lower panel of Fig. 4 .

he V / U / UVW 2 bands show the typical amount of variability seen in
airall 9 on time-scales of ∼1 yr (Hern ́andez Santisteban et al. 2020 ,
delson et al. (submitted)), but the model predicts HX variability that 

s much larger than observed in the data. 
The time-scale of the HX variability is also not a good match to the

bserved data. Fig. 4 (upper left) shows the autocorrelation function 
ACF) of each light curve, and it is clear that while HX does have a
arrow core, indicating its fast variability, the rest of its ACF is very
imilar to the other bands which are dominated by the disc. 

Thus the model gives reasonable amplitude (few 10s of per cent 
 v er time-scales of 6–12 months) variability in the optical/UV 

ands, but predicts too much large amplitude, slo w v ariability in
he corresponding HX light curve, compared to what is seen in the
-ray data from Fairall 9. 

.3 Suppressing the variability seen by the corona 

he o v erprediction of the X-ray variability is a surprise in the light of
he results from the stellar mass black hole binaries. These strongly
equire that fluctuations propagate from the warm/turbulent disc into 
he corona, unhindered by strong viscous diffusion Rapisarda et al. 
016 ; Mahmoud, Done & De Marco 2019 ; Kawamura et al. 2023 .
et the standard disc equations predict that viscosity should spread 
ut the fluctuations on the propagation time-scale (Mushtukov, 
ngram & van der Klis 2018 ; Kawamura et al. 2023 ). The hot
orona is likely in the regime where fluctuations can propagate 
n a w ave-lik e manner at the sound crossing time (Ingram 2016 ),
.e. have α ≤ H / R , but the warm/turbulent disc is at a much
ower temperature, so has much lower H / R , hence is more likely
o be in the regime where viscous diffusion dominates. The stellar
ass black holes likely only generate variability on the inner edge
f the truncated disc, so the fluctuations could be generated by
trong turbulence at this point rather than variability propagat- 
ng through the disc itself. Ho we ver, here we have considered
he warm disc to be intrinsically variable across its entire radial
ange. 

Clearly though there is with issue in our assumptions as the
odel does not reproduce the observed variability. The two likely 

ulprits are either our SED shape, or the assumption that all the disc
ariability is propagated into the X-ray corona in a lossless fashion.
n the case of the SED shape, it is possible that the disc spectrum
s described by a process that makes its luminosity proportional 
o Ṁ e verywhere, rather than gi ving enhanced v ariability around
ts peak. This would lead to UVW 2 being a ∼1: 1 tracer of the
ntrinsic disc variability, eliminating the issue where the disc peak 
roduces such strong seed photon variability, which enhances the 
ariability from propagated fluctuations. However, for the emission 
echanisms generally associated with accretion discs (multicolour 

lackbody, Comptonized blackbody), this would imply that UVW 2 
ust see the peak emission. The presence of a soft X-ray excess that

ppears to point back to the UV down-turn in the majority of AGN
e.g. Laor et al. 1997 ; Gierli ́nski & Done 2004 ; Porquet et al. 2004 )
ould suggest an SED shape that links the EUV and soft X-ray

mission to the disc. As UVW 2 is generally below the UV down-
urn, this feature becomes incompatible with UVW 2 seeing the peak
mission. Additionally, timing studies show that the He II line, often
sed as a proxy for the ionizing EUV (e.g. Mathews & Ferland 1987 ;
askin, Laor & Hamann 2013 ; Ferland et al. 2020 , displays stronger
ariability than the optical continuum (e.g. Homan et al. ( 2023 )).
his makes it more likely that the EUV variability is indeed larger

han in UVW 2, as predicted by the model. 
The other possibility then is that not all of the warm disc variability

ropagates into the hot corona. For the remainder of the paper, we will
llow the mass accretion rate fluctuations from the warm disc to be
uppressed by some factor before variability is suppressed somehow 

efore propagating into the hot corona. We stress, ho we ver, that
MNRAS 530, 4850–4867 (2024) 
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M

Figure 4. Example model output for a run considering the intrinsic variability only with no suppression of the disc variability seen by the hot corona, using the 
ṁ realization from Fig. 3 . Top Left: The output SEDs. The solid black line shows the input SED calculated from the SED fit in Section 2.1, while the orange 
lines show a sample of 200 SEDs randomly selected from the variable output. The shaded regions show the extraction regions used to generate light curves in 
HX (blue), SX (cyan), UVW 2 (magenta), U (green), and V (orange). For UVW 2, U , and V , the Swift -UV O T ef fecti v e area curv es were used to calculate the light 
curves. Top Right: Model autocorrelation functions (ACFs) for the extracted light curves, where the colours correspond to the e xtraction re gions in the SED. 
These have been calculated by considering 250 d chunks of the light curves, and averaging the resulting ACF from each chunk, as current intensive monitoring 
data generally co v ers 200–300 d time-scales. It is clear that UVW 2, U , and V are dominated by long-term slo w v ariability. HX , on the other hand, has a narrow 

peak due to the fast variability intrinsic to the hot corona, but is generally dominated by the slow variability propagating from the disc. SX appears as something 
in between UVW 2/ U / V and HX , being clearly dominated by the long term, but with a weak reverberation signal giving a small peak. Bottom: Model light curves 
extracted from the time-dependent SEDs. The colours correspond to the e xtraction re gion in the top left-hand panel. It is exceptionally clear that the model 
vastly o v erpredicts the variability in the X-ray. 
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he physical mechanisms that could cause this is not understood.
ence, the following should be treated as a phenomenological

pproach. 
The simplest way to reduce the variability that propagates into the

ot corona is by setting σh ( ̇m , r k ) = f h σ ( ̇m , r k ), where σ ( ̇m , r k ) is
he variance of ṁ ( t) at the radial annulus r k ; taken here to be the
nner annulus of the warm region; σ h is the variance of this annulus
s seen by the hot corona, and f h is a scaling fraction, with 0 ≤ f h ≤ 1
NRAS 530, 4850–4867 (2024) 
see e.g. Mahmoud et al. 2019 ). The mass-accretion rate time-series
rom the inner annulus of the warm region, ṁ ( r k , t), as seen by the
ot corona, ṁ h ( r k , t), is then: 

˙  h ( r k , t) = 

(
ṁ ( r k , t) − ṁ 0 

)√ 

f h + ṁ 0 . (6) 

This allows fluctuations to propagate without losses through the
isc, but then only a fraction f h of these propagate into the hot corona.
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Figure 5. Same as Fig. 3 , but now suppressing the disc variability seen by the hot corona by f h = 0.02. It is clear in the power-spectrum that the fluctuatios 
within the hot corona should now be dominated by rapid variability, with only a small contribution from the slow. Indeed, it can be seen in the time-series that 
the inner hot flow no longer contains a significant slow trend remesbling the warm; unlike the case in Fig. 3 . 
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e stress that this suppression only affects the matter propagation, 
he soft seed photons for the corona are still modulated by the total
isc variability. 
We perform a run of the same model as in Fig. 4 , but setting

 h = 0.02. This gives an X-ray time-series that is dominated by the
ast variability, generated within the corona itself, but with a small
ontribution from a slow component propagating in from the disc 
nd its slow seed photon variability. 

Fig. 5 (left) shows the time dependent of the mass accretion rates
hough the corona (upper) and warm disc (lower) in this version of
he model, together with their power spectra (right). The warm disc is
till the same as before (compare to Fig. 3 ), but the power-spectrum
f the mass accretion rate through the corona is now dominated by
he fast variability, though it does still contain a small bump at lower
requencies originating from the warm disc. Importantly, this slow 

ariability present within the hot corona is still be correlated with the
arm disc variability. Any resulting X-ray light curve will then have 
 marginal correlation with the slo wly v ariable UV/optical, gi ving
ise to a disconnect driven by the strong fast variability within the
ot corona. 
We convert this new set of ṁ ( r, t) fluctuations into a time

ependent SED. The model and resulting light curves are shown in 
ig. 6 . As expected, there is a significant reduction in the variability
f the X-ray portion of the SED (compare the upper left-hand panels
f Figs 6 and 4 ), which gives a much better match to the properties
f the data. The lower panel shows the light curves in the optical/UV
re the same as before (compare with Fig. 4 ), but that the scale of the
X light curve is now smaller. The model now also reproduces the
isconnect in variability time-scale, as shown by the ACFs (upper 
ight-hand panel of Figs 6 and 4 ). The warm disc optical/UV ACFs
re the same as before, but now the HX ACF (blue) is dominated by
he short time-scale variability giving the narrow core, with much 
ower correlation coefficient ( ∼0.3) for the long time-scale wings. 

The SX ACF (cyan) is much more like those from the optical/UV
orange/green/magenta). This is because the SX band-pass is domi- 
ated by the hottest part of the warm disc, so is dominated by this
lo w v ariability component, though its amplitude should be larger 
han in UVW 2 (see the light curves in the lower panel). There is also
 small contribution to the SX bandpass of the low-energy emission of
 e  
he hot corona. This fast variable component gives the small narrow
ore to the SX ACF. 

 R E V E R B E R AT I O N  

.1 X-ray illumination of the disc 

e now have a model that can describe the variability intrinsic to the
o w. Ho we ver, since a portion of the X-ray photons emitted by the
orona are incident on the disc, this imprints additional variability 
nto the UV/optical with an additional lag originating from the light-
ravel time (e.g. Blandford & McKee 1982 ; Welsh & Horne 1991 ;

cHardy et al. 2014 ; Edelson et al. 2015 ). We directly calculate the
ffect of this assuming the X-ryas thermalize at the local blackbody
emperature, as first done by Gardner & Done ( 2017 ), and later by

ahmoud & Done ( 2020 ); Mahmoud et al. ( 2023 ); HD23a . 
For details on calculating the reprocessed variability, we refer the 

eader to HD23a (sections 2.2 through 2.4). This imprints variability 
n a similar time-scales to the intrinsic X-ray variability, since the
trongest response comes from close to the inner edge of the disc,
here the illuminating X-ray flux is also the strongest ( HD23a ) and

he lag the shortest ( ∼0.1 d, light travel time to the warm disc),
hereas the light travel time to the outer disc edge is of order ∼2 d.
his puts some small fraction of the fast variability into the disc
mission, but the effect of this is small. Fig. 7 shows the power
pectra of the HX , SX , UVW 2, U , and V bands, with the black lines
howing the intrinsic variability, and the coloured lines including the 
isc reprocessed flux. This thermal disc reprocessing only makes a 
ifference in the V , U , and UVW 2 bands, giving a small addition to
heir power at the highest frequencies, but the o v erall effect is small,
s shown directly in HD23a . 

Hence, we also consider the effect of reprocessing from a larger-
cale wind in order to increase both the amplitude of reprocessed
ariability and the lag time-scale, as required by the data ( HD23a ). 

.2 Including a wind 

here is growing evidence for a large-scale height wind on the inner
dge of the BLR. This is seen directly in broad blue-shifted UV
MNRAS 530, 4850–4867 (2024) 
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M

Figure 6. Example model output for a run considering the intrinsic variability only, using the ṁ realization from Fig. 5 . Top Left: The output SEDs. The 
solid black line shows the input SED calculated from the SED fit in Section 2.1, while the orange lines show a sample of 200 SEDs randomly selected from 

the variable output. The shaded regions show the extraction regions used to generate light curves in HX (blue), SX (cyan), UVW 2 (magenta), U (green), and V 

(orange). For UVW 2, U , and V , the Swift -UV O T ef fecti ve area curves were used to calculate the light curves. Top Right: Model autocorrelation functions (ACFs) 
for the extracted light curves, where the colours correspond to the extraction regions in the SED, again calculated using 250 d chunks of the light curves. It is 
clear that UVW 2, U , and V are dominated by long term slo w v ariability, whereas HX has a narrow core due to the rapid variability intrinsic to the hot corona and 
a broad base from the slow variability that propagates into the corona from the disc. Unlike HX , SX is not significantly changed after the suppression, being still 
clearly dominated by a slow component, due to the soft X-ray excess significantly contributing to this band-pass. Bottom: Model light curves extracted from the 
time-dependent SEDs. The colours correspond to the extraction region in the top left-hand panel. 
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bsorption lines, which correlate with ‘neutral’ time variable X-ray
bsorption (Kaastra et al. 2014 ; Cappi et al. 2016 ; Mehdipour et al.
016 ; Dehghanian et al. 2019 ; Kara et al. 2021 ; Netzer 2022 ), as
ell as in the lag spectra, where there is a prominent jump in the
 band from diffuse Balmer continuum emission (Korista & Goad
001 ; Cackett et al. 2018 ; Lawther et al. 2018 ; Chelouche et al. 2019 ;
orista & Goad 2019 ). 
We use the same geometric wind model as in HD23a (see their

g. A1), i.e. a biconical outflow, launched at radius r l at an angle
l with respect to the disc. The wind extends to a maximum radius
NRAS 530, 4850–4867 (2024) 
nd height, r w, max and h w, max (in cylindrical coordinates), such that
he wind has a total co v ering fraction f cov, as seen from the central
ource (i.e centred on the black hole). We take the wind column to
 H = 10 23 cm 

−2 and ionization state of log ξ � 0 so that moderate
 elements still have a complete K shell (e.g. CIV), guided by
ST observations of other AGN, where the wind is seen directly

Mehdipour et al. 2016 ; Kara et al. 2021 ). We assume that the wind
s launched from r l = 800, as this gives typical lags of 5–6 d, as
een in Fairall 9 (Hern ́andez Santisteban et al. 2020 ), and we set the
aunch angle of αl = 60 ◦ and total co v ering fraction of f cov = 0.3
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Figure 7. Model power-spectra for HX , SX , UVW , U , and V band light curves, for models considering intrinsic variability only (black lines), and intrinsic 
and disc reverberation (coloured lines). The grey lines in each panel show the intrinsic only power-spectrum for UVW 2 as a comparison. Due to the stochastic 
nature of the model, the power-spectra were created by calculating the averaged power-spectrum from 1000 ṁ realizations of each model. Including the disc 
reverberation clearly adds a high frequency contribution to the total power, but has almost no impact on the slow variability or the total (integrated) power. 
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e.g. Baskin & Laor 2018 ). This small distance requires a high wind
ensity of n e = 10 13 cm 

−3 to match the low-ionization state. This
lso means that the emission is dominated by bound-free continuua 
ather than lines. We use the CLOUDY radiative transfer code (Ferland 
t al. 2017 ) to calculate emission from a constant density slab of these
arameters (unlike HD23a , where the emission was simply modelled 
s a blackbody), to give an o v erall wind reprocessed spectrum for the
ean, minimum, and maximum luminosity SEDs. For a near face 

n object, as is likely the case for Fairall 9, the observer is looking
own the bicone of the wind, so only see the emission reflected off
he wind surface. Hence, we only extract the reflected component 
rom the CLOUDY output, not the diffuse and transmitted fluxes that 
re seen by an observer looking through the wind. 

We divide the wind surface into a spherical polar grid in θ and φ,
ith spacing d cos ( θ ) = 0.01 and d φ = 0.01 radians. Each grid-point

s located at a distance r w from the central source, with corresponding
ime-lag τw , so see the SED shape from this time. We interpolate
etween the minimum and maxium SED wind models to calclulate 
he appropriate lagged emission, and sum o v er the wind surface.

e do not currently include the expected Doppler shift on the wind
mission as the features are already broad. 

Fig. 8 (left-hand panel) shows the resultant light curves in UVW2 ,
 , and V together with the UV/optical SED (right-hand panel). 
he diffuse wind emission (red-dashed line: right-hand panel) is 
ominated by the recombination continuua (Lyman, Balmer, Pashen 
tc.) and Rayleigh scattering of the Lyman alpha line (Korista & 
oad 2001 ). These make little difference to the UVW 2 bandpass
right-hand panel, magenta shaded), but the Balmer continuum makes 
 large contribution to the U band (green shaded), while Pashen
ffects the V (orange shaded), so the variability in the corresponding
ight curves (left-hand panel) are clearly boosted in V and U . This
dditional variability is very similar in shape and time-scales to 
he intrinsic variability originating from the disc, as can be seen
oth by eye in Fig. 8 and in the cross-correlation functions in the
ext section (Fig. 9 ). Unlike the blackbody models of HD23a , the
LOUDY models are responding to the UV/EUV emission, rather 

han the X-ray. This is because for a column-density of 10 23 cm 

−2 ,
he wind will be optically thin to X-rays abo v e ∼3 keV, and so most
f the X-ray flux is not reprocessed. On the other hand, this column
s very optically thick to the EUV emission. Hence, it will respond
o and reprocess the energetically dominant, slowly variable, EUV 

omponent, giving an increase in the o v erall variability power on
ong time-scales. 

 L AG S  F RO M  SIMULATED  L I G H T  C U RV E S  

.1 Lags from CCFs 

ig. 9 shows the model cross-correlation functions for Swift HX 

1.5–10 keV), SX (0.3–1.5 keV), U , and V bands, calculated from
ur model light curves chuncked into segments of 250 d following
MNRAS 530, 4850–4867 (2024) 
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M

Figure 8. Left: Model light curve, using the same ṁ realization as in Fig. 5 , calculated for a system with and without a wind (coloured and black lines, 
respectively). Additionally, propagation and disc reverberation is included in both scenarios. We see a clear increase in response in both U and V bands due to 
the wind, since these have a stronger contribution from the free-bound continuum than UVW 2, as seen in the right-hand panel. Right: optical/UV SED. The 
dashed green line shows the intrinsic emission (i.e warm Compton component from the disc-like structure), while the dashed red line shows the free-bound 
continuum from the wind. The solid black line shows the total SED. The coloured panels show the e xtraction re gions for UVW 2, U , and V bands, where the 
colours correspond to the light curves on the left. Note that we have subtracted out the line-emission from the free-bound component, for both clarity and 
computational efficiency. 

Figure 9. Cross correlation functions for HX , SX , U , V band light curves (segmented into chunks of 250 d each), with respect to UVW 2, for the same ṁ 

realization as in Fig. 5 using only the intrinsic variability (dashed lines), intrinsic and disc reverberation (solid black line), and the full model including intrinsic 
variability, disc reverberation, and wind reprocessing (coloured solid lines). The top row shows the CCFs o v er the range τ ∈ [ −39, 39] d, while the bottom row 

shows a zoom-in of each CCF o v er the range τ zoom 

∈ [ −9, 9] d. The zoom-in plots co v er the re gion within the gre y box es in the top panel. These boxes are the 
same size, with the SX and HX boxes offset in the y -direction with respect to U and V . The dotted vertical line indicates 0-lag. It is clear that the disconnect 
between the X-ray and UV/optical is driven by the intrinsic variability, while including disc and wind reverberation will shift the peak CCF from inward lags 
(i.e optical before UV/X-ray) to outward lags. 
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Figure 10. The data points show the lags measured for Fairall 9 from 

Hern ́andez Santisteban et al. ( 2020 ). The lines are lags from the models 
taken from the centroid of the CCF of the light curve at wavelength λ with 
respect to 1928 Å. The solid lime green line shows results only including 
intrinsic propagation model. This giv es ne gativ e (longer wav elengths lead 
to shorter wavelengths) lags as the fluctuations start in the outer disc and 
propagate inwards. Including X-ray reverberation from the disc gives the 
solid blue line. The X-ray reverberation is too small to cancel the ne gativ e 
lag from propagation, so the light curves including both propagation and 
disc reverberation, still have longer wavelengths leading. The dashed blue 
line shows the effect of X-ray reverberation from the disc alone without the 
intrinsic propagation, sho wing ho w these predicted re verberation lags are 
smaller than measured from the data. Finally, the orange solid line shows 
the lags from the full model, including UV (and X-ray) reverberation from 

a wind (as well as propagation and disc reverberation). Here, we see a clear 
increase in lag with wavelength due to the increased contribution of the wind 
at longer wavelengths, with clear features corresponding to the Balmer and 
Paschen continua, Fig. 8 . 
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ardner & Done ( 2017 ). The upper panel shows the longer term
ross-correlations ( ±∼40 d), while the lower panel zooms in on 
he shorter time-scale behaviour ( ±∼10 d). The black dashed lines
how the models that consider propagation only, the black solid 
ines disc reverberation from variable X-ray illumination, while the 
oloured lines show results from the full model, which also includes 
everberation of the entire SED from the wind. 

We start by describing the intrinsic fluctuations, i.e. the propaga- 
ion only model (dashed black line). The correlation normalization 
f the X-ray light curves is significantly worse than those for U and
 . This is as expected, and highlights the result from the previous
ection that the UV-X-ray disconnect can be explained through 
ropagating fluctuations. There are two distinct regions (disc/warm 

orona and hot corona) varying intrinsically on different time-scales, 
ut linked through propagation. All the UV/optical light curves 
riginate from the warm disc, so are highly correlated with each 
ther, though there are signs of propagation in that the V and U
ands lead UVW 2 (peak at ne gativ e delay). Instead, the X-ray light
urves are much less correlated with UVW 2, as the X-ray variability
s dominated by the additional uncorrelated fast variability stirred up 
he corona itself. We stress that it is not enough to simply have two
istinct regions varying completely separately from one another, as 
his would give a complete disconnect between the UV/optical and 
he X-ray, as the resulting light curves would be incoherent. Instead, 
he data show correlations between the X-ray and UV/optical that are 
etter than one would expect for two separate incoherent processes, 
ut much worse than expected for a single process (e.g. Edelson et al.
019 ). The direction of the propagated (correlated) variability goes 
rom UVW 2 to the X-ray corona, so the X-rays lag UVW 2 (peak at
ositive delay). 
The black solid lines in Fig. 9 show the results after including

-ray reverberation from the disc. This adds a small peak at short
ime-scales in all the CCFs, as it produces a fast variable response
n the warm disc that lags behind the X-ray light curves. Thus, the
ast variability in the X-ray bandpass leads its reprocessed signal in 
VW 2, giving a peak in the CCF lag at ∼−0.5 d for HX . Conversely,

or all the warm disc bands ( UVW 2 as well as U and V ), the
eprocessed X-ray variability is all dominated by the component 
roduced on the inner disc edge ( HD23a ) so the U and V CCFs now
eak at zero lag with respect to UVW 2. 

The coloured lines show the CCFs from the full models, including 
he wind reverberation. This makes a large difference to the U and V
and light curves, but has very little contribution to UVW 2 and the
-ray bands (see Fig. 8 ). The wind imprints the warm disc variability
ith light travel time lag via the Balmer ( U band) and Pashen ( V band)
iffuse continuua, moving the CCF peak from zero to a progressively 
onger lags in U and V behind UVW 2. The increase in lag at V
ompared to U is not from the reprocessing picking out structures
t a larger distance, but is instead from the increased fraction of the
onstant lagged wind at V compared to U . 

.2 UV/optical lag spectrum 

o far, we have only compared light curves extracted for broad- 
and filters (in particular Swift -UV O T filters). Ho we ver, our model
redicts the full variable SED and, as such, allows us to extract
ight curves at the spectral resolution of the model (d log ( E /keV) =
/125). This then allows us to predict the lag-spectrum one would 
xpect from each model, by comparing the model light curve in each
nergy bin to a single reference light curve. In this case, we pick
ur reference as λref = 1928 Å, as this is the centre of the Swift -
V O T UVW 2 bandpass and, as such, gives the cleanest comparison
o current intensive monitoring campaigns. 

For each light curve extracted from each energy (wavelength) 
in in our variable SED, we calculate the cross-correlation function 
ith respect to the light curve in the energy bin that covers 1928 Å,

gain with the light curves chunked into segments of 250 d. We
hen use these CCFs to extract an estimate for the model lag as a
unction of energy (wavelength), defined as the lag that corresponds 
o the maximal correlation coefficient. We measure this centroid lag 
ollowing the method used in the data analysis papers (e.g. Peterson
t al. 1998 ; Edelson et al. 2019 ); that is, restricting the centroid fit
o just the region of the CCF with R > 0.8 R max , where R is the
orrelation coefficient CCF( τ ) and R max is the maximum measured 
alue of R . 

We plot the resulting optical/UV lag relative to UVW 2 in Fig. 10 ,
xcept now we show lags at full model resolution rather than just
 xtracting o v er the observ ed photometric bandpass. F or the propaga-
ion only model (green line), we see a strong ne gativ e lag, increasing
o lower energy (higher wav elength), as e xpected for propagating
uctuations. An interesting point to note here is the measured lag
f ( ∼−2 d) is considerably shorter than the model propagation
ime of ∼20 d between the inner and outer disc radii (chosen for
omputational efficiency rather than physical expectations). This is 
ue to blackbody emission being broad, so a single wavelength does
MNRAS 530, 4850–4867 (2024) 
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ot just contain emission from a single radius. Hence, the observed
ime-delay will instead be more representative of the propagation
ime between the flux weighted radii for each energy, which will
aturally be smaller than the difference between the outer and inner
dges of the disc. 

When we include disc reverberation (blue line in Fig. 10 ), we
ee a reduction in the ne gativ e lag, not a switch to positive. This
s interesting, as it shows that X-ray reverberation from the disc
everberation does not contribute enough signal to the light curves to
 v ercome the ne gativ e propagation lag. We also show (blue dashed
ine) the reverberation lag alone, without any underlying propagation
hrough the disc. This clearly shows that X-ray reverberation in the
isc gives a lag that is a few times smaller than that measured, and
t is then clear that the propagation plus X-ray disc reverberation lag
rediction is approximately the sum of the ne gativ e propagation lag
nd the positive disc reverberation lag. 

Including reverberation from the wind is the key to matching
he data (orange line in Fig. 10 ), compared to the data points from
ern ́andez Santisteban et al. ( 2020 ). The lag-wavelength relation

alculated for the full model (propagation, disc reverberation, and
ind reverberation) follows the data remarkably well, especially as

his is not a best fit. The model parameters (generator and propagation
ime-scales, wind size scale) were simply examples given to roughly
atch some of the observed properties of the data, yet the model has

oughly both the correct shape and normalization. 
The wind reprocesses the entire SED, but this is dominated by the

UV band, so the total light curve in each band is a superposition
f the light curve emitted by the disc, and that reprocessed by the
ind, which will be nearly identical to that of the disc but with some

ag and additional smoothing on short time-scales. The measured
ag rises with wavelength, not because the wind lag is intrinsically
onger, but because the wind contributes more to the spectrum at
onger wavelengths (see Fig. 8 ). The spectrum at each wavelength
as a contribution from the intrinsic disc, which is highly correlated
ith the small (ne gativ e) lag at each wavelength, and the wind

everberation, which is lagged by a constant (positive) value, τwind .
he measured lag is then the flux-weighted lag from each component,
o τ ≈ ( F disc ( λ) τ disc ( λ) + F wind ( λ) τwind )/ F tot , where τwind is constant
ith wavelength. Only when the wind is the only component in the

pectrum does the lag tend to τwind ; otherwise, it is diluted (Uttley
t al. 2014 ) by the intrinsic disc emission, which is in both the
ight curves (reference band at 1928 Å, which has almost no wind
ontribution and at λ). This gives the characteristic wind lag shape,
ith lags increasing at longer wavelengths, with sharp features from

he Balmer and Paschen edges superimposed, and our example model
arameters give a fairly good quantatative match to the observed lags
espite not being fit to the data. 

.3 The UV-Xray connection seen through Fourier lags 

ur model is clearly able to reproduce the phenomenology seen
n IBRM campaigns, analysed using standard CCF techniques.
o we ver, CCFs are not ideal for disentangling multiple variability

ignals on different time-scales, while a key feature of our model
s the presence of multiple signals varying on distinctly different
ime-scales, with different lags! A Fourier analysis, which calculates
he different lags from different variability time-scale components,
s considerably better suited for this. Fourier resolved lags were
rst applied to the higher signal-to-noise X-ray light curves from
lack hole binaries, where they showed a complex pattern of lags,
here hard X-rays lagged softer ones by an amount that depended
n variability time-scale. This led to the development of propagating
NRAS 530, 4850–4867 (2024) 
uctuation models, including disc reverberation to give an additional
hort lag for fast variability from a reflected component (e.g. the
e vie w by Uttley et al. 2014 ), The much higher masses of AGN
eans that single X-ray observations are mainly sensitive only to

he fast time-scales of lagged reflection from disc reverberation, so
-ray AGN studies have focused on this component (De Marco et al.
013 ; Zoghbi, Reynolds & Cackett 2013 ; Cackett, Zoghbi & Ulrich
022 ). Here, we apply these techniques to illustrate how they can
isentangle the multiple variability components in the model. 
Fig. 11 shows the time-lags with respect to the UVW 2 bandpass

s a function of Fourier frequency for HX (1.5–10 keV), SX (0.3–
.5 keV), U , and V band light curves, calculated following Uttley
t al. ( 2014 ). These are defined such that a positive lag implies
VW 2 is leading, while a ne gativ e lag implies UVW 2 is following.
imilarly to the CCFs in Fig. 9 , we show lag curves for simulation
uns considering propagation only (grey), propagation and disc
everberation (black), and propagation and disc reverberation and
ind reverberation (coloured). 
The propagation-only model (grey) has the slow fluctuations

tarting first in the optical, then propagating into the U and UVW 2
ands (so V and U lead UVW 2) then into SX and HX (so these lag
VW 2). Fast variability ( f > 10 −6 Hz) is only produced in the X-ray

orona, but there is no correlation of this with the warm disc emission,
o the lag drops to zero in all bands. Including disc reverberation gives
 fast variable component in UVW 2 and U and V correlated with and
agged behind the X-rays. Thus, the fast variable X-rays go first, then
here is a response in UVW 2 lagged on the light travel time to the
isc of around 0.5 d. The inner disc reprocessing dominates the entire
arm disc ( HD23a ), so is also included in U and even V , diluting

he lag from that expected from the outer disc size scales, but still
iving a correlated fast variability signal with the opposite sign of
ag to that of the slow variability. 

Including the wind makes very little difference to HX and SX as
either of these, nor the comparison light curve of UVW 2, hav e an y
ignificant wind component. Instead, the wind reverberation makes
 dramatic change to the slow variability in U and V , as the wind
everberation signal is mainly due to the slo w v ariable EUV, but with a
lear long lag from light travel time to the wind. The fast time-scale
ags from disc reprocessing are almost unaffected (the oscillatory
ehaviour at high frequencies is an artefact originating from the grid
esolution on the wind surface leading to a phase-wrapping effect). 

 C O N C L U S I O N S  

he intensive broad-band monitoring campaigns on AGN give
imultaneous light curves from optical to X-ray energies. These
ontain much more information than simply the lag between any two
ands. The amount of lagged signal is also important as a diagnostic
f the geometry, as is the time-scale of v ariability. A re verberation
rigin for the UV variability predicts a light curve, which is a lagged
nd smoothed version of the driving X-ray light curve, with lag time-
cale similar to the smoothing time-scale. This is in clear conflict with
he data, where the UV lags behind the X-rays by ∼1 d, while it is
moothed on time-scales of ∼20 d. This is the main issue with X-ray
everberation models, not that the lag time-scale is a factor ∼2 bigger
han predicted but that the X-ray and UV light curves are so different.

Instead, we develop a full spectral-timing model to use all of
he information in these intensive broad-band monitoring data sets.

e use the truncated (warm Compton) disc/hot inner flow geometry,
hich successfully matches the SED in Fairall 9 (and other AGN with
 / L Edd ∼ 0.05–0.2). We assume that there are intrinsic fluctuations
tirred up in the disc, which propagate down and modulate the
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Figure 11. Time lags between UVW 2 and HX (1.5–10 keV), SX (0.3–1.5 keV), U , and V as a function of Fourier frequency. These are defined such that a 
positive lag implies the relevant band follows (i.e lags) UVW 2, while a ne gativ e lag implies UVW 2 lags the relevant band. The coloured lines show the lags for 
the full model including propagation, disc reverberation, and wind reverberation; the black lines show the lags for a simulation considering only propagation 
and disc reverberation; while the grey lines show a model using only propagating fluctuations. The dotted black horizontal line shows 0 lag. These have all been 
calculated by averaging over the Fourier lags calculated from 1000 simulation realizations. It is clear that disc reverberation only affects the high frequency (short 
time-scale) component, whereas the wind reverberation affects the variability on all time-scales due to the wind responding to the full EUV variability, which 
includes the intrinsic long-time scale variations. We note that the oscillatory features in the U and V band lags at high frequencies occur due to phase-wrapping 
between grid points on the wind surface (i.e a resolution issue). 
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uch faster fluctuations stirred up in the hot flow. This produces 
ntrinsic UV variability, which is much slower than the intrinsic X-ray 
 ariability, with the slo w UV v ariability correlated with and leading
he slow component of the X-ray variability. The fast X-ray variability 
as no intrinsic correlation with the UV as it is stirred up only in the
ot flo w. Its re verberation on the truncated disc produces a very
mall amplitude, fast variable, lagged signal in the UV, but the UV
ariability is dominated by the intrinsic slow fluctuations. Instead, in 
ur model the majority of the lag seen in the optical/UV arises from
he intrinsic slow variable UV/EUV reverberating off a wind on the 
nner edge of the BLR. This gives a much larger amplitude signal than
-ray reverberation from the disc first as the EUV is where the SED
eaks, so there is more intrinsic flux than in the X-rays, and secondly
ecause a vertically extended wind intercepts much more flux from 

 central source than a flat disc. The wind reverberation signal is a
agged and smoothed version of the UV/EUV, but these are already 
ntrinsically variable only on long time-scales (unlike the X-rays), so 
here is no longer a mismatch between the lag and smoothing time-
cale. Perhaps the most unintuitive aspect is that the increasing lag 
s a function of wavelength is not produced by increasing the scale
f the reverberating structure at longer wavelengths. Instead, in this 
odel it is produced by the increasing fraction of a fixed size scale

everberation signal at longer wavelengths, as bound-free continuum 

as a redder spectrum than the warm disc. 
Thus, the model succeeds in qualitatively explaining all the 

uzzling features of the Fairall 9 data set, but it does have multiple
ree parameters even after the disc/hot flow radius is set by the SED.
here is the intrinsic variability time-scale as a function of radius,

he propagation time-scale as a function of radius, and the size scale
f the wind. These were not derived from a fit to the data, but simply
hosen from order of magnitude arguments about what was needed. 

The model predicts that the warm Compton disc has both SED
nd variability peaking in the EUV. There is some evidence for
ncreased variability in the EUV, e.g. from He II photo-ionized 
ine (e.g. Homan et al. 2023 ). Ho we v er, this o v erpredicts the
bserved X-ray variability if all of the warm disc fluctuations 
ropagate into the X-ray corona (unlike the BHB, see Kawamura 
t al. 2023 ). 
The model was tailored for moderate Eddington ratio AGN ( L / L Edd 

0.05–0.2), where there is a significant disc-like continuum present. 
t is unlikely to work for much lower Eddington ratio AGN ( L / L Edd <

.02), where there is increasing evidence that the accretion structure 
hanges significantly with the collapse of the warm disc component 
e.g. Done et al. 2007 ; Noda & Done 2018 ; Hagen et al. (submitted)).
he fast coronal variability should still be present in these cases;
o we ver, the nature of any remaining optical/UV variability is not
t all clear, though it may be simply reprocessing off some more
istant material such as the BLR (e.g. NGC 4151, Edelson et al.
017 ; Mahmoud & Done 2020 ). 
Our model also assumes a line of sight that does not intercept

he wind. Similar AGN viewed at higher inclination angles would 
ee additional variability from any wind variability, as seen in the
TORM campaigns (e.g. Kara et al. 2021 ; Partington et al. 2023 ;
omayouni et al. 2024 ). This would significantly complicate the 

esults, but would also allow the physical mechanism producing the 
ind variability to be explored, which would help reveal its origin. 
There are other more limited models that can explain some of

he observed variability properties in AGN, e.g. using stochastic 
emperature fluctuations within the disc (Cai et al. 2018 ; Cai, Wang &
un 2020 ; Neustadt et al. 2024 ) to give smooth and slow UV
ariability, or a rapidly variable coronal height to cancel out the
ast variations in the reprocessed UV signal (Kammoun et al. 2024 ).
o we v er, our model pro vides a physical mechanism to both explain

nd predict the variability, based on the same mechanisms that are
nown to explain the variability in the better studied black hole
inaries. In particular, it makes a prediction that there should be
 switch between the UV leading the soft and hard X-rays for
lo w v ariability due to propagation down through the flow, and the
V la g ging the hard X-ray variability for fast variability due to

everberation. This is best seen in a F ourier resolv ed analysis, and
ome of the intensive broad-band monitoring campaign data is now 

ufficient to test this. 
In summary, our model can quantitatively match the observed 

ags between all the bands for unobscured, moderate Eddington ratio 
GN, and match the observed variability time-scales (autocorrelation 

unction widths) and amplitudes of variability in each band, particu- 
MNRAS 530, 4850–4867 (2024) 
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arly the disconnect between the disc dominated bands (optical/UV)
nd X-ray bands. These successes highlight the importance of its
undamental assumption, which is that the (warm Compton) disc is
ntrinsically variable. This requires that the internal disc structure be
ery different from the Shakura–Sunyaev prediction. Understanding
his would lead to a breakthrough in our understanding of the energy
enerating structure in AGN. 
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PPENDI X  A :  M O D E L L I N G  T H E  W I N D  

ARI ABI LI TY  

o model the wind variability, we start by considering a biconical
utflow launched from radius r l at angle αl with respect to the disc.
he wind subtends a solid angle � = 4 π f cov as seen from the central
lack hole, where f cov is the co v ering fraction. This geometry is
dentical to that used in HD23a . Here, we provide details on the main
alculations of the wind emission, but refer the reader to Appendix A
n HD23a for details on the geometry 

Unlike HD23a , we use CLOUDY (v.17.01 Ferland et al. 2017 ) to
alculate the emission from the wind. As we are mainly interested in
he response of the free-bound emission to the ionizing continuum, 
e use a reatively simple CLOUDY model, defined by the Hydrogen

olumn desnity, N H , Hydrogen number density, n H , co v ering fraction,
 cov , and SED shape. The strength of the reflected free-bound
ontinuum depends on the intensity of the ionizing continuum at 
he wind, and so the distance from the illuminating source. The wind
learly subtends a range of radii from the central region. Ho we ver,
or simplicity, we only calculate a single CLOUDY run for the wind, at
 distance set in the middle between the launch radius and maximal
adial extent (defined through f cov – see HD23a ). This will give
f the order correct emission power, and significantly reduces the 
omputational cost when e v aluating the time-dependent version later. 

The wind is defined as launching from both sides of the disc;
o we v er, the observ er will only see the emission from the side facing
he observer. Hence, for the total observed free-bound wind emission, 
 wind , we only extract half the total reflected emission given by
LOUDY , such that: 

 wind ( E) = εwind ( E)2 πf cov , (A1) 

where εwind ( E ) is the emissivity of the wind surface calculated by
LOUDY . 
We stress here that we use the reflected emission, as for our

eometry, the observer would be looking down the wind funnel, 
nd therefore only see emission from the side of the wind facing the
lluminating source, not the transmitted or diffuse components that 
re emitted from the opposite side (as defined by CLOUDY ). We also
ote that this assumes the wind emission is isotropic (within the lines
f sight that will see the wind face), as you can expect from a diffuse
edium. 
To calculate the variability of the wind, we also need to consider

he light-travel time to different section of the wind. Hence, we start
y dividing the wind into a polar grid in cos ( θ ) and φ, where φ is the
zimuthal angle in the x– y plane and θ is the polar angle measured
rom the z -axis. The grid is linearly space between 0 and 2 π with
pacing d φ = 0.01, and 0 and cos ( θm 

) with spacing d cos ( θm 

) =
.01, for φ and θ , respectively. Here, θm 

is the maximal polar angle
f the wind, defined in terms of the co v ering fraction such that
os ( θm 

) = f cov . As each grid-point is defined in terms of φ and θ ,
he solid angle of each grid-point (as seen by the central source)
MNRAS 530, 4850–4867 (2024) 

http://dx.doi.org/10.3847/1538-4357/ad0294
http://dx.doi.org/10.3847/0004-637X/819/2/154
http://dx.doi.org/10.1093/mnras/292.3.679
http://dx.doi.org/10.1088/0004-637X/721/2/1014
http://dx.doi.org/10.1093/mnras/273.3.837
http://dx.doi.org/10.1093/mnras/sty2133
http://dx.doi.org/10.1093/mnras/stz3196
http://dx.doi.org/10.1093/mnras/stz933
http://dx.doi.org/10.1093/mnras/stac3809
http://dx.doi.org/10.1051/0004-6361/202141375
http://dx.doi.org/10.1086/425559
http://dx.doi.org/10.1086/375330
http://dx.doi.org/10.1093/mnras/sty075
http://dx.doi.org/10.1086/165843
http://dx.doi.org/10.1093/mnras/stw354
http://dx.doi.org/10.1051/0004-6361/201629102
http://dx.doi.org/10.1093/mnras/stu1636
http://dx.doi.org/10.1093/mnras/sty1983
http://dx.doi.org/10.1051/0004-6361/201116875
http://dx.doi.org/10.1051/0004-6361/201425373
http://dx.doi.org/10.1051/0004-6361/201527729
http://dx.doi.org/10.1093/mnras/stad1830
http://dx.doi.org/10.1093/mnras/sty1114
http://dx.doi.org/10.1093/mnras/stx2872
http://dx.doi.org/10.1111/j.1365-2966.2007.12331.x
http://dx.doi.org/10.1093/mnras/stab3133
http://dx.doi.org/10.1093/mnras/stac888
http://dx.doi.org/10.3847/1538-4357/ad1386
http://dx.doi.org/10.1093/mnras/sty2032
http://dx.doi.org/10.1086/152990
http://dx.doi.org/10.3847/1538-4357/acbf44
http://dx.doi.org/10.1086/316177
http://dx.doi.org/10.1051/0004-6361/201731580
http://dx.doi.org/10.1051/0004-6361/201118326
http://dx.doi.org/10.1051/0004-6361:20047108
http://dx.doi.org/10.1051/0004-6361/201731290
http://dx.doi.org/10.1051/0004-6361/201834448
http://dx.doi.org/10.1093/mnras/stw1878
http://dx.doi.org/10.1093/mnras/sty2002
http://dx.doi.org/10.1051/0004-6361/201526288
http://dx.doi.org/10.3847/0004-637X/826/2/188
http://dx.doi.org/10.3847/1538-4357/ab3c1a
http://dx.doi.org/10.1093/mnras/stv2385
http://dx.doi.org/10.48550/arXiv.2311.10820
http://dx.doi.org/10.3847/2041-8213/aa85de
http://dx.doi.org/10.3847/1538-4357/aac726
http://dx.doi.org/10.1093/mnras/stad1448
http://dx.doi.org/10.1093/mnras/stad2775
http://arxiv.org/abs/2312.08302
http://dx.doi.org/10.1111/j.1745-3933.2011.01056.x
http://dx.doi.org/10.1007/s00159-014-0072-0
http://dx.doi.org/10.3847/0004-637X/832/2/181
http://dx.doi.org/10.1093/mnras/sty2556
http://dx.doi.org/10.1093/mnras/stab1033
http://dx.doi.org/10.1093/mnrasl/slac009
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1093/mnras/sty465
http://dx.doi.org/10.1086/170530
http://dx.doi.org/10.3847/1538-4357/acde7e
http://dx.doi.org/10.1088/0004-637X/777/1/24


4866 S. Ha g en, C. Done and R. Edelson 

M

i  

l  

c
 

(

τ

 

 

h

r

h

 

f  

i  

(
 

r  

1  

t  

m  

T  

e  

ε  

g  

L

ε

f

 

t  

w  

f  

g  

d  

i  

�  

t

L

 

o

L

 

v  

s

A
C

T  

t  

w  

H  

X  

t  

c
 

t  

r  

(  

e  

w  

i  

(  

m  

c  

i  

t  

c  

c  

w  

S  

c  

t  

H  

p
 

F  

o  

p  

h  

p  

o  

s  

∼  

a  

(  

d
 

M  

t  

w  

m  

W  

s  

r  

w  

i  

s  

s  

s  

a  

2
 

v  

d  

i  

l  

c  

h  

(

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/4/4850/7663594 by U
niversity of D

urham
 user on 21 M

ay 2024
s d �grid = d cos ( θ ) d φ. This solid angle is important, as we use it
ater to calculate the relative contribution from each grid-point when
alculating the time-dependent emission. 

The light-travel time to a grid-point on the wind surface is
 HD23a ): 

w ( θ, φ) = 

R G 

c 

[√ 

r 2 w ( θ ) + h 2 w ( θ ) − h w ( θ ) cos ( i) − r w ( θ ) sin ( i) cos ( φ) 

]
, 

(A2)

where r wind and h wind are the radius (in the x–y plane) and the
eight of the wind grid-point, respectively, and are given by: 

 wind ( θ ) = 

r l tan ( αl ) 

tan ( αl ) − tan ( π/ 2 − θ ) 
(A3) 

 wind ( θ ) = r wind ( θ ) tan ( π/ 2 − θ ) . (A4) 

We note here that equation ( A2 ) is the delay assuming the distance
rom the central black-hole, whereas the equation in HD23a also
ncludes a term for the height of the corona abo v e the black hole
assuming a lamppost geometry). 

To calculate the wind emission at a given time, we now assume the
esponse to changes in the continuum are linear, bit not necessarily
:1. This simplifies the problem significantly, as we now only run
wo CLOUDY models. One for the minimum and another for the
aximum luminosity values within the SED; L min ( E ) and L max ( E ).
he two CLOUDY models then give the minimum and maximum
missi vity v alues of the free-bound wind emission; εwind, min ( E ) and
wind, max ( E ). The wind emission for any given intrinsic SED at any
iven time within our time-series (and hence within L min ( E ) and
 max ( E )) is then given by: 

wind ( E) = f ( E) εwind , min ( E) + (1 − f ( E)) εwind , max ( E) , (A5) 

where f ( E ) is an energy dependent interpolation factor given by: 

 ( E ) = 

L ( E ) − L max ( E) 

L min ( E ) − L max ( E) 
, (A6) 

where L ( E ) is the intrinsic SED seen by the wind. We can make
his time dependent by including the time-delay to a point on the
ind by writing L ( E ) as L ( E , t − τ ( θ , φ)), such that f ( E ) becomes

 ( E , t , θ , φ). Of course, we need to take into account the size of a
rid-point relative to the total wind area when calculating the time-
ependent emission from each grid. For this, we simply note that
ntegrating d �grid = d cos ( θ ) d φ over the wind surface will give

wind /2 = 2 π f cov . Hence, the luminosity of a given grid point at time
 is simply 

 wind , grid ( E, t, θ, φ) = εwind ( E, t, θ, φ) d cos ( θ ) d φ, (A7) 

and hence the total time-dependent wind emission is simply a sum
 v er all grid points, such that: 

 wind ( E, t) = 

cos ( θm ) ∑ 

cos ( θ ) = 0 

2 π∑ 

φ= 0 

L wind , grid ( E, t, θ, φ) . (A8) 

This is of course just for the free-bound wind component. The total
ariable SED is then a sum of the intrinsic and wind components,
uch that L tot ( E , t ) = L ( E , t ) + L wind ( E , t ). 

PPENDIX  B:  T H E  SOFT  TO  H A R D  X - R AY  

O N N E C T I O N  

he paper focuses on the broad-band continuum lags from optical,
hrough UV to soft and hard X-rays. We generally show results of lags
ith respect to UVW 2, as in generally done in the IBRM campaigns.
NRAS 530, 4850–4867 (2024) 
o we v er, our model co v ers the full SED, so giv es predictions for
-ray lags as well. We repeat the approach in Section 5 to calculate

he CCF and Fourier resolved lags, but with HX as the reference light
urve rather than UVW 2. 

Fig. A1 a shows the CCF of the SX band light curve with respect
o HX for the propagation only model (black dashed line), plus disc
everberation (black solid line) and full model including the wind
coloured). Wind reverberation makes very little impact, as the wind
mission has very little contribution in either X-ray band. Similarly,
hile the disc reverberation does contribute to the SX light curve, this

s a very small effect so is almost indistinguishable from the intrinsic
propagation only) light curves (see also Fig. 7 so these different
odel lines are hard to separate. The main effect is that the SX light

urve is a mix of the soft X-ray excess, which originates from the
nnermost radii of the (slow variable) optically thick geometrically
hin disc-like structure, and the low energy extent of the (fast variable)
oronal emission. The HX component by contrast is purely the
oronal emission, which has the propagated variability from the
arm disc, modulating its own additional fast variability. Thus, the
X–HX CCF has a perfectly correlated fast core from the same corona
omponent in both bands, plus a very small additional contribution
o the fast core, which is correlated but lagged by 0.2 d relative to
X from disc reverberation plus the broad correlated shoulder from
ropagation where SX leads. 
These different components in SX are more clearly seen in the

 ourier resolv ed lags in Fig. A1 b. The slo w v ariability produced
n the inner edge of this disc (soft X-ray excess component)
ropagates down and modulates the much faster variability of the
ard X-ray corona, so the slow variability in HX is lagged by the
ropagation time-scale. By contrast, there is a small component
f the fast variability in SX, which is produced by reprocessing,
o is lagged, but the lag time-scale seen in the Fourier plot of
0.03 d is very much shorter than the actual lag time of ∼0.2 d

s it is diluted by the direct coronal component in the SX bandpass
see Uttley et al. 2014 ; Mizumoto et al. 2018 for a discussion of
ilution). 
There are several studies of the HX–SX Fourier lags (e.g. (De
arco et al. 2013 )). These use single, long, XMM–Newton , observa-

ions spanning ∼10 5 s i.e. these start only at frequencies of ∼10 −5 Hz,
here our plots end. Ho we ver, some of their AGN have much lower
asses, so can sample this switch from propagation to reverberation.
e note here that our model for the reverberating component is

lightly different in that we assume that we are seeing mainly thermal
eprocessed emission from X-ray heating of the inner edge of the disc,
hereas these papers assume that the reprocessing is dominated by

onized relativistic reflection. Both components should be present at
ome level, but the expected signature from reverberation lag is the
ame. We also note that our reverberation lag of 0.03 d is very much
horter than the true lag to the inner disc ( ∼0.2 d) due to dilution,
nd matches the very small lags seen in the data (De Marco et al.
013 ; Kara et al. 2016 ). 
Overall our model gives a clear predictive behaviour of the X-ray

ariability, with a slow varying component propagating in from the
isc giving a soft lead, while the fast variability intrinsic to the corona
tself should imprint a (weak) reverberation signal producing a soft
ag. This behaviour can now be tested through X-ray monitoring
ampaigns of variable AGN, and in fact the soft X-rays leading the
ard is already being seen in the case of Fairall 9 by Partington et al.
in prep.). 
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Figure A1. Left: Cross-correlation of SX with respect to HX light curves. Here, the peak is clearly dominated by the fast X-ray component, present in both 
bands, giving 0 peak lag, while the slow variability from the soft X-ray excess (disc-like component) gives a marginal ne gativ e lag (i.e SX comes before HX ) in 
the centroid lag. Right: Fourier lags between SX (0.3–1.5 keV) and HX (1.5–10 keV), defined such that a ne gativ e lag implies SX comes first followed by HX , 
and vice-versa for a positive lag. The magenta line shows the lags for the full model ( propagation, disc re verber ation, and wind re verber ation ), the black line 
shows the case for a model considering only propagation and disc reverberation, while the grey line shows the case for only propagation. It is clear that the wind 
makes no difference to the SX–HX relation, as the X-rays simply pass through this. Including disc reverberation gives a very small positive lag at the highest 
frequencies, whereas the lows remain more or less unaffected, entirely dominated by propagation. 
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