
MNRAS 512, 899–916 (2022) https://doi.org/10.1093/mnras/stac248 
Advance Access publication 2022 January 29 

Dust and the intrinsic spectral index of quasar variations: hints of finite 

stress at the innermost stable circular orbit 

John R. Weaver 1 , 2 , 3 ‹ and Keith Horne 

3 

1 Cosmic Dawn Center (DAWN) 
2 Niels Bohr Institute, University of Copenhagen, Jagtvej 128, DK-2200 Copenhagen, Denmark 
3 SUPA School of Physics & Astronomy, University of St Andrews, North Haugh, St Andrews KY16 9SS, UK 

Accepted 2022 January 24. Received 2022 January 24; in original form 2021 November 26 

A B S T R A C T 

We present a study of 9 242 spectroscopically confirmed quasars with multiepoch ugriz photometry from the SDSS Southern 

Surv e y. By fitting a separable linear model to each quasar’s spectral variations, we decompose their five-band spectral energy 

distributions into variable (disc) and non-variable (host galaxy) components. In modelling the disc spectra, we include attenuation 

by dust on the line of sight through the host galaxy to its nucleus. We consider five commonly used attenuation laws, and find 

that the best description is by dust similar to that of the Small Magellanic Cloud, inferring a lack of carbonaceous grains from 

the relatively weak 2175- Å absorption feature. We go on to construct a composite spectrum for the quasar variations spanning 

700–8000 Å. By varying the assumed power-law L ν ∝ να spectral slope, we find a best-fitting value α = 0.71 ± 0.02, excluding 

at high confidence the canonical L ν ∝ ν1/3 prediction for a steady-state accretion disc with a T ∝ r −3/4 temperature profile. The 
bluer spectral index of the observed quasar variations instead supports the model of Agol & Krolik, and Mummery & Balbus, in 

which a steeper temperature profile, T ∝ r −7/8 , develops as a result of finite magnetically induced stress at the innermost stable 
circular orbit extracting energy and angular momentum from the black hole spin. 

Key words: accretion, accretion discs – methods: statistical. 
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 I N T RO D U C T I O N  

he optical identification of quasi-stellar objects (quasars hereafter) 
y Matthews & Sandage ( 1963 ) enabled, for the first time, studies
f the distant universe at z > 0.1. Quasars are now recognized as
igh-luminosity examples of active galactic nuclei (AGN), powered 
y accretion on to a supermassive black hole (SMBH) (Lynden- 
ell 1969 ; Shakura & Sunyaev 1973 ). The continuum variability of
uasars, known soon after their disco v ery, allows us to peer directly
nto their central engines. Varying by 10–20 per cent o v er time-scales
f months to years, the intrinsic variability of quasar continuum 

mission has long been theorized to be caused by changes in the
nvironment close to the SMBH. 

Quasar spectral energy distributions (SEDs) provide insight into 
heir underlying physics. Spanning the full range from gamma-rays 
o radio, quasar SEDs exhibit both thermal (accretion disc, dust) and 
on-thermal (corona, jet) components. In the rest-frame UV–optical, 
hermal emission from the accretion disc is thought to manifest as the
Big Blue Bump’ (Shields 1978 ; Malkan & Sargent 1982 ), described
y a sum of blackbody spectra o v er a range of temperatures from
10 3 K for the cool outer edges of the disc to perhaps ∼10 5 K near

he innermost stable circular orbit (ISCO). A related feature is the 
Small Blue Bump’, caused by closely packed FeII emission and 
he Balmer recombination continuum (Elvis, Wilkes & Tananbaum 

985 ; Wills, Netzer & Wills 1985 ) 
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For a geometrically thin steady-state accretion disc (Shakura & 

unyaev 1973 ), the effective temperature profile is T eff ∝ 

M Ṁ 

)1 / 4 
r −3 / 4 , where M is the black hole mass, Ṁ is the accretion

ate, and r is the radial distance from the black hole. The correspond-
ng spectrum, obtained by summing blackbody spectra weighted 
y solid angle, is L ν ∝ 

(
M Ṁ 

)2 / 3 
ν1 / 3 . This power-law spectrum 

pplies in the spectral range corresponding to the minimum and 
aximum disc temperatures, k T min � h ν � k T max , where h and k

re the Planck and Boltzmann constants. For a more general power-
aw temperature profile, T ∝ r −b , the disc spectrum is L ν ∝ να

ith α = (3 b − 2) /b. Thus, measuring the disc’s spectral slope α
etermines the power-law slope b of its temperature profile and tests
he accretion disc theory. If the theoretical power-law slope, α = 1/3
s confirmed, the results measure the product M Ṁ . Moreo v er, since
he disc spectrum scales with inclination angle i and luminosity 
istance D L via cos i/D 

2 
L , we may potentially be able to measure

uasar luminosity distances. 1 

Several obstacles stand in the way of realizing these moti v ating
oals. First, there may be significant extinction and reddening due 
o dust along the line of sight. Correcting for dust in our Milky

ay galaxy is relatively straightforward (e.g. Schlegel, Finkbeiner & 

avis 1998 ; Schlafly & Finkbeiner 2011 ). More difficult is to correct
or the adverse effects of reddening caused by scattering and absorp-
ion by dust grains within the host galaxy, a complication shared by
 For Type 1 AGN ( i < 60 ◦), the mean ± rms of cos i is 3 / 4 ± √ 

1 / 48 = 

 . 75 ± 0 . 14. 

is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0003-1614-196X
mailto:john.weaver.astro@gmail.com
http://creativecommons.org/licenses/by/4.0/


900 J. R. Weaver and K. Horne 

M

t  

t  

q  

l  

g  

l  

G  

p  

c  

1  

c  

s  

a  

t  

t  

t  

e
 

t  

(  

h  

g  

h  

p  

s  

l  

f  

u  

c  

s  

o  

v  

B  

a  

a  

p  

l
 

p  

b  

b  

2  

e  

n  

a  

o  

a  

s  

a  

S  

2  

a
 

m  

d  

a  

a  

d  

n  

u  

w  

u  

l  

e
 

l  

a  

s  

a  

m  

S  

a  

S  

d
 

H  

t
i
2

2

I  

m  

m  

u  

t
 

l  

c  

t  

F  

m
 

s

F

H  

d  

s

w  

n  

t  

m  

T  

n  

N  

m  

b  

t
 

F  

w  

h  

fi  

c  

p  

T  

b  

2 See A2.1 of Bessell & Murphy ( 2012 ) for details. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/899/6517110 by guest on 23 M
arch 2022
he use of Type Ia supernovae as standard candles. Reddening along
he line of sight presents a de generac y since dust grains can redden
uasar spectra with a wavelength dependence similar to the power
a w form e xpected for the disc spectrum. Ho we ver, carbonaceous
rains produce an absorption feature prominent in the dust extinction
a w observ ed in the Milk y Way Galaxy (Nandy et al. 1975 ; Allen &
lass 1976 ; Seaton 1979 ) and the Large Magellanic Cloud (Fitz-
atrick 1986 ). This absorption feature, described by a ‘Drude’ profile
entred at 2175 Å (Fitzpatrick & Massa 1986 ; Draine & Malhotra
993 ), can largely resolve the degeneracy, given sufficient spectral
o v erage. The 2175- Å absorption is weak or absent in other notable
ystems including the Small Magellanic Cloud (Gordon et al. 2003 )
nd local starburst galaxies (Calzetti et al. 2000 ), which suffer from
he full strength of this de generac y. Moreo v er, it has been postulated
hat quasar dust may differ from the varieties studied closely in
he local univ erse, for e xample, by lacking small grains that are
 v aporated by the quasar luminosity (e.g. Gaskell et al. 2004 ). 

Secondly, the observed spectra of quasars are generally redder
han the predicted disc spectrum, hinted at already by Sandage
 1965 ). This is due in part to the comparably red starlight of the
ost galaxy. Quasars are often too distant to directly resolve the host
alaxy, which means that their measurements are contaminated by
ost galaxy starlight captured within the aperture from which the
hotometry is performed. While this problem can be mitigated in
mall samples of nearby, resolved quasars where the host galaxy’s
ight profile can be modelled, or extrapolated inward and subtracted
rom images, this approach fails for larger samples of more distant,
nresolv ed quasars. The adv ent of large multiwav elength monitoring
ampaigns provides a viable workaround. Instead of attempting to
ubtract host galaxy contributions from imaging data, a time-series
f images or spectra can be used to isolate the spectrum of the
ariable light arising from the central engine and the accretion disc.
y this method, one can extract separate spectra for the variable
ccretion disc and the non-varying host galaxy components for
 large number of unresolved quasars, provided multiwavelength
hotometric monitoring with sub-year cadence o v er a sufficiently
ong baseline to probe the variations. 

Several successful and innov ati ve campaigns have marked the
revious twenty years of the study of AGN. Most recently, assem-
lages of multiepoch, multiwavelength photometric data sets have
een observed by the Sloan Digital Sky Survey (SDSS; York et al.
000 ) and more recently the Zwicky Transient Facility (ZTF; Bellm
t al. 2018 ; Graham et al. 2019 ), which have enabled fundamentally
ew comparisons with theoretical models of accretion disc structure
nd behaviour with statistically significant samples. Additional
bservations from the Rubin Observatory’s Le gac y Surv e y of Space
nd Time (LSST; Ivezi ́c et al. 2019 ) will greatly increase both sample
izes and epoch baselines, expected to be underway in 2024. In
ddition, precise, spectroscopic monitoring campaigns such as the
loan Reverberation Mapping Project (SDSS-RM; e.g. Shen et al.
015 ) are providing valuable details on the variability of continuum
nd line emission, although with smaller samples. 

Sev eral techniques hav e been applied to interpret these photo-
etric data sets. For example, MacLeod et al. ( 2012 ) employed a

amped random walk model to describe the stochastic variations for
n ensemble of ∼10 4 quasars from SDSS, finding good agreement as
 viable description of the optical continuum variability. For the same
ataset, Kokubo et al. ( 2014 ) employed a ‘flux-flux correlation’ tech-
ique to derive the colour of the flux difference spectrum, which was
sed to infer an accretion disc spectral slope of L ν ∝ ν1/3 , consistent
ith standard steady-state accretion models. Parallel work has been
ndertaken with this and similar data sets to determine the extinction
NRAS 512, 899–916 (2022) 
aw most appropriate for quasars (e.g. Hopkins et al. 2004 ; Krawczyk
t al. 2015 ), the results of which influence work on variability. 

The objective of this work is to directly probe the accretion disc
ight and test theories of accretion physics. This will be accomplished
s follows. In Section 2 , we develop our method that leverages the
ource variability to isolate the accretion disc light. In Section 3 , we
pply this to a sample of 9 242 quasars observed with multiepoch
ultiwavelength photometry during the Sloan Digital Sky Survey
tripe 82 quasar campaign, including a de-reddening of the isolated
ccretion spectrum with five commonly used dust extinction laws.
ection 4 presents the composite spectra. Our results are then
iscussed in Section 5 and our conclusions made in Section 6 . 
We adopt in this paper a concordance cosmological model with
 0 = 70 km s −1 Mpc −1 , �M 

= 0.3, and �� 

= 0 . 7. All magni-
udes are in the AB ν system (Oke 1974 ), for which a flux f ν
n mJy (10 −26 erg cm 

−2 s −1 Hz −1 ) corresponds to AB ν = 16 . 4 −
 . 5 log 10 ( f ν/ mJy ). 

 I SOLATI NG  T H E  AC C R E T I O N  DISC  L I G H T  

n this section, we describe our method using a separable linear
odel to fit the photometric variations of a quasar observed with
ultiwavelength photometry. The method is illustrated for a partic-

lar SDSS quasar in Fig. 1 , which we discuss below as we outline
he steps of the analysis. 

A quasar is observed at N t times t in N λ photometric bands, each
abelled by its pivot wavelength 2 λ. The observations at time t are
onsidered simultaneous if measured within a time interval so short
hat changes in the state of the accretion disc can be neglected.
or UV and optical observations of quasars, this typically means
easurements on the same night, or even over a few nights. 
We fit the observed spectral flux variations with the following

eparable linear model: 

 ( λ, t) = A ( λ) X( t) + B( λ) . (1) 

ere, F ( λ, t ) can be F ν or F λ, or indeed any suitable flux unit. The
imensionless light-curve shape X ( t ) is shifted to zero mean and
caled to unit root mean square (rms): 

〈 X 〉 t = 0 , 
〈
X 

2 
〉

t 
= 1 , (2) 

here 〈·〉 t denotes a suitably weighted time average. With this
ormalization, the model’s amplitude spectrum A ( λ) is the rms of
he flux variations about the mean background spectrum B ( λ). This
odel has 2 N λ + N t parameters, which are A ( λ), B ( λ), and X ( t ).
hese are constrained by N t × N λ flux measurements plus two
ormalization constraints. For observations at a single wavelength,
 λ = 1, the model fits the N t flux measurements e xactly. F or
ultiband observations, the model parameters are o v er constrained

y the data, which permits optimizing the model parameters by fitting
he data, and testing the validity of the model assumptions. 

This model fitting is illustrated for a particular SDSS quasar in
ig. 1 . The light curve of this quasar is sampled at N t = 62 epochs
ith SEDs measured by N λ = 5 bands, as shown in Fig. 1 (b). Note
ere that the data follow a light-curve shape that is similar for all
ve bands. Fitting the model to these data, by minimizing χ2 , the
orresponding set of linear equations is solved to determine the model
arameters A ( λ), B ( λ), and X ( t ), with corresponding uncertainties.
his is done in practice by using iterated linear regression fits. Start
y constructing an initial guess for X ( t ), for example using one
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(a) (b)

(c) (d)

(e) (f)

Figure 1. An example illustrating our light-curve decomposition method. Panel (b) shows the N λ = 5-band ugriz light-curve data at Nt = 62 epochs for the 
SDSS quasar ID 1576517 at redshift z = 1.15. Panel (a) shows that the flux variations are well fitted by a linear model, F ( λ, t) = B( λ) + A ( λ) X( t), where B ( λ) 
is the mean flux, A ( λ) is the rms amplitude of the flux variations, and X ( t ) is the light-curve shape, assumed to be the same for all bands, normalized to 〈 X 〉 = 0 and 
〈 X 

2 〉 = 1. The maximum and minimum brightness states are indicated in Panel (a) by vertical dotted lines on either side of the mean state at X = 0. Extrapolating 
to fainter levels, the u -band flux becomes negative just below X ≈ −10.5. Having thus turned off the disc, we attribute the extrapolated fluxes at the vertical 
dashed line, where u is 1 σ abo v e 0, to the non-variable host galaxy. Panel (c) shows the resulting five-band SEDs extracted at the maximum, minimum, rms, and 
mean states, as well as the bright – faint difference spectrum, with vertical dotted lines marking the wavelengths of rele v ant spectral features. Panel (d) shows 
the SEDs extracted for the disc (black) and host galaxy (red). Dotted lines show L ν ∝ ν1/3 fixed to each band and coloured accordingly . Finally , the light-curve 
data and fitted model are shown versus time sequence number in Panel (e) and by date of observation in Panel (f). All error envelopes are shown at ±1 σ . 
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f the observed light curves, suitably normalized. Then use two- 
arameter linear regression to find A ( λ) and B ( λ) assuming X ( t )
s kno wn. Next, re vise X ( t ) assuming A ( λ) and B ( λ) are kno wn.
mpose the normalization constraints on X ( t ). Finally, iterate to
onvergence. Some care may be needed to identify and down-weight 
r reject significant outliers, using a robust procedure such as sigma 
lipping. 

The two-parameter linear regression fits that determine A ( λ) and 
 ( λ), with X ( t ) assumed to be known, are presented in Fig. 1 (a).
he fitted linear models are shown as solid coloured lines with 
1 σ envelopes. The flux data with error bars are plotted versus the

imensionless X ( t ). This tracks the changing brightness of the quasar
bo v e and below the mean flux lev el. F or each band, the slope in this
iagram is the rms amplitude A ( λ) of the flux variations abo v e and
elow the mean spectrum B ( λ) at X ( t ) = 0. Note here that the quasar
ariations are well described by linear flux variations. In particular, 
here is no e vident curv ature that could indicate a change in the disc
pectrum between the faint and bright states. The shape of the light-
urve X ( t ) and comparison of the fitted model with the light-curve
ata, are examined in Fig. 1 (e), where the flux data are plotted versus
ime sequence number, and in Fig. 1 (f) versus observation date.
ere, the light-curve shape is determined as a weighted average of

he variations seen in all bands. 
The fitted model can now be used to predict flux es e xpected at

if ferent v ariability states X ( t ). Gi v en N λ observ ed bands, the fitted
odel predicts the SED for any variability state X ( t ). Meaningful
 xtrapolation is possible, abo v e and below the range sampled by the
onitoring data, with the usual caveat that the extrapolated model 

ecomes progressively uncertain. Fig. 1 (c) presents the SED obtained 
or se veral indicati ve states. The mean spectrum, B ( λ), is the SED
erived for the mean state of the system, at X ( t ) = 0. Abo v e and below
he mean SED are SEDs for the faintest and brightest observed states,
t X min and X max , respectively. These SEDs are relatively red, F ν

ising to longer wavelengths. Ho we ver, the dif ference SED between
he brightest and faintest states, e v aluated for 
 X = X max − X min ,
nd the SED of the rms variations, for 
 X = 1, are comparably blue.
uch quasar variations are often described as ‘bluer when brighter’. 
o we ver, the linearity seen in Fig. 1 (a) shows that this is not due to
MNRAS 512, 899–916 (2022) 

art/stac248_f1.eps


902 J. R. Weaver and K. Horne 

M

t  

r  

f
 

a  

o  

d  

v  

a  

p  

a  

fl  

F  

p

3

3

A  

d  

c  

v  

p  

n  

t  

c  

t  

n
 

S  

c  

c  

D  

o  

e  

e  

a
 

q  

w  

t  

h  

t  

l  

a  

d  

g  

p
 

s  

b  

s  

v  

t  

t  

M
 

g  

c  

t  

c  

(a)

(b)

(c)

(d)

Figure 2. Summary of the raw input photometry from the SDSS Southern 
Sample. The g -band magnitude and g − i colour distributions with redshift 
are shown in Panels (a) and (c). The g -band magnitude distribution is also 
shown against the g − i colour distribution. The red dotted line indicates 
the expected g − i colour from an f ν ∼ ν1 / 3 spectrum. Panel (d) shows the 
density of sources on the sky. 
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he disc spectrum becoming bluer when brighter, but rather to the
elatively red (host galaxy) spectrum becoming dominant as light
rom the relatively blue disc dims. 

Our linear model fit to the spectral variations determines the disc
nd host galaxy SEDs shown in Fig. 1 (d). The host galaxy SED is
btained by extrapolating the linear model to fainter states until the
isc is ef fecti vely turned off. Here we define this static point as the
ariable state X gal at which the lower 1 σ uncertainty envelope of
ny band is predicted to lie at zero flux. The model would be non-
hysical at any fainter state. With short-term variability assumed to
rise by modulating the disc’s SED, the variable disc’s SED is the
ux emitted at each band in excess of the galaxy’s SED. Note in
ig. 1 (d) that the disc SED is close to, but slightly redder than, the
ower-law L ν ∝ ν1/3 spectra, indicated by dotted lines. 

 APPLICATION  TO  SDSS  DATA  

.1 Sample selection: SDSS stripe 82 quasars 

s described in the previous section and illustrated by Fig. 1 , our
isc + galaxy decomposition procedure requires multiwavelength
o v erage with a suitably long time baseline to adequately probe the
ariability of a given source. More importantly, the procedure is well-
osed mathematically if and only if the multiwavelength coverage is
ear simultaneous ( � 1 night) as to constrain all rele v ant regimes of
he SED at any one time. Thankfully, multiwavelength photometric
o v erage for transient surv e ys are usually performed on nightly basis,
hereby providing multiple samplings in wavelength per source, per
ight. 
A suitable surv e y satisfying these requirements is the Southern

ample of the Sloan Digital Sky Survey. The Southern Sample
atalogue (MacLeod et al. 2012 ) contains re-calibrated ugriz light
urves for all of the spectroscopcially confirmed quasars in SDSS
R7 Stripe 82. Summarily, the catalogue includes 9 258 quasars
 v er ∼290 de g 2 with an observational baseline of ∼10 yr, observing
ach source for 2 −3 consecutive months a year. The total number of
pochs per source is ∼60 with photometric accuracy between 0.02
nd 0.04 mag. 

The original photometry was adopted from the official SDSS
uasar catalogue (Schneider et al. 2010 ) using PSF magnitudes which
ere re-calibrated (see MacLeod et al. ( 2012 ) for details). According

o Schneider et al. ( 2010 ), 97 per cent of these objects are registered as
aving point-like morphology, with the remaining 3 per cent limited
o z � 0.7; ∼80 per cent of z < 0.7 sources are registered as point
ike. Future surv e ys such as LSST will be deeper and have higher
ngular resolution, relative to SDSS. As such, the task of accurately
isentangling the nuclear quasar light from that of resolved host
alaxies will require more detailed image modeling and/or aperture
hotometry. 
Fig. 2 shows the photometric properties, redshift distribution, and

ky density of sources within the catalogue. This sample provides a
road range in redshift, 0.1 < z < 6.0, which extends the rest-frame
pectral range deep into the ultraviolet and enables us to probe quasar
ariability and thus accretion disc structure out to remarkably early
imes. The photometry here is corrected for Galactic extinction using
he coefficients provided in the catalogue, to thus be consistent with

acLeod et al. ( 2012 ). 
As highlighted in Fig. 2 (b) and (c), the typical observed-frame

 − i colour index of the SDSS quasars, taken from the initial
atalogue prior to our decomposition analysis, is ∼0.5 mag. redder
han a power-law L ν ∝ ν1/3 spectrum. This may be expected due to
ontamination of the disc spectrum by light from the host galaxy
NRAS 512, 899–916 (2022) 
nd/or reddening due to dust on the line of sight to the quasar.
n addition, the undulating redshift dependence of g − i shown in
ig. 2 (c) likely arises from quasar emission-line features redshifting

nto and out of the g and i passbands. 

art/stac248_f2.eps
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Figure 3. Luminosity (absolute g -band AB magnitude) versus g − i colour index (left-hand panel) and g − i versus redshift (right-hand panel) for the mean 
SED (top panel), disc SED (middle panel), and SMC de-reddened disc SED (bottom panel). Distributions are coloured darker with increasing density and shown 
as histograms projected on to each axis. The g − i colour index for a power-law L ν ∼ ν1 / 3 spectrum is indicated by the dashed red lines. Arrows in the top 
right-hand panel indicate the redshifts at which prominent spectral features are centred in the g - or i -band in green and grey, respectively. 
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.2 Isolating disc SEDs using variations 

or 99 . 8 per cent of the southern sample, the procedure explained 
n Section 2 succeeded in isolating the variable (accretion disc) 
nd non-variable (host galaxy) SEDs. The analysis failed for just 
 . 2 per cent (16) of the sources, owing to either too sparsely sampled
ata (either in wavelength or epoch), insuf ficient v ariability signal, 
r a combination of the two. 
The main effect of this disc + galaxy decomposition is evident for

bject 1576517 in Fig. 1 (c) and (d). Much of the red light is ascribed
o the non-variable background galaxy component, shown in red in 
ig. 1 (d), thus isolating the relatively blue SED of the variable disc

ight, as shown in black in the same panel. In this case, the disc SED
s slightly redder than the expected L ν ∝ ν1/3 power-law SED, shown 
y dotted curves fixed to the observed magnitudes per band. 
In Fig. 3 , comparing the top and middle panels shows the effect of

ur disc + galaxy decomposition on g − i colour indices o v er the full
ample of SDSS quasars. The distribution of g − i colours, for the
ean and disc SEDs, are shown here as a function of magnitude

nd redshift. A red-dashed line marks the g − i colour for the
 ν ∝ ν1/3 power law. The g -band absolute magnitude distribution 
s very similar for the disc and mean SEDs, indicating that these
uasars are typically brighter at g than their host galaxies. The g
i distributions differ significantly – the disc SEDs are generally 

luer than the mean SEDs. While none of the SDSS quasars has a
ean spectrum as blue as the L ν ∝ ν1/3 power law, most of the disc
EDs have bluer g − i colours, moving toward and in some cases
eyond the L ν ∝ ν1/3 power law colour. But the g − i distribution is
ot simply translated, rather it appears to be stretched towards bluer
olors, leaving behind a long red tail of somewhat fainter quasars with
 − i similar in their disc and mean SEDs. One possible interpretation
f these redder and fainter SEDs is dust along the line of sight to the
uasar disc. 
Note also that the stark effect of the emission lines causing g − i

o undulate with redshift is stronger for the mean than for the disc
EDs. This is consistent with broad UV emission lines being less
ariable than the disc continuum. 

.3 Accounting for dust extinction and reddening 

e now investigate the possibility of dust along the line of sight
o the quasar discs. This dust could be absent or differ significantly
rom the dust along lines of sight to other parts of the host galaxy,
MNRAS 512, 899–916 (2022) 
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M

Figure 4. Attenuation curves of five commonly assumed dust attenuation 
laws used in this work. See Section 3.3 for details. 
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Figure 5. Dust-correcting the quasar disc spectrum (absolute AB magnitude 
v ersus observ ed- and rest-frame wav elength) to illustrate the procedure with 
each of the five dust laws in Fig. 4 , for the same object as in Fig. 1 . In 
each panel, the best-fitting dust-attenuated L ν ∝ ν1/3 power-law spectrum 

(gre y curv e) is fitted to the observed disc fluxes (filled circles with error bars, 
coloured to correspond with the ugriz filters). The coloured lines show the 
same models after dust-correcting by setting E ( B − V ) = 0. The corresponding 
coloured square points are similarly dust-corrected data. The best-fitting E ( B 

− V ) and the reduced χ2 / N is shown in each panel. With two parameters 
fitting five data, there are N = 5 − 2 degrees of freedom. 
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ince the quasar luminosity can heat and e v aporate dust in its vicinity.
evertheless, there is evidence from infrared interferometry (H ̈onig

t al. 2013 ; Asmus 2019 ) for both polar dust and equatorial dust.
hile equatorial dust is thought to obscure the disc and associated

road emission-line regions in Type 2 AGN, polar dust may attenuate
nd redden the observed disc spectra even for more face-on discs. 

Although there is e xtensiv e discussion in the literature (e.g.
allerani et al. 2010 ; Krawczyk et al. 2015 ; Zafar et al. 2015 ),

here is as yet no definiti ve e vidence and certainly no consensus as
o the correct or possibly universal dust extinction law for quasars.
iven this uncertainty, we consider five possible dust laws. Their

ttenuation curves, A λ/ A V , are shown in Fig. 4 . The five dust laws are
s follows: 

(i) SMC – The Small Magellanic Cloud – a nearly smooth power-
a w-like curv e with relativ ely high UV e xtinction due to small grains.
dopted from Gordon et al. ( 2003 ). 
(ii) LMC – The Large Magellanic Cloud – a flatter UV extinction

urve with a strong 2175(a)- Å graphite absorption feature. Adopted
rom Gordon et al. ( 2003 ). 

(iii) MW – The Milky Way – similar to the LMC dust law with
 strong 2175- Å feature. Adopted from Seaton ( 1979 ) fitted by
itzpatrick ( 1986 ). 
(iv) SBG – The Calzetti Starburst Law – a monotonic extinction

urve similar to MW and LMC dust but lacking the graphite feature.
dopted from Calzetti et al. ( 2000 ). 
(v) GREY – The Gaskell AGN Law – flattens in the UV due to

bsence of small grains. Adopted from Gaskell et al. ( 2004 ). 

The dust-attenuated power-law spectrum model, expressed in
bsolute AB magnitude versus rest wavelength λ, is 

 AB ( λ) = M 0 + 2 . 5 α log 10 

(
λ

λ0 

)
+ R( λ) × E( B − V ) . (3) 

ere, R( λ) ≡ −2 . 5 log 10 ( A λ) /E( B − V ) is the dust attenuation in
agnitudes per colour excess E ( B − V ). The intrinsic power-law

pectrum is L ν = L 0 ( λ0 /λ) α , with disc theory predicting a power-
a w inde x α = 1/3. With no dust, E ( B − V ) = 0, the model’s absolute
B magnitude is M 0 at the fiducial rest wavelength λ0 = 2400 Å,

hosen because the vast majority of the SDSS quasars have rest-frame
o v erage at 2400 Å thus minimizing cases that pivot at wavelengths
utside the observed ugriz range. 
F or all fiv e dust la ws, and for each SDSS quasar, we fit the observed

ve-band disc SED, holding α = 1/3 fixed and minimizing χ2 to
stimate the two model parameters, M 0 and E ( B − V ) in equation ( 3 ).
ig. 5 illustrates this fit and de-reddening procedure for the disc
NRAS 512, 899–916 (2022) 
pectrum of SDSS ID 1576517 ( z = 1.15) determined in Fig. 1 . For
ach of the five dust laws, the de-reddened model spectrum, setting
 ( B − V ) = 0, gives the intrinsic power-law L ν ∝ ν1/3 fixed at the
est-fitting value of M 0 . This also allows the photometric data to
e dust-corrected by compensating for the dust extinction at each
av elength. This analysis deliv ers best-fitting estimates for E ( B −
 ) and M 0 , and a five-band dust-corrected SED, for each of the 9 242
uasar discs. 
With 2 parameters fitted to five data, there are N = 3 residual

egrees of freedom. If the data and model are reliable, the reduced
2 / N should be 1 ± √ 

2 / 3 , helping to discriminate among the five
ust la ws. F or the z = 1.15 quasar in Fig. 5 , the g -band happens to
ample the redshifted 2175 Å feature that arises from graphite grains
nd is prominent in the MW and LMC dust laws. The observed disc
ED is relatively smooth about the g -band. This strongly disfa v ours

he LMC and MW dust laws, χ2 / N = 9.06 and 10.98, respectively,
or which the g -band datum is abo v e and the u -band datum is well
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elow the best-fitting model. For the GREY dust law, the best fit
equires a larger dust correction compared with the other dust laws. 
lso, the GREY dust la w leav es relativ ely large residuals, and so is

lso strongly disfa v oured, χ2 / N = 10.81. For this particular quasar,
nd for the assumed power-law index α = 1/3, the SMC and SBG
ust laws remain viable, with χ2 / N = 0.32 and 1.14, respectively. 
A secondary metric to consider is the best-fit colour excess E ( B
V ), which quantifies the line of sight dust column density. A

rior on the dust reservoir of the quasar host galaxy may be set by
he relatively small values observed in most extragalactic systems, 
ith the notable exception of dusty starbursts (Casey, Narayanan & 

ooray 2014 ; Talia et al. 2021 ). In our analysis, with E ( B − V )
 free parameter, a fit requiring a much higher E ( B − V ) should
e rightly disfa v oured. In Fig. 5 , the best fit with the GREY dust
a w giv es E ( B − V ) = 1.67 ± 0.34 mag, the SBG dust la w giv es
.31 ± 0.04 mag, and the SMC , LMC , and MW dust laws are
onsistent with E ( B − V ) ≈ 0.11 ± 0.02 mag. Thus, importantly,
he SMC is not only the best-fittinf dust-law as measured by χ2 / N ,
t also requires a significantly smaller E ( B − V ) when compared to
he next-best-fitting SBG dust law. 

The similarities and differences among the dust law fits discussed 
bo v e for SDSS ID 1576517 are found to hold statistically in the
ggre gate sample. F or the SMC dust la w, the lower panels of Fig. 3
emonstrate the dramatic tightening of the g − i colour distribution 
ffected by dust-correcting the quasar disc SEDs. For all five dust
aws, Fig. 6 compares their dust-corrected colour–magnitude and 
olour–redshift distributions, reporting for each case the colour 
ispersion σ ( g − i ) and the total χ2 summed o v er all objects.
he dust-corrected disc SEDs cluster around the assumed intrinsic 
 ν ∝ ν1/3 power-law disc spectrum, with relatively mild dependencies 
n redshift. The tightest dispersions, σ ( g − i ) ∼ 0.23 mag, are
chieved similarly by the SMC , SBG , and GREY dust laws. This
s closely followed by the LMC and MW dust laws, at 0.25 and
.30 mag, respectively. 
Despite their similar success in reducing the g − i dispersion, we 

ote se veral dif ferences among the five dust laws. First, the GREY
ust law, flat in the UV, is problematic as it spreads the dust-corrected
isc SEDs o v er a wide range of implausibly large luminosities. In our
iew, this strongly disfa v ours the GREY dust law unless the intrinsic
EDs of quasar discs differ very substantially from a power-law 

pectrum. 
For the LMC and MW , dust laws featuring graphite absorption 

t 2175 Å, the g − i distribution has a tight core arising from the
edshift range 0.9 < z < 1.6, and broader wings from outside
his range. This redshift structure stems from the 2175- Å feature 
edshifting across the g , r , and i bands, at z ∼ 1.2, 1.9, and 2.5,
espectively. At these redshifts, the evidence for absence of graphite 
bsorption keeps E ( B − V ) relatively small and better constrained
han at intermediate redshifts where the feature falls between bands. 
his highly structured redshift dependence reduces the viability of 
ur fits with these dust laws (see Appendix A ). 
In comparison, the SMC and SBG dust laws produce dust- 

orrected disc SEDs with tight distributions in both luminosity and 
olour, with small undulations in redshift that may plausibly be 
ssociated with emission-line features redshifting across the g and i 
ands, as indicated in the top right-hand panel of Fig. 6 . Our fits with
hese dust laws also achieve the lowest total χ2 , 2.5 × 10 5 for SMC
nd 3.3 × 10 5 for SBG , compared with (5.0, 7.3, and 8.8) × 10 5 for
he ( LMC , MW , and GREY ) dust laws. 

In conclusion, the SMC is our preferred dust law. It appears to be
oth reasonable and the best-fitting dust la w o v erall, with a tight g

i colour distribution centred about colour of an expected L ν ∝ ν1/3 
ower law which is well constrained nearly equally at all redshifts.
he SBG dust law is a close second choice, but with a somewhat
igher χ2 . For individual sources, the SMC provides the best fit in
3 per cent of cases, followed by the LMC, MW, and SBG at around
17 per cent each, and lastly by GREY at < 7 per cent (see Fig. 12 ).
e continue with all five dust laws, but consider the SMC dust law

o be the most appropriate for our subsequent analysis. 

.4 Host galaxy SEDs 

s a check on our SED decomposition procedure, using variability to
eparate the variable disc and non-variable galaxy SEDs, we examine 
he resulting galaxy SEDs. If our linear extrapolation to (sometimes 
uch) lower fluxes than observed is a poor approximation, the 

esulting galaxy SEDs could be distorted. 
Fig. 7 shows the SEDs inferred for the quasar host galaxies, sorted

y redshift and by dust extinction. The red curves show the galaxy
EDs. The blue curves show the corresponding dust-corrected disc 
EDs. Higher redshift host galaxies appear to be more luminous than

hose at lower redshifts. This is a natural consequence of the SDSS
uasar sample being approximately magnitude limited, with fainter 
bjects being detectable only at lower redshifts. Note that at the
ighest redshifts, 3 < z < 6, the galaxy SEDs are strongly affected
y the Lyman break moving into and thus suppressing the luminosity
n the u band. 

The host galaxy SEDs may be expected to be fainter and redder in
uasars for which a large E ( B − V ) is inferred to produce a L ν ∝ ν1/3 

ntrinsic disc spectrum. Ho we ver, comparing the right two columns
n Fig. 7 , we see no strong trend in this direction. The host galaxies of

ore attenuated discs are perhaps a bit fainter, but not much redder.
his implies that dust along the line of sight to the quasar disc is
ot strongly correlated with dust on lines of sight to stars in the host
alaxy. 

Turning to trends with redshift, at z < 1, the quasar host galaxy
EDs co v ering 2000–6000 Å all look similar. The y are fainter than
nd intermediate in spectral shape between the red SED of NGC 7585
nd the blue SED of Mrk 930, typical red sequence and blue cloud
alaxies, shown for comparison in each panel of Fig. 7 . At z > 1,
he quasar host galaxy SEDs are brighter, and an increasing fraction
f them exhibit a UV component producing a V-shaped ugr dip,
ith g fainter than u or r . This can be interpreted as a young stellar
opulation as in star-forming (blue cloud) or intermediate (green 
alle y) galaxies. The y constitute a minority at 1 < z < 2, and a
ajority at 2 < z < 3, compatible with maximum star formation

t cosmic noon, and decreasing thereafter. At z > 3, virtually all of
he quasar host galaxies are blue-cloud starbursts, with strong UV 

mission and brighter than the SED of the compact blue starburst
alaxy Mrk 930. The Lyman break appears to depress the galaxy
EDs on the blue end. 
These trends with redshift accord with our current understanding 

f the star formation history of galaxies o v er cosmic time (Madau &
ickinson 2014 ; F ̈orster Schreiber & Wuyts 2020 ). As summarized

n Fig. 8 , star-forming hosts become increasingly faint with time.
e find no significant change if we remo v e the 3 per cent of

ources registered with resolved morphologies, as they constitute 
 20 per cent of sources at z � 0.7, and �1 per cent at higher

edshifts. While these trends could be affected by unknown selection 
iases, they are broadly consistent with the well-known fading of 
tar formation between z ∼ 2 and the present epoch. In contrast
o the quasar host galaxies, the dust-corrected disc luminosities 
re remarkably stable across all epochs, M AB ∼ −22.6 at λ0 = 

400 Å, with a dispersion of ∼0.4 mag, becoming less certain at z 
MNRAS 512, 899–916 (2022) 



906 J. R. Weaver and K. Horne 

M

Figure 6. g − i colour–magnitude (left-hand panel) and redshift-colour (right-hand panel) diagrams for each assumed dust law used to de-redden the 9156 ugiz 
disc SED. Distributions are coloured darker with increasing density and shown as a histogram projected on to each axis. The expected F ν ∼ ν1 / 3 is indicated 
by the dotted red lines. Arrows indicate the presence of an emission feature in the center of the g - or i -band in green and gre y, respectiv ely. The reported values 
for χ2 are total combined χ2 statistics o v er the sample. 
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 3 where extrapolation redward of the observed SED is required.
evertheless, these encouraging results serve to validate our proce-
ure using variability to separate the quasar disc and host galaxy
ight. 
NRAS 512, 899–916 (2022) 
Some of our galaxy SEDs have u brighter than g , in fact rising
ore rapidly into the UV compared with a blue stellar population,

erhaps even more rapidly than a Rayleigh–Jeans slope. This effect
s likely a small flaw in our decomposition procedure. We currently
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Figure 7. Quasar host galaxy SEDs (red) and dust-corrected disc SEDs (blue) sorted by redshift (columns) and E ( B − V ) (rows). SEDs for typical galaxies in 
the red sequence (e.g. the lenticular shell galaxy NGC 7585) and blue cloud (e.g. the compact starburst Mrk 930), adopted from Brown et al. ( 2014 ), are shown 
in each panel for reference. 
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et X gal at the lowest possible level, so that the extrapolated flux in
ne band, usually u or g , is 1 σ abo v e 0. A slightly higher level for
 gal could be used, thus moving a small fraction of the disc SED to

he galaxy SED. The effect would be to make the V-shaped ugr dip
n the galaxy SEDs less prominent in those cases where g is fainter
han u , ele v ating the galaxy flux at g and moving the galaxy SEDs
loser to the SED of a blue cloud galaxy. The disc SED would then
ave a correspondingly lower flux at g . We have not yet implemented
his procedural tweak. We expect it to have a relatively small effect
n the disc SEDs, which are much brighter than the galaxy. 
These results follow the trends found in the analysis of Matsuoka 

t al. ( 2014 ), who performed a spatial decomposition to extract point-
ike quasar signals from their host galaxies, based on the same SDSS
bservations of Stripe 82. Limited to resolved sources at z < 0.6,
hey find that quasars are bluer than their host galaxies, with a quasar-
o-host ratio of ∼8 in u and ∼1 in i . For our sources, at z < 0.6, host
ight is also typically fainter than our de-reddened discs, by a factor
f ∼90 in u and ∼3 in i . Ho we ver, a more equi v alent comparison
sing our reddened (i.e. uncorrected) disc components produces a 
ess extreme ratio of ∼30 in u and ∼2 in i , in better agreement
ith Matsuoka et al. The remaining discrepancy could be driven 
y a combination of selection effects, PSF-modelling biases in the 
nalysis from Matsuoka et al. and that our definition of host galaxy
ay underestimate the host contribution at u . Regardless, it seems

hat the quasar discs are bluer than their hosts. 
 COMPOSI TE  SPECTRA  O F  VARI ABLE  

UASAR  DISCS  

he SDSS Stripe 82 quasar sample provides an unprecedented 
ultiyear record of multiband quasar variations, but it is limited to

ust five optical bands ( ugriz ). Despite this drawback, we can leverage
he cosmological redshift range to construct a composite quasar disc 
pectrum at somewhat finer spectral resolution and extending to much 
luer rest-frame ultraviolet wavelengths. Our approach implicitly 
ssumes that the spectral features of the accretion disc are universal,
n assumption we made in the dust-correction procedure by assuming 
n L ν ∝ ν1/3 power law for the intrinsic disc spectrum. As justified
n Section 3.3 , we assume that local extinction follows the SMC law
or all sources when constructing our composite spectrum. It is also
mportant to note that spectral features seen here will be smoothed
ut by the resolution of the filter profile of each band. 
For each SDSS quasar, we have removed the host galaxy con-

ribution by using the spectrum of the variable component, and 
orrected for possible dust extinction and SMC-like reddening in the 
ost galaxy, assuming an L ν ∝ ν1/3 power law for the intrinsic disc
pectrum. We construct a composite disc spectrum by combining the 
esulting disc SEDs for quasars sampled across a continuous range of
edshifts 0.1 < z < 6. Our dust-correction procedure fits the power-
aw model, L ν( λ) = L 0 ( λ0 /λ) α , assuming α = 1/3, to determine
or each quasar the luminosity L 0 at reference rest wavelength λ0 =
MNRAS 512, 899–916 (2022) 
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Figure 8. Upper panel: rest-frame 2400- Å absolute AB magnitudes as a 
function of z for the galaxy SED component (red) and disc component (blue), 
dust-corrected assuming an SMC-like attenuation, and L ν ∝ ν1/3 power law. 
Lower panel : Dust attenuation E ( B − V ) estimates assuming SMC. Bins have 
equal occupation at all redshifts and are used to determine the medians and 
68 per cent ranges as shown. 
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400 Å, and the required E ( B − V ). The power-law spectrum provides
 backbone for our composite disc model. We simply scale the L 0 for
ach quasar to a common value (-22.6 AB, as evidenced by Fig. 8 ),
nd scale the dust-corrected ugriz fluxes by the same scale factor.
his pro vides fiv e measurements on the composite spectrum, at the

est wavelengths of the ugriz bands at the redshift of that quasar.
oing that for the full sample gives ∼45 000 points, which we then

verage with a binned median to reduce the scatter. 
In Section 4.1 , we construct the composite disc spectrum assuming

he canonical L ν ∝ ν1/3 power law. In Section 4.2, we generalize this
nalysis by assuming L ν ∝ να and solving for the best-fitting power-
aw slope α, thus testing the disc theory prediction α = 1/3. 

.1 Composite disc spectrum for L ν ∝ ν1/3 

ig. 9 presents the composite disc spectrum assuming a canonical
 ν ∝ ν1/3 power law. We remove 1 per cent of sources with the
orst χ2 (typically in excess of 100) to keep these poor fits from
ominating the o v erall statistics. The top panel stacks the five-band
ust-corrected disc SEDs for o v er the remaining 9 150 SDSS quasars,
orted by redshift, and coloured according to relative brightness,
nterpolating linearly between the pivot wavelengths of the ugriz
ands. Despite somewhat larger noise in the u and z bands, there
s clearly a general increase in brightness toward bluer rest-frame
avelengths. This reflects the assumed L ν ∝ ν1/3 power-law adopted

or the dust corrections. 
The middle panel presents the composite disc spectrum, which

ndulates abo v e and below the assumed power-law spectrum (red
ashed line). Here, the 5 × 9 150 individual photometric measure-
ents are summarized using a median with ∼300 points in each

in (blue curve with a 68 per cent envelope). We additionally show
 in 5 (i.e. 20 per cent) of sources to illustrate the object-to-object
ariations. The panel below this uses a similar format (in green) to
NRAS 512, 899–916 (2022) 
ho w residuals relati ve to the po wer law. The bottom panel shows the
umber of quasars contributing at each wavelength, nearly all 9150
n the middle at 2400 Å and dropping below 100 on the ends below
00 Å and abo v e 7000 Å. 
The power-law model provides a reasonable match to the data,

ith a reduced χ2 / N = 11.75. Undulations around the power law are
ignificant and plausibly attributed to variable spectral features such
s the Balmer continuum emission around 3500 Å. Only a handful
f low-redshift quasars contribute to the H α peak at 6563 Å. The
o wnturn blue ward of 1200 Å is expected due to intervening Lyman
forest absorption in the u band at z > 2. The more dramatic drop

lueward of 900 Å is the Lyman break arising from Lyman continuum
bsorption depressing the u -band flux in the highest redshift quasars
t z > 3. 

.2 Consideration of alternati v e spectral slopes 

he common assumption that the underlying power law should be
 ν ∝ ν1/3 originates from classical theory (Shakura & Sunyaev 1973 )
nd has not been conclusively demonstrated to be the true underlying
pectral power-law. This work so far has made the same assumption,
nd so now we question it. While the disc-decomposition procedure
s entirely independent of the assumed underlying power law, the de-
eddening procedure is not. Hence, we re-derive all dust reddening
olutions for each of the five assumed dust laws assuming a range of
nderlying power-law slopes. 
As before, we compute the aggregate χ2 statistic for each assumed

ust law and underlying power-law index α such that L ν ∝ να ,
or a coarse grid of α values. The results are shown in Fig. 10 ,
easured both using the aggregate χ2 of the sample (left-hand

anel) and only the scatter in g − i colours (right-hand panel).
ach coloured curve corresponds to an assumed dust law and each
oint in α is coloured by the median E ( B − V ) achieved under
hose two assumptions. Whereas red colours indicate high median
ust e xtinction, gre yscale colours denote the median E ( B − V )
 0 is non-physical, although some objects in a given collection
ay still have E ( B − V ) > 0. The best-fitting α for each curve is

alculated by fitting a seventh-order polynomial to the samples in
and computing the minimum χ2 . Estimates for the best-fitting

alues of α are shown also in Fig. 10 and are indicated by colour-
orresponding vertical dotted lines with their uncertainty envelopes
alculated where 
χ2 = χ2 

min /N , which are unexpectedly small for
uch a large data set. F or reference, gre y v ertical dashed and dash–
otted lines are included to indicate α corresponding to the canonical
 ν ∝ ν1/3 as well as an alternative L ν ∝ ν5/7 , respectively. Table 1
ummarizes the best-fitting parameters for each dust law, for fits with
= 1/3, 5/7, and α optimized for each dust law. 
From the left-hand panel of Fig. 10 , showing the χ2 landscape as a

unction of α, we find that the graphite-heavy dust laws for LMC and
W are strongly disfa v oured. Their minimum χ2 occurs for a red

pectral slope ( α < 0) and under the assumption of L ν ∝ ν1/3 they are
isfa v oured at high confidence in clear excess of 5 σ . The best-fitting
olution for the UV-flat GREY dust law occurs for an even redder
pectrum, α = −0.39, and with an non-physical median E ( B − V ) =
0.67 mag. LMC , MW , and GREY also have relatively high χ2 

min 

alues, corresponding to reduced χ2 / N values 11.19, 13.19, 13.80,
espectively. 

The SMC and SBG laws fare rather better, achieving lower best-
t χ2 

min values of 5.99 and 7.37, respectively. The SMC dust law
chie ves its lo west o v erall χ2 

min at α = 0.71 ± 0.02 and is tightly
onstrained relative to the SBG , which achieves its relatively higher
2 
min at α = 1.39 ± 0.04. While the SMC enjoys a smooth progression
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Figure 9. SEDs for the sample are shown at the top, shifted into the rest frame and ordered by z. Rele v ant emission lines are indicated by the vertical dotted 
lines. Shown in the middle is the composite spectrum of the de-reddened disc component computed with a binned median (blue, ∼300 points per bin) with a 68 
percentile envelope indicating the width of the distribution at that point, with scatter indicated behind by 1-in-5 SEDs. We assume an SMC -like reddening and 
L ν ∝ ν1/3 power la w, o v erlaid in red. The residuals are shown in the lower panel in green, with an envelope likewise from abo v e. The lower panel shows the 
distribution of sources contributing to any give rest-frame wavelength. 
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Figure 10. Two aggregate badness-of-fit (BoF) metrics, the total χ2 (left-hand panel) and σ ( g − i ) (right-hand panel), as functions of the accretion disc spectral 
index α. Points show the BoF values for each of the five candidate dust laws, fitting the α grid with seventh-order polynomials. For each dust law the median E ( B 

− V ) is indicated by the filler of each point, red for positive values, and grey for (non-physical) negative attenuation. The best-fitting α values, at BoF minima, 
are marked on the left-hand panel by vertical dotted coloured lines within coloured bands denoting the uncertainty in α based on the 
χ2 = χ2 

min /N criterion. 
Fiducial power-law models corresponding to ν1/3 and ν5/7 are marked by vertical grey lines. The best fit is achieved for SMC-like dust, median E ( B − V ) = 

0.28 and α = 0.71 ± 0.02, close to 5/7, as detailed in Table 1 . Lastly, we compute the total χ2 at each α using value corresponding to the best-fitting dust law 

for each source, shown in black circles. 

Table 1. Summary of best-fitting χ2 
N for the total sample of 9 242 sources, 

reduced by the number of degrees of freedom ( N = 3 × 9 242), including 
corresponding median E ( B − V ) and σ ( g − i ) for each of the five assumed 
dust laws, in the case, where L ν ∝ ν1/3 , ∝ ν5/7 , and the best-fitting spectral 
slope α whose uncertainty is boosted by 

√ 

χ2 /N . 

α χ2 / N E ( B − V ) E ( B − V ) σ ( g − i ) 
Median σMAD 

L ν ∝ ν1/3 

SMC 0.33. . . 6 .70 0 .18 0 .13 0 .11 
SBG 0.33. . . 8 .61 0 .55 0 .38 0 .11 
LMC 0.33. . . 14 .26 0 .34 0 .22 0 .16 
MW 0.33. . . 21 .30 0 .32 0 .23 0 .22 
GREY 0.33. . . 24 .80 6 .18 7 .10 0 .15 

L ν ∝ ν5/7 

SMC 0.71. . . 5 .99 0 .28 0 .15 0 .11 
SBG 0.71. . . 7 .88 0 .86 0 .37 0 .11 
LMC 0.71. . . 24 .30 0 .52 0 .23 0 .21 
MW 0.71. . . 40 .44 0 .48 0 .27 0 .29 
GREY 0.71. . . 39 .62 11 .63 11 .61 0 .18 

Best-fitting α
SMC 0.71 ± 0.02 5 .99 0 .28 0 .15 0 .11 
SBG 1.39 ± 0.04 7 .37 1 .43 0 .39 0 .12 
LMC −0.03 ± 0.01 11 .19 0 .18 0 .21 0 .15 
MW −0.13 ± 0.01 13 .19 0 .13 0 .21 0 .18 
GREY −0.39 ± 0.02 13 .80 − 0 .67 4 .47 0 .14 
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f median E ( B − V ) values, the SBG requires even greater reddening
or the same α despite turning o v er in E ( B − V ) at the same α.
hus, the aggregate sample measured with χ2 corroborates the
forementioned findings that the SMC provides the best-fitting
ust solution to describe the de-reddened disc SED of the sample
onsidered. Ho we ver, we also measure the total χ2 at each α by
ssigning each source a χ2 corresponding to the best-fitting dust law,
nd recompute the best-fitting α (called ‘BEST’). Unsurprisingly,
his combined sample finds a minimum α = 1.01 ± 0.02, mid way
etween the SMC and SBG laws which are the two best-fitting dust
aws for any given α. Ho we ver, this best-fitting α is suffers from
 high median E ( B − V ) compared to the SMC law at α ∼ 1, and
ay suffer from noisy measurements (as they are not weighted here),

referential χ2 arsing from unreasonably attenuated solutions, and
ther effects which make its interpretation non-trivial. 
The constraining power of χ2 in the left-hand panel of Fig. 10 is

istinctly superior to that of σ ( g − i ) in the right-hand panel. This
akes sense, as χ2 utilizes all five bands compared to only two bands

n σ ( g − i ). Nevertheless, comparing these may increase confidence
n the results and deepen our understanding of the models. Note that
he order of the best-fitting α values for different dust laws is the
ame for minima of χ2 and minima of σ ( g − i ). The best-fitting α
alues have a smaller range for minima of σ ( g − i ). The MW , LMC ,
nd GREY dust laws cluster around α = 0, with relatively high σ ( g −
 ). The SMC and SBG are both close to α = 0.7, with SBG achieving
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 slightly lower σ ( g − i ) than that for SMC . The E ( B − V ) values at
 given α are generally similar between the estimators. 

Owing to the large sample size of this investigation, the constraint 
n the best-fitting slope α is remarkably tight, uncertain by of order 
 per cent for the χ2 BoF. Both χ2 and σ ( g − i ) prefer a power-
a w spectral inde x α significantly bluer than the canonical L ν ∝ ν1/3 

ccretion disc spectrum. The L ν ∝ ν1/3 power law is statistically 
nconsistent with our results. 

The merit of this result is further explored in Fig. 11 where we
erform the same spectral composition procedure as shown by Fig. 9 
ut assume an L ν ∝ ν5/7 while maintaining the assumption of an 
MC -like power law. By doing so, we find an even more consistent
icture with the L ν ∝ ν5/7 power law, achieving a χ2 / N = 9.00. This
s lower than that achieved with the expected L ν ∝ ν1/3 , suggesting
hat α = 5/7 is a more appropriate model. In addition, it is apparent
hat the bluest residuals have lessened, with the de-reddened disc 
pectrum now being consistent with a smooth L ν ∝ ν5/7 power law 

ithin a 68 percentile range for wavelengths bluer than H α and redder
han the Lyman continuum break. We discuss the implications of this
erendipitous finding in the following section. 

 DISCUSSION  

.1 Assumptions and caveats 

dvantageous properties of the SDSS data set analysed here are 
ts unprecedented number of quasars and the long time-span o v er
hich the five-band ugriz photometry has been obtained. For each 
uasar, we leverage its variable nature to separate the variable 
isc component from its static host galaxy. Our decomposition 
ethod treats each observation as an independent measurement of the 

alaxy + disc flux at some time-dependent dimensionless brightness 
evel X ( t ), where X = 0 is the mean level and 
 X = 1 is the rms
f the light-curve variations. This is illustrated in Fig. 1, where each
ux measurement provides an independent constraint on the linear 
odel, F ( λ, t) = B( λ) + A ( λ) X( t). Here, the intercept B ( λ) is the
ean galaxy + disc spectrum at X = 0 and the slope A ( λ) is the

ms spectrum of the disc variations. Extrapolating the fit to fainter 
evels is assumed to effectively turn-off the variable disc light leaving 
ust the galaxy spectrum at some minimum value of X . This point
s somewhat arbitrary, particularly when the variations are small so 
hat the extrapolation is a long one. In order to have a well-defined
ecomposition, we adopt the point at which the extrapolated flux is
onsistent with zero flux at 1 σ , which we interpret as the limit below
hich the model is no longer physically meaningful. 
Our estimates of E ( B − V ) for five different extinction laws are

omputed for each source to quantify and compensate for extinction 
nd reddening of the disc spectrum by dust along the line of sight
o the accretion disc. This assumes that the observed disc spectrum 

s fainter and redder than the intrinsic disc spectrum due to line-
f-sight reddening and extinction by dust, although the converse 
requiring non-ph ysical neg ative attenuation) is an allowed solution. 
or the intrinsic disc spectrum, we assume a power-law, L ν ∝ να . The
stimate of E ( B − V ) depends on the assumed power-law spectral
ndex α, a bluer slope requires a larger E ( B − V ). Our power-law disc
odel neglects possible contributions of emission lines and bound- 

ree continua. The variability of this approximation is supported 
y Fig. 3 , which shows that the variable disc spectrum has weaker
mission features than the mean spectrum. Ho we ver, as sho wn by
ig. 9 , the final de-reddened disc spectrum, assuming an SMC -like
xtinction and L ν ∝ ν1/3 , shows that some emission features remain. 
hese are of course smoothed by the broad bandwidths of the ugriz
lters, leaving wide and weak rather than narrow and strong emission
eatures in the residuals. Although visually the residual features 
orresponding to the α = 1/3 composite (Fig. 9 ) appear similar to
hose of the α = 5/7 (Fig. 11 ), the latter achieves a significantly better
t, 
χ2 ∼ 20 000 or χ2 / N = 11.75 → 9.00. Ho we ver, we caution

hat o v erfitting and unseen systematics may contribute to this effect.
Despite the straight-forward interpretation that a combination of 

MC-like dust and a bluer spectral slope describes the variable 
ccretion disc spectra of quasars, we note several caveats. First, 
or the MW and LMC laws the E ( B − V ) distribution of the SDSS
uasars has an implausible redshift dependence caused by the strong 
est-frame 2175- Å absorption feature moving across the centre of 
 band. A ‘beating’ pattern is observed where the estimates of E ( B

V ) have a large scatter when the 2175 - Å feature is not directly
bserved (see Appendix A ). This highlights a shortcoming in the
odeling of the dust when adopting the MW and LMC models. We

onsidered addressing this by using a prior fa v ouring models that
ake E ( B − V ) a smoother function of redshift, but decided in the

nterest of simplicity to omit this complication in our modelling. Our
odel also places no limitation on the extent to which the variable

omponent can be reddened, which may permit extreme reddening 
equiring extraordinary dust column densities. We note that, with the 
xception of the GREY law, there are no instances of problematically
usty attenuation estimates. 

.2 On attenuation laws 

he dust laws investigated in this work broadly fall into two
ate gories. Either the y are well described by a smooth power-law-
ike curve (e.g. SMC , SBG ), or a power-law-like curve with a strong
raphite absorption feature at 2175 Å ( LMC , MW ). The outlying
ase is that of the Gaskell’s dust law derived from a sample of AGN
 GREY ). Their differences are highlighted in Fig. 4 . 

As shown for a specific case in Fig. 5 , the likelihood that a
articular dust law is well suited for a particular source is assessed
ere using χ2 to quantify the badness-of-fit and E ( B − V ) to indicate
ases where exceptional dust columns would be required. Similarly, 
o quantify the success in modelling the SDSS quasar sample as a
hole, we employ two badness-of-fit metrics, χ2 and σ ( g − i ), along
ith the median E ( B − V ). Given that the information presented by
( g − i ) is contained in χ2 and has generally less constraining power

see Fig. 10 ), we adopt χ2 as the primary criterion, using σ ( g − i )
nd E ( B − V ) for secondary considerations. 

As presented in Section 3 , assuming a L ν ∝ ν1/3 power law, the
east likely dust law is GREY which is statistically excluded at high
onfidence for the vast majority of the sources. Ho we ver, 7 per cent
f the sample finds a best-fitting solution with the GREY extinction
aw, but with an exceptionally large median E ( B − V ) = 6.86 mag
or this sub-sample. Further, we find evidence to exclude the graphite
bsorption laws of the LMC and MW as a general best-fit, finding the
est-fitting solution for only 17 and 16 per cent of the total sample,
espectively. 

We find the greatest success with the smooth power-law extinction 
aws, SMC and SBG . As measured by χ2 in Fig. 10 , the SMC
rovides the best fit to the sample as a whole and is consistent with
 best-fitting α ∼ 0.7 from both the χ2 and σ ( g − i ) estimators.
ssuming an L ν ∝ ν1/3 power law, Fig. 12 shows that the SMC
rovides the best-fitting solution for 43 per cent of the sample while
he SBG provides 17 per cent. Interestingly, although constrained 
ith less information, the σ ( g − i ) estimator finds that the SBG
rovides a solution similar to the SMC consistent with a L ν ∝ ν5/7 

ower law. Thus, while we cannot exclude the SBG law outright, we
MNRAS 512, 899–916 (2022) 



912 J. R. Weaver and K. Horne 

M

Figure 11. Same as Fig. 9 , but assuming a L ν ∝ ν5/7 power law. 
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one the less find the most likely dust law for this sample of quasars
s the SMC . This result holds also in the case of an assumed L ν ∝ ν5/7 

ower law. 
Considering now the derived composite SEDs shown in Figs 9 and

1 , under the assumption of an SMC -like dust law derived assuming
ither L ∝ ν1/3 or ∝ ν5/7 , there are no discernible features consistent
NRAS 512, 899–916 (2022) 

ν

ith strong Balmer absorption or emission at the 10 per cent level.
o we ver, gi ven that the emission is smeared across the broad-band
lter, only the highest equi v alent width lines could be detected.
ontinuum consistent with thermal emission from an optically thick
ccretion disc is clear (i.e. the ‘Big Blue Bump’; Malkan & Sargent
982 ). 
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Figure 12. Fraction of sources per assumed spectral slope α best-fit by the 
given attenuation law, as measured by minimum χ2 . Vertical dotted lines 
indicate the best-fitting α for each dust law. 
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The southern sample data set contains several sources observed at 
 < z < 6. At these redshifts, the rest-frame u band intersects the
xpected rest-frame UV turnover of the accretion disc spectrum at 
1000 Å. Although this subset constitutes only a small fraction of

he total sample, the effect of the turno v er is evident from Fig. 9 . The
andful of these sources approaching z ∼ 6 may also be affected by
he neutral intergalactic medium which may be contributing to this 
bserv ed turno v er with resonant absorption by h ydrogen g as clouds
long the line of sight (i.e. the well-known Lyman F orest). Re gardless
f the physical mechanism driving this highly significant turno v er, it
s not accounted for in the continuous power law form assumed for
he disc spectrum. Consequently, the continuous power-law model 
s not appropriate for the bluest bands for z > 3 objects, whose E ( B

V ) may be o v erestimated due to the turno v er acting as an extreme
eddening of the u band. 

.3 Best-fitting power-law exponent 

nitially, we assumed the canonical L ν ∝ ν1/3 power law before 
xpanding to a range of power law exponents to determine the most
uitable power-la w inde x and e xtinction la w combination as assessed
y the badness-of-fit χ2 statistic. The result is shown in Fig. 10 . The
MC law shows remarkable agreement from both χ2 and σ ( g − i )
stimators finding a best-fitting blue slope α ∼ 0.7 in both cases. 
or the latter estimator, SBG finds its minimum also at α ∼ 0.7. 
aking χ2 to be the more robust and more precise estimator, the 
orresponding α for the best-fitting SMC is 0.71 ± 0.02. This is 
ighly inconsistent with L ν ∝ ν1/3 predicted for a geometrically thin 
teady-state disc, within theses strict uncertainties. 

Given this unexpected result, we verified the robustness of the 
e-reddening procedure by measuring 9000 simulated disc SEDs 
ith α = 1/3 perturbed with random noise corresponding to that of

he observed photometry. We successfully recovered a best-fitting 
ower-la w inde x of 1/3, confirming that the procedure is unbiased
nd that the result is indeed genuine. 

This result contrasts with work from Kokubo et al. ( 2014 ),
ho used the same SDSS data set and employed a ’flux-flux’
eomposition method most similar to ours in order to explore the 
ariations in the photometric light curv es. The y found that the
omposite spectrum before decomposition features a red, α = −0.5 
lope relative to the much bluer α = 1/3 ‘difference’ composite 
pectrum, in agreement with (Shakura & Sunyae v 1973 ). Ho we ver,
okubo et al. caution that their method does not attempt to estimate
r account for non-variable components of the host galaxy. Despite 
his work being the closest analogue to the present study available
n the literature, the still different methodologies and assumptions 
ake a concrete comparison of derived spectral slopes hazardous. It 

s possible though that the bluer slope derived in this work is found
ecause we remo v ed the static host galaxy component, which would
therwise produce a redder best-fit spectral slope. 
Entirely serendipitously, we find our best-fit spectral slope α = 

.71 ± 0.02 to be statistically consistent with the recent theoretical 
rediction α = 5/7 � 0.71 for a think disc heated predominantly by
tresses conv e yed by magnetic links between the inner disc and black
ole (Agol & Krolik 2000 ; Mummery & Balbus 2020 ). We caution
o we ver that our result (1) assumes that all quasars have SMC-like
ust and (2) is sensitive to the tail end of the χ2 distribution used
o compute the total χ2 from Fig. 10 . At face v alue, ho we ver, these
tress-heated α = 5/7 thick disc models cannot be ruled out by our
esults. 

Our finding is intriguing, as it hints at additional accretion physics
ot considered in many previous studies. The possible importance 
f magneticc links connecting the inner disc with the black hole
s noted by Thorne ( 1974 ). Consequences including a steeper disc
emperature profile, τ ∝ λ 8/7 , and bluer spectral shape, L ν ∝ ν 5/7 , are
 ork ed out in detail for steady accretion by Agol & Krolik ( 2000 ),

nd for time-dependent accretion, as in tidal disruption events, by 
ummery & Balbus ( 2020 ). These studies employ a fully relativistic

ramework of accretion discs, finding a temperature structure driven 
y energy liberated by both local viscous dissipation and by the
orques arising from magnetic linksto the spinning black hole and 
or to gas inside the ISCO plunging toward the event horizon.
his non-vanishing ISCO stress term augments the gravitational 
nergy released by the inspiraling disc material, thus steepening 
he temperature structure. The steeper T ∝ r -7/8 temperature profile 
esults in a bluer spectral slope, L ν ∝ ν 5/7 , than in the traditional
teady-state accretion disc model with T ∝ r -3/4 and L ν ∝ ν1/3 . 

.4 Comparison with intensi v e disc reverberation mapping 

n independent method being used to probe accretion disc temper- 
ture profiles is to obtain intensive (sub-day) monitoring and then 
easure interband time-delays (Cackett, Horne & Winkler 2007 ; 
delson et al. 2019 ). This intensive disc reverberation mapping 
ethod (IDRM) assumes light traveltime delays τ ≈ r / c , and

lackbody emission peaking near λ ≈ ( h c/k T ). A reverberating
isc with T ∝ r −b gives time-delays τ ∝ λ1/ b , and disc spectra
 ν ∝ ν(2 b − 3)/ b . The standard disc model with b = 3/4 predicts
∝ λ4/3 and L ν ∝ ν1/3 , while a steeper temperature profile with

 = 7/8 predicts τ ∝ λ8/7 and L ν ∝ ν5/7 . 
The IDRM results to date are typically described as consistent 

ith the standard disc prediction, b = 3/4, but with uncertainties
arge enough to admit b = 1. The most accurate IDRM results to
ate, from the Space Telescope and Optical Reverberation Mapping 
ampaign monitoring of NGC 5548 in 2014, give a best-fitting power- 
aw slope b = 1.03 ± 0.12 from cross-correlation lags (Fausnaugh 
t al. 2016 ) or b = 0.99 ± 0.03 from detailed fitting of a reverberating
isc model to the light curv es (Starke y et al. 2017 ). This corresponds
o a steeper temperature profile, closer to b = 7/8 ( α = 5/7) than to
/4 (1/3). 
A caveat, ho we ver, is that the disc sizes inferred from IDRM are

ypically larger than expected, by a factor of ∼3, and an excess lag in
he Balmer continuum region suggests that bound-free emission from 

he (larger) broad emission-line region (BLR) may be contributing 
MNRAS 512, 899–916 (2022) 
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ignificantly to the cross-correlation lags (Korista & Goad 2001 ;
awther et al. 2018 ). Perhaps the clearest example is the lag spectrum

rom HST monitoring of NGC 4593 (Cackett et al. 2018 ). Work is
nderway to understand how best to disentangle the disc and BLR
ontributions to the measured lags. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we have separated the variable accretion disc light from
heir static host galaxies using broad-band photometric light curves,
e-reddened their SEDs to account for dust, and leveraged the results
o test accretion disc physics. 

(i) We developed a method for decomposing quasar light curves
y separating the contribution of the variable light from the static,
ackground emission. Each disc SED was then de-reddened to
rovide a dust-free estimation of the underlying accretion disc light.
(ii) Of the five dust laws examined in this work, we find that the

eatureless laws of the Small Magellanic Clouds (SMC; Gordon et al.
003 ) and starburst galaxies ( SBG ; Calzetti et al. 2000 ) are the most
easonable attenuation models as measured by their χ2 / N , with the
MC being slightly preferable as it typically requires less attenuation

han the SBG . 
(iii) Assuming an SMC-like dust attenuation, the best-fitting

pectral slope α is found to be inconsistent with a standard L ν ∝ ν1/3 

orresponding the steady-state accretion model (Shakura & Sunyaev
973 ). Instead, we find significant evidence for a L ν ∝ ν5/7 accretion
lope based on our best-fitting α = 0.71 ± 0.02, in agreement with
he proposed disc model of Mummery & Balbus ( 2020 ). 

If it is indeed the case that these ISCO-stress models better reflect
he reality of accretion physics compared to previous models, then
hese observational findings challenge commonly made assumptions
bout the thermal structure of quasar accretion dics. Moreo v er,
he y hav e implications for deriving ke y properties of black holes
nd their accretion discs, including the Eddington luminosity and
lack hole mass. The observed variability of quasar discs might
e plausibly attributed to changes in the magnetic links modulating
SCO stress and black hole spin. Future work is needed to confirm this
odel, requiring independent observations and continued monitoring

f key sources in a way which these results can be confidently
eplicated. 

Finally, we note that the methodology developed here should be
seful for analysis of quasar variability data from the LSST, and could
lso be applied to data from multiobject spectroscopic monitoring
urv e ys such as SDSS-RM. 
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PPENDI X  A :  PHYSI CAL  I NTERPRETATIO N  

F  A  TTENUA  T I O N  ESTIMA  TES  

s discussed briefly in Section 5 , we do not place any priors on the
llowed ranges of E ( B − V ) parameter in our dereddening procedure.
s a consequence of the prominent 2175- Å feature in the LMC and
W dust laws, estimates of E ( B − V ) are more similar for sources
here the bump is directly constrained by one of the five bands,
hich is shown to undulate with redshift in Fig. A1 for the LMC .
his undulation is not seen, ho we ver, in the smooth dust laws of the
MC and SBG . We also find E ( B − V ) flares up for sources at z > 3
here the u -band falls blueward of the Lyman continuum break. This
iscontinuity is not included in our continuous power-law model, and 
o mimics an extreme reddening. We do not interprete either feature
s a genuine physical phenomena of accretion discs, but merely a
imitation of our model. The consequences of this are described in
ection 5 . 
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Figure A1. Binned median estimates of E ( B − V ) o v er a range of redshift, assuming a F ν ∼ ν1 / 3 (left-hand panel) or a F ν ∼ ν5 / 7 (right-hand panel), for the 
two best-performing extinction laws ( SMC , SBG ) as well as the LMC which features significant absorption at 2175 Å. The redshift at which the 2175- Å feature 
is centred in each band is shown by the grey dotted lines. The coloured envelopes contain 68 per cent of sources in each bin. 
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