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ABSTRACT
We present a study of 9 242 spectroscopically-confirmed quasars with multi-epoch ugriz
photometry from the SDSS Southern Survey. By fitting a separable linear model to
each quasar’s spectral variations, we decompose their five-band spectral energy distri-
butions 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 to
8000 Å. By varying the assumed power-law Lν ∝ να spectral slope, we find a best-fit
value α = 0.71 ± 0.02, excluding at high confidence the canonical Lν ∝ ν1/3 predic-
tion 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 Mum-
mery & 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 – quasars: supermassive black holes – methods:
statistical

1 INTRODUCTION

The optical identification of quasi-stellar objects (quasars
hereafter) by Matthews & Sandage (1963) enabled, for the
first time, studies of the distant universe at z > 0.1. Quasars
are now recognised as high-luminosity examples of Active
Galactic Nuclei (AGN), powered by accretion onto a super-
massive black hole (SMBH) (Lynden-Bell 1969; Shakura &
Sunyaev 1973). The continuum variability of quasars, known
soon after their discovery, allows us to peer directly into
their central engines. Varying by 10-20% over timescales
of months to years, the intrinsic variability of quasar con-
tinuum emission has long been theorised to be caused by
changes in the environment close to the SMBH.

Quasar spectral energy distributions (SEDs) provide in-
sight into their underlying physics. Spanning the full range
from gamma rays to radio, quasar SEDs exhibit both ther-
mal (accretion disc, dust) and non-thermal (corona, jet)
components. In the rest-frame UV-optical, thermal emis-
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sion from the accretion disc is thought to manifest as the
‘Big Blue Bump’ (Shields 1978; Malkan & Sargent 1982),
described by a sum of blackbody spectra over a range of
temperatures from ∼ 103 K for the cool outer edges of the
disc to perhaps ∼ 105 K near the innermost stable circular
orbit (ISCO). A related feature is the ‘Small Blue Bump’,
caused by closely-packed FeII emission and the Balmer re-
combination continuum (Wills et al. 1985; Elvis et al. 1985).

For a geometrically-thin steady-state accretion disc
(Shakura & Sunyaev 1973), the effective temperature pro-

file is Teff ∝
(
M ÛM

)1/4 r−3/4, where M is the black hole mass,
ÛM the accretion rate, and r the radial distance from the

black hole. The corresponding spectrum, obtained by sum-
ming blackbody spectra weighted by solid angle, is Lν ∝(
M ÛM

)2/3
ν1/3. This power-law spectrum applies in the spec-

tral range corresponding to the minimum and maximum disc
temperatures, k Tmin << h ν << k Tmax, where h and k are
the Planck and Boltzmann constants. For a more general
power-law temperature profile, T ∝ r−b, the disc spectrum
is Lν ∝ ν−α with α = (3 b − 2)/b. Thus measuring the disc’s
spectral slope α determines the power-law slope b of its tem-
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perature profile and tests the accretion disc theory. If the
theoretical power-law slope, α = 1/3 is confirmed, the re-
sults measure the product M ÛM. Moreover, since the disc
spectrum scales with inclination angle i and luminosity dis-
tance DL via cos i/D2

L , we may potentially be able to mea-

sure quasar luminosity distances1.
Several obstacles stand in the way of realising these

motivating goals. First, there may be significant extinction
and reddening due to dust along the line-of-sight. Correcting
for dust in our Milky Way galaxy is relatively straightfor-
ward (e.g., Schlegel et al. 1998; Schlafly & Finkbeiner 2011).
More difficult is to correct for the adverse effects of red-
dening caused by scattering and absorption by dust grains
within the host galaxy, a complication shared by the use of
Type Ia supernovae as standard candles. Reddening along
the line of sight presents a degeneracy since dust grains can
redden quasar spectra with a wavelength dependence simi-
lar to the power-law form expected for the disc spectrum.
However, carbonaceous grains produce an absorption feature
prominent in the dust extinction law observed in the Milky
Way Galaxy (Allen & Glass 1976; Seaton 1979; Nandy et al.
1975) and the Large Magellanic Cloud (Fitzpatrick 1986).
This absorption feature, described by a “Drude” profile cen-
tered at 2175 Å (Fitzpatrick & Massa 1986; Draine & Mal-
hotra 1993), can largely resolve the degeneracy, given suf-
ficient spectral coverage. The 2175 Å absorption is weak or
absent in other notable systems including the Small Magel-
lanic Cloud (Gordon et al. 2003) and local starburst galax-
ies (Calzetti et al. 2000), which suffer from the full strength
of this degeneracy. Moreover, it has been postulated that
quasar dust may differ from the varieties studied closely in
the local universe, for example by lacking small grains that
are evaporated by the quasar luminosity (e.g., Gaskell et al.
2004).

Second, the observed spectra of quasars are generally
redder than the predicted disc spectrum, hinted at already
by Sandage (1965). This is due in part to the comparably
red starlight of the host galaxy. Quasars are often too distant
to directly resolve the host galaxy, which means that their
measurements are contaminated by host galaxy starlight
captured within the aperture from which the photometry
is performed. While this problem can be mitigated in small
samples of nearby, resolved quasars where the host galaxy’s
light profile can be modelled, or extrapolated inward and
subtracted from images, this approach fails for larger sam-
ples of more distant, unresolved quasars. The advent of large
multi-wavelength monitoring campaigns provides a viable
workaround. Instead of attempting to subtract host galaxy
contributions from imaging data, a time-series of images or
spectra can be used to isolate the spectrum of the variable
light arising from the central engine and the accretion disc.
By this method one can extract separate spectra for the
variable accretion disc and the non-varying host galaxy com-
ponents for a large number of unresolved quasars, provided
multi-wavelength photometric monitoring with sub-year ca-
dence over a sufficiently long baseline to probe the varia-
tions.

Several successful and innovative campaigns have

1 For Type 1 AGN (i < 60◦), the mean ± rms of cos i is 3/4 ±√
1/48 = 0.75 ± 0.14.

marked the previous twenty years of the study of AGN. Most
recently, assemblages of multi-epoch, multi-wavelength pho-
tometric datasets have been observed by the Sloan Digital
Sky Survey (SDSS; York et al. 2000) and more recently the
Zwicky Transient Facility (ZTF; Bellm et al. 2018; Graham
et al. 2019) which have enabled fundamentally new compar-
isons with theoretical models of accretion disc structure and
behaviour with statistically significant samples. Additional
observations from the Rubin Observatory’s Legacy Survey
of Space and Time (LSST; Ivezić et al. 2019) will greatly in-
crease both sample sizes and epoch baselines, expected to be
underway in 2024. In addition, precise, spectroscopic moni-
toring campaigns such as the Sloan Reverberation Mapping
Project (SDSS-RM; e.g. Shen et al. 2015) are providing valu-
able details on the variability of continuum and line emis-
sion, although with smaller samples.

Several techniques have been applied to interpret these
photometric datasets. For example, MacLeod et al. (2012)
employed a damped random walk model to describe the
stochastic variations for an ensemble of ∼ 104 quasars from
SDSS, finding good agreement as a viable description of the
optical continuum variability. For the same dataset, Kokubo
et al. (2014) employed a “flux-flux correlation” technique to
derive the color of the flux difference spectrum, which was
used to infer an accretion disc spectral slope of Lν ∝ ν1/3,
consistent with standard steady-state accretion models. Par-
allel work has been undertaken with this and similar datasets
to determine the extinction law most appropriate for quasars
(e.g., Hopkins et al. 2004; Krawczyk et al. 2015), the results
of which influence work on variability.

The objective of this work is to directly probe the ac-
cretion disc light and test theories of accretion physics. This
will be accomplished as follows. In Section 2 we develop our
method that leverages the source variability to isolate the
accretion disc light. In Section 3 we apply this to a sample
of 9 242 quasars observed with multi-epoch multi-wavelength
photometry during the Sloan Digital Sky Survey Stripe 82
quasar campaign, including a de-reddening of the isolated
accretion spectrum with five commonly used dust extinction
laws. Section 4 presents the composite spectra. Our results
are then discussed in Section 5 and our conclusions made in
Section 6.

We adopt in this paper a concordance cosmological
model with H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.
All magnitudes are in the ABν system (Oke 1974), for which
a flux fν in mJy (10−26 erg cm−2s−1Hz−1) corresponds to
ABν = 16.4 − 2.5 log10( fν/mJy).

2 ISOLATING THE ACCRETION DISC LIGHT

In this section we describe our method using a separable
linear model to fit the photometric variations of a quasar
observed with multi-wavelength photometry. The method is
illustrated for a particular SDSS quasar in Fig. 1, which we
discuss below as we outline the steps of the analysis.

A quasar is observed at Nt times t in Nλ photometric
bands, each labelled by its pivot wavelength2 λ. The obser-
vations at time t are considered simultaneous if measured

2 See A2.1 of Bessell & Murphy (2012) for details.
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Figure 1. An example illustrating our lightcurve decomposition method. Panel b shows the Nλ=5-band ugriz lightcurve 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 lightcurve shape,
assumed to be the same for all bands, normalised to 〈X 〉 = 0 and

〈
X2〉 = 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-sigma above 0, to the non-variable host galaxy. Panel c shows the resulting 5-band spectral energy distributions (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 relevant spectral features. Panel d shows the SEDs extracted for the disc (black) and host galaxy (red). Dotted lines
show Lν ∝ ν1/3 fixed to each band and coloured accordingly. Finally, the lightcurve 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 ±1σ.

within a time interval so short that changes in the state of
the accretion disc can be neglected. For UV and optical ob-
servations of quasars this typically means measurements on
the same night, or even over a few nights.

We fit the observed spectral flux variations with the
following separable linear model:

F(λ, t) = A(λ) X(t) + B(λ) . (1)

Here F(λ, t) can be Fν or Fλ, or indeed any suitable flux
unit. The dimensionless lightcurve shape X(t) is shifted to
zero mean and scaled to unit root-mean-square (rms):

〈 X 〉t = 0 , 〈 X2 〉t = 1 , (2)

where 〈 · 〉t denotes a suitably-weighted time average. With
this normalisation, the model’s amplitude spectrum A(λ) is
the rms of the flux variations about the mean background

spectrum B(λ). This model has 2 Nλ + Nt parameters, which
are A(λ), B(λ), and X(t). These are constrained by Nt×Nλ flux
measurements plus 2 normalisation constraints. For obser-
vations at a single wavelength, Nλ = 1, the model fits the Nt

flux measurements exactly. For multi-band observations the
model parameters are over-constrained by the data, which
permits optimising the model parameters by fitting the data,
and testing the validity of the model assumptions.

This model fitting is illustrated for a particular SDSS
quasar in Fig. 1. The lightcurve of this quasar is sampled
at Nt = 62 epochs with spectral energy distributions (SEDs)
measured by Nλ = 5 bands, as shown in Fig. 1b. Note here
that the data follow a lightcurve shape that is similar for
all 5 bands. Fitting the model to these data, by minimis-
ing χ2, the corresponding set of linear equations is solved to
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determine the model parameters A(λ), B(λ), and X(t), with
corresponding uncertainties. This is done in practice by us-
ing iterated linear regression fits. Start by constructing an
initial guess for X(t), for example using one of the observed
lightcurves, suitably normalised. Then use 2-parameter lin-
ear regression to find A(λ) and B(λ) assuming X(t) is known.
Next, revise X(t) assuming A(λ) and B(λ) are known. Impose
the normalisation constraints on X(t). Finally, iterate to con-
vergence. Some care may be needed to identify and down-
weight or reject significant outliers, using a robust procedure
such as sigma clipping.

The 2-parameter linear regression fits that determine
A(λ) and B(λ), with X(t) assumed to be known, are pre-
sented in Fig. 1a. The fitted linear models are shown as
solid coloured lines with ±1σ envelopes. The flux data with
error bars are plotted versus the dimensionless X(t). This
tracks the changing brightness of the quasar above and be-
low the mean flux level. For each band, the slope in this
diagram is the rms amplitude A(λ) of the flux variations
above and below the mean spectrum B(λ) at X(t) = 0. Note
here that the quasar variations are well described by linear
flux variations. In particular, there is no evident curvature
that could indicate a change in the disc spectrum between
the faint and bright states. The shape of the lightcurve X(t)
and comparison of the fitted model with the lightcurve data,
are examined in Fig. 1e, where the flux data are plotted ver-
sus time sequence number, and in Fig. 1f versus observation
date. Here the lightcurve shape is determined as a weighted
average of the variations seen in all bands.

The fitted model can now be used to predict fluxes ex-
pected at different variability states X(t). Given Nλ observed
bands, the fitted model predicts the SED for any variabil-
ity state X(t). Meaningful extrapolation is possible, above
and below the range sampled by the monitoring data, with
the usual caveat that the extrapolated model becomes pro-
gressively uncertain. Fig. 1c presents the SED obtained for
several indicative states. The mean spectrum, B(λ), is the
SED derived for the mean state of the system, at X(t) = 0.
Above and below the mean SED are SEDs for the faintest
and brightest observed states, at Xmin and Xmax, respectively.
These SEDs are relatively red, Fν rising to longer wave-
lengths. However, the difference SED between the brightest
and faintest states, evaluated for ∆X = Xmax − Xmin, and the
SED of the rms variations, for ∆X = 1, are comparably blue.
Such quasar variations are often described as “bluer when
brighter”. However, the linearity seen in Fig. 1a shows that
this is not due to the disc spectrum becoming bluer when
brighter, but rather to the relatively red (host galaxy) spec-
trum becoming dominant as light from the relatively blue
disc dims.

Our linear model fit to the spectral variations deter-
mines the disc and host galaxy SEDs shown in Fig. 1d.
The host galaxy SED is obtained by extrapolating the linear
model to fainter states until the disc is effectively turned off.
Here we define this static point as the variable state Xgal at
which the lower 1σ uncertainty envelope of any band is pre-
dicted to lie at zero flux. The model would be nonphysical
at any fainter state. With short-term variability assumed to
arise by modulating the disc’s SED, the variable disc’s SED
is the flux emitted at each band in excess of the galaxy’s
SED. Note in Fig. 1d that the disc SED is close to, but

slightly redder than, the power-law Lν ∝ ν1/3 spectra, indi-
cated by dotted lines.

3 APPLICATION TO SDSS DATA

3.1 Sample Selection: SDSS Stripe 82 Quasars

As described in the previous section and illustrated by Fig. 1,
our disc + galaxy decomposition procedure requires multi-
wavelength coverage with a suitably long time baseline to
adequately probe the variability of a given source. More im-
portantly, the procedure is well-posed mathematically if and
only if the multi-wavelength coverage is near simultaneous
(. 1 night) as to constrain all relevant regimes of the SED at
any one time. Thankfully multi-wavelength photometric cov-
erage for transient surveys are usually performed on nightly
basis, thereby providing multiple samplings in wavelength
per source, per night.

A suitable survey satisfying these requirements is the
Southern Sample of the Sloan Digital Sky Survey. The
Southern Sample catalogue (MacLeod et al. 2012) contains
re-calibrated ugriz lightcurves for all of the spectroscopcially
confirmed quasars in SDSS DR7 Stripe 82. Summarily, the
catalogue includes 9 258 quasars over ∼290 deg2 with an ob-
servational baseline of ∼10 years, observing each source for
2−3 consecutive months a year. The total number of epochs
per source is ∼60 with photometric accuracy between 0.02–
0.04 mag.

The original photometry was adopted from the official
SDSS quasar catalogue (Schneider et al. 2010) using PSF
magnitudes which were re-calibrated (see MacLeod et al.
(2012) for details). According to Schneider et al. (2010), 97%
of these objects are registered as having point-like morphol-
ogy, with the remaining 3% limited to z . 0.7; ∼ 80% of
z < 0.7 sources are registered as point-like. Future surveys
such as LSST will be deeper and have higher angular resolu-
tion, relative to SDSS. As such, the task of accurately disen-
tangling the nuclear quasar light from that of resolved host
galaxies will require more detailed image modeling and/or
aperture photometry.

Fig. 2 shows the photometric properties, redshift distri-
bution, and sky density of sources within the catalog. This
sample provides a broad range in redshift, 0.1 < z < 6.0,
which extends the rest-frame spectral range deep into the
ultraviolet and enables us to probe quasar variability and
thus accretion disc structure out to remarkably early times.
The photometry here is corrected for Galactic extinction
using the coefficients provided in the catalog, to thus be
consistent with MacLeod et al. (2012).

As highlighted in Fig. 2b and c, the typical observed-
frame g − i colour index of the SDSS quasars, taken from
the initial catalogue prior to our decomposition analysis, is
∼ 0.5 mag redder than a power-law Lν ∝ ν1/3 spectrum. This
may be expected due to contamination of the disc spectrum
by light from the host galaxy and/or reddening due to dust
on the line of sight to the quasar. In addition, the undulating
redshift dependence of g−i shown in Fig. 2c likely arises from
quasar emission-line features redshifting into and out of the
g and i passbands.

MNRAS 000, 1–18 (2022)
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Figure 2. Summary of the raw input photometry from the SDSS

Southern Sample. The g-band magnitude and g − i colour distri-
butions with redshift are shown in Panels a and c. The g-band

magnitude distribution is also shown against the g − i colour dis-
tribution. The red dotted line indicates the expected g − i colour

from an fν ∼ ν1/3 spectrum. Panel d shows the density of sources
on the sky.

3.2 Isolating disc SEDs using variations

For 99.8% of the Southern Sample, the procedure explained
in Section 2 succeeded in isolating the variable (accretion
disc) and non-variable (host galaxy) SEDs. The analysis
failed for just 0.2% (16) of the sources, owing to either too
sparsely sampled data (either in wavelength or epoch), in-
sufficient variability signal, or a combination of the two.

The main effect of this disc+galaxy decomposition is
evident for Object 1576517 in Fig. 1c and d. Much of the
red light is ascribed to the non-variable background galaxy
component, shown in red in Fig. 1d, thus isolating the rela-
tively blue SED of the variable disc light, as shown in black
in the same panel. In this case the disc SED is slightly red-
der than the expected Lν ∝ ν1/3 power-law SED, shown by
dotted curves fixed to the observed magnitudes per band.

In Fig. 3, comparing the top and middle panels shows
the effect of our disc+galaxy decomposition on g − i colour
indices over the full sample of SDSS quasars. The distribu-
tion of g − i colours, for the mean and disc SEDs, are shown
here as a function of magnitude and redshift. A red dashed
line marks the g − i colour for the fν ∝ ν1/3 power-law. The
g-band absolute magnitude distribution is very similar for
the disc and mean SEDs, indicating that these quasars are
typically brighter at g than their host galaxies. The g− i dis-
tributions differ significantly – the disc SEDs are generally
bluer than the mean SEDs. While none of the SDSS quasars
has a mean spectrum as blue as the Lν ∝ ν1/3 power-law,
most of the disc SEDs have bluer g − i colours, moving to-
ward and in some cases beyond the Lν ∝ ν1/3 power law
colour. But the g − i distribution is not simply translated,
rather it appears to be stretched towards bluer colors, leav-
ing behind a long red tail of somewhat fainter quasars with
g − i similar in their disc and mean SEDs. One possible in-
terpretation of these redder and fainter SEDs is dust along
the line of sight to the quasar disc.

Note also that the stark effect of the emission lines caus-
ing g − i to undulate with redshift is stronger for the mean
than for the disc SEDs. This is consistent with broad UV
emission lines being less variable than the disc continuum.

3.3 Accounting for dust extinction and reddening

We now investigate the possibility of dust along the line of
sight to the quasar discs. This dust could be absent or dif-
fer significantly from the dust along lines of sight to other
parts of the host galaxy, since the quasar luminosity can
heat and evaporate dust in its vicinity. Nevertheless, there
is evidence from infrared interferometry (Hönig et al. 2013;
Asmus 2019) for both polar dust and equatorial dust. While
equatorial dust is thought to obscure the disc and associ-
ated broad emission-line regions in Type 2 AGN, polar dust
may attenuate and redden the observed disc spectra even
for more face-on discs.

Although there is extensive discussion in the literature
(e.g., Gallerani et al. 2010; Krawczyk et al. 2015; Zafar et al.
2015), there is as yet no definitive evidence and certainly no
consensus as to the correct or possibly universal dust ex-
tinction law for quasars. Given this uncertainty, we consider
5 possible dust laws. Their attenuation curves, Aλ/AV , are
shown in Fig. 4. The 5 dust laws are:

• SMC – The Small Magellanic Cloud – a nearly smooth

MNRAS 000, 1–18 (2022)
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Figure 4. Attenuation curves of five commonly assumed dust

attenuation laws used in this work. See 3.3 for details.

power-law-like curve with relatively high UV extinction due
to small grains. Adopted from Gordon et al. (2003).

• LMC – The Large Magellanic Cloud – a flatter UV
extinction curve with a strong 2175 Å graphite absorption
feature. Adopted from Gordon et al. (2003).

• MW – The Milky Way – Similar to the LMC dust law
with a strong 2175 Å feature. Adopted from Seaton (1979)
fitted by Fitzpatrick (1986).

• SBG – The Calzetti Starburst Law – a monotonic ex-
tinction curve similar to MW and LMC dust but lacking the
graphite feature. Adopted from Calzetti et al. (2000).

• GREY – The Gaskell AGN Law – flattens in the UV
due to absence of small grains. Adopted from Gaskell et al.
(2004).
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The dust-attenuated power-law spectrum model, ex-
pressed in absolute AB magnitude vs rest wavelength λ, is

MAB(λ) = M0 + 2.5α log10

(
λ

λ0

)
+ R(λ) × E(B − V) . (3)

Here R(λ) ≡ −2.5 log10 (Aλ)/E(B − V) is the dust attenua-
tion in magnitudes per colour excess E(B − V). The intrin-
sic power-law spectrum is Lν = L0 (λ0/λ)α, with disc the-
ory predicting a power-law index α = 1/3. With no dust,
E(B − V) = 0, the model’s absolute AB magnitude is M0 at
the fiducial rest wavelength λ0 = 2400 Å, chosen because the
vast majority of the SDSS quasars have rest-frame coverage
at 2400 Å thus minimising cases that pivot at wavelengths
outside the observed ugriz range.

For all 5 dust laws, and for each SDSS quasar, we
fit the observed 5-band disc SED, holding α = 1/3 fixed
and minimizing χ2 to estimate the 2 model parameters,
M0 and E(B − V) in Eqn. (3). Fig. 5 illustrates this fit
and de-reddening procedure for the disc spectrum of SDSS
ID 1576517 (z = 1.15) determined in Fig. 1. For each of
the 5 dust laws, the de-reddened model spectrum, setting
E(B − V) = 0, gives the intrinsic power-law Lν ∝ ν1/3 fixed
at the best-fit value of M0. This also allows the photometric
data to be dust-corrected by compensating for the dust ex-
tinction at each wavelength. This analysis delivers best-fit
estimates for E(B −V) and M0, and a 5-band dust-corrected
SED, for each of the 9 242 quasar discs.

With 2 parameters fitted to 5 data, there are N = 3
residual degrees of freedom. If the data and model are reli-
able, the reduced χ2/N should be 1 ±

√
2/3, helping to dis-

criminate among the 5 dust laws. For the z = 1.15 quasar in
Fig. 5, the g-band happens to sample the redshifted 2175 Å
feature that arises from graphite grains and is prominent in
the MW and LMC dust laws. The observed disc SED is rel-
atively smooth about the g-band. This strongly disfavours
the LMC and MW dust laws, χ2/N = 9.06 and 10.98 respec-
tively, for which the g-band datum is above and the u-band
datum is well below the best-fit model. For the GREY dust
law, the best fit requires a larger dust correction compared
with the other dust laws. Also, the GREY dust law leaves
relatively large residuals, and so is also strongly disfavoured,
χ2/N = 10.81. For this particular quasar, and for the as-
sumed power-law index α = 1/3, the SMC and SBG dust
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 col-
umn density. A prior on the dust reservoir of the quasar
host galaxy may be set by the relatively small values ob-
served in most extragalactic systems, with the notable ex-
ception of dusty starbursts (Casey et al. 2014; Talia et al.
2021). In our analysis, with E(B − V) a free parameter, a
fit requiring a much higher E(B − V) should be rightly dis-
favoured. In Fig. 5 the best fit with the GREY dust law
gives E(B − V) = 1.67 ± 0.34 mag, the SBG dust law gives
0.31±0.04 mag, and the SMC, LMC, and MW dust laws are
consistent with E(B−V) ≈ 0.11±0.02 mag. Thus, importantly,
the SMC is not only the best-fit dust-law as measured by
χ2/N, it also requires a significantly smaller E(B − V) when
compared to the next-best fit SBG dust law.

The similarities and differences among the dust law fits
discussed above for SDSS ID 1576517 are found to hold

Figure 5. Dust-correcting the quasar disc spectrum (absolute

AB magnitude versus observed- and rest-frame wavelength) 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-fit dust-

attenuated Lν ∝ ν1/3 power-law spectrum (grey curve) 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-fit E(B − V ) and the reduced χ2/N is shown in

each panel. With 2 parameters fitting 5 data, there are N = 5 − 2
degrees of freedom.

statistically in the aggregate sample. For the SMC dust
law, the lower panels of Fig. 3 demonstrate the dramatic
tightening of the g − i colour distribution effected by dust-
correcting the quasar disc SEDs. For all 5 dust laws, Fig. 6
compares their dust-corrected colour-magnitude and colour-
redshift distributions, reporting for each case the colour
dispersion σ(g − i) and the total χ2 summed over all ob-
jects. The dust-corrected disc SEDs cluster around the as-
sumed intrinsic Lν ∝ ν1/3 power-law disc spectrum, with
relatively mild dependencies on redshift. The tightest dis-
persions, σ(g − i) ∼ 0.23 mag, are achieved similarly by the
SMC, SBG, and GREY dust laws. This is closely followed
by the LMC and MW dust laws, at 0.25 and 0.30 mag,
respectively.

Despite their similar success in reducing the g − i dis-
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persion, we note several differences among the 5 dust laws.
First, the GREY dust law, flat in the UV, is problematic as
it spreads the dust-corrected disc SEDs over a wide range
of implausibly large luminosities. In our view this strongly
disfavours the GREY dust law unless the intrinsic SEDs
of quasar discs differ very substantially from a power-law
spectrum.

For the LMC and MW dust laws featuring graphite ab-
sorption at 2175 Å, the g−i distribution has a tight core aris-
ing from the redshift range 0.9 < z < 1.6, and broader wings
from outside this range. This redshift structure stems from
the 2175 Å feature redshifting across the g, r and i bands,
at z ∼ 1.2, 1.9 and 2.5, respectively. At these redshifts the
evidence for absence of graphite absorption keeps E(B − V)
relatively small and better constrained than at intermediate
redshifts where the feature falls between bands. This highly
structured redshift dependence reduces the viability of our
fits with these dust laws (see Appendix A).

In comparison, the SMC and SBG dust laws produce
dust-corrected disc SEDs with tight distributions in both
luminosity and colour, with small undulations in redshift
that may plausibly be associated with emission-line features
redshifting across the g and i bands, as indicated in the
top-right panel of Fig. 6. Our fits with these dust laws also
achieve the lowest total χ2, 2.5× 105 for SMC and 3.3× 105

for SBG, compared with (5.0, 7.3, 8.8) × 105 for the (LMC,
MW and GREY) dust laws.

In conclusion, the SMC is our preferred dust law. It ap-
pears to be both reasonable and the best-fit dust law overall,
with a tight g − i color distribution centered about colour of
an expected Lν ∝ ν1/3 power-law which is well constrained
nearly equally at all redshifts. The SBG dust law is a close
second choice, but with a somewhat higher χ2. For individ-
ual sources, the SMC provides the best-fit in 43% of cases,
followed by the LMC, MW, and SBG at around ∼ 17% each,
and lastly by GREY at < 7% (see Fig. 11). We continue with
all 5 dust laws, but consider the SMC dust law to be the
most appropriate for our subsequent analysis.

3.4 Host Galaxy SEDs

As a check on our SED decomposition procedure, using vari-
ability to separate the variable disc and non-variable galaxy
SEDs, we examine the resulting galaxy SEDs. If our linear
extrapolation to (sometimes much) lower fluxes than ob-
served is a poor approximation, the resulting galaxy SEDs
could be distorted.

Fig. 7 shows the SEDs inferred for the quasar host
galaxies, sorted by redshift and by dust extinction. The red
curves show the galaxy SEDs. The blue curves show the cor-
responding dust-corrected disc SEDs. Higher redshift host
galaxies appear to be more luminous than those at lower
redshifts. This is a natural consequence of the SDSS quasar
sample being approximately magnitude limited, with fainter
objects being detectable only at lower redshifts. Note that
at the highest-redshifts, 3 < z < 6, the galaxy SEDs are
strongly affected by the Lyman break moving into and thus
suppressing the luminosity in the u band.

The host galaxy SEDs may be expected to be fainter
and redder in quasars for which a large E(B − V) is inferred
to produce a Lν ∝ ν1/3 intrinsic disc spectrum. However,
comparing the right two columns in Fig. 7, we see no strong

trend in this direction. The host galaxies of more attenuated
discs are perhaps a bit fainter, but not much redder. This
implies that dust along the line of sight to the quasar disc
is not strongly correlated with dust on lines of sight to stars
in the host galaxy.

Turning to trends with redshift, at z < 1, the quasar
host galaxy SEDs covering 2000 to 6000 Å all look similar.
They are fainter than and intermediate in spectral shape
between the red SED of NGC 7585 and the blue SED of
Mrk 930, typical red sequence and blue cloud galaxies, shown
for comparison in each panel of Fig. 7. At z > 1, the quasar
host galaxy SEDs are brighter, and an increasing fraction
of them exhibit a UV component producing a V-shaped ugr
dip, with g fainter than u or r. This can be interpreted as
a young stellar population as in star-forming (blue cloud)
or intermediate (green valley) galaxies. They constitute a
minority at 1 < z < 2, and a majority at 2 < z < 3, com-
patible with maximum star formation at cosmic noon, and
decreasing thereafter. At z > 3 virtually all of the quasar host
galaxies are blue-cloud starbursts, with strong UV emission
and brighter than the SED of the compact blue starburst
galaxy Mrk 930. The Lyman break appears to depress the
galaxy SEDs on the blue end.

These trends with redshift accord with our current un-
derstanding of the star formation history of galaxies over
cosmic time (Madau & Dickinson 2014; Förster Schreiber &
Wuyts 2020). As summarized in Fig. 8, star-forming hosts
become increasingly faint with time. We find no significant
change if we remove the 3% of sources registered with re-
solved morphologies, as they constitute . 20% of sources
at z . 0.7, and � 1% at higher redshifts. While these
trends could be affected by unknown selection biases, they
are broadly consistent with the well-known fading of star for-
mation between z ∼ 2 and the present epoch. In contrast to
the quasar host galaxies, the dust-corrected disc luminosi-
ties are remarkably stable across all epochs, MAB ∼ −22.6
at λ0 = 2400 Å, with a dispersion of ∼ 0.4 mag, becoming
less certain at z > 3 where extrapolation redward of the
observed SED is required. Nevertheless, these encouraging
results serve to validate our procedure using variability to
separate the quasar disc and host galaxy light.

Some of our galaxy SEDs have u brighter than g, in fact
rising more rapidly into the UV compared with a blue stel-
lar population, perhaps even more rapidly than a Rayleigh-
Jeans slope. This effect is likely a small flaw in our decompo-
sition procedure. We currently set Xgal at the lowest possible
level, so that the extrapolated flux in one band, usually u or
g, is 1-σ above 0. A slightly higher level for Xgal could be
used, thus moving a small fraction of the disc SED to the
galaxy SED. The effect would be to make the V-shaped ugr
dip in the galaxy SEDs less prominent in those cases where
g is fainter than u, elevating the galaxy flux at g and moving
the galaxy SEDs closer to the SED of a blue cloud galaxy.
The disc SED would then have a correspondingly lower flux
at g. We have not yet implemented this procedural tweak.
We expect it to have a relatively small effect on the disc
SEDs, which are much brighter than the galaxy.

These results follow the trends found in the analysis of
Matsuoka et al. (2014) who performed a spatial decompo-
sition to extract point-like quasar signals from their host
galaxies, based on the same SDSS observations of Stripe 82.
Limited to resolved sources at z < 0.6, they find that quasars
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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.

are bluer than their host galaxies, with a quasar-to-host ra-
tio of ∼ 8 in u and ∼ 1 in i. For our sources at z < 0.6, host
light is also typically fainter than our de-reddened discs, by
a factor of ∼ 90 in u and ∼ 3 in i. However, a more equivalent
comparison using our reddened (i.e. uncorrected) disc com-
ponents produces a less extreme ratio of ∼ 30 in u and ∼ 2 in
i, in better agreement with Matsuoka et al.. The remaining
discrepancy could be driven by a combination of selection
effects, PSF-modelling biases in the analysis from Matsuoka
et al., and that our definition of host galaxy may underes-
timate the host contribution at u. Regardless, it seems that
the quasar discs are bluer than their hosts.

4 COMPOSITE SPECTRA OF VARIABLE
QUASAR DISCS

The SDSS Stripe 82 quasar sample provides an unprece-
dented multi-year record of multi-band quasar variations,
but it is limited to just five optical bands (ugriz). Despite
this drawback, we can leverage the cosmological redshift
range to construct a composite quasar disc spectrum at
somewhat finer spectral resolution and extending to much
bluer rest-frame ultraviolet wavelengths. Our approach im-

plicitly assumes that the spectral features of the accretion
disc are universal, an assumption we made in the dust-
correction procedure by assuming an Lν ∝ ν1/3 power law
for the intrinsic disc spectrum. As justified in Section 3.3,
we assume that local extinction follows the SMC law for
all sources when constructing our composite spectrum. It is
also important to note that spectral features seen here will
be smoothed out by the resolution of the filter profile of each
band.

For each SDSS quasar, we have removed the host galaxy
contribution by using the spectrum of the variable compo-
nent, and corrected for possible dust extinction and SMC-
like reddening in the host galaxy, assuming an Lν ∝ ν1/3

power-law for the intrinsic disc spectrum. We construct a
composite disc spectrum by combining the resulting disc
SEDs for quasars sampled across a continuous range of red-
shifts 0.1 < z < 6. Our dust-correction procedure fits the
power-law model, Lν(λ) = L0 (λ0/λ)α, assuming α = 1/3,
to determine for each quasar the luminosity L0 at reference
rest wavelength λ0 = 2400 Å, and the required E(B−V). The
power-law spectrum provides a backbone for our composite
disc model. We simply scale the L0 for each quasar to a com-
mon value (-22.6 AB, as evidenced by Fig. 8), and scale the
dust-corrected ugriz fluxes by the same scale factor. This
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mates assuming SMC. Bins have equal occupation at all redshifts

and are used to determine the medians and 68% ranges as shown.

provides five measurements on the composite spectrum, at
the rest wavelengths of the ugriz bands at the redshift of that
quasar. Doing that for the full sample gives ∼ 45 000 points,
which we then average with a binned median to reduce the
scatter.

In Section 4.1, we construct the composite disc spec-
trum assuming the canonical Lν ∝ ν1/3 power-law. In Sec-
tion 4.2 we generalise this analysis by assuming Lν ∝ να and
solving for the best-fit power-law slope α, thus testing the
disc theory prediction α = 1/3.

4.1 Composite disc Spectrum for Lν ∝ ν1/3

Fig. 9 presents the composite disc spectrum assuming a
canonical Lν ∝ ν1/3 power-law. We remove 1% of sources
with the worst χ2 (typically in excess of 100) to keep these
poor fits from dominating the overall statistics. The top
panel stacks the 5-band dust-corrected disc SEDs for over
the remaining 9 150 SDSS quasars, sorted by redshift, and
coloured according to relative brightness, interpolating lin-
early between the pivot wavelengths of the ugriz bands. De-
spite somewhat larger noise in the u and z bands, there is
clearly a general increase in brightness toward bluer rest-
frame wavelengths. This reflects the assumed Lν ∝ ν1/3

power-law adopted for the dust corrections.
The middle panel presents the composite disc spectrum,

which undulates above and below the assumed power-law
spectrum (red dashed line). Here the 5 × 9 150 individual
photometric measurements are summarised using a median
with ∼ 300 points in each bin (blue curve with an 68% enve-
lope). We additionally show 1 in 5 (i.e., 20%) of sources to
illustrate the object-to-object variations. The panel below

this uses a similar format (in green) to show residuals rela-
tive to the power-law. The bottom panel shows the number
of quasars contributing at each wavelength, nearly all 9 150
in the middle at 2400 Å and dropping below 100 on the ends
below 600 Å and above 7000 Å.

The power-law model provides a reasonable match to
the data, with a reduced χ2/N = 11.75. Undulations around
the power-law are significant and plausibly attributed to
variable spectral features such as the Balmer continuum
emission around 3500 Å. Only a handful of low-redshift
quasars contribute to the Hα peak at 6563 Å. The downturn
blueward of 1200 Å is expected due to intervening Lyman α

forest absorption in the u-band at z > 2. The more dramatic
drop blueward of 900 Å is the Lyman break arising from Ly-
man continuum absorption depressing the u-band flux in the
highest-redshift quasars at z > 3.

4.2 Consideration of alternative spectral slopes

The common assumption that the underlying powerlaw
should be Lν ∝ ν1/3 originates from classical theory (Shakura
& Sunyaev 1973) and has not been conclusively demon-
strated to be the true underlying spectral power-law. This
work so far has made the same assumption, and so now we
question it. While the disc-decomposition procedure is en-
tirely independent of the assumed underlying power-law, the
de-reddening procedure is not. Hence, we re-derive all dust
reddening solutions for each of the five assumed dust laws
assuming a range of underlying power-laws slopes.

As before, we compute the aggregate χ2 statistic for
each assumed dust law and underlying power-law index α

such that Lν ∝ να, for a coarse grid of α values. The results
are shown in Fig. 10, measured both using the aggregate
χ2 of the sample (left) and only the scatter in g − i colours
(right). Each coloured curve corresponds to an assumed dust
law and each point in α is coloured by the median E(B −V)
achieved under those two assumptions. Whereas red colours
indicate high median dust extinction, greyscale colours de-
note the median E(B−V) < 0 is non-physical, although some
objects in a given collection may still have E(B−V) > 0. The
best-fit α for each curve is calculated by fitting a 7th order
polynomial to the samples in α and computing the mini-
mum χ2. Estimates for the best-fit values of α are shown
also in Fig. 10 and are indicated by color-corresponding ver-
tical dotted lines with their uncertainty envelopes calculated
where ∆χ2 = χ2

min/N, which are unexpectedly small for such
a large data set. For reference, grey vertical dashed and dash-
dotted lines are included to indicate α corresponding to the
canonical Lν ∝ ν1/3 as well as an alternative Lν ∝ ν5/7, re-
spectively. Table 1 summarises the best-fit parameters for
each dust law, for fits with α = 1/3, α = 5/7, and α opti-
mised for each dust law.

From the left panel of Fig. 10, showing the χ2 land-
scape as a function of α, we find that the graphite-heavy
dust laws for LMC and MW are strongly disfavoured. Their
minimum χ2 occurs for a red spectral slope (α < 0) and un-
der the assumption of Lν ∝ ν1/3 they are disfavoured at
high confidence in clear excess of 5σ. The best-fit solution
for the UV-flat GREY dust law occurs for an even red-
der spectrum, α = −0.39, and with an nonphysical median
E(B − V) = −0.67 mag. LMC, MW, and GREY also have
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Figure 9. Spectral energy distributions for the sample are shown at the top, shifted into the restframe and ordered by z. Relevant

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 an 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 Lν ∝ ν1/3 power law,
overlaid in red. The residuals are shown in the lower panel in green, with an envelope likewise from above. The lower panel shows the
distribution of sources contributing to any give rest-frame wavelength.

MNRAS 000, 1–18 (2022)



Spectral index of quasar variations 13

1 0 1 2
 spectral slope

1062

2/N=6.00

BEST
GREY
MW
LMC
SBG
SMC
f 1/3

f 5/7

1 0 1 2
 spectral slope

0.1

2 × 10 1

3 × 10 1

4 × 10 1

6 × 10 1

(g
-i)

0.6 0.4 0.2 0.0 0.2 0.4 0.6

Median E(B-V)

Figure 10. Two aggregate badness-of-fit (BoF) metrics, the total χ2 (left) and σ(g− i) (right), as functions of the accretion disc spectral
index α. Points show the BoF values for each of 5 candidate dust laws, fitting the α grid with 7th 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 (nonphysical) negative attenuation.

The best-fit α values, at BoF minima, are marked on the left 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-fit dust law for each source, shown in black circles.
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Figure 11. 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-fit α for each dust law.

relatively high χ2
min values, corresponding to reduced χ2/N

values 11.19, 13.19, 13.80, respectively.

The SMC and SBG laws fare rather better, achiev-
ing lower best-fit χ2

min values of 5.99 and 7.37, respec-

tively. The SMC dust law achieves its lowest overall χ2
min at

α = 0.71±0.02 and is tightly constrained relative to the SBG,
which achieves its relatively higher χ2

min at α = 1.39 ± 0.04.
While the SMC enjoys a smooth progression of median
E(B − V) values, the SBG requires even greater reddening
for the same α despite turning over in E(B −V) at the same
α. Thus, the aggregate sample measured with χ2 corrobo-
rates the aforementioned findings that the SMC provides
the best-fit dust solution to describe the de-reddened disc
SED of the sample considered. However, we also measure
the total χ2 at each α by assigning each source a χ2 corre-
sponding to the best-fit dust law, and recompute the best-
fit α (called ‘BEST’). Unsurprisingly, this combined sample
finds a minimum α = 1.01±0.02, mid way between the SMC
and SBG laws which are the two best-fit dust laws for any
given α. However, this best-fit α is suffers from a high me-
dian E(B − V) compared to the SMC law at α ∼ 1, and may
suffer from noisy measurements (as they are not weighted
here), preferential χ2 arsing from unreasonably attenuated
solutions, and other effects which make its interpretation
non-trivial.
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Figure 12. Same as Fig. 9, but assuming a Lν ∝ ν5/7 powerlaw.
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α χ2/N E(B −V ) E(B −V ) σ(g − i)
Median σMAD

Lν ∝ 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

Lν ∝ 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-fit 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

Table 1. Summary of best-fit 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 Lν ∝ ν1/3, ∝
ν5/7, and the best-fit spectral slope α whose uncertainty is boosted
by

√
χ2/N .

The constraining power of χ2 in the left panel of Fig. 10
is distinctly superior to that of σ(g−i) in the right panel. This
makes sense, as χ2 utilizes all 5 bands compared to only 2
bands in σ(g−i). Nevertheless, comparing these may increase
confidence in the results and deepen our understanding of
the models. Note that the order of the best-fit α values for
different dust laws is the same for minima of χ2 and minima
of σ(g − i). The best-fit α values have a smaller range for
minima of σ(g − i). The MW, LMC and GREY dust laws
cluster around α = 0, with relatively high σ(g− i). The SMC
and SBG are both close to α = 0.7, with SBG achieving a
slightly lower σ(g−i) than that for SMC. The E(B−V) values
at a given α are generally similar between the estimators.

Owing to the large sample size of this investigation, the
constraint on the best-fit slope α is remarkably tight, un-
certain by of order 1% for the χ2 badness-of-fit. Both χ2

and σ(g− i) prefer a power-law spectral index α significantly
bluer than the canonical Lν ∝ ν1/3 accretion disc spectrum.
The Lν ∝ ν1/3 power-law is statistically inconsistent with
our results.

The merit of this result is further explored in Fig. 12
where we perform the same spectral composition procedure
as shown by Fig. 9 but assume a Lν ∝ ν5/7 while maintaining
the assumption of an SMC-like power-law. By doing so, we
find an even more consistent picture with the Lν ∝ ν5/7

power-law, achieving a χ2/N = 9.00. This is lower than that
achieved with the expected Lν ∝ ν1/3, suggesting that α =
5/7 is a more appropriate model. In addition, it is apparent
that the bluest residuals have lessened, with the de-reddened
disc spectrum now being consistent with a smooth Lν ∝ ν5/7

power-law within a 68 percentile range for wavelengths bluer
than Hα and redder than the Lyman continuum break. We
discuss the implications of this serendipitous finding in the
following section.

5 DISCUSSION

5.1 Assumptions and caveats

Advantageous properties of the SDSS data set analysed here
are its unprecedented number of quasars and the long times-
pan over which the five-band ugriz photometry has been ob-
tained. For each quasar we leverage its variable nature to
separate the variable disc component from its static host
galaxy. Our decomposition method treats each observation
as an independent measurement of the galaxy+disc flux
at some time-dependent dimensionless brightness level X(t),
where X = 0 is the mean level and ∆X = 1 is the rms of
the lightcurve variations. This is illustrated in Fig. 1 where
each flux measurement provides an independent constraint
on the linear model, F(λ, t) = B(λ)+ A(λ) X(t). Here the inter-
cept B(λ) is the mean galaxy+disc spectrum at X = 0 and
the slope A(λ) is the rms spectrum of the disc variations.
Extrapolating the fit to fainter levels is assumed to effec-
tively turn off the variable disc light leaving just the galaxy
spectrum at some minimum value of X. This point is some-
what arbitrary, particularly when the variations are small
so that the extrapolation is a long one. In order to have a
well defined decomposition, we adopt the point at which the
extrapolated flux is consistent with zero flux at 1σ, which
we interpret as the limit below which the model is no longer
physically meaningful.

Our estimates of E(B − V) for five different extinction
laws are computed for each source to quantify and compen-
sate for extinction and reddening of the disc spectrum by
dust along the line-of-sight to the accretion disc. This as-
sumes that the observed disc spectrum is fainter and redder
than the intrinsic disc spectrum due to line-of-sight redden-
ing and extinction by dust, although the converse (requiring
nonphysical negative attenuation) is an allowed solution. For
the intrinsic disc spectrum, we assume a power-law, Lν ∝ να.
The estimate of E(B−V) depends on the assumed power-law
spectral index α, a bluer slope requires a larger E(B − V).
Our power-law disc model neglects possible contributions
of emission lines and bound-free continua. The variability
of this approximation is supported by Fig. 3, which shows
that the variable disc spectrum has weaker emission features
than the mean spectrum. However, as shown by Fig. 9, the
final de-reddened disc spectrum, assuming an SMC-like ex-
tinction and Lν ∝ ν1/3, shows that some emission features
remain. These are of course smoothed by the broad band-
widths of the ugriz filters, leaving wide and weak rather
than narrow and strong emission features in the residuals.
Although visually the residual features corresponding to the
α = 1/3 composite (Fig. 9) appear similar to those of the
α = 5/7 (Fig. 12), the latter achieves a significantly better
fit, ∆χ2 ∼ 20 000 or χ2/N = 11.75→ 9.00. However, we cau-
tion that overfitting and unseen systematics may contribute
to this effect.

Despite the straight-forward interpretation that a com-
bination of SMC-like dust and a bluer spectral slope de-
scribes the variable accretion disc spectra of quasars, we
note several caveats. First, for the MW and LMC laws the
E(B−V) distribution of the SDSS quasars has an implausible
redshift dependence caused by the strong rest-frame 2175 Å
absorption feature moving across the center of a 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
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observed (see Appendix A). This highlights a shortcoming
in the modeling of the dust when adopting the MW and
LMC models. We considered addressing this by using a prior
favouring models that make E(B−V) a smoother function of
redshift, but decided in the interest of simplicity to omit this
complication in our modelling. Our model also places no lim-
itation on the extent to which the variable component can
be reddened, which may permit extreme reddening requir-
ing extraordinary dust column densities. We note that, with
the exception of the GREY law, there are no instances of
problematically dusty attenuation estimates.

5.2 On attenuation laws

The dust laws investigated in this work broadly fall into
two categories. Either they are well-described by a smooth
power-law-like curve (e.g., SMC, SBG), or a power-law-
like curve with a strong graphite absorption feature at
2175 Å (LMC, MW). The outlying case 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 particular dust law is well-suited for a particular source is
assessed here using χ2 to quantify the badness-of-fit and
E(B − V) to indicate cases where exceptional dust columns
would be required. Similarly, to quantify the success in mod-
elling the SDSS quasar sample as a whole, we employ two
badness-of-fit metrics, χ2 and σ(g−i), along with the median
E(B − V). Given that the information presented by σ(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) and E(B − V) for secondary considerations.

As presented in Section 3, assuming a Lν ∝ ν1/3 power-
law, the least likely dust-law is GREY which is statisti-
cally excluded at high confidence for the vast majority of the
sources. However, 7% of the sample finds a best-fit solution
with the GREY extinction law, but with an exceptionally
large median E(B − V) = 6.86 mag for this sub-sample. Fur-
ther, we find evidence to exclude the graphite absorption
laws of the LMC and MW as a general best-fit, finding the
best-fit solution for only 17% and 16% of the total sample,
respectively.

We find the greatest success with the smooth power-
law extinction laws, SMC and SBG. As measured by χ2 in
Fig. 10, the SMC provides the best fit to the sample as a
whole and is consistent with a best-fit α ∼ 0.7 from both the
χ2 and σ(g−i) estimators. Assuming an Lν ∝ ν1/3 power-law,
Fig. 11 shows that the SMC provides the best-fit solution
for 43% of the sample while the SBG provides 17%. Interest-
ingly, although constrained with less information, the σ(g−i)
estimator finds that the SBG provides a solution similar to
the SMC consistent with a Lν ∝ ν5/7 power-law. Thus, while
we cannot exclude the SBG law outright, we nonetheless
find the most likely dust law for this sample of quasars is
the SMC. This result holds also in the case of an assumed
Lν ∝ ν5/7 power-law.

Considering now the derived composite SEDs shown in
Figures 9 and 12, under the assumption of an SMC-like dust
law derived assuming either Lν ∝ ν1/3 or ∝ ν5/7, there are no
discernible features consistent with strong Balmer absorp-
tion or emission at the 10% level. However, given that the
emission is smeared across the broad-band filter, only the

highest equivalent width lines could be detected. Continuum
consistent with thermal emission from an optically-thick ac-
cretion disc is clear (i.e., the ‘Big Blue Bump’; Malkan &
Sargent 1982).

The Southern Sample data set contains several sources
observed at 3 < z < 6. At these redshifts, the rest-frame
u band intersects the expected rest-frame UV turnover of
the accretion disc spectrum at ∼ 1000 . Although this sub-
set constitutes only a small fraction of the total sample, the
effect of the turnover is evident from Fig. 9. The handful of
these sources approaching z ∼ 6 may also be affected by the
neutral intergalactic medium which may be contributing to
this observed turnover with resonant absorption by hydro-
gen gas clouds along the line-of-sight (i.e., the well-known
Lyman Forest). Regardless of the physical mechanism driv-
ing this highly significant turnover, it is not accounted for
in the continuous power-law form assumed for the disc spec-
trum. Consequently, the continuous power-law model is not
appropriate for the bluest bands for z > 3 objects, whose
E(B − V) may be overestimated due to the turnover acting
as an extreme reddening of the u band.

5.3 Best-fit power law exponent

Initially we assumed the canonical Lν ∝ ν1/3 power-law be-
fore expanding to a range of power-law exponents to deter-
mine the most suitable power-law index and extinction law
combination as assessed by the badness-of-fit χ2 statistic.
The result is shown in Fig. 10. The SMC law shows remark-
able agreement from both χ2 and σ(g− i) estimators finding
a best-fit blue slope α ∼ 0.7 in both cases. For the latter es-
timator, SBG finds its minimum also at α ∼ 0.7. Taking χ2

to be the more robust and more precise estimator, the corre-
sponding α for the best-fit SMC is 0.71±0.02. This is highly
inconsistent with Lν ∝ ν1/3 predicted for a geometrically
thin steady-state disc, within theses strict uncertainties.

Given this unexpected result, we verified the robustness
of the de-reddening procedure by measuring 9000 simulated
disc SEDs with α = 1/3 perturbed with random noise cor-
responding to that of the observed photometry. We success-
fully recovered a best-fit power-law index of 1/3, confirming
that the procedure is unbiased and that the result is indeed
genuine.

This result contrasts with work from Kokubo et al.
(2014), who used the same SDSS data set and employed a
’flux-flux’ deomposition method most similar to ours in or-
der to explore the variations in the photometric lightcurves.
They found that the composite spectrum before decomposi-
tion features a red, α = −0.5 slope relative to the much bluer
α = 1/3 ‘difference’ composite spectrum, in agreement with
(Shakura & Sunyaev 1973). However, Kokubo et al. caution
that their method does not attempt to estimate or account
for non-variable components of the host galaxy. Despite this
work being the closest analog to the present study available
in the literature, the still different methodologies and as-
sumptions make a concrete comparison of derived spectral
slopes hazardous. It is possible though that the bluer slope
derived in the present work is found because we removed
the static host galaxy component, which would otherwise
produce a redder best-fit spectral slope.

Entirely serendipitously, we find our resulting α = 0.71±
0.02 to be statistically consistent with the recent theoretical
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framework proposed by Mummery & Balbus (2020) who pre-
dict an mid-range spectral slope α = 5/7 ' 0.71. We caution
however that this 1) assumes that all quasars have SMC-like
dust and 2) is sensitive to the tail end of the χ2 distribu-
tion used to compute the total χ2 from Fig 10. At face value,
however, the model proposed by Mummery & Balbus cannot
be ruled out by our results.

This finding is intriguing, as it hints at additional accre-
tion physics not considered in many previous studies. Mum-
mery & Balbus propose a fully-relativistic framework of ac-
cretion discs, finding a temperature structure driven by en-
ergy liberated by viscous and magnetically-driven torques
arising from a spinning black hole, and which appear at
the innermost stable circular orbit. This non-vanishing stress
term provides the necessary energy, in addition to the typ-
ical gravitational energy of the momentum transfer of the
disc, to steepen the implied temperature structure. The re-
sult is a spectral slope which is a factor of ∼ 2× larger (i.e.
bluer) than in traditional Lν ∝ ν1/3 steady-state accretion
models.

5.4 Comparison with Intensive Disc
Reverberation Mapping

An independent method being used to probe accretion disc
temperature profiles is to obtain intensive (sub-day) mon-
itoring and then measure inter-band time delays (Cackett
et al. 2007; Edelson et al. 2019). This intensive disc re-
verberation mapping method (IDRM) assumes light travel
time delays τ ≈ R/c, and blackbody emission peaking near
λ ≈ (h c/k T). A reverberating disc with T ∝ R−b gives time
delays τ ∝ λ1/b, and disc spectra Lν ∝ ν(2b−3)/b. The stan-
dard disc model with b = 3/4 predicts τ ∝ λ4/3 and Lν ∝ ν1/3,
while a steeper temperature profile with b = 7/8 predicts
τ ∝ λ8/7 and Lν ∝ ν5/7.

The IDRM results to date are typically described as
consistent with the standard disc prediction, b = 3/4, but
with uncertainties large enough to admit b = 1. The most
accurate IDRM results to date, from the Space Telescope
and Optical Reverberation Mapping campaign monitoring
of NGC 5548 in 2014, give a best-fit power-law slope b =
1.03±0.12 from cross-correlation lags (Fausnaugh et al. 2016)
or b = 0.99 ± 0.03 from detailed fitting of a reverberating
disc model to the lightcurves (Starkey et al. 2017). This
corresponds to a steeper temperature profile, closer to b =
7/8 (α = 5/7) than to 3/4 (1/3).

A caveat, however, is that the disc sizes inferred from
IDRM are typically larger than expected, by a factor of ∼ 3,
and an excess lag in the Balmer continuum region suggests
that bound-free emission from the (larger) broad emission-
line region (BLR) may be contributing significantly to the
cross-correlation lags (Korista & Goad 2001; Lawther et al.
2018). Perhaps the clearest example is the lag spectrum from
HST monitoring of NGC 4593 (Cackett et al. 2018). Work
is underway to understand how best to disentangle the disc
and BLR contributions to the measured lags.

6 SUMMARY & CONCLUSIONS

In this work, we have separated the variable accretion disc
light from their static host galaxies using broad-band pho-

tometric lightcurves, de-reddened their SEDs to account for
dust, and leveraged the results to test accretion disc physics.

• We developed a method for decomposing quasar
lightcurves by separating the contribution of the variable
light from the static, background emission. Each disc SED
was then de-reddened to provide a dust-free estimation of
the underlying accretion disc light.

• Of the five dust laws examined in this work, we find that
the featureless laws of the Small Magellanic Clouds (SMC;
Gordon et al. 2003) and starburst galaxies (SBG; Calzetti
et al. 2000) are the most reasonable attenuation models as
measured by their χ2/N, with the SMC being slightly prefer-
able as it typically requires less attenuation than the SBG.

• Assuming an SMC-like dust attenuation, the best-fit
spectral slope α is found to be inconsistent with a standard
Lν ∝ ν1/3 corresponding the steady-state accretion model
(Shakura & Sunyaev 1973). Instead, we find significant ev-
idence for a Lν ∝ ν5/7 accretion slope based on our best-fit
α = 0.71 ± 0.02, in agreement with the proposed disc model
of Mummery & Balbus (2020).

If it is indeed the case that the model of Mummery &
Balbus better reflects the reality of accretion physics than
previous models, then these observational findings challenge
commonly made assumptions about the thermal structure
of quasar accretion dics. Moreover, they have implications
for deriving key properties of black holes and their accretion
discs, including the Eddington luminosity and black hole
mass. Future work is needed to confirm this model, requir-
ing independent observations and continued monitoring of
key sources in a way which these results can be confidently
replicated.

Finally, we note that the methodology developed here
should be useful for analysis of quasar variability data from
the LSST, and could also be applied to data from multi-
object spectroscopic monitoring surveys such as SDSS-RM.
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APPENDIX A: PHYSICAL INTERPRETATION
OF ATTENUATION ESTIMATES

As discussed briefly in Section 5, we do not place any priors
on the allowed ranges of E(B − V) parameter in our dered-
dening procedure. As a consequence of the prominent 2175 Å
feature in the LMC and MW dust laws, estimates of E(B−V)
are more similar for sources where the bump is directly con-
strained by one of the five bands, which is shown to undulate
with redshift in Fig. A1 for the LMC. This undulation is
not seen, however, in the smooth dust laws of the SMC and
SBG. We also find E(B − V) flares up for sources at z > 3
where the u-band falls blueward of the Lyman continuum
break. This discontinuity is not included in our continuous
power-law model, and so mimics an extreme reddening. We
do not interprete either feature as a genuine physical phe-
nomena of accretion discs, but merely a limitation of our
model. The consequences of this are described in Section 5.
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Figure A1. Binned median estimates of E(B −V ) over a range of redshift, assuming a Fν ∼ ν1/3 (left) or a Fν ∼ ν5/7 (right), 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 centered in each band is shown by the grey dotted lines. The coloured envelopes contain 68% of sources in

each bin.
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