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Black holes grow rapidly through the accretion of gas. As the
accretion rate onto a black hole decreases, the structure of its
surrounding accretion flow is believed to dramatically transition
from a luminous thin disc1 to become quasi-spherical and radia-
tively inefficient2. These accretion state transitions are commonly
observed for stellar mass black holes in Galactic X-ray binary
systems3, but it is unknown if this process occurs similarly for su-
permassive black holes at the centres of galaxies. Here, we show
that the geometry of the accretion flow around supermassive and
stellar mass black holes evolve analogously during transitions be-
tween different accretion states. We use X-ray and rest-UV obser-
vations of faded ‘changing-look’ quasars4 to probe the geometry of
the feeble accretion flows around their supermassive black holes,
based on the spectral changes as a function of Eddington ratio. We
find that the observed spectral evolution in fading quasars displays
a remarkable similarity to accretion state transitions in X-ray bi-
nary outbursts. Our results show that the structures of black hole
accretion flows directly scales across a factor of 108 in black hole
mass, and enables us to apply theoretical models of X-ray binaries
to explain active galactic nuclei phenomenology.

We observe black holes in two main types that are distinguished by
their vastly different masses, although both types grow through the ac-
cretion of gas. Stellar mass black holes found in X-ray binary sys-
tems have typical masses of ∼5-10 M�, and they are observed when
the black hole accretes from a companion star. In contrast, super-
massive black holes at the centres of galaxies have typical masses of
∼107−9 M�, and they are observed as active galactic nuclei (AGN)
when they accrete from their nearby gas-rich environment. Based on
observations of both X-ray binaries and AGN, it is now thought that the
structure of accretion flows around both types of black holes depends
primarily on the rate of accretion per unit black hole mass. As the ac-
cretion rate fluctuates, the accretion flow transitions dramatically into
different states, each with distinct geometries and multi-wavelength
spectral characteristics.

Direct observations of accretion state transitions in stellar mass
black holes have revealed a rich phenomenology3, 5, that have lead to
concordant physical models6. At high accretion rates, the accretion
flow in X-ray binaries forms a geometrically-thin accretion disc1 that
emits luminous thermal soft X-rays; this accretion state is known as the
high-luminosity/soft-spectrum state. As the accretion rate drops, the
inner region of the thin disc may progressively truncate7 and expand
into a quasi-spherical radiatively inefficient accretion flow2 that is pos-
sibly advection dominated8, while hard X-rays from a compact corona

above the disc dominate the overall emission. During this process, the
X-ray spectrum is observed to harden, and the X-ray binary enters a
low-luminosity/hard-spectrum state. At a bolometric Eddington ratio
below Lbol/LEdd . 10−2 in the low/hard state, the X-ray spectrum is
observed to soften again, likely due to the onset of an additional (e.g.,
synchrotron) emission component9. Despite the success of this general
picture for accretion state transitions in stellar mass black holes, it is
still unclear if supermassive black hole accretion flows undergo similar
processes.

Previous observations have revealed evidence that AGNs display
some characteristics of X-ray binary phenomenology, and interpreta-
tions of these similarities often propose that black hole accretion flows
are scale-invariant10–14. This AGN/X-ray binary analogy asserts that
AGN behave as X-ray binaries that are scaled-up in size, and thus
will also transition through analogous accretion states in response to
changes in their accretion rate. However, accretion state transitions in
AGN have not been observed directly, likely because the timescale ex-
pected for this process also scales up with black hole mass, from a few
days in X-ray binaries to possibly ∼104−5 years in AGN. Thus, direct
evidence for such an analogy in the underlying geometry of black hole
accretion flows has remained observationally elusive.

To test whether the structure of accretion flows undergo similar
state transitions in both stellar mass and supermassive black holes, we
compare observations of prototypical accretion state transitions in an
X-ray binary to a sample of AGN that spans a wide range of accre-
tion rates. In X-ray binaries, the structure of the accretion flow may be
probed using the X-ray spectral index, which changes during accretion
state transitions due to the evolving geometry of the disc-corona sys-
tem. For AGN, we can similarly probe the structure of the accretion
flow using the UV-to-X-ray spectral index (αOX) between 2500 Å and
2 keV, since the thin disc emission peaks in the UV and the coronal
emission dominates the X-rays. Thus, our approach is to measure the
αOX of a sample of AGN with a wide range of accretion rates, and
compare these αOX values to the spectral behaviour of an X-ray binary
undergoing an accretion state transition. We find that changes in AGN
accretion rate correspond to spectral changes that are remarkably simi-
lar to those observed in X-ray binaries, suggesting that the structure of
black hole accretion flows are indeed analogous.

The key to our novel approach is to include faded ‘changing-look’
quasars in our AGN sample, which enables us to extend measure-
ments of αOX to low Eddington ratios (Lbol/LEdd . 10−2). Faded
changing-look quasars are a class of AGN that are characterized by
dramatic fading of their broad emission lines and continuum in re-
peat optical spectroscopy (see Fig. 1)4, 15–19. We emphasize that we are
not directly observing accretion state transitions in our changing-look
quasars, since they fade from Lbol/LEdd ∼ 10−1.5 to ∼10−3.5 and
thus are already in the low/hard state even before their fading. Never-
theless, they are key to probing how αOX changes over a wide range of
Eddington ratios for two primary reasons. Firstly, at low Eddington ra-
tios, AGN are often dust obscured20, and thus measuring their intrinsic
UV luminosities is difficult. Since changing-look quasars are observed
to be Type 1 AGN (i.e., unobscured) before their fading, and their fad-
ing have been shown to be consistent with a decrease in their accretion
rate while disfavoring dust obscuration4, 15–19, 21–24, we know that their
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UV luminosities after they fade are also unobscured. Secondly, tracing
how αOX changes as a function of Eddington ratio in AGN requires a
sample of AGN with similar black hole masses (MBH), to avoid com-
plications from the T ∝ M

−1/4
BH scaling of the thin disc temperature

with MBH at a fixed Eddington ratio. However, MBH is often difficult
to measure for AGN at low luminosities, where broad emission lines
disappear. Changing-look quasars allow us to bypass this problem, be-
cause we can use a sample of AGN with a narrow distribution of MBH

that is determined using the prominent broad emission lines in their
optical spectra before they fade, and then measure their αOX at low
accretion rates after they fade.

We use rest-frame UV and X-ray observations of a merged sam-
ple of AGN to construct Fig. 2, which shows how αOX changes as a
function of Eddington ratio. For AGN at high accretion rates, we use
a sample of 150 broad-line AGN from the XMM-COSMOS survey 25,
each with spectroscopic MBH estimates, as well as measurements of
their αOX and Lbol/LEdd

26. For AGN at low accretion rates, we use
a sample of six changing-look quasars previously discovered to have
undergone dramatic fading in repeat optical spectroscopy15–17 from the
Sloan Digital Sky Survey (SDSS) from a bright state to a current faint
state (shown in Fig. 1). The XMM-COSMOS AGN and changing-look
quasar samples have narrow MBH distributions that are nearly iden-
tical. To determine the αOX of our changing-look quasars after they
fade, we obtain Chandra X-ray Observatory images to measure the
current X-ray luminosities, and we model the faint state SDSS opti-
cal spectra to extrapolate the UV luminosities after subtraction of their
host galaxy starlight (although our results are not dependent on this ex-
trapolation, see Methods). We verify that each changing-look quasar
remains in a faint state during these Chandra observations by obtain-
ing an additional, contemporaneous optical spectrum (also shown in
Fig. 1). To measure Lbol/LEdd, we use a bolometric correction to de-
termine the bolometric luminosity of each quasar, and determine MBH

based on the prominent broad H Balmer emission lines in its bright
state SDSS spectrum. Figure 2 displays not only these measurements
of changing-look quasars after their fading to a faint state, but also
constraints from their former bright state. To determine the bright state
αOX, we also model their bright state SDSS spectra to extrapolate UV
luminosities. However, only one changing-look quasar (J0159) has an
archival X-ray detection4 close in time to its bright state SDSS spec-
trum; for the rest we use upper limits on their X-ray luminosities from
the ROSAT All-Sky Survey, resulting in lower limits on the bright state
αOX. Although these lower limits on the bright state αOX are weak,
their inclusion in Fig. 2 illustrates the decrease in Lbol/LEdd of faded
changing-look quasars. Additional details on our analysis can be found
in Methods.

Our observations reveal that accretion rate changes in AGN corre-
spond to spectral changes that are remarkably similar to those observed
in X-ray binaries. Figure 2 directly compares our sample of AGN to
the predicted change in αOX for AGN accretion state transitions, scaled
from observations of the X-ray binary GRO J1655-40 as it transitioned
between the low/hard and high/soft states during a prototypical outburst
in 200527. These predictions assume that AGN accretion flows have
the same structure as X-ray binaries, and thus directly scale the ob-
served thin disc and coronal components in the X-ray spectra of GRO
J1655-40 to supermassive black holes (see Methods for details). The
resulting predicted αOX values for AGN in Fig. 2 assume a log-normal
distribution ofMBH with mean 〈logMBH〉 = 8.4 and standard deviation
σlogMBH = 0.3 that matches the XMM-COSMOS AGN and changing-
look quasar samples. This direct comparison in Fig. 2 reveals a re-
markable similarity between the observed spectral evolution of AGN
and X-ray binaries as a function of accretion rate. Specifically, there is
a spectral hardening (decreasing αOX) in both AGN and X-ray binaries
as Lbol/LEdd decreases from the high/soft state to the low/hard state,

and a spectral softening (increasing αOX) below Lbol/LEdd . 10−2.
The analogous spectral evolution of X-ray binaries and AGNs im-

plies that the geometry and overall structure of AGN accretion flows are
scaled-up versions of those in X-ray binaries, which enables us to use
popular models of X-ray binary accretion states to interpret AGN phe-
nomenology. Figure 3 illustrates the application of one such X-ray bi-
nary model to describe the evolving geometry of AGN accretion flows
during state transitions, based on truncated accretion discs6. AGN at
Eddington ratios between 10−1 . Lbol/LEdd . 1 have thin accre-
tion discs with strong thermal UV emission that result in soft αOX;
these objects represent the AGN equivalent of the high/soft state in X-
ray binaries. As the Eddington ratio decreases towards Lbol/LEdd ∼
10−2, the thin disc becomes progressively truncated as the inner re-
gion turns into a radiatively inefficient accretion flow, producing a de-
crease in UV luminosity and a hardening of αOX; this represents the
AGN transition to a low/hard state. Below Lbol/LEdd . 10−2, the
hot inner portion of the disc that produces the optically-thick thermal
UV emission is absent, and some other (e.g., synchrotron) emission
increasingly dominates the UV, causing αOX to soften again. These
AGN are at lower accretion rates in the low/hard state, but above the
Lbol/LEdd . 10−5 typically associated with the quiescent accretion
state in X-ray binaries. In Methods, we also apply an alternative model
of X-ray binary accretion state transitions, in which the thin disc is not
truncated but rather displays changes in apparent temperature.

An important implication of the analogous nature of black hole ac-
cretion flows is that comparative studies can provide new insights into
AGN from X-ray binaries, and vice versa. For example, observations of
the spectral softening below Lbol/LEdd . 10−2 in the low/hard state
of X-ray binaries have already suggested that their soft X-ray emis-
sion cannot be dominated by optically-thick thermal emission from a
truncated thin disc9, which can only produce spectral hardening. In-
stead, a new emission component must dominate the soft X-rays in this
regime, such as cyclo-synchrotron emission from an advection dom-
inated accretion flow28 or jet synchrotron emission29. Our finding of
an analogous softening of αOX in AGN thus suggests that the faint
UV/optical continuum in AGN below Lbol/LEdd . 10−2 may also
be dominated by synchrotron emission. Conversely, inconsistencies in
the AGN/X-ray binary analogy can highlight differences in their ac-
cretion physics. For example, observations of X-ray binary outbursts
show that decreases in accretion rate by factors of ∼100 occur on
typical timescales of a few days; a simple linear scaling with black
hole mass predicts similar behaviour to occur in AGN on timescales
of 104−5 years. Yet, we find that changing-look quasars can undergo
decreases in accretion rate by factors of ∼100 on timescales of <10
years, significantly faster than predicted. This discrepancy in variabil-
ity timescales may thus support recent suggestions of the importance of
magnetic pressure in shortening the timescales for changes in accretion
discs around supermassive black holes24, 30.
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Figure 1: Multi-epoch optical spectroscopy reveals the dramatic fading of changing-look quasars. Repeat SDSS spectra of six changing-
look quasars over∼10 years shows a fading of the broad emission lines and continuum from a bright state (blue) to a faint state (black), consistent
with a decrease in their accretion rates. A more recent epoch of spectra from the ARC 3.5m telescope is also shown (red), which verifies that
these changing-look quasars are still in a faint state contemporaneous with our Chandra X-ray observations. Wavelength regions affected by
telluric absorption are shaded grey.
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Figure 2: The spectral behaviour of AGN and X-ray binaries are remarkably similar across a wide range of Eddington ratios. The
UV-to-X-ray spectral index (αOX) of changing-look quasars before their fading (light blue squares) and after their fading (dark blue circles) are
shown, as well as the fit to a large sample of more luminous broad-line AGN from the XMM-COSMOS survey (red line). These observations are
directly compared to predictions for accretion state transitions in AGN, based on observations of X-ray binary transitions from a high/soft state
(light red circles) to a low/hard state (light blue circles). The remarkable similarity in the spectral behaviour of AGN and X-ray binaries suggests
that the geometries of black hole accretion flows are analogous. The lettered labels correspond to different changing-look quasars in our sample:
(A) J0126, (B) J1059, (C) J1002, (D) J1011, (E) J1021, and (F) J2336. A model for the geometry of the disc-corona system that corresponds to
the labeled ranges in Lbol/LEdd is presented in Fig. 3.
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Figure 3: A model for the geometry of AGN accretion flows in different accretion states. The analogous geometries of black hole accretion
flows enables us to use popular models of X-ray binary accretion states to interpret AGN phenomenology. The panels illustrate the application
of one such X-ray binary model based on truncated discs to describe the accretion flow in fading AGN, over ranges of Eddington ratio that
correspond to those labeled in Fig. 2. Right panel: At high accretion rates (Lbol/LEdd & 10−1) in the high/soft state, the soft αOX is due to
bright UV emission from a thin accretion disc. Centre panel: As the accretion rate drops (10−2 . Lbol/LEdd . 10−1), the inner regions of
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emission from either an advection dominated accretion flow or a jet. An alternative model without disc truncation is presented in Methods.
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Methods

Faint state X-ray fluxes from Chandra
To measure the X-ray fluxes of our changing-look quasars after they
have faded to a faint state, we obtain new Chandra X-ray observations.
The details of these observations are listed in Supplementary Table 3,
and their derived faint state luminosities (νL2keV) that are used to cal-
culate αOX values are listed in Supplementary Table 5. Throughout
this work, we assume a standard ΛCDM cosmology with Ωm = 0.309,
ΩΛ = 0.691, and H0 = 67.7 km s−1 Mpc−131.

For five of our sample of six changing-look quasars, we obtain
new Chandra X-ray observations through a Chandra Cycle 18 Guest
Observer program (PI: Ruan, Program Number: 18700505). For the
one other changing-look quasar in our sample (J0159), we use similar
Chandra observations that were obtained in a separate Cycle 17 GTO
program (PI: Predehl, Program Number: 17700782). All observations
are obtained using the ACIS-S3 chip in VFAINT mode, and their expo-
sure times are listed in Supplementary Table 3. We use the CIAO v.4.9
(CALDB v4.7.7) software32 for reduction and analysis of the resultant
X-ray data.

We reprocess the level 2 events files and use CIAO’s repro script
to apply the latest calibrations. We then generate both a 0.5 - 7 keV
X-ray counts image and a PSF image of the ACIS-S3 chip. To perform
source detection and obtain X-ray positions, we use the wavedetect
script. All of our six sources are detected in the Chandra observations,
and all of their measured X-ray positions are each within 0.′′6 of their
optical positions from SDSS imaging. Since X-ray emission from our
changing-look quasars is expected to be point-like, we use the srcflux
tool to extract source counts at the X-ray position of each object. The
source extraction region radii are set to encompass 90% of the PSF at
1 keV, and the PSF contributions in the source and background regions
are estimated using the arfcorr tool. The resultant 0.5 - 7 keV source
count rates for the changing-look quasars are listed in Supplementary
Table 3.

For five of our six objects, the source counts are insufficient to ex-
tract a high-quality X-ray spectrum, and thus we assume a fixed spec-
tral model to compute fluxes. Specifically, we assume a power-law
spectral model with Γ = 1.8, typical for low-luminosity AGN33–35. We
test the effects of adopting a range in Γ from 1.6 to 2.0, and find that
this produced systematic uncertainties on the resulting X-ray fluxes of
.5% (and�1% on the resulting αOX). Thus, the uncertainties on our
X-ray fluxes are dominated by measurement uncertainties, and we ig-
nore the negligible systematics that stem from our assumptions for Γ.
In our spectral model, we include Galactic absorption based on neu-
tral hydrogen column densities36. For one object (J1002), the source
counts are sufficient for us to extract and fit its X-ray spectrum. We use
Sherpa to fit a power-law spectral model with Galactic absorption, us-
ing atomic cross sections37 and abundances38. The best-fitting spectral
model has Γ = 1.8 ± 0.1, and we compute the X-ray flux for J1002
from this fit. The resultant 0.5 - 7 keV unabsorbed model fluxes for
our all changing-look quasars are listed in Supplementary Table 3. Fi-
nally, we calculated X-ray luminosities at rest-frame 2 keV using the
WebPIMMs tool, and these νL2keV measurements are listed in Supple-
mentary Table 5.

ARC 3.5m optical spectra
To verify that our changing-look quasars are still in a faint state during
the Chandra observations and have not re-brightened in the optical, we
obtain a more recent epoch of optical spectroscopy within a few months
of each Chandra observation. Details of these follow-up observations
are listed in Supplementary Table 2.

We use the Dual Imaging Spectrograph on the Astrophysical Re-
search Consortium (ARC) 3.5m telescope at Apache Point Observatory

to obtain a long-slit optical spectrum for each changing-look quasar.
For each spectrum, we use the B400/R300 grating (spectral resolution
of R ∼ 1000 and wavelength coverage of λ ∼ 3400 - 9200 Å), with
a 1.′′5 slit. The total exposure times range from 45 to 90 min, and the
observations are taken at mean airmasses between 1.03 to 1.35, with
seeing between 1.′′2 to 1.′′6. Additional spectra of spectrophotometric
standard stars are obtained on each night for flux-calibration, and HeN-
eAr lamps are used for wavelength calibration. We reduce these optical
spectra using standard IRAF39 procedures, including bias and flat-field
correction, wavelength- and flux-calibration, and corrections for atmo-
spheric extinction. Finally, we correct for Galactic extinction using the
dust maps40 and a Milky Way reddening law41.

The reduced APO spectra are shown in Fig. 1, and show that the
broad emission lines and continuum emission remain faint for all of
our changing-look quasars. This demonstrates that our changing look
quasars are all still in a faint state contemporaneous with the Chandra
observations, and did not re-brighten back to a bright state. However,
we opt to use the bright and faint state SDSS spectra in all our anal-
ysis (e.g. to measure αOX) rather than these APO spectra, due to the
superior spectrophotometric calibration of SDSS spectroscopy.

Bright state X-ray fluxes from ROSAT and XMM-Newton
We use archival X-ray observations to constrain the rest-frame unab-
sorbed 2 keV luminosities νL2keV for our sample of changing-look
quasars in their former bright state. Although only one changing-look
quasar in our sample actually has an archival bright state X-ray de-
tection (from XMM-Newton), we derive upper limits on νL2keV from
ROSAT for the remainder of our sample so these bright state datapoints
can be included in Fig. 2, thus showing their change in Lbol/LEdd

as they fade. The list of bright state X-ray observations we use in our
analysis is provided Supplementary Table 4, and the derived bright state
νL2keV values are listed in Supplementary Table 5.

We first search the ESA XMM-Newton Upper Limit Servera and
find that a deep pointed XMM-Newton observation was obtained for
J0159 from 7 July 2000, close in time to its bright state SDSS spectrum
from 23 Dec 2000. Previously, the X-ray spectrum from this XMM-
Newton observation was reduced and fitted to derive a 2 - 10 keV flux4.
We use the WebPIMMs tool to convert this 2 - 10 keV flux to a νL2keV,
assuming the best-fit power-law spectral model (with Γ = 2.13 and no
intrinsic absorption), and accounting for Galactic absorption. For the
remaining five changing-look quasars in our sample, two (J1002 and
J1021) were observed as part of the XMM-Newton Slew Survey, but
were not detected. We chose not to use these upper limits from XMM-
Newton Slew Survey observations for J1002 and J1021 in our analysis,
because these observations were obtained in the period between the
bright and faint state SDSS spectra. Thus, J1002 and J1021 were in
the middle of their observed fading at the time of the XMM-Newton
Slew Survey observations. Furthermore, the short exposures (<10 sec)
in these XMM-Newton Slew Survey observations do not provide useful
upper limits on the X-ray fluxes (and are worse than upper limits from
ROSAT observations).

For the five changing-look quasars in our sample without XMM-
Newton detections, we use archival ROSAT X-ray data to provide con-
straints on the bright state X-ray flux. None of these objects were de-
tected in any ROSAT catalogs from pointed or scan observations, and
so we use processed ROSAT All-Sky Survey images from the MPE
ROSAT Data Archiveb to derive upper limits. For each image, we use
the SOSTA tool in the XIMAGEc software package to calculate 3σ up-
per limits at the position of each changing-look quasar, which accounts
for variations in the background level, effects of vignetting, and effec-

ahttp://xmm.esac.esa.int/UpperLimitsServer/
bhttp://www.xray.mpe.mpg.de/cgi-bin/rosat/rosat-survey
chttps://heasarc.gsfc.nasa.gov/docs/xanadu/ximage/ximage.html
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tive exposure time in the images. Our 0.1 - 2.4 keV upper limits on
the ROSAT count rates of these five changing look quasars are in the
range of 0.11 - 0.42 cts s−1, consistent with the overall estimated up-
per limit of 0.1 cts s−1 for undetected sources in the ROSAT All-Sky
Survey42. We convert these count rates to νL2keV using WebPIMMsd,
also assuming a power-law spectral model with Γ = 1.8 and account-
ing for Galactic absorption. These ROSAT upper limits on the bright
state X-ray fluxes are also listed in Supplementary Table 4.

We emphasize that these upper limits on the bright state X-ray
fluxes from ROSAT do not provide strong constraints on the bright state
αOX (shown as lower limits in Fig. 2). This is primarily because the
ROSAT observations were obtained ∼10 years before the bright state
SDSS spectra, and thus it is unclear if the changing-look quasars were
in a bright or faint state during the ROSAT observations. Neverthe-
less, we display these bright state upper limits in Fig. 2 to illustrate
the change in Lbol/LEdd of each changing-look quasar, which demon-
strates that they are already in a low/hard accretion state even before
their fading.

Decomposition of SDSS optical spectra and host
galaxy subtraction
All of the analysis of our Sloan Digital Sky Survey (SDSS)43 optical
spectra is performed on the decomposed quasar spectra, which are the
observed SDSS optical spectra after the host galaxy components have
been subtracted. To perform this host galaxy subtraction, we decom-
pose each spectrum into quasar and host galaxy components by fitting
a mixture of quasar and galaxy eigenspectra15, 44, 45, created from prin-
cipal component analysis (PCA) of large samples of SDSS spectra46, 47.
After subtracting the best-fit host galaxy component from the observed
spectrum, we use the resultant decomposed quasar spectrum and the re-
ported measurement uncertainties in the SDSS spectrum in our spectral
modelling. For each of our changing-look quasars, we perform this de-
composition process for both its bright and faint state SDSS spectrum.

We note that for one changing-look quasar in our sample (J2336),
there are four bright state SDSS spectra available, all obtained within
a period of approximately two years (MJDs of 51783, 51877, 52199,
52525). Since there is no significant variation among these four bright
state spectra of J2336, we co-add them into one mean bright state spec-
trum to use in our spectral analysis of this object. For the MJD of this
mean bright state spectrum of J2336, we simply adopt the mean MJD
from the four spectra of 52096.

We first correct our SDSS spectra for Galactic extinction, also us-
ing dust maps40 and a Milky Way reddening law41. To enable fitting
of the eigenspectra, we then resample all the SDSS spectra and eigen-
spectra onto a common rest-frame wavelength grid of the form log(λ)
= 3.35 + 0.0001a, for integer a from 0 to 5900. This common wave-
length grid is chosen to accommodate the rest-frame wavelength range
of all our spectra, and is similar to the native SDSS spectral resolution.
We next use the first five galaxy eigenspectra47, and the first five quasar
eigenspectra (excluding the second quasar eigenspectrum, which pri-
marily describes the host galaxy)46, which captures >98% of the vari-
ance in SDSS quasar and galaxy spectra. We then perform a simple χ2

fit of this mixture of eigenspectra to each SDSS spectrum, with 10 to-
tal eigenspectra amplitudes (i.e., PCA coefficients) as free parameters.
In our tests, increasing the number of eigenspectra components used
in our decomposition to 10 quasar eigenspectra and 10 galaxy eigen-
spectra does not significantly improve our fits. Furthermore, we verify
that using Markov Chain Monte Carlo algorithms to perform this de-
composition results in the same fitting results as our simple χ2 method.
However, we chose to use the computationally faster χ2 fit to enable
Monte Carlo resampling of the observed spectra to robustly estimate

dhttp://cxc.harvard.edu/toolkit/pimms.jsp

uncertainties on all derived optical spectral properties.
The best-fit quasar and galaxy components for both the bright and

faint state SDSS spectrum from our decomposition of each changing-
look quasar are shown in Supplementary Figs. 1-6. The decomposed
quasar spectra (i.e., after the host galaxy component is subtracted) are
also shown in Supplementary Figs. 1-6. We next fit these decomposed
quasar spectra to derive various optical properties.

Broad emission line fitting in SDSS spectra
To estimate the Eddington luminosity LEdd for each changing-look
quasar, we first fit the prominent broad H Balmer emission lines in
their bright state decomposed quasar spectra to obtain viral black holes
masses (MBH). Whenever possible, we chose to fit the broad Hα line in
the bright state decomposed quasar spectra, due to its higher signal-to-
noise ratio in our spectra in comparison to other less-prominent broad
emission lines. Our spectral model for Hα includes a power-law con-
tinuum component that we fit to the continuum wavelength windows
of [6400, 6500] Å and [6800, 7000] Å surrounding the Hα line. In the
Hα line wavelength window of [6500, 6800] Å, we included Gaussian
emission line components for broad Hα, narrow Hα, the narrow [N II]
λλ6548, 6584 doublet, and the narrow [S II] λλ6717, 6731 doublet.
In our fitting, we constrain the redshifts of the narrow emission lines
to be the same, and their widths to be <1200 km s−1. Furthermore,
we constrain the width of the broad Hα emission to be >1200 km s−1,
while its central wavelength is left as a free parameter.

For one quasar (J1002), Hα is redshifted out of the wavelength
range of the eigenspectra, and thus we instead fit the Hβ line in its
bright state decomposed quasar spectrum. The Hβ spectral model for
J1002 includes a power-law continuum and an optical Fe II template49

that we fit in the continuum wavelength windows of [4435, 4700] Å and
[5100, 5535] Å surrounding the Hβ line. In the Hβ line wavelength
window of [4700, 5007] Å, we include Gaussian emission line compo-
nents for broad Hβ, narrow Hβ, and the narrow [O III] λλ4959,5007
doublet. Similar to our fitting procedure for Hα, we constrain the
redshifts of the narrow lines to be the same, and their widths to be
<1200 km s−1, while we constrain the width of broad Hβ to be
>1200 km s−1, and its central wavelength is left as a free parameter.

We fit our broad Hα and Hβ line models to the decomposed quasar
spectrum of each changing-look quasar using a simple χ2 fit. The
best-fit models to the spectra are also shown in Supplementary Figs. 1-
6. The Full-Width at Half-Maximum (FWHM) of the broad emission
components in the bright state spectra are listed in Supplementary Ta-
ble 1; these FWHM values are later combined with the 5100 Å contin-
uum luminosities (λL

5100Å
) to estimate MBH for each changing-look

quasar.

Continuum fitting in SDSS spectra
We separately fit the continuum emission in both the bright and faint
state SDSS spectrum of each changing-look quasar. We fit the contin-
uum emission over the rest-frame [3500, 6000] Å wavelength range,
avoiding wavelength windows that contain prominent emission lines.
Specifically, we exclude the following wavelength regions in our con-
tinuum fit: [3714, 3740] Å for [O II] λ3728; [3850, 3884] Å for
[Ne III] λ3869; [4050, 4152] Å for Hδ λ4103; [4285, 4412] Å for
Hγ λ4342; [4352, 4372] Å for [O III] λ4364; [4760, 4980] Å for Hβ
λ4863; [4945, 4972] Å for [O III]λ 4960; [4982, 5035] Å for [O III]
λ5008; and [5805, 5956] Å for He I λ5877. The wavelength ranges
for these prominent emission lines are based on the composite SDSS
quasar spectrum48.

Our continuum model components include a power-law, a tem-
plate for optical Fe II emission49, a model for blended high-order H
Balmer broad emission lines, and a model for the Balmer continuum.
At wavelengths blueward of the Blamer limit (3546 Å), the Balmer
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continuum can produce a significant contribution to the observed con-
tinuum emission. We thus generate model spectra for the Balmer con-
tinuum, based on a parameterized form50, 51. In this model, the Balmer
continuum is an absorbed Planck function at electron temperature Te.
This function vanishes redward of the Balmer limit, and has the form
f = B(Te)(1 − e−τν ) blueward of the Balmer limit, where τν is the
optical depth τν = τ0(λ/λB)3. We fixed Te to 15,000 K since varia-
tions in Te within the range of 8,000 - 20,000 K have a negligible effect
on the resulting spectrum in our wavelength range of interest redward
of 2000 Å. However, variations in τ0 will change the slope of resul-
tant Balmer continuum, and thus we compute model Balmer contin-
uum over a grid of varying τ0 from 0.1 - 2.0, and smooth the resulting
spectra with a Gaussian filter of FWHM = 4,000 km s−1 to account for
broadening due to bulk motions of the gas.

At wavelengths redward of the Balmer limit, high-order H Balmer
emission lines blend together to produce a pseudo-continuum that
should be included in our spectral fits. We thus generate model spectra
for Balmer lines higher than Hε with upper levels up to 50, in which
each line is represented by a Gaussian using their listed strengths52. In
these model spectra, we assume Case B recombination, electron tem-
peratures of 15,000 K, and electron number density of 1011 cm−3. For
each spectrum, we smooth the width of these high-order Balmer emis-
sion lines to match the FWHM of the observed broad Hβ emission line.

We fit our continuum model to the decomposed quasar spectra in
the continuum windows, using χ2 minimization. To take into account
the τ0 free parameter in the Balmer continuum spectral model, we per-
form our fit iteratively, in which we first fit the spectrum assuming an
initial fixed τ0, and then re-fit the spectra leaving τ0 as a free parame-
ter. The best-fitting τ0 is then fixed, and this process is repeated until
τ0 converges. We use the best-fit power-law continuum from these fits
for our MBH estimates, and extrapolate this power-law continuum for
our calculations of αOX.

Spectral index αOX measurements
For each changing-look quasar, we calculate both a bright and faint
state αOX

53, which is the spectral index between the rest-frame
2500 Å luminosity λL

2500Å
, and the 2 keV luminosity νL2keV. The

definition of αOX is thus:

αOX = −
log(λL

2500Å
)− log(νL2keV)

log(ν
2500Å

)− log(ν2keV)
+ 1. (1)

Although the observed optical continua in our SDSS spectra probe
the thin accretion disc, they do not span blueward of rest-frame 3500 Å,
and thus λL

2500Å
is not directly observed. Since λL

2500Å
is used in

the standard definition of αOX, we extrapolate the best-fit power-law
continuum in each spectrum from our continuum fitting to estimate
λL

2500Å
. Furthermore, since the predicted spectral behaviour of AGN

accretion state transitions that we compare our observations to also uses
λL

2500Å
in the definition of αOX, this extrapolation of our spectra to

2500 Å enables a direct comparison to X-ray binaries. The resulting
bright and faint state λL

2500Å
and αOX values for each changing look

quasar in our sample are listed in Supplementary Table 5.
We demonstrate that our results are not strongly dependent on the

extrapolation of the power-law continuum in the SDSS spectrum to
2500 Å. Since the observed 3500 Å luminosity covered by our spectra
also probes the thin accretion disc emission, we instead calculate αOX

using the 3500 Å luminosity (i.e., without extrapolating to 2500 Å).
Supplementary Figure 7 shows the behaviour of this alternate αOX as
a function of accretion rate, similar to Fig. 2. The clear softening of
αOX as the Eddington ratio drops below Lbol/LEdd . 0.01 is still
observed, and is still an excellent match to predictions from X-ray bi-
nary accretion state transitions. This consistency of our results even

when using the observed 3500 Å luminosity is largely because our ex-
trapolation of the observed power-law continuum redward of 3500 Å to
estmate λL

2500Å
is relatively minor, and only extends the fit over an

additional 1000 Å. Furthermore, because αOX is a spectral index that
spans ∼102.8 Hz in frequency, small changes in the optical or X-ray
luminosities do not significantly affect αOX (a factor of 2 change in
the X-ray or UV flux will change αOX by only 0.11). This explicitly
shows that our conclusions are not strongly affected by our extrapola-
tion of the power-law spectral continuum.

Black hole mass estimates
To estimate the MBH for each of our changing-look quasars, we use
standard single-epoch spectroscopic MBH estimation methods. In
this approach, the single-epoch virial MBH is based on the measured
FWHM of a broad H Balmer line, as well as a radius-luminosity re-
lation for the broad-line region from reverberation mapping of low-
redshift AGNs. For the five changing-look quasars in our sample for
which we measured the FWHM of the prominent broad Hα emission
from our spectral fitting, we use the relation54:

MBH,Hα = (9.7± 0.05)× 106

[
FWHM(Hα)

1000 km s−1

]2.06±0.06

×

[
λL

5100Å

1044 erg s−1

]0.519±0.07

M�, (2)

which is based on a radius-luminosity relation from reverberation
mapping55. Similarly, for the Hβ emission line in J1002, we use the
relation56:

MBH,Hβ = 106.91±0.02

[
FWHM(Hβ)

1000 km s−1

]2

×

[
λL

5100Å

1044 erg s−1

]0.5

M�. (3)

For each of our quasars, we calculate the Eddington ratio using
Lbol/LEdd = Lbol/(1.3 × 1038 MBH), for MBH in units of M�, and
Lbol in units of erg s−1. The uncertainties on the MBH estimates in-
clude the measurement uncertainties on both λL

5100Å
and broad line

FWHM, as well as the uncertainties in the single-epoch virial MBH

relations (Equations 2 and 3), but do not account for any additional
systematics.

Bolometric corrections
To calculate the bolometric Eddington ratio Lbol/LEdd for each
quasar, we apply an empirical bolometric correction to our observed
optical and/or X-ray luminosities to estimate Lbol. For our faint state
observations, we use the bolometric correction57:

log(Lbol) = log(νL2keV) + 1.561− 1.863αOX + 1.266α2
OX. (4)

This bolometric correction is dependent on αOX, and thus takes
into account the change in the spectral energy distribution (SED) shape
for AGN at different Lbol/LEdd. For our bright state observations,
only upper limits on the bright state νL2keV (and thus lower limits on
αOX) are available for the majority of our changing-look quasars. We
thus instead use a bolometric correction based on the 3000 Å contin-
uum luminosity58 (λL

3000Å
) for our bright state observations:

log(Lbol) = (0.975± 0.028)log(λL
3000Å

) + (1.862± 1.275). (5)
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This bolometric correction is based on the SEDs of a sample of
broad-line AGN, similar to the bright states of our changing-look
quasars. The λL

3000Å
measurements are obtained from our power-

law continuum fits to the SDSS spectra. We note that for J0159 (the
one changing-look quasar in our sample that has a bright state X-ray
detection from XMM-Newton), the bright state Lbol calculated using
Equations 4 and 5 are in good agreement.

Our use of bolometric corrections has caveats that should be con-
sidered and tested. The first issue is that the faint state bolometric
corrections we use are created using a sample of AGN accreting at
Lbol/LEdd > 0.01, while our changing-look quasars are at lower
Lbol/LEdd in their faint state. Since we observe an increase in αOX at
Lbol/LEdd . 0.01 (e.g., in Fig. 2), applying this bolometric correc-
tion essentially assumes that the SEDs of AGN at low Lbol/LEdd are
similar in shape to those at high Lbol/LEdd if their αOX are similar.
However, this assumption is unlikely to significantly affect our results,
since previous calculations of bolometric corrections that probe accre-
tion rates down to Lbol/LEdd . 0.01 do indeed show hints of a in-
flection in the X-ray bolometric correction at Lbol/LEdd ∼ 0.0159, 60.
The second issue is that the bright state bolometric corrections we use
are based solely on λL

3000Å
, and thus do not account for changes in

SED shape as a function of Lbol/LEdd. However, since the bulk of the
multi-wavelength emission for luminous AGN is emitted in the UV, and
the bright state bolometric correction we used is based on λL

3000Å
,

changes in the X-ray emission as a function of Lbol/LEdd will not
strongly affect this bolometric correction in this regime.

Although we argue that the bolometric corrections we use in our
analysis are unlikely to affect our results, we nevertheless explicitly
demonstrate that our conclusions are not strongly dependent on the
bolometric corrections. In Supplementary Fig. 8, we show the αOX

behaviour of our changing-look quasars as a function of the UV Ed-
dington ratio λL

2500Å
/LEdd (i.e. without making any bolometric cor-

rections), in comparison to predictions for accretion state transitions
for a 108 M� AGN27. The softening in αOX below a critical Edding-
ton ratio is still clearly observed, and the changes in αOX remain in
good agreement with predictions based on accretion state transitions in
X-ray binaries.

Uncertainties on the optical spectral properties
We estimate the uncertainties on all quantities derived from the SDSS
optical spectra (e.g., λL

2500Å
, MBH, Lbol/LEdd, αOX, etc.) through

Monte Carlo resampling of the observed spectra. We first generate
1000 Monte Carlo realizations of each observed spectrum, based on
the reported measurement uncertainties in each wavelength bin. For
each resampled spectrum, we then repeat our spectral decomposition
for host-galaxy subtraction, broad emission line fitting, and continuum
fitting. The 1σ uncertainties on the derived optical spectral quantities
are thus the 1σ spread in the 1000 resampled spectral fits.

Comparisons to simulated AGN state transitions
We compare the observed behaviour in αOX for our sample of AGN
(including fading changing-look quasars) to predictions for AGN ac-
cretion state transitions27, e.g. in Figs. 2, 7, and 8. These predic-
tions are based on the observed X-ray spectral behaviour of the X-ray
binary GRO J1655-40 during accretion state transitions, scaled up to
AGN. This X-ray binary hosts a 6.3 M� black hole3, and underwent
a prototypical outburst in 2005 from a low/hard state to a high/soft
state, before fading back to a low/hard state. Based on X-ray spectro-
scopic monitoring of this outburst using the Rossi X-ray Timing Ex-
plorer (RXTE), previous studies27 fitted spectral models that include
soft X-ray accretion disc61 and hard X-ray coronal components62, 63, to
characterize how its X-ray spectrum changes during the outburst. To

scale the observed spectral behaviour of the thin disc component to
AGN, these previous studies27 assumed that the luminosity scales as
L ∝ MBH, while the temperature of the disc component follows the
T ∝M−1/4

BH scaling for Shakura-Sunyaev discs1. For the corona spec-
tral component, it is assumed that the heating-to-cooling compactness
ratio of the disc-corona system64 changes with Lbol/LEdd similarly in
AGN as observed in GRO J1655-4027. The resulting predicted spectral
behaviour of accretion state transitions in AGN is then quantified by
αOX, to enable direct comparisons to observations of AGN.

A direct comparison of the predicted behaviour of αOX to obser-
vations of a sample of AGN requires the adoption of a MBH distribu-
tion. This is because if there is a spread in the MBH distribution of the
AGN sample, the T ∝ M

−1/4
BH scaling of the thin disc temperature at

a fixed Lbol/LEdd will create an intrinsic spread in αOX. To minimize
this effect and ensure a fair comparison to X-ray binaries, the AGN
sample should have a narrow range in MBH, and the predicted αOX

from X-ray binaries should match this MBH distribution. The predic-
tions generated27 in Fig. 2 specifically assume the narrow log-normal
MBH distribution from the XMM-COSMOS25 broad-line AGN26 (also
shown in Fig. 2), with mean 〈logMBH〉 = 8.4 and standard deviation of
σlogMBH = 0.3. Furthermore, this is nearly identical to the MBH dis-
tribution our changing-look quasars (see Supplementary Table 1), with
〈logMBH〉 = 8.3 and σlogMBH = 0.2. Thus, our comparison of a sam-
ple of AGN (including changing-look quasars) to predictions from X-
ray binaries uses consistent and well-matched MBH distributions, and
can robustly probe the expected change in AGN SEDs as a function
of Lbol/LEdd. We note that the excellent match in MBH distribution
between the XMM-COSMOS broad-line AGN and our changing-look
quasars is the reason we specifically use XMM-COSMOS AGN instead
of results from other previous investigations of the relation between
αOX and Lbol/LEdd in luminous quasars65–73.

Alternative models of X-ray binary state transitions
The analogous accretion flow structure of X-ray binaries and AGN im-
plied by their similar spectral evolution also enables us to apply alterna-
tive models of X-ray binary accretion state transitions to describe AGN
phenomenology, aside from the truncated disc model shown in Fig. 3.
In particular, recent observations of X-ray binaries have suggested that
the thin accretion disc might not experience large-scale truncation dur-
ing the transition from the high/soft state to the low/hard state74–76. Al-
ternative models of X-ray binary accretion state transitions propose that
the inner radius of the thin disc remains within a few gravitational radii
of the innermost stable circular orbit, even in the low/hard state77–79. In
a subset of these models, the observed spectral evolution during transi-
tions from high/soft state to the low/hard state is attributed to a decrease
in the apparent temperature of the emergent thin disc spectrum, which
causes a spectral hardening due to a more prominent coronal spectral
component80. This evolution of the emergent thin disc spectrum may
be due to the detailed radiative transfer in the photosphere of the thin
disc during a transition to the low/hard state81–84, and does not involve
large-scale truncation of the inner disc radius.

Supplementary Figure 9 illustrates an application of such a disc
spectral evolution model for X-ray binary accretions state transitions,
to explain AGN phenomenology. In the high/soft state (10−1 .
Lbol/LEdd . 1), AGN emit luminous UV emission from a thin
disc that extends close to the innermost stable circular orbit, which re-
sults in soft αOX. This geometry is similar to the high/soft states in
truncated disc models. However, as the accretion rate drops towards
Lbol/LEdd ∼ 10−2 and the AGN enters the low/hard state, the inner
radius of the disc does not experience large-scale truncation. Instead,
the luminosity fades due to a decrease in the apparent disc temperature,
and the αOX hardens owing to a more prominent coronal component.
At this point, the corona may become vertically extended as suggest by
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observations of an increase in the coronal variability timescales85. At
the lowest Eddington ratios (Lbol/LEdd . 10−2), large-scale trunca-
tion of the disc is still likely to occur as suggested by observations of
X-ray binaries at low luminosities86–90. Thus, the spectral softening in
this regime still likely owes to synchrotron emission from a jet29, 78 or
the advection dominated accretion flow91.

Data availability All data necessary to reproduce the results (includ-
ing observations from Chandra, ROSAT, XMM-Newton, and SDSS) are
publicly available online. All derived properties from the reduced data
that are used in our analysis are available in the main text or the sup-
plementary information.
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Supplementary Figure 1: Spectral decomposition, broad-line fitting, and continuum fitting of SDSS spectra of the changing-look quasar
J0126. In the top left figure, the observed SDSS spectra of J0126 are shown (black) during the bright state (top panel) and during its faint state
(bottom panel). The best-fit quasar components (green) and host galaxy components (blue) from our spectral decomposition are also shown,
along with their sum (red). The top right figure shows our spectral fitting of the Hα region of the decomposed quasar component (black) in the
bright state before its fading (top) and in the faint state after its fading (bottom). The best-fit broad Hα emission line (blue) and full spectral
model (red) are also shown. The bottom figure shows our spectral fits to the continuum emission in the decomposed quasar component (black)
in both the bright and faint states. The best-fit power-law continuum (red) and the 1σ observational uncertainties (grey) are also shown.
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Supplementary Figure 2: Similar to Supplementary Fig. 1, but for J0159.
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Supplementary Figure 3: Similar to Supplementary Fig. 1, but for J1002.
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Supplementary Figure 4: Similar to Supplementary Fig. 1, but for J1011.
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Supplementary Figure 5: Similar to Supplementary Fig. 1, but for J1021.
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Supplementary Figure 6: Similar to Supplementary Fig. 1, but for J2336.
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Supplementary Figure 7: The observed αOX behaviour of AGN as a function of Eddington ratio, calculated using λL
3500Å

. This figure
is exactly the same as Fig. 2, except that we have used the observed λL

3500Å
to calculate αOX for the changing-look quasars, instead of the

extrapolated λL
2500Å

. The softening of αOX at Lbol/LEdd . 10−2 is still clearly observed, and observations are still an excellent match to
predictions from X-ray binary transitions. This demonstrates that our results are not strongly dependent on our extrapolation of the power-law
continuum in the optical spectra to 2500 Å.
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Supplementary Figure 8: The observed αOX behaviour of AGN as a function of UV Eddington ratio. This figure is similar to Fig. 2, except
that we show the UV Eddington ratio, which is based on the UV luminosity rather than the bolometric luminosity (i.e., we do not make a
bolometric correction). The inflection in αOX is still clearly observed, and observations are still an excellent match to predictions from X-ray
binary transitions. This demonstrates that our results are not strongly dependent on the bolometric corrections we use.
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Supplementary Figure 9: A alternative model for the geometry of AGN accretion flows in different accretion states. The panels illustrate
the application of a model in which the thin disc does not truncate, but rather the emergent disc spectrum decreases in temperature during the
transition from the high/soft state to the low/hard state. The panels display the accretion flow geometry over ranges in Eddington ratio that
correspond to those labeled in Fig. 2. Right panel: At high accretion rates (Lbol/LEdd & 10−1) in the high/soft state, the soft αOX is due to
bright UV emission from a thin accretion disc. Centre panel: As the accretion rate drops (10−2 . Lbol/LEdd . 10−1), the inner regions of
the thin disc remains near the innermost stable circular orbit, but the apparent temperature of the emergent thin disc spectrum decreases. The
increasing prominence of the coronal component thus causes αOX to harden. Left panel: At low accretion rates (Lbol/LEdd . 10−2), the αOX

softens again due to the emergence of UV emission from either an advection dominated accretion flow or a jet.
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Supplementary Table 1: SDSS spectroscopic properties of changing-look quasars in both their bright and faint states. Columns include the
object name, redshift, observation date of each SDSS spectrum, the optical luminosity state of the changing-look quasar revealed by the SDSS
spectrum, the measured broad emission line FWHM (from Hβ or Hα), and the derived black hole mass. All uncertainties are at 1σ c.l.

Object z Observation Luminosity log(λL
5100Å

) Broad Line MBH

(SDSS) Date State [erg s−1] FWHM [108 M�]
[MJD] [km s−1]

J0126−0839 0.198 52163 bright 43.7±0.1 4100±300a 1.2±0.2
54465 faint 42.1±0.1

J0159+0033 0.312 51871 bright 43.9±0.1 3800±200a 1.4±0.2
54465 faint 42.7±0.1

J1002+4509 0.400 52376 bright 44.1±0.1 7300±1100b 5.0±1.5
54465 faint 43.8±0.1

J1011+5442 0.246 52652 bright 43.9±0.1 5200±600a 2.5±0.7
54465 faint 42.6±0.1

J1021+4645 0.204 52614 bright 43.9±0.1 4800±300a 2.1±0.3
54465 faint 43.2±0.1

J2336+0017 0.243 52096 bright 43.3±0.1 6300±800a 1.8±0.5
54465 faint 42.8±0.1

a Broad Hα emission; b Broad Hβ emission.
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Supplementary Table 2: APO spectroscopic observations of changing-look quasars. Columns include the object name, observation date of
the APO spectrum, exposure time, airmass, seeing, and the star used for spectrophotometric calibration.

Object Observation Date Exposure Time Airmass Seeing Calibration Star
(SDSS) [MJD] [s] [arcsec]

J0126−0839 58084 5×600 1.35 1.2 BD+28 4211
J0159+0033 58084 5×600 1.25 1.2 BD+28 4211
J1002+4509 58217 5×900 1.03 1.6 Feige 34
J1011+5442 58217 5×900 1.09 1.6 Feige 34
J1021+4645 57781 3×900 1.12 1.5 Feige 34
J2336+0017 58079 5×600 1.27 1.2 BD+28 4211
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Supplementary Table 3: Chandra X-ray properties of changing-look quasars in their current faint state. Columns include the object name,
observation date, the Chandra ObsID of the exposure, exposure time, count rate, and unabsorbed model flux. All uncertainties are at 1σ c.l.

Object Observation Chandra Exposure Count Rate Unabsorbed Flux
(SDSS) Date ObsID Time (0.5 - 7 keV) (0.5 - 7 keV)

[MJD] [ks] [10−3 cts s−1] [10−14 erg s−1 cm−2]
J0126−0839 57978 19516 6.9 1.8+0.6

−0.5 2.0+0.7
−0.5

J0159+0033 57640 18639 20.7 3.2+0.4
−0.4 3.2+0.4

−0.4

J1002+4509 58131 19515 32.6 15.0+0.8
−0.7 16.6+0.8

−0.8

J1011+5442 58180 19518 10.9 0.5+0.3
−0.2 0.6+0.3

−0.2

J1021+4645 58049 19514 6.9 26.5+0.2
−0.2 28.6+2.3

−2.2

J2336+0017 57958 19517 10.9 0.5+0.3
−0.2 0.6+0.3

−0.2
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Supplementary Table 4: ROSAT and XMM-Newton X-ray properties of changing-look quasars in their former bright state. Columns include
the object name, observation date of the X-ray observation, the telescope used for the observation, exposure time, count rate, and unabsorbed
model flux. All uncertainties are at 1σ c.l., and upper limits are 3σ.

Object Observation Telescope Exposure X-ray Unabsorbed
(SDSS) Date Time Count Rate X-ray Flux

[MJD] [ks] [10−1 cts s−1] [10−14 erg s−1 cm−2]
J0126−0839 48083 ROSAT 0.4 <3.5a <7.5a

J0159+0033 51732 XMM 10 0.2b 26.4+1.4
−1.6

b

J1002+4509 48191 ROSAT 0.5 < 4.0a <1.4a

J1011+5442 48177 ROSAT 0.5 < 1.1a <0.45a

J1021+4645 48167 ROSAT 0.5 < 4.2a <4.7a

J2336+0017 48224 ROSAT 0.4 < 1.6a <3.5a

a 0.1 - 2.4 keV 3σ limit; b 2 - 10 keV

25



Supplementary Table 5: Derived spectral properties of changing-look quasars in both their bright and faint states. Columns include the
object name, the optical luminosity state of the changing-look quasar revealed by the SDSS spectrum, bolometric Eddington ratio, UV-to-X-ray
spectral index, X-ray luminosity, and UV luminosity. All uncertainties are at 1σ c.l., and upper/lower limits are 3σ.

Object Luminosity log(Lbol/LEdd) αOX log(νL2keV) log(λL
2500Å

)
(SDSS) State [erg s−1] [erg s−1]

J0126−0839 bright -1.8+0.1
−0.1 > 0.7a < 44.5a 43.6±0.1

faint -3.2+0.3
−0.3 1.1+0.1

−0.1 41.9+0.1
−0.1 42.3±0.1

J0159+0033 bright -1.6+0.1
−0.1 1.0+0.1

−0.1 43.8+0.1
−0.1 43.9±0.1

faint -2.8+0.1
−0.1 1.0+0.1

−0.1 42.6+0.1
−0.1 42.4±0.1

J1002+4509 bright -2.0+0.1
−0.1 > 0.7a < 44.9a 44.1±0.1

faint -2.4+0.1
−0.1 1.0+0.1

−0.1 43.5+0.1
−0.1 43.5±0.1

J1011+5442 bright -1.8+0.1
−0.1 > 1.0a < 44.1a 44.0±0.1

faint -3.8+0.4
−0.4 1.3+0.1

−0.1 41.6+0.3
−0.2 42.3±0.1

J1021+4645 bright -1.8+0.1
−0.1 > 0.8a < 44.4a 43.9±0.1

faint -2.5+0.1
−0.1 0.9+0.1

−0.1 43.1+0.1
−0.1 42.8±0.1

J2336+0017 bright -2.4+0.2
−0.2 > 0.6a < 44.1a 43.0±0.1

faint -3.5+0.4
−0.4 1.4+0.1

−0.1 41.6+0.2
−0.2 42.5±0.1

a 3σ limit
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