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A B S T R A C T 

A recent study on the spectral energy distribution (SED) of active galactic nuclei (AGNs) combined unobscured X-ray sources 
from the eROSITA eFEDS Surv e y with high quality optical imaging from Subaru’s Hyper Suprime-Cam (HSC). The HSC 

data enabled accurate host galaxy subtraction as well as giving a uniform black hole mass estimator from the stellar mass. 
The resulting stacked optical/X-ray SEDs for black holes at fixed mass show a dramatic transition, where the dominating disc 
component in bright AGN e v aporates into an X-ray hot plasma below L/L Edd ∼ 0 . 01. The models fit to these data sets predicted 

the largest change in SED in the rest frame UV ( < 3000 Å), but this waveband was not included in the original study. Here we 
use archi v al u -band and UV photometry to extend the SEDs into this range, and confirm the UV is indeed intrinsically faint in 

AGN below L/L Edd ∼ 0 . 01 as predicted. This dramatic drop in UV photoionizing flux is also seen from its effect on the broad 

emission lines. We stack the recently released SDSS DR18 optical spectra for this sample, and show that the broad H β line 
disappears along with the UV bright component at L/L Edd ∼ 0 . 01. This shows that there is a population of unobscured, X-ray 

bright, UV faint AGN which lack broad emission lines (true type 2 Seyferts). 

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

ctive galactic nuclei (AGNs) are powered by accretion onto a 
upermassive black hole (SMBH), producing strong emission o v er a 
ide electromagnetic range. The classic ‘standard’ model of the 

ccretion flow is an optically thick, geometrically thin disc (SS 

isc; Shakura & Sunyaev 1973 ), where the gravitational energy 
eleased at each radius thermalizes locally to produce a (quasi)- 
lackbody spectrum. The disc temperature increases at smaller radii 
uch that the total spectrum is a sum of blackbody components (i.e.
 multicolour blackbody) (e.g. Mitsuda et al. 1984 ), which typically 
eaks in the extreme ultraviolet (EUV) for bright AGN (e.g. Elvis
t al. 1994 ). This peak is not easily observed due to interstellar
bsorption within our Galaxy, though models generally predict a 
trong blue component, as observed (the ‘big blue bump’; Malkan & 

argent 1982 ; Laor & Netzer 1989 ; Sanders et al. 1989 ), as well as
rominent emission lines (e.g. Vanden Berk et al. 2001 ) produced 
rom photoionization by the strong EUV disc continuum. 
 E-mail: ericofk@mail.ustc.edu.cn (JK); chris.done@durham.ac.uk (CD) 
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Ho we ver, the accretion flow in AGN is clearly more complicated
han a standard SS disc. AGN show ubiquitous X-ray emission (e.g.
lvis et al. 1994 ; Lusso & Risaliti 2016 ), with a typical power-

a w continuum e xtending to a few hundred keV (Walter & Fink
993 ; Kang & Wang 2022 ). This cannot originate from the disc.
nstead they indicate the presence of an optically thin hot plasma
i.e. the corona) near the central black hole, where seed photons
rom the disc are Compton upscattered to X-ray energies, producing 
he power-law continuum (Haardt & Maraschi 1991 , 1993 ). Below

2 keV, ho we ver, the X-ray spectrum often de viates from a single
ower-law continuum, instead showing an upturn (soft X-ray excess; 
oller, Brandt & Fink 1996 ; Gierli ́nski & Done 2004 ; Bianchi et al.
009 ). This can be modelled as partially ionized reflection from
he accretion disc (e.g. Crummy et al. 2006 ). Ho we ver, the upturn
enerally appears to connect to a downturn in the UV, occurring
efore its expected peak (Zheng et al. 1997 ; Telfer et al. 2002 ; Shull,
te v ans & Danforth 2012 ). Hence, the UV downturn and soft X-ray
xcess can instead be modelled together by a warm Comptonization 
omponent (i.e. warm corona, Magdziarz et al. 1998 ; Done et al.
012 ; Jin et al. 2012 ; Jin, Done & Ward 2017 ; Petrucci et al.
018 ). This can dominate the bolometric luminosity, and is optically
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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hick, so is likely the disc itself. Ho we ver its spectrum is clearly not
hermalizing into a blackbody as in SS disc models. 

The SS disc models also fail to explain the variability of AGN,
hich can be more than an order of magnitude (Ren et al. 2022 ) on

ime-scales of months to years in the UV/optical band (e.g. Vanden
erk et al. 2004 ; MacLeod et al. 2010 ), while the typical viscous

ime-scale of a standard disc is thousands of years (Lawrence 2018 ;
oda & Done 2018 ). A potential solution is provided by the X-ray

eprocessing model (Clavel et al. 1992 ; Cackett, Horne & Winkler
007 ), where the variable X-rays produced by the compact hot corona
lluminate the disc, driving the UV/optical v ariations. Ho we ver,
ntensive monitoring projects now clearly show that the observed
ptical fluctuations are poorly modelled by X-ray reprocessing (e.g.
he compilation of Edelson et al. 2019 ). It is possible that X-ray
eprocessing is the driver of the observed optical variability if the
ot corona geometry is also changing in a complex way with X-
ay flux (Kammoun et al. 2023 ), but it seems more likely that the
bserved optical variability is indeed intrinsic (Cai et al. 2018 ; Cai,
ang & Sun 2020 ), unlike the predictions of the standard disc model

Hagen & Done 2023 ; Hagen, Done & Edelson 2024a ). 
Intrinsic disc variability is clearly seen in the rare ‘changing-

ook’ or ‘changing-state’ AGN (e.g. LaMassa et al. 2015 ; Ruan
t al. 2016 ; Yang et al. 2018 ; Temple et al. 2023a ). These objects
how the appearance/disappearance of the broad emission lines on
 typical time-scale of years, often along with strong UV/optical
ontinuum variations of a factor > 10 (MacLeod et al. 2016 ). A large
raction of these have correlated IR v ariability, sho wing that the UV
 ariability af fects the irradiating flux on the torus, so its variability
ust be due to an intrinsic change of the accretion state rather than

hanging obscuration along our line of sight (Sheng et al. 2017 ).
he changing spectral energy distribution (SED) of the accretion
ow is seen directly in detailed studies of individual objects, e.g.
rk 1018 (Noda & Done 2018 ), where the bright UV collapses at

ddington ratio L/L Edd = ṁ ∼ 0 . 01 (Noda & Done 2018 ), similar
o the state transitions widely observed in X-ray binaries (see the
e vie w by Done, Gierli ́nski & Kubota 2007 ). 

This can be interpreted as the luminosity at which the standard disc
ransitions into a hot, geometrically thick, and radiatively inefficient
ccretion flow (e.g. Narayan & Yi 1995 ; Yuan 2007 ). The SED of low
uminosity/accretion rate AGN do appear consistent with this, as they
ack a strong UV disc component (Ho 1999 ; Laor 2003 ; Elitzur &
o 2009 ; Trump et al. 2011 ). Ho we ver, these are observ ationally
ery difficult to select and investigate due to the much stronger
ontamination from the host galaxy emission drowning out the
GN, limiting the previous analyses to individual sources or small 

amples. 
These limitations were circumvented by Hagen et al. ( 2024b )

hereafter H24 ). They used eROSITA X-ray selected AGN from the
FEDS field (Brunner et al. 2022 ; Liu et al. 2022 ) to unambiguously
dentify the AGN, together with high-quality Subaru Hyper Suprime-
am (HSC) multiband images (Aihara et al. 2022 ) allowing for the
ecomposition of the host galaxy from the AGN emission by Li et al.
 2024 ). The resulting AGN spectra were binned as a function of
lack hole mass (using the stellar mass as a proxy) and AGN optical
uminosity. Taking the single mass bin of log M BH = 8 − 8 . 5 gives a
equence of SEDs as a function of Eddington ratio, ṁ = Ṁ / ˙M Edd =
/L Edd . H24 found that the resulting SEDs show a dramatic drop
f the blue disc continuum for sources with ṁ below ∼ 0 . 01. Their
odelling predicted that the largest change in the SED should be in

he UV/EUV, ho we ver this waveband was not covered by their data.
In this work we extend these SEDs from H24 to the rest-

rame UV using SDSS-u, KiDS-u, GALEX-NUV, and GALEX-FUV
NRAS 538, 121–131 (2025) 
hotometry. This confirms the dramatic drop in the UV continuum
redicted by the models for ṁ � 0 . 01, indicating a collapse of the
ptically thick accretion disc emission for low luminosity AGN. 
The dramatic drop in UV photoionizing flux predicts a similar

rop in the strength of the broad emission lines, as discussed in H24 .
nly SDSS DR16 was available at time of their study, which did not

nclude many of the lower luminosity AGN in this sample. Ho we ver,
he latest data release of SDSS (DR18; Almeida et al. 2023 ) targets
 large number of eFEDS sources, as part of the SDSS-V/eFEDS
urv e y, which now enables a detailed spectral investigation. These
tacked spectra show the broad emission lines are indeed absent or
xtremely weak in sources with ṁ � 0 . 01, as predicted by the change
n the continuum. 

While our new study generally confirms the SED models of H24 ,
t does also reveal a small discrepancy in the higher luminosity AGN.
he disc models based on optically thick, warm Comptonization give
 smoothly increasing continuum flux, whereas the UV data have a
eneric break at ∼ 1000 Å as seen in previous work focused on the
V bandpass (Zheng et al. 1997 ; Telfer et al. 2002 ; Shull et al.
012 ; Cai & Wang 2023 ; Cai 2024 ). This must be intrinsic rather
han connected to dust in either the AGN or the host galaxy as the
-ray selection only included unobscured AGN. This likely points

o the importance of atomic physics in the disc, perhaps due to UV
ine-driven winds (Laor & Davis 2014 ). 

The paper is organized as follows. In Section 2 we detail the sample
nd data selection. In Section 3 we show the impact the ancillary UV
ata have on the SEDs, and in Section 4 we show the impact on the
road emission lines. As in H24 we assume a standard cosmology,
rom the Planck 2018 results (Planck Collaboration VI 2020 ). 

 SAMPLE  A N D  DATA  

.1 An eFEDS-HSC AGN sample 

e start from the subsample in H24 , composed of 1305 AGN with
lack hole masses of log( M BH / M �) between 8.0 and 8.5. In brief, this
onsists of low-absorption (intrinsic N H < 10 22 cm 

−2 ) AGN from
FEDS (Liu et al. 2022 ), with high-quality Subaru Hyper Suprime-
am (HSC) multiband images (Li et al. 2024 ), which allow effective
GN-host decomposition (Ishino et al. 2020 ; Li et al. 2021a ). The
lack hole masses are estimated via the M BH − M stellar relationship
Ding et al. 2020 ; Li et al. 2021b ), where the stellar mass is measured
rom the HSC images (Li et al. 2024 ). Compared with previous
ptically selected samples, this sample contains sources spanning a
ide luminosity range (o v er three orders of magnitude in the optical)
ith similar black hole masses, and particularly a large number of

ow-luminosity sources (see Fig. 3 in H24 ). This provides a unique
pportunity to investigate how the SED evolves with accretion rate,
ithin the range of 0 . 01 � ṁ � 1 . 0. We now extend these into the
V, in order to critically test the predicted collapse of the optically

hick disc emission. 

.2 GALEX 

he Galaxy Evolution Explorer ( GALEX ; Martin et al. 2005 ) per-
ormed an all-sky survey in two ultraviolet bands: far-UV (FUV,
350–1750 Å) and near-UV (NUV, 1750–2750 Å). To conduct an
nbiased analysis of the UV properties for both luminous and faint
ources, we take both UV detected and undetected sources into
ccount. First we cross-match our sample with the GALEX le gac y
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ata release GR6plus7, 1 includes 44 884 imaging tiles (Bianchi, 
hiao & Thilker 2017 ). 941 sources from the original sample are
ound to have a FOV offset ≤ 0.5 ◦ (Bianchi 2014 ) in at least one
f fecti ve tile with both FUV and NUV exposures > 1 s. 

We then search the GALEX GR6Plus7 catalogue 2 for GALEX 

ounterparts of these sources, requiring a match radius of 2.6 arcsec 
Trammell et al. 2007 ), to get 616 sources with GALEX counterparts.
or sources detected in multiple tiles, we adopt the one with the

ongest FUV exposure time. 
We adopt a 3 σ criterion to decide if they are detected in each band,

nd calculate the 3 σ upper limits when not. Out of the 616 sources,
94, 509, and 373 sources are detected at 3 σ level in FUV, NUV, and
oth bands, respectively. 
For sources without a GALEX counterpart, we estimate the 3 σ

etection limits based on empirical relationships with exposure time 
s follows, 

FUV lim 

(mag) = 1 . 61 × log10( t NUVexp ) + 18 . 36 (1) 

NUV lim 

(mag) = 1 . 10 × log10( t NUVexp ) + 19 . 94 (2) 

ote these revised relationships derived in Cai & Wang ( 2023 ) lead
o a more conserv ati ve constraint of the undetected sources (larger
pper limits), compared with the 50 per cent-complete detection 
imits derived in Vanden Berk et al. ( 2020 ). 

.3 SDSS photometries 

he eFEDS field is co v ered by the Sloan Digital Sk y Surv e y (SDSS;
ork et al. 2000 ), which provides the u -band photometry comple-
entary to HSC ( grizy ). We search the archi v al SDSS photometric

bservations 3 (Data Release 18; Almeida et al. 2023 ) for our sample,
nd successfully find SDSS counterparts for 1124 sources (matching 
adius = 1 arcsec). Following the official recommendation on the use 
f photometric processing flags, we select only data with ‘mode = 

’ and ‘clean = 1’, leaving 1103 sources. For each source, we adopt
he MODELMAG and its error ( u and err u in the SDSS catalogue),
nd convert them into flux and its error based on the asinh magnitude
ystem (Lupton, Gunn & Szalay 1999 ), after performing a correction 
f u -band zero-point by 0.04 mag. 4 Adopting a 3 σ criterion, we
btain fluxes for 690 sources, and upper limits for 413 sources. 

.4 KiDS 

he eFEDS field also partially o v erlaps with the KiDS-N field, part
f the Kilo-Degree Survey (de Jong et al. 2013 ), which provides
 -band photometry with a 5 σ limiting magnitude of ∼ 24.8, deeper 
han SDSS- u ( ∼ 22.15) by more than two magnitudes. We first cross-

atch our sample with the u -band observations table 5 of KiDS DR4
Kuijken et al. 2019 ). 756 sources are covered by at least one u -band
mage with an ef fecti v e e xposure, i.e. located within the 1 ◦ × 1 ◦ FOV.
earching the ESO Science Archive for these sources, we obtain 589 
iDS counterparts after dropping 133 sources with photometry flag 

uflag > 0’. 
With a 3 σ criterion we derive fluxes for 487 and upper limits for

3 sources. For the 29 sources without KiDS counterparts, we adopt 
 https:// galex.stsci.edu/ GR6/ 
 https:// galex.stsci.edu/ casjobs/ default.aspx 
 https://sk yserv er.sdss.org/CasJobs/
 https:// www.sdss4.org/ dr17/ algorithms/ fluxcal/ 
 https://kids.strw .leidenuniv .nl/DR4/data table.php 
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e

he 5 σ limiting magnitude (given in the KiDS observation table) as
heir upper limits. 

.5 Galactic and intrinsic extinction 

e correct each source for Galactic extinction using the dust 
ap of Schlegel, Finkbeiner & Davis ( 1998 ), with the Python

nterface DUSTMAPS (Green 2018 ). We assume a reddening law with
A V 

E( B−V ) ≡ R V = 3 . 1 (Fitzpatrick 1999 ), and calculate A λ for each
and using empirical Milky Way dust extinction coefficients R λ, 
hich are 6.783, 6.620 for FUV, NUV bands (Yuan, Liu & Xiang
013 ), and 4.239 for the u -band (Schlafly & Finkbeiner 2011 ). 
Intrinsic extinction from the host galaxy and/or nucleus is more 

hallenging to constrain, and becomes more important at the shorter 
avelengths included here than in the original study of H24 . All

he AGNs were selected from eROSITA to have low column density
 H , int ≤ 10 22 cm 

−2 , derived using a Bayesian analysis (Liu et al.
022 ). These N H , int typically can have large individual uncertainties, 
hough most are consistent with zero as a lower limit. So it is possible
hat there is no cold gas associated with the host galaxy and/or
GN, giving a lower limit to the extinction correction. Ho we ver,
e conserv ati vely assume that the best fit N H , int is associated with
usty gas. We first assume that this is from the A GN en vironment,
hich likely has a significantly lower dust-to-gas ratio ( ∼ 1 per cent
10 per cent) than the Galactic ISM (e.g. Maiolino et al. 2001 ;

sparza-Arredondo et al. 2021 ; Jun et al. 2021 ). There are a variety
f proposed AGN dust extinction laws (e.g. Czerny et al. 2004 ;
askell et al. 2004 ; Gaskell & Benker 2007 ; Temple, Hewett &
anerji 2021 ), but we use an SMC e xtinction curv e (Gordon et al.
003 ) 6 as it gives more extinction in the UV than other AGN
 xtinction curv es (Li 2007 ). If we adopt a flatter e xtinction curv e
less extinction in the UV), the estimated intrinsical UV luminosity 
ould decrease, making the lack of UV emission in the low accretion
ins even more significant. We derive E( B − V ) for each individual
bject assuming log [ E( B−V ) 

N H 
] = −22 . 8 (Jun et al. 2021 ). We then

alculate the extinction-corrected fluxes for each band and each 
ource. Different intrinsic extinction prescriptions are explored in 
ppendix A , but these do not make a large change in the derived

pectra. 

.6 Intrinsic luminosity 

he extinction-corrected fluxes are then converted into rest-frame 
onochromatic luminosities νL ν using the luminosity distances, 
 L , calculated from the source redshifts assuming cosmological 
arameters of Planck 2018 results (Planck Collaboration VI 2020 ). 
he ef fecti v e wav elengths of these bands at the observational

rame are adopted as 1528, 2271, and 3543 Å, for FUV, NUV,
nd u -band, respectively, which are converted to rest-frame wave- 
engths/frequencies according to the redshift of each source. We 
stimate the monochromatic luminosity at rest-frame 1200 Å, L 1200 , 
or each GALEX source by interpolating FUV and NUV data 
upposing a power-law SED. νL 1200 is treated as a detected value
f the source is simultaneously detected in both FUV and NUV,
therwise as an upper limit. 
In H24 , this sample is further divided into eight luminosity

ins based on νL 3500 , ranging from log νL 3500 = 42.1 to 45.3,
o investigate how the SED changes with the luminosity/accretion 
MNRAS 538, 121–131 (2025) 

 For sources with FUV data bluer than 1000 Å at rest frame, we linearly 
xtrapolate the extinction curve. 

https://galex.stsci.edu/GR6/
https://galex.stsci.edu/casjobs/default.aspx
https://skyserver.sdss.org/CasJobs/
https://www.sdss4.org/dr17/algorithms/fluxcal/
https://kids.strw.leidenuniv.nl/DR4/data_table.php
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M

Table 1. Stacked luminosities for the eight bins of νL 3500 . 

log νL 3500 [42.1, 42.5] [42.5, 42.9] [42.9, 43.3] [43.3, 43.7] [43.7, 44.1] [44.1, 44.5] [44.5, 44.9] [44.9, 45.3] 

log ṁ −1.93 −2.03 −2.04 −1.93 −1.80 −1.40 −0.98 −0.61 
Source number 36 146 287 333 247 164 76 16 
Mean redshift 0.36 0.46 0.51 0.56 0.57 0.60 0.66 0.71 
Mean log ( N H , int ) 20.96 20.94 20.89 20.74 20.61 20.43 20.41 20.35 

FUV detected/co v ered 4/24 10/88 43/202 73/239 96/181 105/134 52/62 11/11 
FUV λ ( Å) – 1045 1013 983 977 955 925 895 
FUV log νL ν – 41.83 ± 0.10 43.16 ± 0.10 43.34 ± 0.08 43.88 ± 0.08 44.30 ± 0.02 44.65 ± 0.13 45.14 ± 0.06 

NUV detected/co v ered 5/24 18/88 64/202 107/239 127/181 121/134 56/62 11/11 
NUV λ ( Å) – 1554 1507 1463 1449 1415 1376 1333 
NUV log νL ν – – 42.88 ± 0.07 43.46 ± 0.04 43.96 ± 0.02 44.50 ± 0.03 44.88 ± 0.05 45.31 ± 0.06 

Both detected/co v ered 2/24 9/88 40/202 69/239 89/181 103/134 50/62 11/11 
log νL 1200 – – 43.06 ± 0.09 43.40 ± 0.12 43.93 ± 0.09 44.42 ± 0.04 44.80 ± 0.05 45.27 ± 0.02 

SDSS- u detected/co v ered 3/26 36/102 86/221 154/277 172/226 150/160 74/76 15/15 
SDSS- uλ ( Å) – 2500 2400 2290 2255 2222 2142 2083 
SDSS- u log νL ν – 43.00 ± 0.05 43.30 ± 0.05 43.70 ± 0.02 43.97 ± 0.02 44.42 ± 0.03 44.78 ± 0.04 45.18 ± 0.02 

KiDS- u detected/co v ered 6/11 27/49 76/118 133/165 117/118 85/85 34/34 9/9 
KiDS- uλ ( Å) – 2419 2362 2290 2290 2205 2127 2127 
KiDS- u log νL ν – 42.83 ± 0.04 43.06 ± 0.02 43.48 ± 0.02 43.87 ± 0.02 44.34 ± 0.03 44.68 ± 0.03 45.08 ± 0.03 

Number of SDSS Spectra 7 26 47 88 87 96 49 12 

Note. All νL ν values are stacked luminosities with units of erg s −1 and all λ values are mean ef fecti v e rest-frame wav elengths of each band. The normalized accretion rates 
ṁ (i.e. the Eddington ratio) were derived in H24 by fitting the HSC and eROSITA data with the model AGNSED . Note hard X-ray dominates the bolometric luminosity in 
low accretion bins, which are not fully shown in Fig. 1 . N H , int is from the eFEDS AGN catalogue, with unit of cm 
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ate. We tabulate the properties of each bin, together with the new
ED points in Table 1 . This shows that the AGN in the more

uminous bins have higher redshifts suggesting our flux-limited
ample is likely incomplete. This is initially surprising as the HSC
ptical selection is for host galaxies of similar masses, so similar
uminosities, and the integrated (model) X-ray power does not
hange significantly between each bin ( H24 ). Ho we ver , eR OSITA
nly co v ers the 0 . 3 − 8 . 0 keV bandpass, which does change by
an order of magnitude, due to changes in the coronal photon

ndex and the strength of the soft X-ray excess. Hence our sample
ould miss sources that appear faint in this energy range at higher
edshifts. 

Following H24 , we stack the UV data in each bin, by averaging
he logarithmic luminosity log νL ν and logarithmic rest-frame wave-
engths for each band. We use survi v al analysis to assess the upper
imits together with the detected fluxes, using ASURV (Feigelson &
elson 1985 ). We use the Kaplan–Meier method to estimate the
ean luminosity, along with the 1 σ uncertainty of the mean by

ootstrapping the sources in each bin, except for the faintest bin
hich has too few detections to give a robust result (see Table 1 ). 
We subtract the host galaxy contribution in the UV by fitting

n Sb galaxy template spectrum (Silva et al. 1998 ) (part of the
WIRE library: Polletta et al. 2007 ) to the HSC host galaxy optical
hotometry (see fig. A1 in H24 ). We use this to calculate the rest-
rame monochromatic luminosity of the host galaxy in each UV band
or each source. We then derive the stacked intrinsic AGN luminosity
n each bin by subtracting the mean luminosity of the corresponding
ost galaxies (Table 1 ). 
We adopt a Sb template because the host galaxy in the major-

ty of our sources is disc-dominated rather than bulge-dominated
65 per cent have Sersic index n < 2; Li et al. 2024 ), and we do see
ots of spiral features in the HSC fitting residual images by visual
heck. We confirm the absence of strong intrinsic UV emission will
emain significant for these faint bins even if adopting an UV-fainter
emplate (e.g. S0). Meanwhile, the choice of galaxy templates will
NRAS 538, 121–131 (2025) 
arely alter the intrinsic SED of the bright bins where the host galaxy
s al w ays negligible compared to the AGN in the UV. 

.7 Variability 

ur optical-to-X-ray SED consists of data from five different instru-
ents spanning ∼ 20 yr. Most SDSS photometries were conducted

etween 1998 and 2002, with a minority conducted in 2006; GALEX
ata were derived by coadding the data spanning 2003 to 2012; KiDS
ata were taken between 2011 and 2018, HSC photometries between
014 and 2020, and eFEDS data in 2019. By stacking the SEDs
f a large number of sources, we should have largely eliminated
he effect of stochastic variations. Meanwhile, although dramatic
changing-state’ variations can happen within years or decades
Noda & Done 2018 ), such events should be too rare to bias our
tacked SED. Furthermore, by comparing the u -band photometries
f SDSS and KiDS in individual sources, we confirm our sample
hows no systematic brightening or darkening between ∼ 2000 and
015, and the stacked u -band data are also well consistent. We thus
onclude the AGN variability should only contribute to some scatter
f the stacked SED instead of biasing the shape. 

 T H E  SEDS  I N C L U D I N G  U V  DATA  

ig. 1 shows the resulting u and UV photometric data points added
o the optical-X-ray SEDs of H24 . It is immediately evident that
xtending the data into the UV bandpass has confirmed the main
onclusion of H24 : that the faintest three bins with ṁ � 0.01 are
ntrinsically very faint in the UV, consistent with a transition of the
ptically thick, warm Comptonizing disc to a hot inefficient X-ray
lasma. 
The models are also in good agreement with the new data in the

hree moderate luminosity bins, following the predicted rise of the
ptically thick component. Ho we ver, the three highest luminosity
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Figure 1. Adapted from H24 . Each panel corresponds to a single 3500 Å luminosity bin (given in the top right corner), and shows the model SED along with 
the stacked data. Stars show the UV data derived in this work, among which blue is for GALEX FUV, red is for GALEX NUV, magenta is for νL 1200 estimated 
by interpolating NUV and FUV data, green is for SDSS u , and brown is for KiDS u -band, respectively. Corresponding shadow regions show the 1 σ dispersion 
of the Kaplan–Meier distribution taking into account the censored data. The estimated intrinsic GALEX luminosities in the [42.5, 42.9] bin are < 10 42 erg s −1 , 
outside the scope of this figure. The orange and purple points mark the stacked HSC and eROSITA data respectively, with the orange and c yan re gions indicating 
their dispersions (taken from H24 ). The coloured dashed lines show the model components, which are a standard outer disc (magenta), warm Comptonizing disc 
(green), and inner hot X-ray plasma (blue). The dashed-dotted grey line shows the model of the middle bin to highlight the evolution of the SED with changing 
luminosity/ ̇m . See H24 for a detailed description of the data, model, and fitting process. The number of sources in each bin ( N ∗), the corresponding log νL 3500 

range, mean ṁ , and the number of sources detected/co v ered by each band, are shown by the text in each bin. 
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ins start to show a small deviation from the model predictions. 
he data turn down in the νL ν SED between two GALEX bands,
orresponding to a break at ∼ 800 Å–1400 Å. This has been widely
bserved before (Zheng et al. 1997 ; Telfer et al. 2002 ; Shull et al.
012 ; Ste v ans et al. 2014 ; Lusso et al. 2015 ) but our sample clearly
hows that this is not an artefact of dust extinction as the N H , int is lower
n these bins (see Table 1 ). This turno v er appears intrinsic, indicating
GN with ṁ � 0 . 1 produce less UV emission than the prediction of
 warm Comptonized disc, or a standard disc which predicts an even
luer spectrum (see e.g. fig. 1 of Kubota & Done 2018 ). 
The composite disc model used by H24 assumes the standard 

hin disc emissivity, but allows flexibility in how this power is
MNRAS 538, 121–131 (2025) 
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M

Figure 2. Top: Composite SDSS spectra for each luminosity bin in our sample with a resolution of 5 Å. The colours cycle from green (high luminosity) to 
magenta (low luminosity). The black dotted box indicates the region covering the H β and [O III ] lines. Bottom: Zoom-in on the H β-[O III ] region for each 
luminosity bin (given in the top left corner), normalized by νL 5100 . Here the shaded region shows the 1 σ dispersion in the stacks, and the solid line shows the 
mean spectrum. The vertical dashed black line indicates the H β rest wavelength. It is clear that the broad emission lines disappear in the low luminosity bins, 
but remain prominent in the high luminosity bins. 
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mitted. It assumes a radially stratified structure, with an outer,
tandard blackbody region for R > R warm 

, a middle region where
hermalization is incomplete so the optically thick-disc material
nstead emits a warm, thermal Comptonization spectrum, and then
ransitions to an inner hot, optically thin region for R hot < R < R isco 

o power the X-ray corona (see also Kubota & Done 2018 ). These
hree-region models can give a good match to the typical spectra
een in bright AGN, generally with R warm 

systematically decreasing
nd R hot systematically increasing with decreasing ṁ (Kubota &
one 2018 ; Mitchell et al. 2023 ; Temple et al. 2023b ). At lower

uminosities, ṁ � 0 . 01, R warm 

meets R hot so these low luminosity
GN only require two regions: an outer standard disc which truncates
t large radius into the X-ray hot, radiatively inefficient inner flow. 

While these continua match very well in general to the new data,
hey are continuum models, and predict a continuous increase in the
lue/UV extent of the warm Comptonization region (see schematic
t bottom right of Fig. 1 , taken from H24 ). Hence they cannot match
he downturn that appears in the data at fixed λ ∼ 1000 Å (see the
ppendix C for the model re-fitted including the UV data). This
ay instead indicate that atomic processes are also important in

orming this feature, such as produced by e.g. a UV line-driven wind,
hich can be efficiently produced for temperatures abo v e 50 000 K

Laor & Davis 2014 ). Alternatively it could be explained by different
isc-based models, e.g. the magnetically dominated accretion discs
imulated by Hopkins ( 2024 ), in which the ef fecti ve temperature has
 much weaker dependence on mass and mass-accretion rate. Testing
hese will be the subject of a future paper. 
NRAS 538, 121–131 (2025) 
 I M PAC T  O N  C H A N G I N G  U V  I O N I Z I N G  

PECTRUM  O N  T H E  BLR  

t is clear that the dramatic drop in the UV continuum at ṁ � 0.01
ill give a similarly dramatic drop in the photoionizing continuum.
his could naturally account for the absence of broad emission lines

n low-luminosity AGN (Ho 1999 ; Trump et al. 2011 ), as well as the
isappearance of broad emission lines in the faint state of ‘changing-
ook’ (more properly termed ‘changing-state’) AGN. 

We can now test this on our sample using the recently released
DSS DR18 optical (BOSS) spectroscopic data for about 13 000
FEDS sources 7 Cross-matching the SDSS DR18 data base to our
ample, using a radius of 1 arcsec, we obtain spectra of 438 individual
ources. For sources with multiple spectra, we use the spectrum with
he highest average signal-to-noise (S/N) ratio. We remo v e all spectra
ith average S/N < 1, which leads to 412 sources (around 33 per cent
f our sample). The fraction of sources with SDSS spectra is higher
n brighter bins, as expected due to the selection criteria of SDSS
flux cut of i and z band, see Footnote 7 for details). 

Each spectrum is dereddened for the Galactic extinction, using the
ustmap of Schlegel et al. ( 1998 ) and extinction curve of Cardelli,
layton & Mathis ( 1989 ) with R V = 3 . 1, de-redshifted to rest frame,

esampled onto a uniform wavelength grid with a resolution of 5 Å,
nd then converted to νL ν . We obtain the composite spectrum for

https://www.sdss.org/dr18/bhm/programs/spiders/
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Figure 3. The composite SDSS spectra for sources in the faintest three 
bins and brightest three bins, respectively. Inset: the H β–[O III ] profiles after 
subtracting a constant continuum, with the spectrum of the bright bins scaled 
to match the [O III ] 5007 Å luminosity. 
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ach luminosity bin by averaging the logarithmic νL ν at each wave- 
ength, shown in the top panel of Fig. 2 . The effective wavelength
ange is slightly different for each 3500 Å luminosity bin due to their
ifferent redshift distributions. 
It is clear that the optical/near UV spectrum changes with in-

reasing AGN optical luminosity, from red and galaxy-dominated 
o a typical blue AGN spectrum. The BLR clearly follows this
hange, with no broad emission lines in the faintest three bins, and
hen increasing BLR strength as the blue/UV continuum increases 
bo v e ṁ � 0 . 01. The bottom, smaller, panels in Fig. 2 highlights this
 volution, sho wing a zoom in around the H β-[O III ] lines. 

Fig. 3 shows this even more clearly from a composite spectrum of
he lowest three luminosity bins (log νL 3500 in [42.1, 43.3]) compared 
o that of the last three bins (log νL 3500 in [44.1, 45.3]). We subtract
 constant continuum component to illustrate the profiles of the lines
e.g. Mahmoud & Done 2020 ), as shown in the inset of Fig. 3 .
hese spectra are normalized to match the narrow [O III ] luminosity,
howing a clear change in the H β line. The broad component 
ominates at high luminosities, but it is absent or extremely weak 
or sources with ṁ � 0.01. 8 This gives further evidence that there 
s an intrinsic change in UV continuum for sources with ṁ � 0.01.

e stress again that these all have low column densities so the BLR
annot simply be obscured. 

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

e have extended the sequence of optical-X-ray SEDs of AGN of
24 . The resulting stacked optical/X-ray SEDs for black holes at 
xed mass show a dramatic transition, similar to that seen in stellar
ass black hole binaries, where the dominating disc component 

n bright AGN collapses into an inefficient X-ray plasma below 

/L Edd ∼ 0 . 01. The models fit to these data sets in H24 predicted
he largest change in SED should be in the rest-frame UV, which was
ot co v ered by their data, so we critically test this by adding archi v al
hotometric data from SDSS- u , KiDS- u , and GALEX-NUV and
 For a possible alternative scenario, HST narrow slit spectroscopy has revealed 
xtremely broad emission lines in a low accretion (log ṁ ∼ −4) AGN NGC 

147(Bianchi et al. 2019 , 2022 ). SDSS spectra cannot distinguish them. 

t

S  

U  

b

ALEX-FUV. We subtract a standard Sb host galaxy spectrum from 

hese, and correct the AGN luminosity for SMC-like dust extinction 
ssuming the Bayesian best fit N H derived from the X-ray spectral fits
f Liu et al. ( 2022 ). The resulting stacked spectra confirm that there
s indeed an abrupt transition of the accretion structure, as claimed
y H24 , very similar to that observed in stellar mass black holes and
 few individual ‘changing-look’ AGN. 

Abo v e the transition, the UV bright disc becomes increasingly
ominant, though its shape starts to slightly deviate away from the
odels below ∼ 1000 Å for L/L Edd � 0 . 1, perhaps indicating the

resence of UV line-driven disc winds. 
Additionally, we explore the effect of this transition on the BLR.

he recent release of SDSS DR18 includes many more spectra of
he AGN in this sample than in the DR16 used in H24 , allowing
s to make composite optical/near UV spectra for every AGN 

ptical luminosity bin. The broad H β line clearly tracks the blue
ontinuum emission, dropping in intensity along with the continuum, 
nd eventually disappearing below ṁ � 0 . 01 when the UV emitting
arm disc also disappears. 
This is all strong confirmation that there is indeed a transition in the

ccretion flow in AGN, similar to that seen in stellar mass binaries.
here is a real, and quite abrupt change in the accretion structure,
riven by the changing Eddington ratio which leads to the complete
oss of the ionizing EUV emission and hence the characteristic broad
mission lines. This has a significant impact on how we identify AGN
hrough cosmic time, predicting that there are true Type 2 AGNs,
here the characteristic Type 1 AGN identifiers of strong BLR and
V continuum are intrinsically not present rather than obscured. 
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PPENDI X  A :  T H E  I M PAC T  O F  DI FFERENT  

NTRI NSI C  E X T I N C T I O N  PRESCRI PTI O NS  

econstructing the UV spectrum is dependent on the intrinsic ex- 
inction assumed, so here we assess the impact of different methods,
ocusing only on the new wavelength range used in this work. 

The Bayesian X-ray spectral fitting for the eROSITA data gives 
est fit and error range for the neutral gas column, and this error
ange is generally consistent with zero column. A minimal extinction 
orrection is then if there is no intrinsic absorption present. This gives
MNRAS 538, 121–131 (2025) 

 no intrinsic absorption. Stars: all the observed N H is associated with AGN 

s due to the host galaxy (Milky Way-like dust). 
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Figure B1. The intrinsic distribution of N H (upper panel) and � (lower 
panel) in each luminosity bin, derived by hierarchical Bayesian modelling. 
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he lower set of data points (squares) in Fig. A1 for the derived UV
EDs. Instead, in the main paper, we use the best-fitting intrinsic
-ray column density for each object, assuming that the column is

ssociated with the AGN torus, so has large grains similar to an
MC e xtinction curv e gi ving lo w dust-to-gas ratio (see Section 2.5
or details), giving the middle set of data points (stars) in Fig. A1 .
inally, we assume a maximal correction by assuming the best fit N H 

s due to the host galaxy (circles), so has Milky Way extinction, with
igher dust-to-gas ratio N H (cm 

−2 ) = 2 . 21 × 10 21 A V (mag) (G ̈uver &
¨ zel 2009 ), with R V = A V /E( B − V ) = 3 . 1 (Cardelli et al. 1989 ). 

The results show that the UV SED shape is not substantially
ltered by these assumptions. In particular, the main conclusion
learly remains, that the UV is intrinsically weak in the lowest three
uminosity bins, consistent with the models from H24 (black line)
here the warm Comptonizing disc (green region in the schematic to

he lower right) disappears completely, so that most of the accretion
ower is emitted in the hot plasma (blue region). It is also clear that
he highest luminosity bins still have UV spectra which bend away
rom the continuum models below ∼ 1000 Å. 

PPENDIX  B:  T H E  INTRINSIC  DISTRIBU TI ON  

F  N H 

IN  E AC H  LUMINOSITY  BIN  

n this work we have utilized the N H , int obtained from the eFEDS
atalogue. To further confirm its reliability, we use the hierarchical
ayesian modelling to directly reco v er the intrinsic distribution of
 H , int in each luminosity bin by supposing a simple absorbed power

aw (see Liu et al. 2022 , for details). As shown in Fig. B1 , although
here could be some moderately absorbed ( N H , int > 10 21 cm 

−2 )
ources in those faint bins (number 0, 1, and 2), the majority of
he sources are absorption-free. Meanwhile, the intrinsic distribution
f the photon index � is clearly correlated with the luminosity (softer
-ray spectrum in brighter bin), consistent with the stacked X-ray

pectra, though the absolute value of � is different as no soft excess
omponent is included in Bayesian modelling. 

These together indicate that the evolution of the observed SED as
ell as the lack of broad emission lines in the faint sources, cannot
e attributed to contamination of heavily absorbed/reddened sources
n the low luminosity bins. 
NRAS 538, 121–131 (2025) 
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PPENDIX  C :  FITTING  T H E  FULL-BAND  SED  

N C L U D I N G  T H E  U V  DATA  

ere we present the best-fitting models by fitting the full-band 
ED including the new UV data in Fig. C1 , and the main results
tay the same. Some contribution from the warm corona is now 

eeded in the second and third faintest bins due to a tiny excess
Figure C1. Same as Fig. 1 , but the SED mod
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 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
f the UV data, though we stress large uncertainties exist in these
hotometries induced by the estimation of host contamination and 
ntrinsic extinction. Meanwhile, for the three brightest bins, the warm 

orona becomes weaker and the accretion rate slightly drops, due to
he FUV break. Trying to fit this break also leads to fitting residuals
n the X-ray band, especially in the second and third brightest 
ins. 
MNRAS 538, 121–131 (2025) 

els are re-fitted including the UV data. 
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