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ABSTRACT

We report on continued, ∼15-yr long, broad Balmer emission lines in three metal-poor dwarf emission-line galaxies selected
from Sloan Digital Sky Survey spectroscopy. The persistent luminosity of the broad Balmer emission indicates the galaxies
are active galactic nuclei (AGNs) with virial black hole masses of ∼106.7–107.0 M�. The lack of observed hard X-ray emission
and the possibility that the Balmer emission could be due to a long-lived stellar transient motivated additional follow-up
spectroscopy. We also identify a previously unreported blueshifted narrow absorption line in the broad H α feature in one of the
AGNs, indicating an AGN-driven outflow with hydrogen column densities of order 1017 cm−2. We also extract light curves from
the Catalina Real-Time Transient Survey and the Zwicky Transient Facility. We detect probable AGN-like variability in three
galaxies, further supporting the AGN scenario. This also suggests the AGNs are not strongly obscured. This sample of galaxies
are among the most metal-poor that host an AGN (Z = 0.05–0.16 Z�). We speculate they may be analogues to seed black holes
which formed in unevolved galaxies at high redshift. Given the rarity of metal-poor AGNs and small sample size available, we
investigate prospects for their identification in future spectroscopic and photometric surveys.

Key words: galaxies: active – galaxies: dwarf.

1 IN T RO D U C T I O N

In a search for emission-line galaxies (ELGs) in Sloan Digital
Sky Survey (SDSS) DR5 spectra, Izotov, Thuan & Guseva (2007)
identified four metal-poor ELGs with extremely luminous broad
Balmer emission. Izotov & Thuan (2008) describe the four galaxies
in detail (hereafter the IT08 sample). The criteria of their search
involved selection of spectra with [O III] λ4363 line detections to
directly measure the element abundances, and exclusion of obvious
high-metallicity active galactic nuclei (AGNs). They were left with
a sub-sample of about 10 000 ELGs, and noticed four metal-poor
ELGs with broad H α emission. Their broad H α luminosities range
from 3 × 1041 to 2 × 1042 erg s−1 with full width at half-maximum
(FWHM) of about 1500–2000 km s−1. Further observations demon-
strated the broad emission in all four galaxies is long-lived (10–13 yr;
Izotov & Thuan 2008; Simmonds et al. 2016).

There are several mechanisms that can produce broad Balmer lines
in ELGs. Stellar winds due to massive, eruptive stars (Wolf−Rayet,
luminous blue variables) can produce broad H α luminosities up
to 1040 erg s−1. But according to Izotov & Thuan (2008), anything
larger must be attributed to shocks from supernovae (SNe) or the
broad line region of an AGN. In the former scenario, the broad
emission should fade away after several years (Baldassare et al.
2016). Izotov & Thuan (2008) favour the AGN interpretation for
the IT08 galaxies. However, no hard X-ray emission was detected

� E-mail: colinjb2@illinois.edu

in Chandra observations (Simmonds et al. 2016), in contrast to the
naive expectation from the AGN interpretation.1

One additional galaxy identified by Izotov et al. (2007) was the
blue compact dwarf PHL 293B (Izotov & Thuan 2009; Izotov et al.
2011). Its broad H α luminosity was ∼1 × 1039 erg s−1 in 2001 and
relatively constant until it was observed to fade after 2011 (Allan et al.
2020; Burke et al. 2020a). A similar persistent transient, SDSS1133,
was identified by Koss et al. (2014). Motivated by the possibility
that the broad Balmer emission lines of the IT08 sample could
be attributed to extraordinarily long-lived SNe or stellar eruption
powered by interaction with a dense circumstellar medium, or an
unknown stellar process, we obtained follow-up extended-baseline
spectroscopy with the Gemini Observatory in 2020 for three of the
four IT08 ELGs.

We find the broad emission is still present in our three targets
for over 15 yr since the first SDSS observations, along with long-
duration photometric variability in three of the galaxies. This work
extends the previous spectral baselines for the three observed galaxies
by 4–5 yr. This indicates the AGN interpretation remains the most
plausible scenario. Consistent with the lack of strong X-ray emission,
we find no radio detections in archival Very Large Array (VLA)
imaging. The IT08 ELGs lie at least 1–2 dex below the expected
X-ray emission of more typical AGNs. In one source, we identify
a previously unreported narrow absorption feature in the broad H α

1Three soft photons were detected in SDSS J1047, consistent with a marginal
detection of an underlying X-ray binary population.
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emission component, indicating hydrogen column densities along the
lines of sight of NH I ≈ 2 × 1017 cm−2. We interpret this as evidence
for an AGN-driven outflow.

We conclude the IT08 ELGs are in fact a rare new class
of X-ray/radio-weak dwarf AGNs with black hole masses of
106.7–107.0 M�. The host galaxy stellar masses of the IT08 AGNs
estimated from the broad-band spectral energy distribution (SED)
are in the range ∼ 108.4–1010.0 M�, typical of metal-poor compact
emission line galaxies (Cardamone et al. 2009). There has been
considerable interest in identifying such systems in the local universe,
with the motivation that they may be analogues to primordial
supermassive black hole (SMBH) seeds that formed at high redshift
(Volonteri, Lodato & Natarajan 2008; Greene 2012). Mezcua (2019)
reminds us that typical low-z dwarf galaxies have undergone growth
via multiple mergers throughout their history. Therefore, metal-poor
dwarf AGNs should be more pristine and unevolved analogues
to SMBH seeds. However, dwarf AGNs are difficult to identify
using traditional techniques because of their low AGN luminosities
and because low-metallicity galaxies shift towards the star-forming
region of the BPT diagram (Groves, Heckman & Kauffmann 2006).
Motivated by this, we investigate prospects for identifying IT08-like
metal-poor AGNs in future spectroscopic surveys.

This work is organized as follows. In Section 2, we describe
our new Gemini spectroscopic observations, light-curve data, and
archival VLA imaging. In Section 3, we describe the results of our
analysis. In Section 4, we discuss prospects for identifying similar
AGNs in future spectroscopic surveys. In Section 5, we summarize
our results and conclude. A concordance �CDM cosmology with
�m = 0.3, �� = 0.7, and H0 = 70 km s−1 Mpc−1 is assumed
throughout.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 Gemini spectra

We obtained new Gemini long-slit spectroscopy in 2020 March–May
using the GMOS instrument on Gemini-North (GN-2020A-FT-204;
PI Burke) for three of the four IT08 galaxies: SDSS J1047+0739,
SDSS J1222+3602, and SDSS J1025+1402. We targeted the H α

line with the R831 grating and a 1 arcsec slit width.
We followed the GMOS Cookbook for the reduction of long-slit

spectra with PYRAF.2 The steps include bias subtraction, flat-field
correction, wavelength calibration, cosmic ray rejection, and flux
calibration using the flux standard star Feige 66. Our flux-calibrated
Gemini spectra of SDSS J1047 and SDSS J1222 showed variations in
the narrow-line fluxes relative to the SDSS spectra due to seeing and
aperture variations compared to the 3 arcsec SDSS fibre. To mitigate
aperture effects and allow for a fair comparison of the broad Balmer
luminosities, we normalized the Gemini spectrum to the SDSS flux-
levels using the peak narrow H α flux levels.

We fit the H α region of each spectrum using multicomponent
Gaussians using the PYQSOFIT code (Guo, Shen & Wang 2018; Shen
et al. 2019). We fit a continuum and Gaussian emission/absorption
lines within user-defined windows and constraints on their widths.
The continuum is modelled as a blue power-law plus a third-order
polynomial for reddening. The total model is a linear combination
of the continuum and single or multiple Gaussians for the emission
lines. Since uncertainties in the continuum model may induce subtle
effects on measurements for weak emission lines, we first perform

2http://ast.noao.edu/sites/default/files/GMOS Cookbook

a global fit to the emission-line free region to better quantify the
continuum.

We then fit multiple Gaussian models to the continuum-subtracted
spectra around the H α emission line region locally. We use two
narrow Gaussians and one broad Gaussian to model the Gemini H α

emission lines of our spectra. For the SDSS J1025, we add a narrow
Gaussian with a negative amplitude to model the absorption line.
We define narrow Gaussians as having FWHM < 800 km s−1. The
narrow and broad line centroids are fit within a window of ±65 and
±100 Å, respectively. We use 50 Monte Carlo simulations to estimate
the uncertainty in the line measurements.

2.2 Light curves

We queried light curves for the IT08 galaxies from the Catalina
Real-Time Transient Survey (CRTS; Drake et al. 2009) and the
Zwicky Transient Facility (ZTF; Masci et al. 2019). We perform
outlier rejection in a 150 d moving window for the CRTS data and a
50 d moving window for the ZTF data. We offset the ZTF r-band data
to match the median level of the CRTS V-band data. Then, we use the
QSO FIT code3 to estimate the variability significance (σ var) and the
significance the variability is well described by the damped random
walk (DRW)-like parametrization of Butler & Bloom (2011) (σ QSO).
However, we caution that the limited quality of the light curves
prevents tight constraints on a DRW model. In addition, the gap
between the CRTS and ZTF data means our combined light curves
could exclude real changes in the AGN luminosity. Therefore, we
also fit the CRTS and ZTF data individually.

2.3 VLA imaging

We downloaded archival VLA data for the four IT08 galaxies
(VLA/10B-156; PI Henkel) and reduced and calibrated the con-
tinuum observations using the standard VLA reduction pipeline and
CASA version 5.6.2. The sources were observed in 2010 in the C

band (5 GHz) in the C-configuration with a bandwidth of 256 MHz.
We find no detections for any of the IT08 sources. We estimate the
5 GHz radio luminosity upper limits (3σ ) L5 GHz for each source as
given in Table 1 using the standard equation

Lν =
Sobs4πD2

L

(1 + z)1+α
(1)

assuming a flat radio spectral index with α = 0 and L5 GHz = νLν

with ν = 5 GHz, where DL is the luminosity distance and Sobs is the
observed flux density.

3 R ESULTS

The data and spectral fitting of the H α-[N II] complex for each source
is shown in Fig. 1 along with the SDSS spectral epochs (modelled in
the same manner) for comparison. We plot the broad H α luminosities
of the IT08 sample versus time including our new Gemini data and
the values from Simmonds et al. (2016) in Fig. 2. For comparison,
we plot the transients PHL 293B (Burke et al. 2020a) and SDSS1133
(Koss et al. 2014), and the luminous long-lived SNe 1988Z (Aretxaga
et al. 1999; Smith et al. 2017) and 2005ip (Smith et al. 2009,
2017).

We find the broad H α emission is still persistent in 2020 at roughly
the same levels as before to the ∼20 per cent level. Decomposing the

3http://butler.lab.asu.edu/qso selection/index.html
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Metal-poor AGNs 545

Table 1. Observational properties of the IT08 sample. Values for the broad H α luminosity LH α and black hole mass M• with statistical uncertainties are from
our Gemini fitting, except for SDSS J0045, which we re-fit the SDSS spectrum. We re-compute each M• using the relation of Reines, Greene & Geha (2013),
noting that systematic uncertainties using the single-epoch virial method are typically ∼0.4 dex (e.g. Shen 2013). The host galaxy stellar mass M∗ are estimated
from the broad-band SED in Appendix A. The oxygen abundance 12 + log O/H and X-ray luminosity L2−10 keV are from Simmonds et al. (2016).

Name z r LH α FWHMHα M• log M∗ 12 + log O/H L2−10 keV L5 GHz

(mag) (erg s−1) (km s−1) (M�) (log M�) (dex) (erg s−1) (erg s−1)

SDSS J004529.14+133908.6 0.29522 20.3 (4.5 ± 0.6) × 1041 1465 ± 369 (5.6 ± 2.9) × 106 9.1 ± 0.5 7.9 <5.3 × 1041 <2.3 × 1038

SDSS J102530.29+140207.3 0.10067 19.3 (4.4 ± 0.1) × 1041 1962 ± 45 (1.0 ± 0.1) × 107 9.9 ± 0.1 7.4 <1.1 × 1041 <2.6 × 1037

SDSS J104755.92+073951.2 0.16828 18.8 (1.4 ± 0.2) × 1042 1516 ± 105 (1.0 ± 0.2) × 107 10.0 ± 0.1 8.0 2.2 × 1041 <7.3 × 1037

SDSS J122245.71+360218.3 0.30112 20.0 (6.4 ± 0.3) × 1041 1449 ± 155 (6.5 ± 1.4) × 106 8.4 ± 0.4 7.9 <5.5 × 1041 <2.5 × 1038

narrow and broad-line components can sometimes be ambiguous
therefore we caution on apparent differences in the broad-line
measurements between the SDSS and Gemini epochs. The large
uncertainties in the broad-line width in the SDSS epoch of J1222
reflect the ambiguity of such decomposition. Given the additional
systematic uncertainties due to aperture effects, instrumental reso-
lution, and photometric conditions, we find no evidence for strong
variability of the broad Balmer emission in the IT08 sample. We
use the broad H α luminosities and FWHM in Fig. 1 to compute
virial black hole masses of M• ≈ 106.7−107.0 M� using the updated
relation of Reines et al. (2013):

log

(

M•

M�

)

= 6.57 + 0.47 log

(

LHα

1042 erg s−1

)

+ 2.06 log

(

FWHMHα

103 km s−1

)

, (2)

where LH α and FWHMHα are the broad H α luminosity and FWHM.
We show the extracted light curves in Fig. 3. Low-levels of vari-

ability are detected in all IT08 galaxies with the possible exception of
SDSS J0045. The variability in these three galaxies show red noise,
as expected in the commonly used stochastic DRW model of AGN
variability (Kelly, Bechtold & Siemiginowska 2009; MacLeod et al.
2010). This detection of variability in these three galaxies supports
the AGN scenario and likely indicates the AGNs are not strongly
obscured.

A summary of the observational properties of the IT08 sample is
given in Table 1. The AGNs lie 1–2 dex below the expected X-ray
relations of Panessa et al. (2006). Using the X-ray luminosity upper
limits and black hole masses in Table 1, we expect 5 GHz radio
luminosities of less than 37.4–37.7 erg s−1 using the ‘Fundamental
Plane’ relation of Merloni, Heinz & di Matteo (2003). Therefore,
the lack of radio detections is consistent with the IT08 sample being
intrinsically X-ray weak.

3.1 SDSS J1025: Balmer absorption line

We identify a 119 ± 46 km s−1 blueshifted (relative to the broad
H α) narrow absorption line in the spectrum of SDSS J1025. This
line is real, and not due to telluric absorption. It is present at lower
spectral resolution in the SDSS spectrum at the same blueshift. We
checked other spectra on the same SDSS plate (observed at the same
time) with similar flux levels near 7220 Å and found no similar
features. This feature apparently went unnoticed until now, likely
due to insufficient spectral resolution and binning/smoothing of the
data obscuring the line.

Balmer H α absorption in AGNs is very unusual, with only a
handful reported in the literature. This is usually interpreted as an
indicator of an AGN-driven outflow with high hydrogen column
densities (e.g. Hutchings et al. 2002; Aoki 2010; Wang & Xu

2015). These absorption features bear some resemblance to P Cygni
profiles, similar to what was seen in the galaxy PHL 293B. However,
unlike PHL 293B, no additional absorption features are obvious in
the spectrum of SDSS J1025, the absorption line is narrower, and
luminosities much larger.

Following Wang & Xu (2015), we estimate the neutral hydrogen
column density in the optically thin regime using the equation

NH I,2 = 1.130 × 1012 cm−1 EWλ

f λ2
, (3)

where EWλ is the equivalent width of the absorption line, f is the
oscillator strength. Using the EWλ of the H α absorption of 39.3 Å
from our modelling of the Gemini spectrum and f = 0.64, we find
a neutral hydrogen column density in the n = 2 shell of NH I,2 =
1.6 × 1014 cm−2. We can estimate the n = 1 level population produced
by Ly α trapping in thermal equilibrium using the equation given by
Hall (2007)

NH I,1

NH I,2
=

1

4τLy α

e10.2 eV/kT , (4)

where the optical depth at the center of the Ly α absorption is τLy α =
0.12 τH α NH I,1/NH I,2 (Aoki 2010; Wang & Xu 2015). Substituting
this into equation (4), we obtain

NH I,1

NH I,2
=

1.44
√

τH α

e5.1 eV/kT . (5)

To estimate the optical depth of H α, we use τH α =
1.69 × 105 EWλb/λ2, where the Doppler broadening parameter b ≈
FWHM/1.665 = 83.9 Å measured from our modelling of the Gemini
absorption line. We find τH α = 12.9. Taking T = 7500 K (Osterbrock
& Ferland 2006), we find NH I,1 = 1.6 × 1017 cm−2 using equation (5).
Finally we find a total column density of NH I ≈ NH I,1 + NH I,2 =
1.6 × 1017 cm−2.

Comparing NH I to the cross-section due to Thomson scattering
σ T ≈ 10−24 cm2, this implies the AGN is not Compton thick.
Therefore, the AGN is unobscured and the observed X-ray luminosity
should be close to the true value. Simmonds et al. (2016) estimate
the upper limit of the hard X-ray luminosity to be L2−10keV <

1.1 × 1041 erg s−1 for SDSS J1025 assuming a power-law spectrum
of � = 1.8. We quote their upper limits for all IT08 AGNs in Table 1.

4 PRO SPECTS FOR FUTURE SURV EYS

The small but non-zero sample size of metal-poor AGNs (Izotov &
Thuan 2008; Cann et al. 2020; Reines et al. 2013, 2014) motivates
future searches with current and upcoming facilities. To investigate
this, we plot the broad H α luminosity sensitivity curve versus
redshift assuming a Gaussian H α broad emission line with FHWM =
2000 km s−1 and luminosity 5 × 1041 erg s−1 at varying spectral-line
flux sensitivities in Fig. 4. If we require the H α line to be detected,

MNRAS 504, 543–550 (2021)
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546 C. J. Burke et al.

Figure 1. H α spectrum of SDSS J1025 (top row), SDSS J1047 (middle row), and SDSS J1222 (bottom row). from SDSS taken from 2003 to 2005 (left)
and Gemini taken in 2020 (right). The data are shown in black, the total model in blue, the narrow Gaussian component in green, and the broad Gaussian
component in red. The absorption line in SDSS J1025 is shown in orange. The residual is shown as a light-grey dotted line. The luminosity and FWHM refer to
the broad component shown in red. Only statistical uncertainties are shown. The narrow absorption feature in the spectrum of SDSS J1025 is clearly visible in
high-resolution Gemini spectrum.

this limits us to redshifts z < 0.5 assuming a spectral coverage
<9800 Å. This demonstrates that very deep near-infrared spectra,
likely using 30 m class telescopes will be necessary to detect similar
AGNs at z ∼ 1.

New detections at low z are more promising. The detection rate
of the IT08 sample is 4/675 000 or 0.0006 per cent of the full SDSS
DR4 sample of galaxies Izotov & Thuan (2008). The Dark Energy
Spectroscopic Experiment (DESI) will conduct a flux-limited survey

MNRAS 504, 543–550 (2021)
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Metal-poor AGNs 547

Figure 2. Broad H α luminosity versus time for the IT08 sample (the dashed lines with the diamonds, the stars, the inverted triangles, the plus symbols) compared
to PHL 293B (the black circles), SDSS1133 (the red triangles), SN 1988Z (the blue squares), and SN 2005ip (the orange crosses). Our new Gemini data are
shown with the black borders. Uncertainties are dominated by systematic uncertainties, which are difficult to quantify exactly, but are typically ±20 per cent.

Figure 3. Light curves of the IT08 sample collected from CRTS V band and ZTF r band. The light curves are offset to match the median value of the CRTS data
and binned in a window of 30 d (CRTS) or 10 d (ZTF). The fitted DRW model (±1σ ) is shown in light grey. The variability significance (σ var) and significance
the variability is DRW-like are shown (σQSO). The black text shows the combined significance, followed by the CRTS significance (orange) and ZTF significance
(red). All galaxies with the possible exception of SDSS J0045 appear to exhibit low levels of AGN-like variability. However, we cannot strongly rule-out the
possibility that the variability in some of the sources is simply due to noise.

MNRAS 504, 543–550 (2021)
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548 C. J. Burke et al.

Figure 4. Broad H α luminosity versus redshift for the IT08 sample (the
diamonds, the stars, the inverted triangles, the plus symbols) compared to
PHL 293B (the black circles), SDSS1133 (the red triangles), and the sample
of Reines et al. (2013) broad-line AGNs (RGG; blue + symbols). Varying
sensitivity curves are shown as the grey lines assuming a broad H α line
typical of the IT08 AGNs.

of 107 galaxies at a median redshift of 0.2 (Levi et al. 2019).
Roughly half of the DESI targets will be ELGs (Raichoor et al.
2020). Assuming a flux sensitivity similar to SDSS, we can expect to
find about 60 additional IT08-like AGNs. Other upcoming surveys,
such as the Subaru Prime Focus Spectrograph Survey (Takada et al.
2014) are also promising.

The main problem is having two spectral epochs at least 10 yr
apart with sufficient S/N to identify broad Balmer emission lines.
Combined with optical photometric data, one could conceivably
identify AGNs in metal-poor galaxies with high confidence with-
out multiple spectral epochs. Baldassare, Geha & Greene (2018)
demonstrated the capability of SDSS imaging to identify dwarf
AGNs using long-term variability. Guo et al. (2020) demonstrated
the capability of Dark Energy Survey photometry to identify dwarf
AGNs at intermediate redshifts of z ∼ 0.8. A dwarf Type I AGN
similar to the archetypal example NGC 4395 with SMBH mass of
105 M� will vary photometrically at the ∼1–10 per cent level on a
rest-frame time-scale of a few days (Kelly et al. 2009; Burke et al.
2020b). The variability is stochastic therefore can be distinguished
from stellar transients (e.g. SN flares and tidal disruption events)
which generally fade on weeks to years time-scales. Our light-curve
analysis in this work demonstrates the capability of photometric
surveys to aid in AGN identification when it would otherwise be
ambiguous.

5 C O N C L U S I O N S

The H α luminosities of the IT08 galaxies are orders of magnitude
larger than what is seen in stellar transients in metal-poor galaxies.
Their broad H α duration of ∼15 yr or longer leaves us with the AGN
interpretation. This is further supported by the low-level photometric
variability similar to what is seen in Type I Seyferts. The AGNs
appear to be intrinsically X-ray and radio weak, lying 1–2 dex below
the relations of Panessa et al. (2006).

We identify SDSS J1025 as a new Balmer-absorption AGN.
According to Wang & Xu (2015), only eight are reported in the
literature (including their AGN). We interpret this as evidence for
an AGN-driven outflow. This raises the interesting possibility that
the metals in these galaxies may be blown-out by an AGN-driven
wind. The velocity offset of the line of ∼119 km s−1 indicates an
extremely slow wind compared to what is typically considered for

broad absorption line quasars (Faucher-Giguère & Quataert 2012).
This may perhaps be understood given the very extreme physical
regime (low metallicity, much smaller black hole masses) of the
IT08 AGNs. The column density of neutral hydrogen derived from
the absorption line indicates the they are not strongly obscured in
the X-ray. This probably indicates the IT08 AGNs are intrinsically
X-ray weak.

Recently, Cann et al. (2020) identified a low-metallicity AGN
with an X-ray luminosity lying ∼2 dex below the prediction from
the mid-infrared luminosity relation. Like the IT08 objects, it also
lies near the boundary between the star-forming and AGN regions
of the BPT diagram. This suggests a new population of X-ray/radio-
weak low-metallicity dwarf AGNs in star-forming galaxies, perhaps
with unusually low accretion rates. This motivates more sensitive
X-ray observations of larger samples of low-metallicity, low-mass
AGNs.

Nevertheless, the connection between metallicity and X-ray emis-
sion in AGNs is unclear at present. Simmonds et al. (2016) suggest
the IT08 AGNs may fail to generate a hard X-ray-emitting corona.
Perhaps metal-poor AGNs have soft X-ray spectra, a phenomena
seen in some broad-line dwarf AGNs, such as Pox 52 (Barth et al.
2004; Dewangan et al. 2008). Another possibility is the black hole
masses of the IT08 AGNs are significantly overestimated by ∼1 dex
in M� using single-epoch virial relations, perhaps due to a different
broad-line region geometry. However, there is simply insufficient
understanding of AGNs in metal-poor star-forming environments to
venture beyond speculation.

The low X-ray luminosities and classifications as star-forming
galaxies using BPT diagnostics underscores the difficulty of identify-
ing metal-deficient AGNs using traditional methods. Future studies
investigating the AGN-host galaxy scaling relations in metal-poor
AGNs are a promising avenue towards a more complete understand-
ing of SMBH growth and formation.
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APPENDI X: SPECTRAL ENERGY

DI STRI BU TI ON FI TTI NG

To estimate the host galaxy stellar masses, we model the multiwave-
length broad-band SED for the four IT08 galaxies. For each source,
we queried the VizieR (Ochsenbein, Bauer & Marcout 2000) SED
data base for available broad-band photometry. We use available
photometry from GALEX (Martin et al. 2005), SDSS (York et al.
2000), 2MASS (Skrutskie et al. 2006), UKIDDS (Lawrence et al.
2007), and WISE (Wright et al. 2010), as well as upper limits
(converted to 1σ ) or detections from Chandra and the VLA in
Table 1. When multi-epoch photometry are available, we take the
mean value to quantify the average SED. We caution that SED
variability driven by the AGN will introduce additional uncertainties
in the SED model, particularly in the UV. However, given the low
levels of variability in Fig. 3, this additional source of error is likely
to be smaller than the final systematic uncertainty on the stellar mass
estimate of up to 20 per cent (Ciesla et al. 2015; Boquien et al. 2019)
due to model choices and degeneracies (Guo et al. 2020). Finally,
we caution that the error on the photometry may be underestimated,
particularly for the fainter sources, due to source confusion or sky
background effects.

We use the X-CIGALE code (Yang et al. 2020) to model the emission
mechanisms and estimate the host galaxy stellar masses. X-CIGALE is
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Figure A1. Fits to the broad-band SEDs using CIGALE. The observed photometry from VizieR are shown as the blue squares with upper limits shown as the
inverted triangles. The model photometry are shown as the red points. The best-fitting model is shown in black. The components from attenuated stellar emission
(the blue-dotted lines), attenuated stellar emission (the blue solid lines), dust emission (the dark red lines), and the AGN emission (orange) are also shown.
Nebular emission is also fit, but not shown in the figure panels for clarity. All sources show a significant contribution from AGN emission. The estimated stellar
mass and uncertainties from CIGALE are shown in the upper right-hand corner of each panel. Additional systematic uncertainties on the stellar mass may be up
to 20 per cent (Ciesla et al. 2015; Boquien et al. 2019). The relative residual flux (observed - model) / observed are shown in at the bottom of each panel.

an extension of CIGALE (Burgarella, Buat & Iglesias-Páramo 2005;
Noll et al. 2009; Boquien et al. 2019), which works by imposing a
self-consistent energy balance constraint between different emission
and absorption mechanisms from the X-ray to radio. A large grid of
models is computed and fitted to the data, allowing for an estimation
of the star formation rate, stellar mass, and AGN contribution via a
Bayesian-like analysis of the likelihood distribution.

We use a delayed exponential star formation history and vary the
e-folding time and age of the stellar population assuming a sub-
solar metallicity and the Chabrier (2003) initial stellar mass function
with the stellar population models of Bruzual & Charlot (2003).
We adopt the nebular emission template of Inoue (2011). We use the
Leitherer et al. (2002) extension of the Calzetti et al. (2000) model for
reddening due to dust extinction, and the Draine et al. (2014) updates
to the Draine et al. (2007) model for dust emission. Finally, we
adopt the SKIRTOR clumpy two-phase torus AGN emission model
(Stalevski et al. 2012, 2016) allowing for additional polar extinction.

We allow the fractional AGN contribution to vary between 0.1 and
0.9 and a Type-1-like inclination angle varying from i = 10–60◦. The
X-ray emission includes contribution from X-ray binaries. We allow
the UV/X-ray correlation αox to deviate up to 1 dex to account for X-
ray weak nature of the AGN emission (although in this case the X-ray
emission is not strongly constraining). The inferred stellar masses of
the IT08 AGNs range from ∼ 108.4–1010.0 M�. The best-fitting SED
model and stellar masses with uncertainties derived from CIGALE are
shown in Fig. A1. The stellar masses are broadly consistent with the
local M•−M∗ from Reines & Volonteri (2015), which has a large
intrinsic scatter of ∼0.55 dex, and predicts at black hole mass of
106.4 M� in a galaxy with stellar mass of 1010 M�.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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