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ABSTRACT

In this study, we investigate the X-ray properties of WISE J090924.01+000211.1 (WISEJ0909+0002), an extremely luminous infrared
(IR) galaxy (ELIRG) at zge. = 1.871 in the eROSITA Final Equatorial-Depth Survey. WISEJ0909+0002 is a WISE 22 pum source,
located in the GAMA-09 field, which was detected by eROSITA during the performance and verification phase. The corresponding
optical spectrum indicates that this object is a type-1 active galactic nucleus (AGN). Observations from eROSITA combined with
Chandra and XMM-Newton archival data indicate a very luminous (L (2-10keV) = (2.1 + 0.2) x 10 erg s™") unobscured AGN with a
power-law photon index of I' = 1.73f8::2 and an absorption hydrogen column density of log (Ny/cm™2) < 21.0. The IR luminosity was
estimated to be Lig = (1.79 + 0.09) x 10'* L, from spectral energy distribution modeling based on 22 photometric data points (X-ray
to far-IR) with X-CIGALE, which confirmed that WISEJ0909+0002 is an ELIRG. A remarkably high Lz despite very low Ny would
indicate that we are witnessing a short-lived phase in which hydrogen gas along the line of sight is blown outward, whereas warm and
hot dust heated by AGNss still exists. As a consequence of the eROSITA All-Sky Survey, 6.8‘_’;_‘)6 x 10% such X-ray-bright ELIRGs are
expected to be discovered in the entire extragalactic sky (|| > 10°). This can potentially be the key population to constrain the bright

end of IR luminosity functions.

Key words. galaxies: active — X-rays: galaxies — infrared: galaxies — quasars: individual: WISE J090924.01+000211.1

1. Introduction

Galaxies with infrared (IR) luminosity (LY greater than
10" Ly and 10' Ly have been termed as hyper-luminous IR
galaxies (HyLIRGs; Rowan-Robinson 2000) and extremely
luminous IR galaxies (ELIRGs; Tsai et al. 2015), respectively.
The IR luminosity can arise from active galactic nucleus (AGN)
and star formation (SF) activity. During galactic merger events,

! Empirically, Ly is defined as the luminosity integrated over a wave-
length range of 8-1000 pm (e.g., Sanders & Mirabel 1996; Chary &
Elbaz 2001). However, since this definition includes contributions from
stellar emissions, we did not adopt any boundary for the integration
range on the wavelength. Instead, we employed a physically oriented
approach to estimate Lig in this work (see Sect. 3.1).

Article published by EDP Sciences

these luminous IR galaxy populations may correspond to a phase
in which the AGN and SF activity reach a peak, shrouded by
dense gas and dust clouds (e.g., Hopkins et al. 2008; Narayanan
et al. 2010; Toba et al. 2015; Blecha et al. 2018). Systematic
investigations on HyLIRGs and ELIRGsS are required to cement
our understanding of the coevolution of such galaxies and their
supermassive black holes (SMBHs) during the peak of AGN and
SF activity.

Since the advent of IR satellites such as the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010) and the
Herschel Space Observatory (Pilbratt et al. 2010), a large num-
ber of HyLIRGs and ELIRGs have been discovered (e.g., Casey
et al. 2012; Weedman et al. 2012; Leipski et al. 2014; Toba &
Nagao 2016; Duras et al. 2017). However, accurate characteri-
zation of the properties of ELIRGs based on multiwavelength
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spectral energy distribution (SED) is limited (see, e.g., Toba et al.
2018, 2020b). In particular, X-ray properties of ELIRGs such as
hydrogen column density (Nyg) and absorption-corrected X-ray
luminosity are poorly understood.

The extended ROentgen Survey with an Imaging Telescope
Array (eROSITA; Merloni et al. 2012; Predehl et al. 2021) has
recently probed the X-ray properties of ELIRGs. eROSITA is the
primary instrument on the Spectrum-Roentgen-Gamma (SRG)
mission, which was successfully launched on July 13, 2019.
Since ELIRGs are a spatially rare population and may be X-
ray-faint due to obscuration, the eROSITA all-sky survey with
high X-ray sensitivity is an ideal platform for investigating the X-
ray properties of ELIRGs. In this Letter, we report the eROSITA
view of the ELIRG at zgec = 1.871, WISE J090924.01+000211.1
(hereafter WISEJ0909+0002) in the GAMA-09 field observed
by eROSITA. We employed the performance and verification
(PV) phase program called eROSITA Final Equatorial Depth
Survey (eFEDS; Brunner et al., in prep.) in our observation.
The eFEDS catalog contains approximately 28 000 X-ray point
sources detected over an area of 140 deg? in a single broad band,
with a 5o sensitivity of fy3--23kev ~ 9X 10°1 erg s em™2.
We discuss the AGN of WISEJ0909+0002 as well as the AGN
host properties based on SED fitting and X-ray spectral analysis.
Throughout this Letter, the adopted cosmology is a flat universe
with Hy = 70kms™ Mpc™!, Qy = 0.3, and Q4 = 0.7, and the
initial mass function (IMF) of Chabrier (2003) is assumed.

2. Data and analysis
2.1. The candidate ELIRG WISEJ0909+0002

WISEJ0909+0002 is an ELIRG candidate detected by eROSITA
with a positional uncertainty of 270. It is the only ELIRG
candidate detected by eROSITA in a sample of ~300 WISE
22 um-selected sources® in the eFEDS area with multiwave-
length data (~50deg?; Toba et al., in prep.). This object
is included in the eFEDS X-ray point source catalog with
optical-to-mid-IR (MIR) counterparts (Salvato et al., in prep.)
called eFEDSJ090924.0+000209.9. The optical-MIR counter-
parts were identified using data from the DESI Legacy Imaging
Surveys Data Release 8 (LS8: Dey et al. 2019), which includes
g, r, and z data from the Dark Energy Camera Legacy Sur-
vey (DECaLS) as well as 3.4, 4.6, 12, and 22 pm data from
unWISE (Lang 2014; Lang et al. 2016). The optical-MIR coun-
terparts were determined using a Bayesian statistics-based algo-
rithm (NWAY Salvato et al. 2018) and the maximum likelihood
method (see Salvato et al. for details), and the multiwave-
length data were compiled (see Toba et al. for details). First,
we used absorption-corrected fluxes in the 0.5-2.0 and 2.0—
10keV bands obtained via X-ray spectroscopy (see Sect. 2.3).
The UV data were adopted from the Galaxy Evolution Explorer
(GALEX; Martin et al. 2005; Bianchi 2011). Other optical (u,
i, and Y) and near-IR (NIR) data (J, H, and K;) were adopted
from the Kilo-Degree Survey (KiDS) fourth data release (DR4;
Kuijken et al. 2019). The far-IR (FIR) data (100, 160, 250, 350,
and 500 um) were adopted from the H-ATLAS DR1 (Valiante
et al. 2016). The photometry of WISEJ0909+0002 is presented
in Table A.l. We were able to confirm the classification of
WISEJ0909+0002 as an ELIRG from the SED fitting (see

2 The corresponding signal-to-noise ratio of the flux density at 22 um
is greater than 5.0. Possible stars and artifacts were removed from the
sample.
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Table 1. Observed properties of WISEJ0909+0002.

WISE J090924.01+000211.1

RA (SDSS) (hh:mm:ss, J2000.0)
Dec (SDSS) (dd:mm:ss, J2000.0)

09:09:24.01
+00:02:11.06

Redshift (SDSS) 1.871 + 0.0001
SED fitting with X-CIGALE (Sect. 3.1)

EB-YV), 0.13
M. (Mo) (4.94 +1.39) x 10"
SFR (Mg yr™) (3.85 + 0.06) x 10°
Lir (Lo) (1.79 + 0.09) x 10

vL, (6 um) (erg s7h (3.53 + 0.80) x 10%°

X-ray spectral analysis (Sect. 3.2)

log (Nu/cm™)
Power-law slope (I')

L 10kev (ergs™)

BH properties (Sect. 3.2)

<21.0

0.16

1'731&@
2.1+£02)x10

Lo (ergs™) (4.3 £0.6) x 107
Mgy (M) (7.4 £0.3)x 10°
ARdd 0.4 +0.1

kx(= Lvol/La-10kev) (2.0+0.3)x 10%

Sects. 2.2 and 3.1), and the redshift was determined spectro-
scopically using the Sloan Digital Sky Survey (SDSS; York
et al. 2000) to be zgpec = 1.871. The observed properties of
WISEJ0909+0002 are summarized in Table 1.

2.2. SED fitting with X-CIGALE

To estimate the IR luminosity with high precision, we con-
ducted SED fitting by considering the energy balance between
the UV-to-optical and IR ranges. We employed the new ver-
sion of the Code Investigating GALaxy Emission (CIGALE;
Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019)
called X-CIGALE? (Yang et al. 2020), which enables SED fitting
in the X-ray-to-radio range. In X-CIGALE, we are able to han-
dle many parameters, such as the star formation history (SFH),
single stellar population (SSP), attenuation law, AGN emission,
dust emission, radio synchrotron emission, and AGN X-ray emis-
sion (see, e.g., Boquien et al. 2014, 2016; Buat et al. 2015; Lo
Faro et al. 2017; Toba et al. 2019b, 2020c). A brief description
of each parameter is provided in Appendix B, and the param-
eter ranges used in the SED fitting are presented in Table B.1
(see also Boquien et al. 2019; Yang et al. 2020, and references
therein).

2.3. X-ray spectral analysis

WISEJ0909+0002 was observed by eROSITA with a net expo-
sure time of 2.3ks in 2019. The eROSITA X-ray spectrum of
WISEJ0909+0002 was extracted using eSASS srctool v1.60*
within a circle of 50” in diameter, and the background spec-
trum was extracted inside an annulus between 114”and 623",

3 https://gitlab.lam.fr/gyang/cigale/tree/xray

4 This software derives source level products from calibrated eROSITA
event files and their ancillary metadata. See https://erosita.mpe.
mpg.de/eROdoc/tasks/srctool_doc.html for details.
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Fig. 1. Best-fit SED of
WISEJ0909+0002. The black points
are photometric data, and the solid gray
line represents the resultant best-fit
SED. The inset figure shows the SED
at 0.1-500 um, where the contributions
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excluding all nearby sources (see Liu et al., in prep., in details).
This source was observed by Chandra in 2004 (Observa-
tion ID = 5703) and by XMM-Newton in 2013 (Observation
ID = 0725310143). We extracted the Chandra and XMM spec-
tra to perform a joint fitting of the eROSITA spectrum in the
0.2-8keV band (90 net counts), the Chandra spectrum in the
0.5-7keV band (17 net counts), and the XMM EPIC-pn, EPIC-
MOS1, and EPIC-MOS2 spectra in the 0.5-8 keV band (with net
counts of 33, 11, and 14, respectively).

The Chandra data were processed with CIAO 4.12 and
CALDB 4.9.0. The background was stable during the observa-
tion with a net exposure time of 1.3 ks. The source spectrum was
extracted from a circular region centered at WISEJ0909+0002
with a radius of 4”79. The background spectrum was obtained
from an annular region around the source. The XMM-Newton
data were processed with the science analysis system version
18.0.0, combined with the calibration files that were current as
of June 2019. The source spectra were extracted from a circu-
lar region with a radius of 175. The background spectra were
adopted from a nearby source-free region. The background was
stable during the observation, and the net exposure times for
the PN, MOS1, and MOS2 detectors were 2.5, 2.7, and 2.7 ks,
respectively.

We modeled the source with a power-law model with galac-
tic absorption (N = 2.58 x 10?° cm~2) and intrinsic absorption
(constant*TBabs*zTBabs*powerlaw in xspec). Two con-
stant factors (0.65 for Chandra and 1.36 for XMM) were used
to account for the potential variability and calibration difference
between eROSITA, Chandra, and XMM (but see Appendix D).
We also fitted the spectra with the same model, setting all the
constant factors to unity, in order to measure the averaged lumi-
nosity. Fixing these factors has no impact on the spectral shape
parameters because the XMM and Chandra spectra have much
lower counts than those of eROSITA. To derive constraints
on the parameters, we employed the Bayesian method BXA
(Buchner et al. 2014; Buchner 2019), adopting wide uniform pri-
ors for the power-law slope and the constant factors and adopting
log-uniform priors for the column density and normalization. In
Table 1, we list the posterior median and 68% confidence interval
of the parameters, as well as the absorption-corrected rest-frame
2-10keV luminosity (see also Sect. 3.2).

(defined as (data-—best-fit)/data) are
shown at the bottom, where the black
line represents the case in which the
residual is zero.

3. Results and discussion
3.1. IR luminosity and host properties

Figure 1 shows the best-fit SED of WISEJ0909+0002 (see also
Fig. C.1 for multiwavelength images). We find that the observed
data points (except for the observed-frame optical data) are
explained well by the combination of stellar, nebular, AGN,
and SF components. The best-fit SED, particularly of the AGN
accretion disk, underestimates the flux densities in the rest-
frame 0.1-1 pm by 0.2-0.3 dex, which induces a relatively large
reduced y? (= 3.7). This is partially due to the fact that X~-CIGALE
fixes a slope of the power-law disk component (i.e., the optical
spectral index, aqp) to be 0.5 in A—f, space, where aqyy is defined
in the wavelength rage 0.125-1 pm (see Eq. (9) in Yang et al.
2020). However, the ap, for WISEJ0909+0002 inferred from the
SDSS spectrum and NIR data is ~0.25, which is flatter than that
employed in X-CIGALE. The relative residual defined as (data—
best-fit)/data is also plotted in the bottom panel of Fig. 1. In
the optical-NIR region, the relative residual is slightly larger at
shorter wavelengths, which can support the above interpretation.

The resultant IR luminosity is Lig = (1.79 +0.09) x 10 Lo,
which establishes the classification of WISEJ0909+0002 as an
ELIRG. The AGN fraction defined as Lir(AGN)/Lig is ~0.4,
suggesting that the Lig for WISEJ0909+0002 may have con-
tributions from AGNs and SF. We note that recent SED fitting
codes such as CIGALE and Multiwavelength Analysis of Galaxy
Physical Properties (MAGPHYS; da Cunha et al. 2008) employ
physically motivated Lz without any boundary for the inte-
gration range for the wavelength. Hence, X-CIGALE purely
considers the energy reemitted by dust that absorbs UV-optical
photons from the AGN and SF components to estimate Ljg (see
also Toba et al. 2020b).

The derived color excess of the stellar emission (E(B — V).),
stellar mass (M,), and star formation rate (SFR) output from
X-CIGALE are E(B- V), = 0.13, M, = (4.94 £ 1.39) x 10" Mo,
and SFR = (3.85 + 0.06) x 10°> M yr~!, respectively; the SFR
was estimated based only on the resultant parameters of the SFH
output by X-CIGALE (see Boquien et al. 2019, for more details).

5 This value is within a dispersion of @op distribution for SDSS quasars
(e.g., Vanden Berk et al. 2001).

L11, page 3 of 9


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140317&pdf_id=0

A&A 649, L11 (2021)

The M,—SFR relation of WISEJ0909+0002 shows a significant
positive offset (~1 dex) with respect to the main-sequence galax-
ies at 1.5 < z < 2 for the same stellar mass (Tomczak et al. 2016;
Pearson et al. 2018). This indicates that WISEJ0909+0002 can
be considered a starburst galaxy. We note that it is often difficult
to decompose the UV-to-optical SED of quasars into stellar and
AGN emission with limited photometric data (see, e.g., Merloni
et al. 2010; Bongiorno et al. 2012; Toba et al. 2018). Hence, the
derived M. may have a large uncertainty due to possible con-
tamination from emission from the AGN accretion disk. Recent
works have also reported that AGNs with higher luminosities
exhibit higher AGN contribution to FIR emission than less lumi-
nous AGNSs (e.g., Symeonidis et al. 2016; Symeonidis 2017). It
has been shown that contribution from the AGN torus to FIR
emission is small, and FIR emission can be predominantly linked
to dust heated by the AGN at kiloparsec scales. Since the SED
modeling in our study does not take such dust into account,
the derived fagn and SFR may be underestimated and overes-
timated, respectively. Nevertheless, given the fact that possible
underestimated or overestimated values for M. and SFR for type-
1 AGNs are expected to be 0.3 dex (e.g., Symeonidis et al. 2016;
Toba et al., in prep.), our conclusion, that WISEJ0909+0002 can
be considered a starburst galaxy, is reasonable.

3.2. AGN properties

To the best of our knowledge, this is the first work on eROSITA
data to determine the X-ray properties of an ELIRG directly
from the X-ray spectra®. Figure 2 shows the X-ray spectra of
WISEJ0909+0002, in which the data are well fitted using the
model described in Sect. 2.3. The resulting values of the photon
index (I'), Ny, and absorption-corrected hard X-ray luminosity

in the rest-frame 2-10keV band (Lr-jgrev) are I' = 173701,

log (Ng/em™) < 21.0, and Lo_jprev = (2.1 £0.2) x 10% erg s,
respectively. These values are typical for luminous unobscured
type-1 AGNs.

WISEJ0909+0002 exhibits broad emission lines of C1v
and Mgil with full width at half maximum (FWHM) val-
ues of 5580+ 102 and 6173 + 115kms~!, respectively (Rakshit
et al. 2020), in the SDSS spectrum. Rakshit et al. (2020)
measured the monochromatic luminosity at 3000 A7 (L3p00 =
7.2x 10* ergs™") and the FWHM of Mg11, which contribute
to the bolometric luminosity (Lyo) and black hole mass (Mpp),
by using multicomponent spectral fitting. The Ly, was then
calculated using Lszooo X BC3009, Where BCjzgpp is bolometric
correction (BC3pp0 = 5.9 + 0.8; Nemmen & Brotherton 2010;
Runnoe et al. 2012). The Mpy value was estimated using the
single epoch method reported by Vestergaard & Osmer (2009).
The uncertainty in Ly, and Mgy was calculated through error
propagation in the same manner as in Toba et al. (2021).

The resultant Ly, and Mgy are Ly, = (4.3+0.6)X
10¥ erg s™' and Mgy = (7.4+0.3)x10° M. The Eddington
ratio (Agqq = Lpol/Leqq) Was determined to be Aggq = 0.4 +0.1.

6 Krawczyk et al. (2013) reported L;_jgxev for WISEJ0909+0002 to
be log (Ly_jorev/erg s™') = 45.45+0.18, which is in good agreement
with our work. However, their derivation is based on an empirical rela-
tion between 2500 A and the 2 keV luminosity for a given photon index
T=2).

7 Rakshit et al. (2020) only decomposed the host galaxy from spectra
for quasars at z < 0.8, and thus the contribution from the host galaxy
for WISEJ0909+0002 was not taken into account to estimate Lsopo. But
since the host contribution to Lsoy for luminous quasars is expected to
be negligible, we did not apply for host subtraction (see also Calderone
et al. 2017).
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Fig. 2. X-ray spectra of eROSITA (blue), EPIC-pn (green), and Chandra
(red) folded with the energy responses and fitted with the same model
(absorbed power-law). The data are binned to a minimum significance
of 20 for convenience. The best-fit model and the corresponding 99%
confidence interval are displayed in blue, green, and red for eROSITA,
EPIC-pn, and Chandra, respectively. The lower panel displays the (data-

model)/ Vmodel values.

Following Toba et al. (2017), we estimated Ly, by integrat-
ing the best-fit SED template of the AGN component output
by X-CIGALE over wavelengths longward of Lye. We obtained
log (LEP ferg s™!) ~ 47.5, which is consistent with the Ly value
derived from the SDSS spectrum, within the error.

It has been reported that the hard X-ray bolometric correc-
tion kx (=Lbo1/L2-10kev) 1S strongly luminosity-dependent at high
luminosities (e.g., Lusso et al. 2010; Duras et al. 2020). The
resulting xx of WISEJ0909+0002 is (2.0 +0.3) x 102, which is
consistent with the value obtained via an empirical relationship
between «x and Ly, for type-1 AGNs (kx ~ 207%) with a disper-
sion of 0.26 dex, as reported by Duras et al. (2020). The «x was
also correlated with My and Agqq (e.g., Vasudevan & Fabian
2007; Lusso et al. 2012; Martocchia et al. 2017). The measured
value of kx is larger than the values estimated from empirical
relations for the type-1 AGNs of «kx—Mpy (~113) and «x—Agqq
(~153) reported in Martocchia et al. (2017) and Lusso et al.
(2012), respectively, but still consistent with them within the
scatters of the correlations. We conclude that the observed AGN
properties (Mgy, Liol, Lx, and Agqq) of WISEJ0909+0002 fol-
low the empirical relations for type-1 AGNs that have previously
been reported.

3.3. Expected surface number density of X-ray-bright ELIRGs

Here, we discuss the number of X-ray-bright ELIRGs expected
to be discovered as a consequence of the eROSITA All-Sky
Survey (eRASS) that will continue until the end of 2023
(Predehl et al. 2021). Following Toba & Nagao (2016), we
estimated the surface number density by taking into account
the survey area addressed in this work and the detection

8 If we employ the relationships of kx—Aggqq and kx—Mzy presented in
Duras et al. (2020), the resultant xx values are ~36 and ~116, respec-
tively. Although the Aggg-based kyx is significantly smaller than what
is reported (~200), it would be hard to discuss the origin of this dis-
crepancy here given the huge scatter (0.3-0.4 dex) in those empirical
relationships. We note that the kx—Ag4q and kx—Mpy relations in Duras
et al. (2020) are based not only on type-1 but also on type-2 AGNs,
although the kx—Ly relation is derived only from type-1 AGNs, which
might induce the discrepancy.
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completeness of the WISE and eROSITA all-sky surveys.
The footprint of the ELIRG survey in the eFEDS (GAMA-
09 field) is currently determined by the overlapping region
of KiDS DR4 and H-ATLAS DRI, which is approximately
50 deg? (e.g., Fleuren et al. 2012). WISEJ0909+0002 was drawn
from the 22 um-selected sample, and its flux density at 22 um
(~30mly) is well above the fluxes at the 95% completeness
limit’ (~7 mly). The X-ray flux in the 0.5-2keV band of
WISEJ0909+0002 is ~1.6 x 1073 erg s~ cm~2, which is roughly
one order of magnitude brighter than that at 95% complete-
ness (~2x 107" ergs™! cm™2; Merloni et al. 2012). Therefore,
the expected surface number density of X-ray-bright ELIRGs
is 2.0*19 x 1072 deg?, where the 1o~ confidence limits are esti-
mated based on the Poisson statistics reported by Gehrels (1986).
Thus, 2.0’:‘{:3 x 1072 x 34 100 deg? (corresponding to the sky area

at|b| > 10°) = 6.8*1 x 10 objects are expected to be discovered
in the entire extragalactic sky, which suggests that X-ray-bright
ELIRGs are a rare population, and this phase appears on a
significantly short timescale.

3.4. The evolutionary stage of WISEJ0909+0002

A remarkable property of WISEJ0909+0002 is the low Ny
(<10*'9 ¢cm™2), despite the fact that its Ljz value is extraordi-
nary large (i.e., this ELIRG is presumably embedded within a
large amount of gas and dust). Furthermore, WISEJ0909+0002
is known as a broad absorption line (BAL) quasar (Trump et al.
2006; Ganguly et al. 2007; Moravec et al. 2017). To check the
consistency of the Ny derived from the X-ray spectral analy-
sis, we estimated Ny from an expected ionization parameter (U)
inferred from the C1v 11549 and NV 41240 lines as follows.
Moravec et al. (2017) reported that the lower limits of the column
density (Njon) of C1V and the corresponding optical depth of the
line center (7o) are 2.89 x 10> cm™ and 0.55, respectively, while
those of Ny, and 7o for NV are 5.61 x 103 cm=2 and 0.7, respec-
tively. This suggests that (i) the relative abundance of N v (N**)
is larger than that of C1v (C3*) and (ii) those ions are optically
thin. Under the above conditions'?, we estimated the lower limits
to U and Ny based on the photoionization calculations reported
by Hamann et al. (2011) and Wang et al. (2015). As a result, we
obtained log U > —1.2 and log (Nz/cm~2) > 21, which is con-
sistent with what is derived by Xu et al. (2018) for other quasars
with a BAL feature similar to that of WISEJ0909+0002.

The derived Ny is larger than the value obtained from the
X-ray spectral analysis. This discrepancy may be attributable
depending on the level of certainty to the variability of Ny.
The BAL feature of WISEJ0909+0002 was reported based on
the averaged UV-to-optical spectra measured in 2001-2010 (the
averaged epoch is 2006). The Chandra X-ray spectrum was mea-
sured in 2004. If we derive Ny only from Chandra, we obtain
log (Ng/em™) = 21.5%1-2 (see Appendix D), which is roughly
consistent with that estimated from the BAL feature. Since
XMM and eROSITA observed this object in 2013 and 2019,
respectively, it may be possible that the Ny of WISEJ0909+0002
decreased in 10-15 years. Given the large uncertainty of the

9 https://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/sec6_5.html

10 We are not able to rule out the possibility that the X-ray absorber and
BAL gas are not exactly the same, although these absorbers are often
reported to have similar properties (e.g., velocity and column density)
and are likely to be the same for some quasars (Hamann et al. 2018). A
detailed analysis of the X-ray absorption line is required to address this
issue, which may be the scope of future work.

Chandra-based Ny, it may be hard to conclude that this vari-
ability is significant. Nevertheless, if this drastic decline in Ny
is real, the BAL feature of the WISEJ0909+0002 spectra is
expected to be weak, or even missing, in the current UV-to-
optical spectra. This is an issue to be addressed in a future
work.

Recent galactic merger simulations show that an evolution-
ary stage with a high Lz and a low Ny appears for ~5-10 Myr
during the major merger event in which hydrogen gas along
the line of sight is blown outward, whereas warm and hot dust
heated by AGNs still exists (Yutani et al., in prep.''). We checked
images from the Hubble Space Telescope (HST) to see if there
are any clues of a potential merger event, but no such observa-
tion is apparent in the image, as shown in Fig. C.1. The FWHM
and radial profile of WISEJ0909+0002 are comparable to those
of possible stars around our object in the same field of view of
HST, suggesting that WISEJ0909+0002 can be considered as a
point source. This may be because the merger sign is too weak to
be detected currently, given the fact that an object with a low Ny
and a high Ligr would appear in the late stage of a galactic merger
(Yutani et al., in prep.). In addition, strong nuclear emissions
often erase any trace of the merger sign. However, the optical
spectrum exhibits a blue wing for some emission lines, such as
C 11] (Rakshit et al. 2020), which may support the idea that this
ELIRG is in the blow-out phase. Thus, we are witnessing a short-
lived ELIRG phase in the course of galactic evolution. Owing to
the rarity and the extreme luminosity, such X-ray-bright ELIRGs
will be ideal environments for investigating the bright end of
X-ray and IR luminosity functions.
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Appendix A: Photometry of WISEJ0909+0002
Table A.1. Photometry of WISEJ0909+0002.

Band

eROSITA f>_10kev
eROSITA fys5-2kev

Flux density (mJy)

(6.18 +1.30)x 107°
(18.1+1.47)x10°°

GALEX FUV (8.89+0.54)x 1073
GALEX NUV (57.8+1.34)x 1073
KIDS u-band (72.6 £0.03) x 1072

DECaLS g-band
DECaLS r-band

KiDS i-band

DECaLS z-band
KiDS/VIKING Y-band
KiDS/VIKING J-band
KiDS/VIKING H-band
KiDS/VIKING Kg-band
unWISE 3.4 um
unWISE 4.6 um

(83.2+0.05)x 1072
(93.6 +0.05) x 1072
(96.0 +0.07) x 1072
(10.9+0.01)x 107!
(11.1+0.01)x 107!
(10.5+0.01)x 107!
(9.46 +0.02) x 107!
(10.3+0.02) x 107!
(12.8 +£0.02) x 107!
(23.1+0.05)x 107!

unWISE 12 um 10.2 +0.13
unWISE 22 um 29.1 £ 1.88
PACS 100 um <124@

PACS 160 um <144@

SPIRE 250 um 72.5 +7.20
SPIRE 350 um 71.6 = 8.09
SPIRE 500 pm 39.2 +8.49

Notes. @3¢ upper limit.

The multiband photometry of WISEJ0909+0002 is presented in
Table A.1. The X-ray flux densities were corrected for galac-
tic and intrinsic absorption, where log(NH/cm’z) = 20.1 was
used for intrinsic absorption correction (see Fig. D.la). Flux
densities in the optical to MIR were corrected for galactic extinc-
tion according to Fitzpatrick (1999) and Schlafly & Finkbeiner
(2011). The SPIRE FIR flux densities were corrected for flux
boosting (see, e.g., Valiante et al. 2016; Toba et al. 2019b).

Appendix B: Parameter ranges used in the SED
fitting with X-CIGALE

Table B.1 summarizes the parameter ranges used in the SED fit-
ting with X-CIGALE (see Sect. 2.2). Best-fit values (termed as
BEST_parametername in the output file from X-CIGALE) are
denoted by boldface. Here, we briefly explain each parameter for
the SED fitting.

We assumed a delayed SFH with recent starburst (Ciesla
et al. 2017) with the parameterizing e-folding time of the main
stellar population model (T,in), the age of the main stellar pop-
ulation in the galaxy, the age of the burst, and the ratio of the
SFR after and before the burst (R_sfr). A starburst attenuation
curve (Calzetti et al. 2000; Leitherer et al. 2002) was used for
the dust attenuation, in which we parameterized the color excess
of the nebular emission lines (E(B — V)jnes). We chose the SSP
model (Bruzual & Charlot 2003), assuming the IMF of Chabrier
(2003), and the standard nebular emission model included in
X-CIGALE (see Inoue 2011). AGN emission was modeled using

Table B.1. Parameter ranges used in the SED fitting with X-CIGALE.

Parameter Value @
Delayed SFH with recent starburst (Ciesla et al. 2017)
Tmain (Gyf) 1.0, 4.0, 8.0, 12
Age (Gyr) 0.5, 1.0, 1.5, 2.0
Age of burst (Myr) 10, 50, 100
R_sfr 1,5,10
SSP (Bruzual & Charlot 2003)
IMF Chabrier (2003)
Metallicity 0.02
Nebular emission (Inoue 2011)
log U -3.0, -2.0, -1.0
Line width (kms™) 300

Dust attenuation (Calzetti et al. 2000; Leitherer et al. 2002)

E(B - V)lines 0-3, 05, 1.0
AGN emission (Stalevski et al. 2012, 2016)

T97 3,7,11

P 0.5, 1.5

q 0.5, 1.5

A[°] 80

Rmax/Rmin 30

01°] 0, 10, 20

JfacN 0.4,0.5,0.6,0.7,0.8,0.9
Dust emission (Draine et al. 2014)

4gPAH 2.50, 5.26, 6.63, 7.32

Umin 1000, 50.00

a 1.0, 1.5, 2.0

b% 0.01, 0.1, 1.0
X-ray emission (Yang et al. 2020)

AGN photon index 1.7

|A aOX|max 0.2

LMXB photon index 1.56

HMXB photon index 2.0

Notes. @Best-fit values (termed as BEST_parametername in the output
file from X-CIGALE) are denoted by boldface.

SKIRTOR (Stalevski et al. 2016). This torus model consists of
seven parameters: the torus optical depth at 9.7 um (797), the
torus density radial parameter (p), the torus density angular
parameter (g), the angle between the equatorial plane and the
edge of the torus (A), the ratio of the maximum to minimum
radii of the torus (Rpyax/Rmin), the viewing angle (6), and the
AGN fraction of the total IR luminosity (fsgn). We modeled the
dust grain emission using the model from Draine et al. (2014),
in which we parameterized the mass fraction of polycyclic aro-
matic hydrocarbons (PAHS) (gpan), the minimum radiation field
(Unin), the power-law slope of the radiation field distribution (@),
and the fraction illuminated with a variable radiation field rang-
ing from Upip t0 Unax (y). X-ray emission was modeled with
fixed power-law photon indices of AGN, low-mass X-ray binaries
(LMXBs), and high-mass X-ray binaries (HMXBs).
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Appendix C: Possibility of a gravitationally
lensed source

10 0

A Decl. [arcsec]

-10

[ ]
50 0 -50

A R.A. [arcsec]

10 0 -10

| ]
0.2-2.3keV

Fig. C.1. Multiwavelength images (far-UV, near-UV, SOCCD/HST, u, g, r,i,z, Y, J, H, K, 3.4,4.6, 12,22, 250, 350, and 500 pm, and 0.2-2.3 keV,
from top left to bottom right) for WISEJ0909+0002. North is upward, and east is to the left. The RA and Dec are relative coordinates with respect
to the object in the LS8. Yellow circles in the images also correspond to the coordinates of the LS8.

We briefly considered the possibility that the L of
WISEJ0909+0002 is boosted by gravitational lensing'?.
WISEJ0909+0002 was observed by an optical instrument called
the Space Telescope Imaging Spectrograph (STIS), with 50CCD
modes (with a pixel scale of ~0”05) and a central wavelength
of 5903 A, on board HST (proposal ID=28202)"3. However,
we could not find any features of strong lensing (see Fig. C.1),
indicating that the Ljg for WISEJ0909+0002 is intrinsic and not
boosted by lensing.

We note that WISEJ0909+0002 is known as a pair or binary
quasar with a companion quasar (SDSS J090923.13+000204.0)
at Zgpee = 1.887 £0.001 located ~15” from it (Hennawi et al.
2006; Foreman et al. 2009; Tytler et al. 2009, see the point
source in the southwest direction in the UV-NIR images of
Fig. C.1). The proper co-moving transverse separation of this
system is approximately 130 kpc. Since the companion is located
at a higher redshift than that of WISEJ0909+0002, it cannot act
as a lens.

Furthermore, given the relatively large beam size (~30") of
SPIRE/Herschel, its FIR photometry would be affected by FIR
emissions from the companion quasar'*. We also find that the
other two sources also fall within SPIRE’s beam size, given
the limiting magnitude of DECaLS and KiDS (see the optical
sources in the northwest direction seen in Fig. C.1). However,
the MIR-FIR emissions of WISEJ0909+0002 do not exhibit any
offsets or elongations expected from 500 pm. This indicates that
the influence of FIR emissions (at least in 250 and 350 um) from

12 For example, Glikman et al. (2018) reported an ELIRG (WISE
J104222.11+164115.3) to be a quadruply lensed system with a magni-
fication factor of 53—122 (see also Matsuoka et al. 2018).

13" Although the aim of this program was to identify lenses with com-
ponent image separations <1, WISEJ0909+0002 has not been selected
as a lensed system candidate by other lens searches, such as H-ATLAS
sources (e.g., Negrello et al. 2010, 2017; Gonzélez-Nuevo et al. 2012,
2019; Bakx et al. 2020, and references therein) or SDSS quasars (e.g.,
Oguri et al. 2006; Inada et al. 2012, and reference therein).

4 The companion quasar was not detected by ALLWISE (Cutri et al.
2014) 12 or 22 um, but it was detected by unWISE 3.4 and 4.6 um with
flux densities of 51 +3 and 61 + 5 ply, respectively.
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the neighborhood that includes the companion quasar is expected
to be small.

We also considered the possibility that the X-ray flux is over-
estimated due to the contribution from the companion quasar
because the extraction radii for the X-ray spectra contain the
position of the companion quasar (see Sect. 2.3). We confirm
that there is no companion quasar in the XMM or eROSITA
images. The Chandra image with higher angular resolution also
shows that the companion is not clearly visible, where the counts
from WISEJ0909+0002 and the companion quasar are 17 and
2, respectively, including the background. This suggests that the
X-ray flux of WISEJ0909+0002 is more than 8.5 times brighter
than that of the companion quasar. Thus, contamination from the
companion quasar of WISEJ0909+0002 in Ly is expected to be
small.

Appendix D: Possible variability of X-ray
properties from Chandra to XMM/eROSITA

As displayed in Fig. 2, the Chandra flux is fainter at <3keV,
consistent with absorption, which would be supported by the
BAL feature in its UV-to-optical spectra obtained in 2001-2009
(see Sect. 3.4). Separated by 15 yr, it is possible that the spectral
shape changed between the Chandra and the eROSITA obser-
vations. We fitted the Chandra data only using the method and
model described in Sect. 2.3. We note that we ran the Bayesian
method on the unbinned Chandra spectrum. Since there are only
17 counts in total, any binning of the spectrum would cause a
loss of information.

The resultant Ny and I derived from (i) fitting all the data
simultaneously with the same model and (ii) fitting only the
Chandra spectrum are shown in Figs. D.1a and b, respectively.
We calculated the 68% percentile around the median from the
posterior distribution. The lower and upper limits respectively
correspond to 16% and 84% percentile values of all the ran-
domly sampled points that constitute the posterior distribution.
As displayed in Fig. D.1a, the Ny distribution is concentrated at
the lower boundary, and the lower limit of Ny is unconstrained
(with a truncated contour). Thus, we obtained the upper limit for
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Fig. D.1. Posterior distributions of the intrinsic column density and power-law slope for (a) the joint eROSITA-XMM-Chandra fit and (b) the
Chandra-only fit, plotted using the “corner” package (Foreman-Mackey 2016). The contour levels correspond to 30%, 60%, and 90% of the
distribution. The dashed vertical lines mark the 1o percentile interval, which is also printed on top of the figure.

Ny. The lower limit of Ny is still unconstrained, even if we fit
only the Chandra data, as shown in Fig. D.1b. However, the Ny
distribution has a peak at ~10% c¢cm~2. Meanwhile, the uncon-
strained lower tail of Ny corresponds to a very flat I of 0.99.
These results indicate that the Chandra spectral shape is harder,
possibly due to high Ny obscuration. Considering the low num-
ber of counts and the potential cross-calibration issue between
different facilities, such a spectral variability is not conclusive
(see also Sect. 3.3).

Appendix E: X-ray deficit given 6 um AGN
luminosity

It is known from observations that MIR-luminous AGNs tend
to deviate from the linear relationship between hard X-ray and
MIR luminosities and that they are less X-ray-luminous at a
given luminosity, for example 6 um (Lg). This is the so-called
X-ray deficit (e.g., Stern 2015; Chen et al. 2017). The X-ray
deficit has also been reported for optically luminous quasars
(e.g., Vignali et al. 2003; Just et al. 2007). We checked if
WISEJ0909+0002 exhibits an X-ray deficit at Ls, where Lg =
(3.53 +0.80) x 10* ergs~! is purely from the AGN, estimated
by the SED decomposition following Toba et al. (2019a). The
expected Ly_jgkev based on the nonlinear relations reported
by Stern (2015) and Chen et al. (2017) are Ly_jpkev ~1.6 and
2.0x 10% ergs~!, respectively, which are consistent with the val-
ues obtained in this work. This means that WISEJ0909+0002
exhibits an X-ray deficit, as reported in Stern (2015) and Chen
et al. (2017).

Toba et al. (2019a) suggested that this X-ray deficit can be
explained by a difference in Agqq. The ratio of the 2-10keV
and 6 um luminosities (Lx/L¢) decreases with increasing Agqq,
which is interpreted as a change in the structure of the accretion
flow (see also, e.g., Chen et al. 2017 and Ishikawa et al. 2021,
where other possibilities indicating X-ray deficit are reported).
Toba et al. (2019a) reported a linear relationship between Lx/Lg
and Aggg for AGNs (see Eq. (3) in Toba et al. 2019a), and
this relationship would be appreciable to a Compton-thick AGN
(Toba et al. 2020a). Figure E.l shows Agqq as a function of
Lx/L¢, where type-1 AGNs selected from the SDSS and WISE

K AAALAAARAARA RRRRRARER IRRRRRAREL IRRRRRARN ]

E e XMM type-1AGNs (Mateos+15)
2F X! WISSH quasars (Martocchia+17) J
E & Hot DOG (Ricci+17) 3

el WISEJO909+0002 (This work)

log [L (2—10 keV)/vL, (6 um)]

Fig. E.1. Eddington ratio (1gqq) as a function of Ly /L¢ of ROSAT type-1
AGNs (gray cross; Toba et al. 2019a), XMM type-1 AGNs (cyan cir-
cle; Mateos et al. 2015), a hot DOG (orange square; Ricci et al. 2017),
and WISSH quasars (purple asterisk; Martocchia et al. 2017). The red
star represents WISEJ0909+0002. The solid green line with the shaded
region is a linear relationship between Aggq and Lx/Lg, as reported by
Toba et al. (2019a).

(WISSH quasar; Martocchia et al. 2017), XMM-Newton (Mateos
et al. 2015), and ROSAT (Toba et al. 2019a) are plotted. A
hot, dust-obscured galaxy (hot DOG; Ricci et al. 2017) is also
plotted. The best-fit relation based on the above populations as
reported in Toba et al. (2019a) is overlaid in Fig. E.1. We find
that WISEJ0909+0002 follows the correlation for the observed
Lx/L¢ ratio, and the expected Aggq in Toba et al. (2019a) is
Agad ~ 0.4, suggesting that this empirical relation could also be
applicable to ELIRGs.
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