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1. Introduction
Ultra-luminous infrared galaxies
(ULIRGs, with infrared luminos-
ity, LIR > 1012 L⊙) are a popu-
lation of the most intensely star-
forming galaxies in the local uni-
verse. They are thought to rep-
resent rapidly growing phase of
massive galaxies. The vigor-
ous starburst and / or AGN in
ULIRGs can induce strong out-
flowing winds, which would blow
out the gas and dust and termi-
nat the activity of the galaxies.

2. Sample Selection
In order to construct a sample
of ULIRGs at 0.5 < z < 1, we
are conducting an optical follow-
up program for bright 90-µm
FIR sources with a faint opti-
cal (i < 20 mag) counterpart se-
lected in the AKARI FIS Bright
Source catalog (Ver.2).
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Abstract: Hyper-luminous IR galaxies (LIR > 1013L⊙; HyLIRGs) are a population of galaxies with strong IR dust
emission, which is thought to be associated with a powerful AGN activity (Goto et al. 2011; Toba & Nagao 2016). Current
identification of the HyLIRGs are mostly dominated by broad-line QSOs, but the existence of extremely optically-faint
FIR sources suggests there are significant number of obscured QSOs, which are missed in the current identifications due
to their faintness. Utilizing the unique sample of bright FIR sources found by the AKARI, we look for luminous type-2
QSOs at z ∼ 1 by identifying FIR sources with extremely large FFIR/Fopt. Statistical understanding on the population
is also important to understand the sub-mm selected SMGs and dust-obscured galaxies (DOGs) at z > 2.

Background: HyLIRGs are the most luminous MIR/FIR galaxies, and they are thought to be associated with the most
luminous QSO activities. So far the identifications of the HyLIRGs are dominated by broad-line QSOs (Toba & Nagao
2016), and the contribution of obscured narrow-line QSOs, so called type-2 QSOs, to the HyLIRGs population is still
unknown. This is because (1) type-2 QSOs are optically-faint compared to broad-line QSOs, and require deep optical
data to be identified, and (2) the number density of HyLIRGs is low, and wide sky coverage is necessary. It should be
noted that HyLIRGs selection is effective even for heavily-obscured QSOs which are missed in the hard X-ray surveys
(Compton-thick QSOs). AKARI all-sky survey in the FIR (65, 90, 140, 160 µm; Doi et al. 2015, Takita et al. 2015)
provide us a unique opportunity to construct a statistical sample of HyLIRGs at intermediate redshifts (Eser et al. 2014).
The detection limit of the AKARI FIS Bright Source Catalog reaches sub Jy at 90µm, which is deeper than the previous
FIR all-sky survey by IRAS, and can detect HyLIRGs at z ∼ 1. More importantly, thanks to the higher spatial resolution
of AKARI, AKARI FIR sources achieve reliable identifications with faint (i ∼ 20mag) optical counterparts: IRAS has 3σ
positional uncertainty as large as 60′′-90′′, and identification with faint optical counterpart is not reliable, but AKARI has
3σ positional uncertainty of ∼15′′. Furthermore, recently released WISE all-sky survey catalog in the MIR (3.4, 4.6, 12,
and 22µm), which is significantly deeper (1mJy at 12µm) than AKARI FIR catalog for sources with typical IR SED, is
useful to narrow down the positional uncertainty of the AKARI FIR sources (see left panel of Fig.1). Therefore, AKARI
FIR catalog + WISE pinpointing is unique in identifying rare luminous FIR galaxies with faint optical counterpart, and
a statistical search for type-2 QSOs can be made in the extremely wide area for the first time. It is emphasised that
AKARI selection is important to make a selection at the peak of the IR SED, although WISE pinpointing is utilized.

Immediate Objective: In order to reveal the nature of bright FIR sources with faint optical counterpart and to kick-off
a systematic search for type-2 QSOs at z ∼ 1, we propose to spectroscopically identify 8 AKARI 90 µm FIR sources
with extremely large FIR/Fopt with faint optical counterpart (i>20 mag). We examine AKARI FIR sources in the area
covered by the Sloan Digital Sky Survey (SDSS). Middle panel of Fig.1 shows the redshift vs. i-band magnitude of
spectroscopically-identified AKARI FIR sources in the SDSS coverage. FIR selected galaxies (blue dots) show correlation
between redshift and i-band magnitude, this is because FIR luminous galaxies are only associated with relatively massive
galaxies. QSOs (red dots) are brighter than galaxies at the same redshifts. If we follow the relation, FIR sources with
faint optical counterpart are expected to be good candidates of FIR-luminous “galaxies” at z ∼ 1. As shown in the right
panel, the flux of the AKARI FIR sources corresponds to as luminous as HyLIRGs at z ∼ 1. Therefore the selected
candidates are candidates of luminous type-2 QSOs whose optical light is dominated by their host galaxy. Five out of
the 8 sources are also detected in the IRAS Faint Source Catalog, but they have not been identified at all because of
their faintness in the optical. Although, they are extremely faint as an optical counterpart of the bright FIR source, they
are sufficiently bright to be easily spectroscopically identified with 8-10m class telescope. Once the effectiveness of the
type-2 QSO selection is confirmed, systematic search can be made with more than 50 AKARI sources with extremely
large FIR/Fopt, and the contribution of type-2 QSOs to the HyLIRGs population will be examined. Additionally, further
observations can be easily conducted thanks to their brightness: in X-ray with Chandra and XMM-Newton to constrain
their nuclear activity and Compton-thickness, and in radio with ALMA to evaluate their gas contents.

Reference: • Doi et al. 2015, PASJ, 67, 50 • Takita et al. 2015, PASJ, 67, 51 • Eser, Goto, Doi 2014, ApJ, 797, 54 •
Goto et al. 2011, MNRAS, 410, 573 • Toba & Nagao 2016, ApJ, 820, 46 • Kim et al. 1998, ApJS, 119, 41
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Figure 1: Left) Example of an identification with a faint optical counterpart. There is a bright WISE 12µm source within
the AKARI error circle (blue). A galaxy with i = 20.3 mag is associated with the WISE position. Left) Redshift vs.
i-band magnitude of the AKARI FIR sources spectroscopically-identified in the SDSS survey (blue and red). Red dots
indicate broad-line QSOs. Green dots represents LIRGs/ULIRGs in the IRAS 1Jy sample (Kim et al. 1998). Systematic
follow-ups of IRAS sources only roughly go down to SDSS spectroscopy limit. Right) Redshift vs. FIR luminosity. Same
symbols as in the left panel.
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Abstract: Hyper-luminous IR galaxies (LIR > 1013L⊙; HyLIRGs) are a population of galaxies with strong IR dust
emission, which is thought to be associated with a powerful AGN activity (Goto et al. 2011; Toba & Nagao 2016). Current
identification of the HyLIRGs are mostly dominated by broad-line QSOs, but the existence of extremely optically-faint
FIR sources suggests there are significant number of obscured QSOs, which are missed in the current identifications due
to their faintness. Utilizing the unique sample of bright FIR sources found by the AKARI, we look for luminous type-2
QSOs at z ∼ 1 by identifying FIR sources with extremely large FFIR/Fopt. Statistical understanding on the population
is also important to understand the sub-mm selected SMGs and dust-obscured galaxies (DOGs) at z > 2.

Background: HyLIRGs are the most luminous MIR/FIR galaxies, and they are thought to be associated with the most
luminous QSO activities. So far the identifications of the HyLIRGs are dominated by broad-line QSOs (Toba & Nagao
2016), and the contribution of obscured narrow-line QSOs, so called type-2 QSOs, to the HyLIRGs population is still
unknown. This is because (1) type-2 QSOs are optically-faint compared to broad-line QSOs, and require deep optical
data to be identified, and (2) the number density of HyLIRGs is low, and wide sky coverage is necessary. It should be
noted that HyLIRGs selection is effective even for heavily-obscured QSOs which are missed in the hard X-ray surveys
(Compton-thick QSOs). AKARI all-sky survey in the FIR (65, 90, 140, 160 µm; Doi et al. 2015, Takita et al. 2015)
provide us a unique opportunity to construct a statistical sample of HyLIRGs at intermediate redshifts (Eser et al. 2014).
The detection limit of the AKARI FIS Bright Source Catalog reaches sub Jy at 90µm, which is deeper than the previous
FIR all-sky survey by IRAS, and can detect HyLIRGs at z ∼ 1. More importantly, thanks to the higher spatial resolution
of AKARI, AKARI FIR sources achieve reliable identifications with faint (i ∼ 20mag) optical counterparts: IRAS has 3σ
positional uncertainty as large as 60′′-90′′, and identification with faint optical counterpart is not reliable, but AKARI has
3σ positional uncertainty of ∼15′′. Furthermore, recently released WISE all-sky survey catalog in the MIR (3.4, 4.6, 12,
and 22µm), which is significantly deeper (1mJy at 12µm) than AKARI FIR catalog for sources with typical IR SED, is
useful to narrow down the positional uncertainty of the AKARI FIR sources (see left panel of Fig.1). Therefore, AKARI
FIR catalog + WISE pinpointing is unique in identifying rare luminous FIR galaxies with faint optical counterpart, and
a statistical search for type-2 QSOs can be made in the extremely wide area for the first time. It is emphasised that
AKARI selection is important to make a selection at the peak of the IR SED, although WISE pinpointing is utilized.

Immediate Objective: In order to reveal the nature of bright FIR sources with faint optical counterpart and to kick-off
a systematic search for type-2 QSOs at z ∼ 1, we propose to spectroscopically identify 8 AKARI 90 µm FIR sources
with extremely large FIR/Fopt with faint optical counterpart (i>20 mag). We examine AKARI FIR sources in the area
covered by the Sloan Digital Sky Survey (SDSS). Middle panel of Fig.1 shows the redshift vs. i-band magnitude of
spectroscopically-identified AKARI FIR sources in the SDSS coverage. FIR selected galaxies (blue dots) show correlation
between redshift and i-band magnitude, this is because FIR luminous galaxies are only associated with relatively massive
galaxies. QSOs (red dots) are brighter than galaxies at the same redshifts. If we follow the relation, FIR sources with
faint optical counterpart are expected to be good candidates of FIR-luminous “galaxies” at z ∼ 1. As shown in the right
panel, the flux of the AKARI FIR sources corresponds to as luminous as HyLIRGs at z ∼ 1. Therefore the selected
candidates are candidates of luminous type-2 QSOs whose optical light is dominated by their host galaxy. Five out of
the 8 sources are also detected in the IRAS Faint Source Catalog, but they have not been identified at all because of
their faintness in the optical. Although, they are extremely faint as an optical counterpart of the bright FIR source, they
are sufficiently bright to be easily spectroscopically identified with 8-10m class telescope. Once the effectiveness of the
type-2 QSO selection is confirmed, systematic search can be made with more than 50 AKARI sources with extremely
large FIR/Fopt, and the contribution of type-2 QSOs to the HyLIRGs population will be examined. Additionally, further
observations can be easily conducted thanks to their brightness: in X-ray with Chandra and XMM-Newton to constrain
their nuclear activity and Compton-thickness, and in radio with ALMA to evaluate their gas contents.
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Figure 1: Left) Example of an identification with a faint optical counterpart. There is a bright WISE 12µm source within
the AKARI error circle (blue). A galaxy with i = 20.3 mag is associated with the WISE position. Left) Redshift vs.
i-band magnitude of the AKARI FIR sources spectroscopically-identified in the SDSS survey (blue and red). Red dots
indicate broad-line QSOs. Green dots represents LIRGs/ULIRGs in the IRAS 1Jy sample (Kim et al. 1998). Systematic
follow-ups of IRAS sources only roughly go down to SDSS spectroscopy limit. Right) Redshift vs. FIR luminosity. Same
symbols as in the left panel.
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Abstract: Hyper-luminous IR galaxies (LIR > 1013L⊙; HyLIRGs) are a population of galaxies with strong IR dust
emission, which is thought to be associated with a powerful AGN activity (Goto et al. 2011; Toba & Nagao 2016). Current
identification of the HyLIRGs are mostly dominated by broad-line QSOs, but the existence of extremely optically-faint
FIR sources suggests there are significant number of obscured QSOs, which are missed in the current identifications due
to their faintness. Utilizing the unique sample of bright FIR sources found by the AKARI, we look for luminous type-2
QSOs at z ∼ 1 by identifying FIR sources with extremely large FFIR/Fopt. Statistical understanding on the population
is also important to understand the sub-mm selected SMGs and dust-obscured galaxies (DOGs) at z > 2.

Background: HyLIRGs are the most luminous MIR/FIR galaxies, and they are thought to be associated with the most
luminous QSO activities. So far the identifications of the HyLIRGs are dominated by broad-line QSOs (Toba & Nagao
2016), and the contribution of obscured narrow-line QSOs, so called type-2 QSOs, to the HyLIRGs population is still
unknown. This is because (1) type-2 QSOs are optically-faint compared to broad-line QSOs, and require deep optical
data to be identified, and (2) the number density of HyLIRGs is low, and wide sky coverage is necessary. It should be
noted that HyLIRGs selection is effective even for heavily-obscured QSOs which are missed in the hard X-ray surveys
(Compton-thick QSOs). AKARI all-sky survey in the FIR (65, 90, 140, 160 µm; Doi et al. 2015, Takita et al. 2015)
provide us a unique opportunity to construct a statistical sample of HyLIRGs at intermediate redshifts (Eser et al. 2014).
The detection limit of the AKARI FIS Bright Source Catalog reaches sub Jy at 90µm, which is deeper than the previous
FIR all-sky survey by IRAS, and can detect HyLIRGs at z ∼ 1. More importantly, thanks to the higher spatial resolution
of AKARI, AKARI FIR sources achieve reliable identifications with faint (i ∼ 20mag) optical counterparts: IRAS has 3σ
positional uncertainty as large as 60′′-90′′, and identification with faint optical counterpart is not reliable, but AKARI has
3σ positional uncertainty of ∼15′′. Furthermore, recently released WISE all-sky survey catalog in the MIR (3.4, 4.6, 12,
and 22µm), which is significantly deeper (1mJy at 12µm) than AKARI FIR catalog for sources with typical IR SED, is
useful to narrow down the positional uncertainty of the AKARI FIR sources (see left panel of Fig.1). Therefore, AKARI
FIR catalog + WISE pinpointing is unique in identifying rare luminous FIR galaxies with faint optical counterpart, and
a statistical search for type-2 QSOs can be made in the extremely wide area for the first time. It is emphasised that
AKARI selection is important to make a selection at the peak of the IR SED, although WISE pinpointing is utilized.

Immediate Objective: In order to reveal the nature of bright FIR sources with faint optical counterpart and to kick-off
a systematic search for type-2 QSOs at z ∼ 1, we propose to spectroscopically identify 8 AKARI 90 µm FIR sources
with extremely large FIR/Fopt with faint optical counterpart (i>20 mag). We examine AKARI FIR sources in the area
covered by the Sloan Digital Sky Survey (SDSS). Middle panel of Fig.1 shows the redshift vs. i-band magnitude of
spectroscopically-identified AKARI FIR sources in the SDSS coverage. FIR selected galaxies (blue dots) show correlation
between redshift and i-band magnitude, this is because FIR luminous galaxies are only associated with relatively massive
galaxies. QSOs (red dots) are brighter than galaxies at the same redshifts. If we follow the relation, FIR sources with
faint optical counterpart are expected to be good candidates of FIR-luminous “galaxies” at z ∼ 1. As shown in the right
panel, the flux of the AKARI FIR sources corresponds to as luminous as HyLIRGs at z ∼ 1. Therefore the selected
candidates are candidates of luminous type-2 QSOs whose optical light is dominated by their host galaxy. Five out of
the 8 sources are also detected in the IRAS Faint Source Catalog, but they have not been identified at all because of
their faintness in the optical. Although, they are extremely faint as an optical counterpart of the bright FIR source, they
are sufficiently bright to be easily spectroscopically identified with 8-10m class telescope. Once the effectiveness of the
type-2 QSO selection is confirmed, systematic search can be made with more than 50 AKARI sources with extremely
large FIR/Fopt, and the contribution of type-2 QSOs to the HyLIRGs population will be examined. Additionally, further
observations can be easily conducted thanks to their brightness: in X-ray with Chandra and XMM-Newton to constrain
their nuclear activity and Compton-thickness, and in radio with ALMA to evaluate their gas contents.
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Figure 1: Left) Example of an identification with a faint optical counterpart. There is a bright WISE 12µm source within
the AKARI error circle (blue). A galaxy with i = 20.3 mag is associated with the WISE position. Left) Redshift vs.
i-band magnitude of the AKARI FIR sources spectroscopically-identified in the SDSS survey (blue and red). Red dots
indicate broad-line QSOs. Green dots represents LIRGs/ULIRGs in the IRAS 1Jy sample (Kim et al. 1998). Systematic
follow-ups of IRAS sources only roughly go down to SDSS spectroscopy limit. Right) Redshift vs. FIR luminosity. Same
symbols as in the left panel.

J0916a, identified at z = 0.49 in
the spectroscopic follow-up ob-
servation, indicates signatures of
an extremely strong outflow in
its emission line profiles.
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3. SED analyses and galactic properties
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Combining the photometric data
from SDSS, WISE, AKARI and
VLA FIRST Survey, we performe
SED fitting with CIGALE.

• J0916a shows intense star forma-
tion but relatively weak AGN con-
tribution in the IR luminosity.

SFR 990 ± 44 M⊙ yr−1

M⋆ 9.5 ± 1.7 × 1010 M⊙
Lstar

unattenuated 6.9 ± 0.3 × 1012 L⊙
E(B − V )SED 1.5 ± 0.1
E(B − V )Balmer 1.0 ± 0.3
Ldust

IR 5.8 ± 0.3 × 1012 L⊙
Ltot

IR 6.1 ± 0.3 × 1012 L⊙
LAGN

bol 4.7 ± 0.4 × 1011 L⊙
f AGN

IR 6.27 ± 0.66 %
f AGN

bol 6.34 ± 0.65 %

4. Extreme outflow indicated by broad [Oii] and [Oiii] lines
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The spectral fitting is performed
for the integrated spectrum (up-
per) and 2D long-slit spectroscopy
image per line (bottom), after ex-
traction of stellar continuum.

• Both of high- and low-ionization
potential emission lines, e.g., [Oiii]
and [Oii] doublets, show large ve-
locity dispersions and shifts in rela-
tive to the stellar absorption lines.

(km s−1) [Oii] [Oiii]
shift (v50) −384 ± 20 −894 ± 38
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• The broad profiles of [Oii] dou-
blet and [Oiii] line correspond to
one of the fastest outflow among
ULIRGs / DOGs at 0.3 < z < 1.0,
and are even comparable to the lu-
minous quasars at z ∼ 2.

• The long-slit spectroscopy image
shows that the outflow extends up
to 6 kpc. AGN dominates the ion-
ization in the outflow region. 1.5 1.0 0.5 0.0 0.5
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5. Large energy ejection rate with weak AGN activity
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Arribas et al. 2014 
U/LIRGs at 0.01 < z < 0.18 
velocity: H , lum: H  
Soto et al. 2012 
ULIRGs at 0.04 < z < 0.15 
velocity: multi, lum: H  
Harrison et al. 2014 
QSOs at 0.08 < z < 0.20 
velocity: [OIII], lum: H
Liu et al. 2013 
QSOs at 0.31 < z < 0.65 
velocity: [OIII], lum: H
Toba et al. 2017 
DOGs at 0.28 < z < 1.03 
velocity: [OIII], lum: H
Brusa et al. 2015 
QSOs at 1.27 < z < 1.60 
velocity: [OIII], lum: [OIII]
Kakkad et al. 2016 
QSOs at 1.25 < z < 1.59 
velocity: [OIII], lum: [OIII]
Harrison et al. 2012 
ULIRGs at 1.40 < z < 3.35 
velocity: [OIII], lum: [OIII]
Carniani et al. 2015 
QSOs at 2.35 < z < 2.48 
velocity: [OIII], lum: H  
Zakamska et al. 2016 
QSOs at 2.36 < z < 2.59 
velocity: [OIII], lum: [OIII] 
Bischetti et al. 2017 
QSOs at 2.39 < z < 3.48 
velocity: [OIII], lum: [OIII] 
This work (J0916a) 
ULIRGs at z = 0.49 
velocity: [OIII], lum: [OIII]
This work (J0916a) 
ULIRGs at z = 0.49 
velocity: H , lum: H

The energy ejection rate of J0916a
is estimated with two models:
(1) assuimng the ionized outflow-
ing gas in a spherically symmetric
sector, Ėsph

k,out;
(2) assuimng an energy-conserving
shocked bubble expanding into a
uniform medium, Ėbub

k,out.
For reference, we also calculate
Ėsph

k,out and Ėbub
k,out for U/LIRGs and

QSOs from local universe to inter-
mediate and high redshifts, assum-
ing ne = 100 cm−3 and Te = 104 K
in model (1), and ambient density
n0 = 0.5 cm−3 in model (2). The
Ėk,out versus AGN bolometric lu-
minosities and SF IR luminosities
are summarized in right figure.

• J0916a shows one of the largest Ėk,out among the galaxies at z < 1.6. However, the LAGN (from MIR
luminosity) of J0916a corresponds to only 1 %–10 % of LAGN of the galaxies with similar Ėk,out. The low LAGN
implies the possibility that AGN lies in a fading status; while the observed extreme [Oiii] and [Oii] outflows
probably reflect a historical effect of the central engine during its preceding active phase, due to the time-lag
between AGN activity in a nuclear region (dusty torus) and outflow in an ionization cone.
• The intense star formation activity also possibly contributes to the fast outflow in J0916a.

6. Conclusion
J0916a shows extremely broad
and extended profiles in both
[Oiii] and [Oii] emission lines,
which indicate one of the most
powerful outflow among galax-
ies at z < 1.6. However, the
AGN activity in J0916a is rela-
tively weak. The powerful out-
flow probably reflect a historical
effect of the central engine.
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