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ABSTRACT

Utilizing a unique capability of AKARI that allows deep spectroscopy at 2.5 – 5.0 µm, we performed

a spectroscopy study of more than 200 quasars through one of the AKARI mission programs, QSONG

(Quasar Spectroscopic Observation with NIR Grism). QSONG targeted 155 high redshift (3.3 < z < 6.42)

quasars and 90 low redshift active galactic nuclei (0.002 < z < 0.48). In order to provide black hole mass

estimates based on the rest-frame optical spectra, the high redshift part of QSONG is designed to detect

the Hα line and the rest-frame optical spectra of quasars at z > 3.3. The low redshift part of QSONG

is geared to uncover the rest-frame 2.5 – 5.0 µm spectral features of active galactic nuclei to gain useful

information such as the dust-extinction-free black hole mass estimators based on the Brackett lines and

the temperatures of the hot dust torus. We outline the program strategy, and present some of the scientific

highlights from QSONG, including the detection of the Hα line from a quasar at z > 4.5 which indicates

a rigorous growth of black holes in the early universe, and the Brβ-based black hole mass estimators and

the hot dust temperatures (∼ 1100 K) of low redshift AGNs.
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1. INTRODUCTION

Supermassive black holes (SMBHs) are black holes with

masses of order of 106 – 1010M�. They are known to

exist at the center of spheroidal components of galaxies

such as bulge of spiral galaxies and elliptical galaxies.

SMBHs in active accretion phase power active galac-

tic nuclei (AGNs) and quasars whose powerful radia-

tion outshine their host galaxies. Quasars and AGNs

are now identified as far back as to the epoch of re-

ionization, with the currently known highest redshift

quasar at z ∼ 7 (Mortlock et al., 2011). Interestingly,

the black hole mass (MBH) of quasars at z > 6 sug-

gest that they are as massive as M ∼ 109M�. In other

words, a few billion M� SMBHs were already in place

http://pkas.kas.org

when the universe was less than 1 Gyr old, and growing

stellar mass black holes to SMBHs is not a simple task

in such a time scale (e.g., see Natarajan, 2014).

To study the growth of SMBHs, it is critical to esti-

mate MBH reliably. So far, MBH of high redshift quasars

have been measured using UV emission lines such as C iv

or Mg ii, but the reliability of such mass indicators is in

debate. In particular the C iv-based mass estimator has

been found to have a large dispersion in comparison to

MgII or Balmer line based mass estimators (e.g., Net-

zer et al., 2007). Other systematic effects such as the

metallicity dependence of the relation are not well ex-

plored, but could influence the mass estimates if strong

metallicity evolution exists at high redshift. One way

to overcome these problems is to utilize the hydrogen

Balmer lines to measure MBHs. Being independent of
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Figure 1. The observed wavelengths of the hydrogen and other

atomic lines as a function of redshift. At z > 3 – 4, the

prominent hydrogen lines such as Hα and Hβ redshift into

the AKARI’s unique spectroscopic wavelength window of 2.5

– 5.0 µm which sits between the K-band of the ground-based

telescopes and the Spitzer IRS coverage. AKARI is currently

the only facility which was capable to detect these lines from

faint sources such as quasars. The high redshift part of the

QSONG program focuses on these key wavelength regions,

while the low redshift part of the QSONG program aims

to detect NIR hydrogen lines such as Brα, Brβ, and Pα of

nearby type-1 AGNs to construct mass estimators that are

less affected by dust extinction (e.g., Kim et al., 2010, 2015).

nucleosynthesis, the hydrogen abundance is not affected

by the metallicity evolution. Also, the hydrogen-based

mass estimators are more directly tied to the reverbera-

tion mapping-based mass estimators than the UV line-

based estimators, thus are more fundamental than the

UV line-based estimators.

Another interesting question in AGN study involves

the study of AGN in very active phase. In some models,

SMBHs are born at the center of dusty starburst galax-

ies, and the early growth of SMBHs involve red, dusty

AGN phase. To test such a scenario, it is imperative to

measure MBH, but such a task is difficult with the MBH

estimators using the rest-frame optical or UV spectra

since they are prone to the dust extinction. One can

alleviate the problem with the dust extinction by us-

ing MBH mass estimators based on the NIR hydrogen

Paschen line (Kim et al., 2010). The extension of the

method to a longer wavelength line such as the Brackett

lines would help investigate the nature of AGNs in the

dust-enshrouded phase.

However, there exists a practical difficulty in using

the Balmer lines of high redshift quasars or the Brackett

lines of low redshift AGNs to determine MBHs. Figure 1

shows how the observed wavelengths of the Balmer and

the Brackett lines change as a function of redshift. At

z > 3–4, the observed wavelengths of the Hα and Hβ

lines redshift into the wavelength of 2.5–5.0 µm, which

is practically impossible to reach from the ground for

faint objects like distant quasars, and out of the spectral

coverage from the Spitzer.

The AKARI’s unique wavelength coverage at 2.5–5.0

µm, coupled with a very low sky background in the space

at this wavelength window, enables us to detect the red-

shifted Hα line as far as z = 6.4 and the Brα or Brβ lines

at low redshift. Hence, we performed AKARI open time

programs, and an AKARI mission program, Quasars

Spectroscopic Observation in NIR Grism (QSONG; PI:

Lee, H. M.), to understand the growth of SMBHs at

high and low redshifts. Here, we give an overview of

these programs, and present preliminary results, includ-

ing the first detection of the Hα lines at z > 4.5.

2. OVERVIEW OF QSONG

The observations of high redshift quasars were carried

out both during the phase 2 (cold phase) and the phase 3

(warm phase) periods as open time programs, HZQSO,

HQSO2, DPQSO (PI: M. Im), and a mission program,

QSONG. Here, we describe each program.

The HZQSO can be considered as a pilot program of

QSONG. It was carried out during the phase 2 period,

and the main objective of HZQSO was to unveil the

redshifted optical spectra of distant quasars at 4.5 <

z < 6.43. The targets for the HZQSO program were

selected from a list of quasars at z > 4.5 that were

known when the proposal was written (2006). The list

of quasars includes those from the APM-UKST survey

(Storrie-Lombardi et al., 1996) and the Sloan Digital

Sky Survey (SDSS) quasars.

The observation was performed during 2006 – 2007,

with the NIR grism (NG) or prism (NP) mode of IRC

(Onaka et al., 2007). The data for 12 targets were ob-

tained. The NG mode provides a spectral resolution of

R ∼ 120, which is ideal for detecting strong broad emis-

sion lines of quasars (typical FWHM of 4000 km s−1).

The NP mode offers a higher throughput but a lower

spectral resolution than the NG mode. For some tar-

gets, both NP and NG data were taken so that we can

determine the continuum level of the object better. For

some other targets, only prism data were taken since the

number of available observing opportunities was limited.

Motivated by the success of the HZQSO observa-

tions, QSONG was performed during the post-He cool-
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Table 1
QSONG Sample

Redshift Number log(Lbol/L�) log(M/M�)

3.3 < z < 6.43 155 & 47 & 9

0.002 < z < 0.48 90 43.1 – 47.2 6.3 – 9.7

ing phase as a mission program using the NG mode. In

comparison to the HZQSO program, the target selec-

tion was broadened to include quasars at 3.4 < z < 6.4,

and the number of targets was increased to more than

200. For quasars at z < 5.5, a magnitude limit was

set at z . 19 mag with the on-source integration times

of 400 – 2000 secs. These limits roughly correspond

to a bolometric luminosity limit of Lbol & 1047ergs−1,

and a MBH limit of M > 109M�. The open time pro-

grams HQSO2 and DPQSO (PI: M. Im) were carried

out to complement QSONG, by observing fainter ob-

jects (z . 20 mag) at higher redshifts (z > 5.5) with

longer exposure times. Overall, the reduced sensitivity

and the increased number of hot pixels of IRC in the

warm phase made it challenging to accumulate enough

S/N, compared to the HZQSO program.

In QSONG, we also targeted low redshift type-1

AGNs, red AGNs and AGNs at low galactic latitude

(Lee et al., 2008; Im et al., 2007). The main scien-

tific purposes of the low redshift QSONG program are

to (i) establish MBH estimators based on the Brα, and

Brβ lines; (ii) use the NIR MBH estimators to derive

SMBH masses of red quasars; (iii) investigate the 3.3 µm

PAH feature of nearby AGN as a means to understand

the star formation occurring in their host galaxies (e.g.,

Kim et al., 2012; Yamada et al., 2013); and (iv) derive

AGN hot dust temperatures. Since the NIR hydrogen

lines are much less affected by dust extinction than the

optical/UV emission lines that are commonly used for

estimating MBH, establishing black hole mass estima-

tors with NIR hydrogen lines has an obvious applica-

tion to dust-reddened AGNs. Therefore, red AGNs and

low galactic latitude AGNs – both of which are affected

by dust extinction – are included in order to apply the

NIR-based MBH estimators to the dust-reddened AGNs

(e.g., Kim et al., 2010). Overall, we observed 90 nearby

type-1 AGNs with the NG mode, most of which are PG

quasars or AGNs studied by the reverberation mapping.

Twelve red AGNs were observed too. The observation

method was similar to the high redshift QSONG pro-

gram.

Table 1 summarize the number of targets and their

Figure 2. (Left) The slitless AKARI NP spectroscopy image

taken of the field around BR 0006-6224 at z = 4.51. The

figure shows the spectra of many sources, with the spectrum

of the quasar marked with a rectangular box. There are a

continuum and a redshifted Hα line appearing as a bright

spot on the spectrum; (Right) The extracted 1-D and 2-D

NP spectrum of BR0006-6224 (top), and the 1-D and 2-D

NG spectrum of the same object which shows the resolved

Hα line observed at 3.6 µm (indicated by an arrow).

properties.

3. SCIENCE HIGHLIGHTS

3.1. Detection of Hα at z > 4.5

Figure 2 shows an example of the Hα line detected at

high redshift. It shows a NP slitless spectroscopy im-

age (left), and the extracted NP and NG spectra of BR

0006-6224 at z = 4.51 (right). The tadpole-like features

in the spectroscopy image are the spectra of the sources

in the field of BR 0006-6224, with the head part of the

tadpole-shaped spectrum indicating the shorter wave-

length. The location of the BR 0006-6224 spectrum is

marked with a rectangular box, and a bright spot in the

middle of the spectrum is the redshifted Hα line. The

extracted NP and NG, 1-D and 2-D spectra of BR 0006-

6224 (right) show a strong detection of the redshifted

Hα line at 3.6 µm. This marks the first detection of the

redshifted Hα line at z > 4.5, superseding the previous

record of z = 4.3 (Oyabu et al., 2007; Sedgwick et al.,

2013).

The Hα lines were detected in 72 quasars in the NG

mode at S/N > 2, and they were fitted with a single

Gaussian profile (due to the low spectral resolution) to

derive their line widths and luminosities, and eventually

MBHs. The derived MBH values show a good agreement

with the Mg ii-based MBH values, but a large scatter is
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Figure 3. The redshift versus MBH in AGNs. The MBH

values derived from the Hα line are marked with the thick

points (different symbols indicate results from different pro-

grams), and the small dots show the MBH values from Shen

et al. (2008) where MBHs of high redshift quasars mostly

come from C IV.

found in comparison to the C iv-based MBH estimates.

Figure 3 shows a preliminary result showing the red-

shift versus MBH of the QSONG quasars over-plotted

on the SDSS quasars from Shen et al. (2008). We con-

firm that quasars with MBHs of a few billion M� exist

out to z ∼ 6, and even quasars with extremely massive

black holes (EMBHs) with MBH ∼ 1010M� exist out

to z ∼ 5. On the other hand, there seems to be a lack

of EMBH quasars at z ∼ 6. This result, together with

the fact that z ∼ 6 quasars are nearly in the Eddington

limited accretion and hot-dust poor (e.g., Jiang et al.,

2010; Jun & Im, 2013), suggests that we are witnessing

the emergence of the most massive black holes at z ∼ 6.

More details of these results can be found in Jun et al.

(2015).

3.2. Brackett Lines and Hot Dust Temperature of Nearby
AGNs

Figure 4 shows an example of the AKARI spectrum of

Mrk 110 at z = 0.035. In the spectrum, we see the

detection of the Brα and Brβ lines as well as the 3.3 µm

PAH feature.

The AKARI spectra similar to the one in Figure 4

are used to derive the Brackett line luminosities and

widths of nearby AGNs. For the case of Brβ, there are

six objects with S/N good enough to be used to derive

a MBH estimator. The Brackett line luminosities and

widths are compared with the MBH from the reverber-

ation mapping method in the literature, and we find,

Figure 4. The 2.5 – 5.0 µm spectrum of Mrk 110. The Brα,

Brβ, and PAH 3.3µm lines can be seen in the spectrum (from

Kim et al., 2015).

Figure 5. The comparison of the MBH derived from the Brβ

line versus MBHs of nearby AGNs from the reverberation

mapping. The Brβ MBH are derived using Eq. (1), and we

find that the Brβ line can be used to estimate MBH at an

intrinsic scatter of ∼0.15 dex (from Kim et al., 2015).

MBH

M�
= 105.92 × (

LBrβ

1042 erg s−1
)0.67(

σBrβ

103 km s−1
)2, (1)

with an intrinsic rms dispersion of ∼ 0.15 dex. Fig.

5 shows the Brβ MBH estimator can provide a reliable

MBH estimates over a mass range of 107 to 109 M�,

which could be quite useful when studying obscured

AGNs.

We also measured the dust temperature of the hot

dust torus (THD) of PG quasars, by fitting their contin-

uum with a model made of a power law + double black

body spectra for the hot and the warm dust temper-

atures. Thanks to the AKARI spectra that extend to

5 µm, we are able to provide a good measure of THD.

Interestingly, as shown in Figure 6, the THD values are

found to be about 1100 K on average, which is smaller

than a commonly cited value of THD ∼ 1500 K (see also

Oyabu et al., 2014).
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Figure 6. The Lbol versus THD of PG quasars. The derived

THD values are much less than often cited values of THD ∼
1500 K (the figure is taken and modified from Kim et al.,

2015).

These and other results, as well as the AKARI spectra

of the QSONG low redshift sample are presented in Kim

et al. (2014).

4. SUMMARY

We carried out a 2.5 - 5 µm spectroscopy of 155 high

redshift quasars and 90 low redshift AGNs using AKARI

IRC. Our study identified Hα lines of the high redshift

quasars at z > 4.5 for the first time, which confirms the

previous estimates of MBH in high redshift quasars and

reveals an active formation of SMBHs at high redshift.

We also derived MBH estimators based on the Brackett

lines and found THD ∼ 1100 K for low redshift AGNs.
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