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high-z QSO 探査

再 電 離
最初の天体？

銀河、クェーサーの形成開始

再電離完了

水素ガス→中性化

現　在

z=7
8億年
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再電離はどのように進んだのか？

z~7において再電離に対するQSOの寄与
度合はどれほどだったのか？

○クェーサーから放射される総エネルギー
→数密度から見積もり

high-z QSO 探査
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high-z QSO 探査

QSOの数密度はhigh-z で激減している

z=2.5 → 6で1/40に減少

再電離に寄与するには充分ではない

が、明るいQSOしか見つかっていないた
め、正確な評価はできない

that the knowledge about quasar emission we learned
from the local universe can be applied to the highest red-
shift. We will discuss both points in more detail.

The density of luminous quasars is a strong function of
redshift: it peaks at z ! 2–3 and declines exponentially
towards lower and higher redshift (e.g. Schmidt et al.,
1995; Boyle et al., 2000). Compared to the evolution of
star-formation rate in the Universe, the quasar density
peaks at higher redshift, and evolves much faster. This
exponential decline continues to the highest redshifts. In
Fig. 3, we present the density of quasars at
M1450 < "26.7 found in 6000 deg2 of SDSS data at z ! 6,
along with the results from lower redshift (Schmidt et al.,
1995; Boyle et al., 2000; Fan et al., 2001b). The quasar den-
sity at z ! 6 found here is consistent with extrapolating the
best-fit quasar luminosity functions in the range 3 < z < 5.
The comoving density of luminous quasars at z ! 6 is !40
times smaller than that at z ! 3. These objects are tracing
the initial rise of the earliest supermassive black hole
population.

The mere existence of these objects is an amazing feat of
the galaxy formation process. The SDSS z ! 6 quasars are
among the most luminous quasars at any redshift; their
apparent magnitudes are !19 even at z > 6! They are likely
powered by supermassive black holes with several billion
solar masses, and reside in dark matter halo’s of 1013Mx.
They are among the most massive black holes and galaxies
at any redshifts. It is a challenge as how the universe could
have formed with such massive galaxies, and in particular,
have assembled such massive black holes in the first Gyr of
the cosmic evolution. They are clearly the rarest and most
biased systems in the early universe, and probably have

started the initial assemble at redshift much higher than
10, well into the dark ages, providing important clues to
the co-formation and co-evolution of the earliest supermas-
sive black holes and galaxies (Section 5).

Surveys such as SDSS only sample the brightest end of
the quasar luminosity function. Do fainter quasars and
AGNs evolve differently at high-redshift? We know from
the 2 dF quasar survey that at low-redshift, the quasar
luminosity function is well fit by a double power law with
pure luminosity evolution, in the sense that the characteris-
tic luminosity of quasars decreases at lower redshift. This
can be understood in the sense that the black hole activities
powering the quasars are downsizing towards current
epoch, similar to what people found in X-ray selected sam-
ples (e.g. Cowie et al., 2003).

But at high redshift, we currently have very little con-
straints on the LF shape. The SDSS main surveys are
limited to MB < "26 at z > 4. Does the difference between
X-ray and optically selected samples truly reflect the differ-
ent evolution of the obscured population? Or it is simple a
luminosity effect? Are we seriously biased by only looking
at the luminous sources? We are currently using the
repeated imaging in the SDSS deep stripe in the Southern
Galactic Cap to select faint, high-redshift quasar candi-
dates and carry out a deep quasar survey with the 300 fiber
HECTOSPEC spectrograph on the MMT. This deep sur-
vey will reach 2–3 mag fainter than the SDSS main survey.
We will be able to find several thousand new faint quasars,
including few hundred at z > 3, and a reasonable number at
z ! 6 (depending on the unknown slope of quasar luminos-
ity function at high-redshift). This new survey will enable
us to reach AGN luminosity at z ! 3 in a wide area, and
bridge the current SDSS wide area sample with deep pencil
beam surveys such as the CDFS. Preliminary results
(Fig. 4) already strongly suggest a very different LF slope

Fig. 3. The evolution of the quasar comoving spatial density at
M1450 < "26.7. The filled circle represents the result from this survey.
The error-bar in redshift indicates the redshift range covered by the i-
dropout survey. The dashed and dotted lines are the best-fit models from
Fan et al. (2001b) and Schmidt et al. (1995, SSG) respectively. The solid
line is the best-fit model from the 2 dF survey (Croom et al., 2004) at
z < 2.3.

Fig. 4. The luminosity function of quasars at z ! 4.5, comparing the data
from the SDSS main survey, the SDSS deep survey, COMBO-17 survey
and quasar candidates in the GOODS field. It is evident that quasar
luminosity function at z ! 4 is shallower than that at z < 2.

X. Fan / New Astronomy Reviews 50 (2006) 665–671 667
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Fan et al 2006

1
40

よりhigh-z

よりfaintな
QSOを見つける必要がある

or
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high-z QSO 探査

QSOはいつできた？
・z>6 に　　　　　　　　　　の存在
・1Gyr以内にどのようにして形成されたの
か？
・BH 形成モデルとの比較
　→暗いQSOサンプルが必要

MSMBH ∼ 108−9M"

異なる進化段階のQSO
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目的
・z~7 QSOs の発見（現在の最遠方：z=6.43）

観測装置
・すばる望遠鏡    Suprime-Cam
        - 広視野 : QSO低い個数密度に対応
        - 高感度 : 遠方にあり、暗いため
　　- New CCD の導入 

HSCに先駆けて…
・この研究からz~7 QSO 個数密度に制限
　→ HSC の観測計画の指標

研究内容
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zR J

λ[μm]
1 1.1 1.2 1.3 1.40.90.6 0.7 0.8

fλ

zB

z~7 QSOs の選択法

z~7 QSO スペクトル概略図

z~7 QSO SED
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z~7 QSOs の選択法

z=6.3

z=6.8
z=7.1

zb, zr, J の3band

(zb-zr) vs (zr - J) color 
selection

L/T dwarf と分けるこ
とが可能

狙い
・6.5 < z < 7.1
    (図の灰色の部分)

QSO SED model dwarf SED model
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new CCD

λ[Å]

Q.E.

new CCD
Suprime-Cam CCD
 quantum efficiency

old CCD

2倍!!

new CCD になり、赤方の
感度が向上している

λ=10000[Å] (z-band)

では感度が2倍に!
→　　     は1/2ですむ

感度が上がったことで
観測効率が良くなった

Texp
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UKIDSS

UKIDSS  DXS  fields

UKIDSS = UKIRT Infrared Deep Sky 
Survey

UKIRT 望遠鏡のWide Field Camera 
(WFCAM)を用いたサーベイ観測 

UTS → 深いが狭い
LAS → 広いが浅い
DXS → 広さ、深さともにSup-Cam
              と合う

DXSを採用

HSC を用いる場合は LASも良いか
も…

○Large Area Survey (LAS) :
              4000 sqdeg    K=18.4 (5σ) 
○Deep Extragalactic Survey (DXS):
                 35  sqdeg    K=21.0 (5σ)
○Ultra Deep Survey (UDS):
               0.77 sqdeg     K=23.0 (5σ)

UKIDSS extragalactic survey 
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観測領域

UKIDSS DXS DR5

depth : J =23.4 (AB)  
2009.6月時点：~7sqdeg 完了

今後観測予定

観測した領域
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観測領域

UKIDSS とSuprime-cam

○観測領域：~7sqdeg

○           : zr = 120 [sec] × 5 shot   ,  zb = 360 [sec] × 5shot
○depth : zb < 25.5    ,   zr < 23.0

Texp
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観測領域

UKIDSS とSuprime-cam

○観測領域：~7sqdeg

○           : zr = 120 [sec] × 5 shot   ,  zb = 360 [sec] × 5shot
○depth : zb < 25.5    ,   zr < 23.0

27′ 27′ 27′

34′34′

34′

Texp
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z~7 z’-drop

J < 23

100 sqdeg で N ~ 10 (上図)

今回の観測領域 : 7 sqdeg

 期待値 : 1個見つかるかどうか …

 ところが下図を見ると、
期待値は数個程度と見積もれる

z~7 QSO 発見数の見積もり
Fan 08

Jiang 08
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reduction soft の修正
・バグの除去

data reduction 終了
・28視野 × 2 band (zr, zb)

解析はまだまだつづく…

観測と解析状況

観測日: 6/22~24 
マウナケア山麓からリモート観測
seeing : ~0.55 

観測

解析状況
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z~7 QSOの再電離への影響
・今回の観測からz~7にあるQSOの数密度に制
限を与える

high-z QSO 探査の意義
・よりhigh-zなQSOサンプルを増やす
・QSOはどこまで存在する？
・ビッグバン後1Gyr以内のSMBH形成過程

まとめ
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視野1.5degφ
→広範囲のサーベイができて嬉しい
多くのQSO sample が得られる期待

Y < 23.6 (                      )
・発見される期待値が上がる & 

　より暗いQSOも見つけることが可能である
　ので、ぜひこのままで！

展望（HSCを用いたサーベイ）

Texp = 20[min]
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ありがとうございました
(後で『クェーサーの謎』買おう…)
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omake
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high-z QSO 探査

輝線強度比（金属量）がz>6になっても
変わらない

IGMはz>6で金属汚染された？

2 Y. Juarez et al.: The metallicity of the most distant quasars

2. Observations

We observed a sample of 30 high-redshift quasars (4.0 <
z < 6.4) from the SDSS by means of near-IR and opti-
cal spectra covering at least the UV rest-frame emission lines
SiIVλ1397+OIV]λ1402 and CIVλ1549, but in most cases the
spectra extend to λrest ∼ 3000 − 4000Å. The original goal of
most of the observations was to constrain the dust extinction in
high-z QSOs. A more detailed description of the data and the
results on the dust extinction will be given in Gallerani et al. (in
prep.). Here we only focus on a byproduct, namely the evolution
of the BLR metallicity based on the (SiIV+OIV)/CIV ratio.

Observations were obtained both with the Italian Telescopio
Nazionale Galileo (TNG) in Spain and with the Very Large
Telescope (VLT)-ESO in Chile. Observations were performed
in several observing runs from 2003 to 2005. The observa-
tions at the TNG were obtained with the Near Infrared Camera
Spectrograph (NICS) mostly with the Amici prism to obtain
spectra in the range 0.9-2.3 µm at R∼75. This low-resolution
mode is excellent for investigating the QSO continuum shape,
but also for detecting broad emission lines. Some QSOs were
observed again with the IJ grism to obtain 0.9-1.45 µm spectra
at R∼500. Typical integration times ranged from ∼20 minutes to
∼3 hours. The observing strategy and data reduction are similar
to those discussed in Maiolino et al. (2004).

The spectroscopic observations at ESO-VLT were done with
the FORS2, along with the grismGRIS150I, to observe the range
6000-11000 Å at R∼300. These observations are mostly used to
cover the short-wavelength part of some of the quasar spectra
not properly sampled by the near-IR observations, but we also
specifically observed a few quasars with no near-IR data with
the specific aim of measuring the (SiIV+OIV)/CIV ratio. The
total exposure times range from 30 to 60 minutes. For some of
the z < 5 quasars observed with NICS, for which no FORS2 ob-
servations were available, we combine our near-IR spectra with
optical data taken from Anderson et al. (2001).

3. Results

While individual spectra will be shown in a forthcoming
paper (Gallerani et al., in prep.), in this letter we report
the measurements of the (SiIV+OIV)/CIV ratio. To mea-
sure emission line fluxes, these low resolution quasar spectra
were fitted with a model consisting of a power-law contin-
uum and Gaussian profiles to model the emission lines. The
power-law continuum was fitted using small spectral regions
free of emission features (1345–1355Å,1445–1455Å,1695-
1704Å,1973–1983Å). The SiIV+OIV] blend is unresolved and
is fitted with a single Gaussian. Eight of our sources are broad
absorption line (BAL) quasars. In these cases the measurement
of the emission line flux is more complex and uncertain be-
cause of the absorption troughs, which are avoided when fit-
ting both the continuum and the emission lines. Table 1 lists
the (SiIV+OIV)/CIV ratio for all quasars in our sample, along
with their redshift and continuum luminosity (λLλ at 1450Å).
Figure 1 (top panel) shows the measured (SiIV+OIV)/CIV ra-
tios as a function of redshift. According to the calibration given
in Nagao et al. (2006a), the observed ratios correspond to metal-
licities that are several times solar. No correlation is observed
between the emission line ratio (hence metallicity) and red-
shift. Figure 2 shows the average spectra in the redshift intervals
4.0<z<5.5 and 5.5<z<6.4 (obtained by first normalizing indi-
vidual spectra to the continuum at λ1450Å, and avoiding BAL

Fig. 1. (Upper) (SiIV+OIV)/CIV flux ratio as a function of red-
shift for quasars observed in this work. Squares indicate non-
BAL quasars, while diamonds indicate BAL quasars. (Lower)
(SiIV+OIV)/CIV ratio inferred from quasar stacked spectra,
both for the high-redshift quasars presented here (filled symbols)
and for the lower redshift quasars studied in Nagao et al. (2006a)
(empty symbols).

Fig. 2. Stacked spectra of quasars in different redshift bins (all
normalized to λ = 1450Å). The red solid line and the blue
dashed line are the stacked spectra from our sample in the red-
shift intervals 5.5<z<6.4 and 4.0<z<5.5, respectively. The black
dotted line is the SDSS quasars stacked spectrum in the redshift
interval 2.5<z<3.5.

quasars), which are remarkably similar1, again highlighting any
lack of evolution.
1 Small differences in Lyα and NV are due to different absorption of

the IGM and to different spectral resolution of the spectra.

Y.Juarez et al 2009
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Super-Eddington

母銀河からの
ガス供給

星形成が止まる

“しきい値”

暗いQSO探査：異なる進化段階　“特にBH成長段階”を調べることが可能！

“QSO” “Post-QSO”“proto-QSO”

Sub-Eddington

(Kawakatu &   
Wada 2009)
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Fig. 6.— QLF at z ∼ 6. The filled circle represents the density
of the six quasars in the SDSS deep stripe and the filled triangles
represent the densities from a study of 17 quasars from the SDSS
main survey. The open circle is the constraint from the quasar
discovered by Cool et al. (2006). The dashed line shows the best
power-law fit to the SDSS quasars. The slope of the QLF is −3.1±
0.4.

where the sum is over all quasars in the sample. This
is similar to the revised 1/Va method of Page & Car-
rera (2000), since p(M1450, z) has already corrected the
incompleteness at the flux limit. We find that the
spatial density at 〈z〉 = 6.0 and 〈M1450〉 = −25.8 is
ρ = (5.0 ± 2.1) × 10−9 Mpc−3 mag−1.

In the SDSS main survey, more than 20 quasars at
z > 5.8 have been discovered. Seventeen of them were se-
lected using similar criteria, and consist of a flux-limited
quasar sample with zAB < 20. This bright quasar sample
includes 14 published quasars (e.g. Fan et al. 2006a) and
three new quasars (Fan et al. in preparation). We com-
bine this sample with our sample to derive the QLF at
z ∼ 6. The quasars in the combined sample are divided
into four luminosity bins as shown in Figure 6. The QLF
at the bright end at z ∼ 6 is well fit to a single power
law Φ(L1450) ∝ Lβ

1450, or,

Φ(M1450) = Φ∗10−0.4(β+1)(M1450+26), (5)

where we only consider luminosity dependence and ne-
glect redshift evolution over our narrow redshift range.
The best fits are Φ∗ = (5.2 ± 1.9) × 10−9 Mpc−3 mag−1

and β = −3.1 ± 0.4. The slope β = −3.1 ± 0.4 is consis-
tent with the slope −3.2±0.7 derived from the luminous
sample alone by Fan et al. (2004) and with the slope
> −4.63 (3σ) constrained by the lack of lenses in four
high-redshift quasars (Richards et al. 2004).

5. DISCUSSION

We have derived the QLF at z ∼ 6 and found a steep
slope (β = −3.1) at the bright end. From the SDSS Data
Release Three, Richards et al. (2006) showed strong evi-
dence that the bright-end slope of the QLF significantly
flattens from z ∼ 2 to 4. They found that the slope
at z ∼ 2.0 is −3.1 ± 0.1 and the slope at z ∼ 4.1 flat-
tens to −2.1 ± 0.1. At z ∼ 6 the slope steepens again to
−3.1±0.4 at a significance level of ∼ 2.5σ. The flattening
of the slope at z ∼ 4 has been questioned by Fontanot et
al. (2007), who argued that the spectral index Richards

et al. (2006) used to correct for sample incompleteness
was too blue. Hopkins et al. (2007) have analyzed the
bolometric QLF from multiple surveys and stress that
the flattening is seen at high significance. The lack of
flattening claimed by Fontanot et al. (2007) would be
real only if the distribution of quasar SEDs was redshift-
dependent, contrary to what is found in most observa-
tions. Hence, the slope change from z ∼ 4 to z ∼ 6
is highly likely to be physical. The steepening of the
slope at z ∼ 6 has important consequences in under-
standing early BH growth in quasars. Quasar evolution
at z ∼ 6 is limited by the number of e-folding times avail-
able for BH accretion, therefore the shape of the QLF at
z ∼ 6 puts strong constraints on models of BH growth
(e.g. Wyithe & Loeb 2003; Hopkins et al. 2005; Volon-
teri & Rees 2006; Wyithe & Padmanabhan 2006; Li et
al. 2007), and helps determine whether standard models
of radiatively efficient Eddington accretion from stellar
seeds are still allowed, or alternative models of BH birth
(e.g. from intermediate-mass BHs) and BH accretion
(super-Eddington or radiatively inefficient) are required
(e.g. Volonteri & Rees 2006).

The steepening of the QLF slope also has a strong im-
pact on the quasar contribution to the ionizing back-
ground at z ∼ 6. The reionization of the universe occurs
at z = 11±4 (Spergel et al. 2007) and ends at z ∼ 6 (e.g.
Fan et al. 2006b). Studies have shown that quasars/AGN
alone are not likely to ionize the IGM at z ∼ 6 (e.g.
Dijkstra et al. 2004; Meiksin 2005; Willott et al. 2005;
Douglas et al. 2007; Salvaterra et al. 2007; Srbinovsky &
Wyithe 2007; Shankar & Mathur 2007). Galaxies proba-
bly can provide enough photons for the reionization (e.g.
Yan & Windhorst 2004; Bouwens et al. 2006; Kashikawa
et al. 2006; McQuinn et al. 2007), however, the individual
contributions of galaxies and quasars to the reionization
are not well determined. The galaxy contribution is un-
certain due to our lack of knowledge of factors such as
the star-formation rate, the faint-end slope of the galaxy
luminosity function, and the escape fraction of ionizing
photons from galaxies (e.g. Bunker et al. 2004; Bouwens
et al. 2006); while the quasar contribution is poorly con-
strained due to the lack of the knowledge of the faint end
of the QLF at z ∼ 6.

We estimate the rate at which quasars emit ionizing
photons at z ∼ 6 from the QLF derived in § 4. Following
Fan et al. (2001a), we calculate the photon emissivity of
quasars per unit comoving volume at z ∼ 6 as

Ṅq = εq
1450 np

1450, (6)

where εq
1450 is the quasar emissivity at 1450 Å in units of

erg s−1 Hz−1 Mpc−3 and np
1450 is the number of ionizing

photons for a source with a luminosity of 1 erg s−1 Hz−1

at 1450 Å. We estimate εq
1450 from

εq
1450 =

∫

Φ(M1450)L1450 dM1450, (7)

where Φ(M1450) is the QLF at z ∼ 6 and the integral
is over the range −30 < M1450 < −16. At low redshift,
the shape of the QLF can be well modeled as a double
power law with a steep bright end and a flat faint end
(e.g. Boyle et al. 2000; Richards et al. 2005; Jiang et al.
2006b). At z ∼ 6, we assume a double power-law form
for the QLF as well,

Φ(M1450) =

Jiang et al 2008
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