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To the farthest reaches of the Universe
* z =0.158 (1963)
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To the farthest reaches of the Universe

% z = 7.085 (Mortlock+11

T T T T v T T T ' T v
Follow—up photometry of ULAS J1120+0641:
= (O.‘IiO.4)x1O_17 W m™ 2 ,u,m_1; i
= (0.6+0.2)x107 " W m™ 2 um
= (8.1+£0.4)x107"7" W m™2 um
= (6.0+0.4)x10°"7 W m™?

%1076

10710

Flux density, Fy (W m~% um™)

0

Wavelength, A (um)

Observed wavelength (pzm)
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Time, t (Gyr)
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1 — J1342+0928 (this work)

] — ULAS J1120+0641 (ref.1)

{1 — SDSS J0100+2802 (ref.16)

1 @ Other quasars at z = 6 (ref. 24)
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The biggest “thing” in the universe (George Becker)

ULAS J0148+0600
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IGM neutral fraction

The most distant quasars - why do we care?

L =0.001L

min

galaxies? ) ‘
| .

B Maximum Likelihood SFR History
_ ML + 68% Credibility Interval L ---ee ML SFR History Without z Constraint

- Robertson et al. 2013 @ SFR Density from UV Luminosity Density
Q SFR Density from IR Luminosity Density
Forced Match to WMAP ¢

!

Planck2015
instantaneous

A Ly-a Forest Transmission
A Dark Ly-a Forest Pixels
O m Quasar Near Zone
O GRB Damping Wing Absorption
O Ly-a Emitters
& Ly-a Galaxy Clustering
® Ly-« Emission Fraction

3 4 6 7
8 10 12 redshift

Redshift z
(Robertson+15) (Madau+15)
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The most distant quasars - why do we care?

\ 2 Host galaxy evolution
_ - _. * Star formation history
WEPC2 ki s & * Quasar feedback?
Hubble SpaceTelg::::t:iA%§7:RC Coronagraph * Chem ical en ri Ch ment
Stars and gas in the hosts Scaling relations Chemical evolution

~J0109-3047 QQJN 09-3047

Arcseconds

Fell /Mgll

Local galaxies, Tremaine02
Quasars ot 1.4= z= 5
, z~ 6 Quasars, 6=FWHM/2.35 m
z~ 6 Quasars, ¢ based on Ho (2007a) O
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In order to perform these tests,
you must FIND quasars first.
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Subaru Hyper Suprime-Cam SSP survey

-

Hyper Suprime-Cam (HSC)

* 116 2K x 4K Hamamatsu FD CCDs
(104 CCDs for science exposures)

* Circular FoV of 1°.5 diameter

* Miyazaki et al. (2018)

~N

Q

‘

The HSC SSP (Subaru Strategic Program) survey

* 300 Subaru nights over 5 years, started in early 2014.
Wide: ras < 26.1 mag over 1400 deg?
Deep: ras < 27.1 mag over 27 deg?
UDeep: ras < 27.7 mag over 3.5 deg?

* Filters: (g, , i, z, y) in Wide, + NBs in Deep & UDeep

HSC-D/UD

0.089 0.159 Q_.\282 »0.5C3 0.895 1.5“94 2,838 5.054 9.000
Galactic Extinction E(B-V)

Table 7: Quasar Samples
Wide (1400 deg?)
redshift | 3.7-4.6 | 4.65.7 /5964 | 6672\ <1 [ 3746 | 4657 | 6.6-7.2
mag. Tange | 7 <23.0 | i<24.0| 2 <240 [ y<234[i<25.0i<25.0 <250 y<253
number | 6000 | 3500 § 280 50 2000 200 | 50 | 3

Deep (27 deg?)
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Yoshiki Matsuoka (Ehime University)

Bayesian probabilistic selection

Quasar probability: Pq = Wa/(Waq+Wh)
Wa (m, det) = [ [ pa (Mint, 2) Pr (det | mint, 2) Pr (m | Mint, 2) dmint dz
Wb (m, det) = [ [ pp (Mint, tsp) Pr (det | mint, tsp) Pr (m | mint, tsp) dmint dtsp

/ 8y\_ _ _
observed magnitudes log(Pg )=~3 NEENENNN

in HSC + NIR bands

HSC ZAB—YAB

— Spectroscopic follow-up of all the photometric candidates with Pq > 0.1
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Yoshiki Matsuoka (Ehime University)

Brief summary of the SHELLQs progress

* HSC-SSP survey: the previous, S17A data release contains ~650 deg? of the Wide
fields, with more than a single exposures in the /, z, and y bands.

* Candidate selection: ~300 candidates with (zas < 24.5 or yas < 24.0) & Pq > 0.1.

* Spectroscopic follow-up is underway, with Subaru, Gemini, and GTC. In particular,
we were allocated 60 Subaru nights in total, including two “intensive program’s.

* We have identified 163 candidates so far, which include 80 high-z quasars, 25 high-z
galaxies, 6 [O lll] emitters at z~0.8, and 53 brown dwarfs.

* A series of publications:
- Paper | (Matsuoka+16): initial discovery of 9 quasars
- Paper Il (Matsuoka+18): more discovery of 24 quasars
- Paper Il (Izumi+18): ALMA follow-up
- Paper IV (Matsuoka+18): more discovery of 31 quasars
- Paper V (Matsuoka+18, submitted): quasar luminosity functionatz = 6
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Yoshiki Matsuoka (Ehime University)

Examples of the dlscovery images and spectra

J1429 01 04 (Z 6 8)

3
2
1
0

2".11 P A" N Y CUIMEMA L ..jhlu.‘.ﬂl “.L 1 ‘.“Jll ' ™ T HLRWN'“. Q0 s Illl i i“

J1205-0000 (z = 6.75)

O .'Ld"n“ “Lll 1 ‘

8500
Observed wavelength A_,, (A)
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Yoshiki Matsuoka (Ehime University)

J1205-0000 (z~6.7—6.9) - J0844-0052 (z=6.25) F : ) ) -E U1126-0005 '(2=6.30)

L ) i " P, o R o ) >
1223640032 "(2~6. ) ! :

- T, - . T T T T

J0859+0022 (2=6.39)

J2201+0155 (z=6.16)

J1423-0018 (z=6.13)

X —

111440:0107'(3-6 13)

n N . N
J1207 0005 (z=6.01)

R R I YW Rl
| U1202-0057 (2=5.93) i

J0202—-0251 (2=6.03)

J1400-0125 (z=6.04)

J1400-0011 (z=6.04)

J1004+0232 (z=6.41)

J16809+5515 (z=5.87)

J2304+0045 (z_e 36) : E 4223120035 (2=5.87)

J2255+0251 (2=6.34)

J1406-0116 (z=6.33)
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Yoshiki Matsuoka (Ehime University)

Highlight (1/5): UL
Sample statistics

x SHELLQs goloxies
lllITIIIIIIIIIIllIllllll]lllllllllIIIIIIIIIIIIIIIIIII]
o

- —

e quasars
e galoxies

UV absolute magnitude (M,,s0)

= QUASArs
== galoxies

®
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>
|
©
<
N
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== [Olll] emitters

am dwarfs

—— quasars
- — goloxies

+ O-M stars
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L dwarfs
T dwarfs
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o
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J

0 1 2 3 4 S , 0.2 0.4 0.6 0.8

HSC iAB_ZAB Quasar probability (Pg)
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Yoshiki Matsuoka (Ehime University)

Highlight (2/5) : the 3rd z > 7 quasar

o ggten HSC J1243+0100

1.4%

1.2 ]

1.0 ye (Z = 7.05)
0.8 Mgl

0.6% |
_.0.4%

IGM absorption ULAS J1 120"‘0641
-= > (z = 7.09)

Mgll
|

I e ULAS J1342+0928
(z = 7.54)

Gemini/( W Mgl

1.9 2.0
Observed wavelength (um)

lllllllllllllllllll lllllllllllllllllllllll

N
n
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Yoshiki Matsuoka (Ehime University)

Highlight (3/5): Luminosity functionatz =6

110 complete sample of quasars from SHELLQs survey completeness

SDSS, CFHQS, and SHELLQs ... estimated by adding artificial sources
to the HSC images, and recovering them.

o SDSS
X CFHQS
e SHELLQs

Redshift

0.0 0.5 1.0

completeness NS~ |

6.2
Redshift
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Highlight (3/5):

Yoshiki Matsuoka (Ehime University)

Luminosity functionatz =6

HSC z,g (apparent magq)

22 20

l I 1 ! l

0O SDSS (Jiang+16)

X\.»u
) )

1 llllll

£~ ']

® SDSS+CF

X Faint-end slope
a=-1.36 = 0.41

v Determined for the
first time.
v’ Rather flat.

LI IIIIII

D(Mi450, 2) = 100-4(a+1)(M14

=

]

—

.,F =

X Bright-end slope
B=-2.78 £ 0.35
v Consistent with the

past (SDSS, CFHQS)
measurements.

1 Ll L1l

X Break magnitude
Miss0* = -25.1 £ 1.0

v The existence confirmed
for the first time.

x Characteristic density
@* = 9.1+10.8 5 5 (Gpc-3 mag-)

1 1 lllllll

—22

-24 —26

M 450 (mog)
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Yoshiki Matsuoka (Ehime University)

Highlight (3/5): Luminosity functionatz =6

Comparison with other measurements LF evolutionover4 <z <06

HSC z,g (apparent mag)

24 22 20 18
1 1 ! 1 I T I I I 1 ' 1 I 1

1000.00

Ono+18 (LBGs)
7 Giallongo+15

Parsa+18

This work

Ono+18 (LBGs)
Onoue+17

- = Willott+10

== This work

1
-26
M50 (Mag)

YT ' Similar overall shape
Misso (Mag) — Strong decline in the number densities
— Galaxies outnumber at M1450 > —23 mag
— contradicts with the previous claim of

“numerous faint AGNs dominating cosmic
reionization”
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Yoshiki Matsuoka (Ehime University)

Highlight (3/5) Lum|n03|ty functlon at r A= 6

\ o . » . ‘.
) * A3 5 N .' }‘!

So, how do we interpret thls e i R
— Theoretical models... L L . I W

'Y 7L BET/\O—RNICTEET 3
Isothermal Distribution
Radiative Gas Cooling
AGN Feedback

Supernova Feedback
A{[rehea,t = /3(‘@1«:)‘/)

Star Formation oy — Mcold
(quiescent mode) T

major merger

starburst SUPERMASSIVE
BLACK HOLES

Ishiyama-+15 740 SRR RSO e e s e i N
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Yoshiki Matsuoka (Ehime University)

Highlight (4/5): Contribution to reionization

X Evolution of the HII volume-filling factor dQmuri(t) Nion  Qmurr(t)

dt <nH> trec
— In order to keep the IGM fully ionized:

(Lusso+15)

where

- total emissivity
at 1450 A

- Number of ionizing
photons per L14so
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Yoshiki Matsuoka (Ehime University)

Highlight (4/5): Contribution to reionization

(CHII =1, 3, 5)

Star—forming galoxies
(Robertson+15)

Planck2018
instantaneous
reionization

- Quasars
_~~. _(dng,/dt = const)

I
o
-
O
=
O
O
—
Y—
O
O
Ko
-
R,
=
Q

Redshift
— Integrating the luminosity function over 1 Quiees o
. S > (dnge/dt x 10707
-18 < M1450 < -30 mag gives the ionizing 2
photon density: Sedshitt
Nion = 1048.90.2 (-1 Mpc-3) — Quasars alone cannot reionize the

— <10 % of the density necessary to Universe. They contribute <10 % of the

keep the IGM fully ionized photons necessary to keep the IGM fully
lonized.
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Yoshiki Matsuoka (Ehime University)

Highlight (5/5) dlfferent classes of objects

J0905+0300 (2=6.27)

o

1 1 1 1 ] 1 1 1
J1423-0018 (z=6.13)

llllllIIllllllllllllllllllllllllll llllllllllll

%

Rest wavelength A ., (A)
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9500 (Angstrom)

+— composite spectrum

of 12 similar objects

We classify these objects
as “possible quasars”,
given their bright Lya

and NV mini-BAL (?) in
the composite spectrum.




Yoshiki Matsuoka (Ehime University)

nghllght (5/5) dlfferent classes of objects

LﬂJH“L‘LLn&u;huulh A id.x IH& .‘lﬁ”hﬂl . .u.“lumdnﬁjlh i-!“ “‘ ..

: 14 Mm ..... i W
U.l.“hh

9500 (Angstrom)
+— composite spectrum

of 14 high-z galaxies

S
>
_l .

b

Fy (107'® erg/s/cm?/A)
N

1250 1300
Rest wavelength A ., (A)
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Yoshiki Matsuoka (Ehime University)

nghllght (5/5) dlfferent classes of objects

J1157-0157 (2=0.810)
100

?\.
L.

1 l. 1 1 I I 1 L
J1443-0214 (2=0.776)

L] L L] ] I L]
J0234-0604 (T2)
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9500 (Angstrom)
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Yoshiki Matsuoka (Ehime University)

Multi-wavelength follow-up (1/2): near-IR

* Luminosity function = BH mass function x Eddington ratio function

0.3 <2<0.8

iT‘,
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10.0 10.5 11.0 115 120 9.5 10.0 10.5 11.0 115 120 9.5 10.0 105 11.0 11.5 12.0

log j\[* []\[ ] log 17\[* [j\[ } 10g J\[x [A[ ] Bongiorno+16

— BH mass measurements with Mg Il A2800 line in near-IR (Onoue+, in prep)
... 9 objects observed so far with Subaru/MOIRCS, VLT/X-Shooter, Gemini/GNIRS

”k.l! |

Jl |
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Aobs [A] after 2pix binning & smoothing (¢
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Yoshiki Matsuoka (Ehime University)

Multi-wavelength follow-up (2/2): ALMA

/ quasars observed in Cycles 4 & 5 (Band 6) Golor = [CII] integrated intensity

Contour = FIR continuum

0.60

ay W J0859+0022 “|(b) ¥ J1152+0058 2222 J2216-001arl, o = J1202- 0057 054
‘ 4 73 ; , 0.200 . ’ o a8
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o . 1 0.075 - 0.18
/ , - i TI. r-‘_

Dec (J2000)
Dec (J2000)
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Dec (J2000)
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3 kpc m_ 3 kpc Skpc kac
F R 0.000

e | | L
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0.00
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Previous studies
HSC quasars

)

‘

SMBH Mass (M

HSC quasar
Luminous quasar
Low-luminosity quasar ||
»2GC Model
Kormendy & Ho 2013

1Olll
Dynamical Mass (M)

lzumi+18; lzumi+ in prep
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oka (Ehime University)

To the farthest reaches of the Universe (future prospects)

1000.00

SON - Semester S18B
18! )\ Subaru Telescope Proposal ID PROPIDTMP
:——f‘? 7/ National Astronomical Observatory of Japan Received RECEIVETMP

Application Form for Telescope Time
(Subaru & Subaru = Gemini)

| 1. Title of Proposal
Subaru Complete Census of the Most Distant Quasars at z > 6.5

2. Principal Investigator

Name: Matsuoka Yoshiki

Institute: Ehime Univ.

Mailing Address: 2-5 Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan

E-mail Address: vk.matsuoka@cosmos.ehime-u.ac.jp Phone: +81-89-927-957¢

3. Scientific Category
[ ] Solar System [ ] Extrasolar Planets [ ] Star Formation and Young Disk

] 18M
Normal Stars [: Metal-Poor Stars : Compact Objects and SNe j Milky Way

| Local Group E Nearby Galaxies IGM and Abs.Line Systems ] Cosmology

-26
Mi4s0 (mog)

Gravitational Lenses [: Clusters and Proto-Clusters Galaxy Properties and Environment

High-z Galaxies(LAEs, LBGs) |: High-z Galaxies{others) AGN and QSO Activity j Miscellaneous

4. Abstract {approzimately 200 words)
Quasars at high redshift {z > 6) are an important probe of the distant universe, for understanding the origin and progress
of cosmic reionization, the early growth of supermassive black holes (SMBHs), and the evolution of the host galaxies.
By exploiting the exquisite imaging data produced by the Hyper Suprime-Cam SSP survey, we have been carrying out a
spectroscopic survey for high-z quasars, partly as a Subaru intensive program, and have already achieved stunning success
by discovering ~70 quasars at z > 5.8, including seven quasars at 2z > 6.5. However, our knowledge is still largely limited
to z < 6.5, due to the lack of a statistically complete and robust sample of quasars at higher redshifts. In order to make

n | ]
30 n I htS Wlth S u baru/FO AS a breakthrough in this field, here we propose a new intensive program, which involves 38 nights over 6 semesters. We
will discover 50 quasars at 6.5 < z < 7.5 in a systematic way, and establish the first quasar luminosity and SMBH mass
functions at z ~ 7. Subaru/FOCAS will be used for discovery observations, while Gemini/GNIRS will be used to measure

'th ro u h : 2: 2 1 A SMBH mass and metallicity for the brightest quasars we discover. By comparing the measured statistical properties of
the quasars with theoretical models, we aim to answer the most fundamental questions on the early cosmic history.
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Yoshiki Matsuoka (Ehime University)

To the farthest reaches of the Universe (future prospects)
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