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Yoshiki Matsuoka (Ehime University)

High-z quasars Unique probe of the early Universe

Why do supermass:ve black h.oles
(SMBHs) exist?

*x When were they born? - | i
* What were their seeds? | | ﬂ
* How did they grow in the early and late epochs of the cosmic hlstory’
AR TR AT

e — e = —

" How did the host galax:es form and

(co-)evolve?
* When and how did the first stellar-mass assembly happen?

* Did SMBHs impact the host galaxy evolution? If so, how?
* Do they mark the highest density peaks of the' DM distribution?

- When and how was- the Universe re-
_ionized?

*x When did re-ionization start and complete?

- X How did it proceed, as a function of space and time?

; . P 5 ' From Matsuoka-san’s
X What_proylded the ionizing photons® | Slidle ain Tuesdkr

"+ Subaru Users Meeting FY2020 (Online; Mar 3-5, 2021)
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7z>6 Low-luminosity Quasars

» Known z>6 quasars

» z=4-6 QLF

| L
| ' ' ' 1000.00 A (Akiyama+18) £

el SDSS/PS1/ B=-1.3 A, =4

? oo '.. o ® ;.. . . UKIDSS/VIKING 100.00 2:5\(McGreer+ 10_10;_
\E/ .‘..': ° .;:: ¢ °e : B=-1 02 ﬁ§ ‘T‘ - ‘1* 5* -

o AT I8 P S : EEN

E b Al & o o |

€ 20N N Wl “ o, °: et ¢ o N @ 10.00F —

\' ¢ 0 o E B .

z SRR VRS . ¢ ) B=-1.2 =6

® " ¢o ® ’ Q (Matsuoka+18)

E R AP N S 100k ~
3 ~24F L.eitgmgpe. WSt e ‘ - .

O 0o %% o0 q © [ )8

© e © :5‘:. Wt [ P8 ®

> .. ° } Ohd @. ° .‘ [ .

?'_, ° .“:;.‘:0% .&)(?Q '@ 0.10 —
3 AL

® T2 I b? ® HSC | Quasar photon budget during EoR: <10%

) (Lboi=1045-46-5 erg/s) _ 001 | (dnioy/dt=10488sTMpc3)
| .© A A R S TR R T B l I L ) L ] . ) . | l
6.0 6.5 7.0 7.5 —22 —24 ' -26 -28
Redshift Matsuoka+21 150 (Mag) Matsuoka+18

HSC probes the faint-end of quasar population
—> sensitive to general SMBH population at z=4-7
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How about Mass Function?

quasar UV luminosity = BH mass x acc. rate

» Schulze et al. (2015; z=1-2) » Willott et al. (2010; z=6)
| —_—z=1.6|
-4 -=-2=0.0] -
=
o0 O )
2
-8} . -
 See also: Vestergaard+08, \ _ [
 Kelly & Shen 13 \ | N R - .
7 . 2 2 . 18 L . 2 2 19 3 N 2 10 . 107 108 109 1010
log M, M ] Mes (Mo)

BH mass / Edd ratio distribution is poorly constrained at z>2
(observationally expensive & affected by luminosity bias)
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Subaru/MOIRCS follow-up

4+ S18A-061, S12A-015, S20B-114 (Pl: M.Onoue) [ Tosirooes aanmcs s Wi aaas
- Continued work from Onoue+19 (N=6)
- MOIRCS VPH-K spectroscopy (0.8 slit, R=1680) ;
- Target: 9 HSC quasars at 6.2<z<69 e " — wm -~ o

[ —— J1004+0239, redshift=6.41, M1450=-24.524 i

N w
T

[
—yrr

Flam [erg cm-2 s-1 A-1]

o

e 1450A absolute mag: -26 <Mq450< -24 ;
(a few mag tainter than other z>6 studies, e.g., Shen+19; 2,
Schindler+20; Yang+21) i IR TN, IO o bl
* Most z~6 targets from the z=6 HSC QLF sample te-17 | S
(complete at 6.18<2<6.4 & M1450<-24; N=21 incl. literature) o
- Exp. time: 1-4 hours on source EZZZ
- Ks-band imaging for flux calib. (20.7<Ks<22.6 AB mag) = oo .L'u.luhdiulluhh L llLIL
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MOIRCS K-band Spectra of z>6 QSOs

» JO9221+0007 (Z|v|g||=6.56 M1450=-26.2, K5=20.7)

f, i
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; U' bl ) o ‘ ” IW' i ‘
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MOIRCS K-band Spectra of z>6 QSOs

= 3.0} J0921+0007 | J1137+0045 - J1217+0131
f: i : 3.0 '
» 1.0f
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z>6 SMBH mass - Lo / Edd Ratio distribution

10¢p 10p
d,
0—1

. e literature
48F ¢ HSC (This work + O19) . ’

' (all z~6 quasars 7
— [ O QLF in 650deg?2 SSP field)@/ @
- .o N —1LF — -
2 , e N/ B
— ) SDSS DR7 (z~2) .
/" Lgdd ; _ . r
45F /// /” ///O.Sdex systematic uncertainty
’ ~0.1Lgqa ,0.01Lqq" |
N B B B BT R PR P Sl ) N R I R R REE——
7 8 9 10 O 5 10 15 7 8 9 10 0 10
Iog MBH [Mo] IOg,\/,BH [MO]

» Mgll-based single-epoch MBH measurement (Vestergaard & Wilkes 2006)
FWHM (Mg 1) )2 ALy (3000 A) )
M.,
10° km s~} 104 erg s~
BLR Velocity ~ BLR Radius (+ R - L relation) £

Mgy = 106.86(
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z>6 SMBH mass - Lo / Edd Ratio distribution

10¢p 10p
St
0—
. e literature
48F ¢ HSC (This work + 019)
' O QLF (all z~6 quasars /’/
— [ in 650deg? SSP field) ~, -~ @
T . AN
~ 2 ~ — LT ~ -
S = S I
o , SDSS DR7 (z~2) |
/// I—Edd e . L

7 7’
7 ’
45F ol ‘ ,* 0.5dex systematic uncertainty

0.1Lggq < 0.01Legq’
A BT BT BEFE BEFEEE | NPT P P Ry % AP HUI I SR R R
7 8 9 10 0 5 10 15 7 8 9 10 0 10
log Mgy [Mo ] logMgn [M o ]

» Mgll-based single-epoch MBH measurement (Vestergaard & Wilkes 2006)
FWHM (Mg 1) )2 ALy (3000 A) )
M.,
10° km s~} 104 erg s~
BLR Velocity ~ BLR Radius (+ R - L relation) g

Mgy = 106.86(




SUBARU USER MEETING FY2021 [039], JAN 13, 2022

z>6 SMBH mass - Lo / Edd Ratio distribution

10¢ 10r
St
0— — 0—
. e literature ® | |
48F @ HSC (This work + 019) ":l . .
' O QLF(aII z~6 quasars /’/ A _ ®° \
. - in 650deg? SSP field) ~ " (o) “IL . /(%ég\ ®
N | . /&m [ —~ Or ® G ~C
Prelimi ||
reliminary!!
o ' ‘ ; [ Mgll
IS | . .
45F /// e /” ///O.Sdex systematic uncertainty
’ 0.1Lgdq ,~0.01Lgqqg’ |
M BT B ErE ST BT NEET PR Sy ) P S S S —— E—— TR
7 8 9 10 O 5 10 15 7 8 9 10 0 10
log Mgn [Mo ] logMgH [Mo ]

» Mgll-based single-epoch MBH measurement (Vestergaard & Wilkes 2006)
FWHM (Mg 1) )2 ALy (3000 A) )
M,
10° km s~} 104 erg s~
BLR Velocity BLR Radius (+ R - L relation)

Mgy = 106.86(
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Diversity of z-6 SMBHS

This work ‘ ‘ T
4+t—>
I HSC (z~6 QLF sample, N=21) l
CFHT+SDSS (Willott+10; N=17) : 10T
|
l
] |
5t ' ! 5t
Preliminary!!
reliminary!!
“40 “490 = “40 / O I LU — 4L — 1 v
logLpol logMgH [Mo ] l0g(Lpol/LEdd)

Ongoing & near future projects: :
(i) estimate intrinsic mass/Edd ratio distributions (to be compared with z=4 works by W.He+)
(ii) combine with a large luminous quasar sample (Wu+ in prep.)
(iii) reproduce z=4-6 LF & MF from BH seed models (with W.Li & K.Inayoshi at KIAA)
(iv) z=7 (SWIMS spectra taken for 7 z>6.5 quasars in S21A)
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Cy1JWST GO project:
Full Census of SMBHS and Host

Galaxies at z=6

(50hr, PI: M.Onoue, Co-PI: Y.Matsuoka, X.Ding,
JSilverman, T.Izumi + 40 Co-Is)

A R SN ¥

| = S = \ K
L\ |- i) 5 \
Vbt 1L £ e h
Lo S 3l) G ST1Scl.
s L,, - 5 ]

- - = .\ s ‘ - "/:’/// ! ‘.‘,1-4

\
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JWST targets: faintest z-6 quasars from HSC

10¢ 10¢

o
——

1)

(@) I (e \L\/
(@) - "-/ 7

NIR spectroscopy from the || /', p £ S,DSS DR7 (z~2)
ground below yxs~23 mag! —=traa . <
43F 7 P P
0.1Lgdd ,~0.01Lgdq
1 1 1 v, 1 1 1 1 v, 1 1 1 1 1 1 1 1 1 1
7 8 9 10
log Mgy [Mo ] logMgh [Mo ]

12 faintest quasars from the QLF sample —> fair comparison with low-z quasars

13



SUBARU USER MEETING FY2021 [039], JAN 13, 2022

+ +

+
NIRS PEC
4..__
+0=
* NIRCam Imaging (FoV: 2.2x2.2 amin?) + * NIRSpec Fixed-Slit spectroscopy
- Filter: F150W + F356W - Grism: G395M (R=1000), 2.87-5.27pm
(straddling 4000A break) (rest 4000-7300A, incl. many Balmer lines)
 Quasar- Host d.ecomposit!on e Rest-optical emission line measurements
-> host stellar light detection!
. . - HB-based Mgy, (-> mass function), [OlI]
- M+, age, companions, environment, etc. gas outflow, etc.

e Mean (and scatter of) Mgy / M-+ ratio at z=6
-> Do BHs and galaxies grow together, or one went faster than the other?
-> ALMA dynamical mass measurements suggest Mgn/M+/qyn has little redshift evolution up to z=6 (e.g., lzumi+19)

14
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Summary

4 SMBH cosmic evolution has been discussed mostly with luminosity functions, whereas observational
constraints on the BH mass and Eddington ratio distributions are poor at z>2

4 Deep MOIRCS spectroscopy of z>6 low-luminosity quasars reveals a wide diversity of SMBH masses
(log Mgn/Mgun > 7.6) and Eddington ratios (log Lyol/Ledd >-1). The majority are well matured SMBHSs
(log Mgy=8.5 Mgyn, log Lpoi/Ledd = -0.5) in the fist billion years of the universe. SWIMS data for our z>6.5
sample is under analysis.

4+ JWST provides a unique opportunity to probe the least-biased SMBH sample at high redshift. With 12
lowest-luminosity (Lpo1~1045 erg s-1) quasars at z=6, we will derive the comprehensive picture of
SMBHs, host galaxies, and their relative growth within the first billion years of the universe

15
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Backup Slides
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Characterizing Lowest-luminosity Quasars at z=6

» Discovery spectra of 12 JWST targets (ynsc=23.0-24.8 AB mag, from Matsuoka+18's QLF sample) -> |least-biased SMBH sample!

O—‘I\)

ON PO IO — N W

J2236+0032 (z~6.4)

AL A lu! AN PIN A MY (L AU W\ o P Jn; A RRERD HERRE RN U BN | ELESARETER) s \MM

J2255+0251 '(2=6.34)

|.1L‘LHIJ-._-.L- .H“-l Ay i ¥R o TV Y WD .MH.R“ 1 x|, RN O L |I Juﬁt

J152555.79+430324.0 (2=6.27)

| M.Mn l!!

“ ’ll m

NP0 o

0 brs WA Vi

J0217-0208 (2=6.20)

“,, s

3L J0918+0139 '(2=6.19) L '5 N
2 5
1
0 MMMMM e i H S ERRE AR LR | R B L S R K MIN.L‘IH“H
}8 J151248.71+442217.5 (2=6.19) g, o S |
0.5
0.0 Y. .
[ J0844-0132 (z 6. 18) ﬂ : S
: J1425-0015 (2=6.18) :
Sr
ok

20F " 1126-0005 '(2=6.30)
10F

0 hhli{.n‘hh h : i 't b dad LIS A " A A A Y L\ALIMH&'.‘
1 | 1 1 I 1 | 1 _I 1 | 1 I I L I T mT T ] T T mmr m T
09111 +0152 (2=6.07)
0.5

o L e bl st A
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» Host stellar mass measurements at z~1.5 (Ding+20) e

pixel
2 4 6 10 15 20 30
" 1 1 1 1 1

O data
— model

T
[ov)
wn

1 i "
""""" -
SSTgm
ST
5
..:‘“ ata
SO
RS SS
D
S
S
SN

CID1174

AlogMpy (vs M )

[1.HST

-0.5

2.PFS model | Host (=1-2)

0.5

— QSO - 2
— host+1objs

[=))

H(mag, pixel ~%)

Resiglual

T
9 9
xn ~J

Host

| Radial profile

. - 0.25
+ -SSP PRIV G S -—-1+ 000 2‘
6'4 - —0.25

, 01 0.2 0.5 1.0 2.0

Z arcsec

1 1.5 2 2.5

* Local by Bennert+11
* Local by H&R

Intermediate redshift AGNs
% This work

x2.7 from z=0: BH-dominant growth?
(but consistent with no evolution when
s Selection effect taken into account)

+r

M=*: HST image
MBH: Ha
0.1 0.2 0.3 0.4 05
log(1+z)

Alog 10MB|-|/M * (Mdyn)

=

-

I
-

Redshift Evolution of Mgn/M- Ratio

» Prediction from six cosmological simulations (Habouzit+ in prep.):
Completely different predictions due to different modeling of AGN feedback

Nustris *y-axis is calibrated with the
Pt TNg;gg local relation of each simulation
—— TN
—+— Horizon-AGN _
—4— EAGLE , Bright
g Ib. ‘
:‘g T HALMA
I J
;.: E N EN II‘.IIII
£ 1
—x : |- e
2:30 from this proposal '| Faint
- .
HST :
1 1 1 1 1 1 1
0 2 3 4 5 6 7
redshift
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e NIRCam Imaging (FoV: 2.2x2.2 amin?)

- Filter: F1I50W + F356W
(straddling 4000A break)

e Quasar- Host decomposition
-> host stellar light detection!

- M+, age, companions, environment, etc.

» NIRCam simulation: JO859 (Mgn=107-Mg,n, M+=10107My,,), Courtesy of X.Ding

Data PSF model Data - model Residual
(@) Host galaxy (d)
‘l n ] n ‘l " 1"
04 103 102 10! 10° 107 103 102 10-! 10 107 10-3 102 10~} 10° -5.0 -2.5 0.0 2.5 5.0
Radial profile , pixel - Recovered host magnitude
76 } 1 " 1 1 1 1 M P 1 1 1 " 1 1.0 —
y (L2227
2 O data -
—_ model =
T © g 0s O
N b= 0.14 0.12
] ' +0.25 § +0.10 {
5 . 3 00 |
E 7 5
3 G
= —0.5
32 | =
o0
=
3. 0.25- <]E —1.0- . .
<1 0.004 0000000000000 0000000 000000000 AGN total magnitude 22.55 22.09
—0.25 Host flux ratio 19.6% 46.0%
—0.50 L L | T T T LI | T _1.5 ; y
0.1 0.2 0.5 1.0 2.0 F150W F356W

arcsec
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105

[Mpc—3 dex™!]

S 10—8:

O (logMpH

~10
10 7

The first trial of z=6 BHMF measurement

logMgy [M o |

- —— log <Lpo/Lggg> = —0.35+0.4
| e l0og < Lpoi/LEgg > = — 0.35+0.1
L ---- log <Lpo/Lggg > = —0.22 0.4 _
L —— Willott+10 (log < Lpg)/Legg > = — 0.22)
P B B B B
.0 7.5 8.0 8.5 9.0 9.5 10.0

Assumption:

- z=6 type-| QLF of Matusoka+18c

- Obscuration correction: 80% (Vito+18)
- ERDF: Gaussian shape

- No MBH dependence on Edd ratio distribution, no
completeness correction

Todo:

- implement sample incompleteness

- deal with MBH's systematic uncertainty (0.5 dex; Shen13)
- try Schechter function?

- compare with low-z measurements (for samples whose
luminosity ranges are comparable)




SMBH vs Host Dynamical Mass

e Dynamical mass vs SMBH mass at z=6 (Neeleman+21
Y ( : e Schematic diagram of SMBH-galaxy co-evolution (Volonteri12)

Disturbed morphology Massive
O Undisturbed morphology black

10} Overmassive SMBHs @ e

Dominance

Symbiosis

Adjustment

log SMBH mass [Mg ]
(00)

s

Early universe

Local Mpuige-MgH relation
(Kormendy & Ho 2013) Local galaxies

9 10 11 12
Log dynamical mass [Mp] Assumption: Mgyn ~ Mpuige

Y/

BH growth first and host stellar mass growth next?
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Number (High-z)

Looking behind the Tip of the Iceberg

» BH mass vs bolometric luminosity plane of z>6.5 QSOs (Yang+21)

o
1048 - a
—
—
|
v 10¥
n O
O
G) O
S O
— o
_8 1046 I-Edd
q '
12e4 7’
contour:
10e4
12{ [ L — - - Z~2
2 AR ~0.01L |
8 ’/’ a Edd ’/, . Edd 1
8 - L 6ea L r p————rr—rr-ry T —T—TTTTTY T p— T
3 ,103
° L aea € 10N Full SMBH
“ - — population
> | i 2ed - ...108 - v ...139 - ...1.010 T T
“ Mgy (M)

0 °* 10 * 20 = 30
Eddington ratio

= |t is essential to probe lower-luminosity quasars to understand the demographics of high-z SMBHs
(The most luminous QSOs could just be the outliers among the whole SMBH population)
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Eddington Ratio Distribution

Z ~ 0 (Schulze & Wisotzki 10)
~— zZ~1.6 (Schulze+15)

e —— z~4 (HSC)

©

L[
|
\6 <> 2=67

O Assumption
- (Willott+10)
O)| Sub-Edd SMBHs
Q dominant at z<4
N
o
@)
O

_2.0 ~15 ~1.0 ~05 0.0 05 1.0

IOng I/I-Edd ct. Jin Wu's talk yesterday
(@)

Do All z>6 SMBHs have extreme accretion rates?
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ALMA Views of Co-evolution at z>6

. 2>6 Myyn vs Mgy relation (Izumi+21b) » BLUETIDES prediction (Marshall+20b)
10 :
9.5 I~ J = = Kormendy & Ho (2013)
Z = 6 b T 2| ™ Best-fitting line
. 7 ® Willott et al. 2017
Overmassive SMBHs 9.0 -4 o |g|'? ,z . &  lzumi et al 2018
- _ | B Izumi et al. 2019
O 109 —_ » 4 Pensabene et al. 2020
: ® 8. L7
< T S
P
A a T
3 0
: 2 :
T -
% 10°; = 3
. iy | Y J1243+0100
- | ® 134240928
w | ' ¢ 1120+0641 —27
; \ @ Literature Data
; Local relation — = Kormendy & Ho 2013 . - | |
10" 5 ' ' — —28 10.0 10.5 11.0 11.5
10 10 log,o(M«/Mg)
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ALMA Views of Co-evolution at z>6
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z>6 Mgyn vs Mgy relation (Izumi+21b)
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Is Mgyn really a good estimator of My4e? (gas,DM,disk inclination, etc.) .

Dynamical Mass (M o) ~ Mbulge

Do we miss undermassive BH population?
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MgIlI emission line detection from :

z>6 low-luminosity quasars
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Absolute fluxing is based on Ks-band photometry

Onoue+ in prep. (Very preliminary!!)




