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Art of cosmic cartography

galaxies

weak lensing

‘;'-. . s : ; \. 0 >
05 NS P
PR A

‘
- s
.
o
"

y

ey ia
/o\‘}-‘:.' -
NS

*ﬂ*
v
.



e ' . . o ‘ ‘ r | : .. . W ;- . .
. . Galaxies:'~ 5 % of total ’cosmi'c atoms
' - "Inte.rgal'a'ctic medium (IGM): rest ~ 95 %

’

. » .~
a9

K .0 ".“\ : . ~.. '.
N z e Y .. : S
® o ~ \
» . v
', . .
» -8 ¢’
. ¢ - 1 { ATy
. R T
. ” ’ -
» ..’.‘ . -
- 4 :
A & ' * ;



Pushing the redshift frontier of cosmic cartography
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Pushing the redshift frontier of cosmic cartography

0.4 Myr 50 Myr 200 Myr 500 Myr 1 Gyr 13.8 Gyr
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Big Bang Cosmic Dawn The Epoch of Relomzatlon Present day

Key questions:

e What is the origin and astrophysics of
the first galaxies & supermassive black holes?

e How did they drive the reionization of the Universe?



Pushing the redshift frontier of cosmic cartography
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Tomographic view of the EoR

21cm cosmology

|

50h~" cMpc

Observed wavelength < distance

e.g. Furlanetto et al 06, Prichard & Loeb 12 Kakiichi+18b



Outline

Technique
- Mapping the large-scale cosmic web with
“Photometric IGM tomography”

Applications
1. Sources of reionization & lonizing capability of galaxies
2. Growth history of supermassive black holes

Future

- with Subaru/Prime Focus Spectrograph (PFS)
- with James Webb Space Telescope (JWST)

- with 30-m class telescopes e.g. TMT, ELT



Photometric IGM Tomography
Technique



Tracing the large-scale structure of the IGM with Lya forest
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Probing the IGM using Lya forest along Background Galaxies
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Spectroscopic IGM tomography

Galaxy spectra
N

n
Galaxy absorption spectra /\ / \
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We need ... deep spectra of background galaxies

Lee+14,18, Newman+20, Horowitz+22



“Photometric” IGM tomography

Narrow-band

Galaxy spectra \ * \ -
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Photometric search for faint Lya forest flux with
a “narrow-band filter”

Mawatari+17, Kakiichi+22,23



“Photometric” IGM tomography

Narrow-band

Galaxy spectra \ * \
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Photometric characterisation of background galaxy’s SEDs
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“Photometric” IGM tomography

Narrow-band

Galaxy spectra x e
X

m Galaxy absorption spectra é H

w

Post-reionized IGM

Lya forest flux

Observed flux o< (instrument throughput) x (mirror diameter)? x (Lya forest flux)

(60% / 10-20% )12 x ( 8.2 m Subaru mirror ) = 14-20 m mirror

Imager: throughput ~ 60 %
Spectrograph: throughput ~ 10-20 %

o TR

OB




“Photometric” IGM tomography

Narrow-band Narrow-band

w
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Using LAEs from another narrow-band filter as
background galaxies “double narrow-band technique”

Fully photometric.



“Photometric” IGM tomography

Narrow-band

w f

Galaxy spectra w e &
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Galaxy absorption spectra / \ * galaxy
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& around dark matter

Photometric IGM tomography
Is analogous to
weak lensing tomography
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Photometric IGM tomography
with Subaru/Hyper-Suprime Cam (HSC)

Multiple narrow-band filters Wide-field of view: 1.7 deg?
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4.9 4.4

Ideal for making the tomographic maps of the IGM across z~4-6
on the scale of ~10 cMpc/h with ~100 cMpc/h field of view



Pathfinder experiment: COSMOS field
HSC-SSP DRS3 public data release

A pair of narrow-band filters for z~5 photometric IGM tomography

o

T‘ransmissiml

0.0 “ ' \ | NB718
4[)[]0 5000 6000 7000 _8(](]() 9000 10000
Wavelength [A] IGM tomography

A rule-of-thumb requirement: differential photometry
mNB = mpp — 2.5logge” M(*) x mpp + Tog(2)
background galaxies expected Lya forest transmitted flux

Mep=25-26 — mye=26.7-27.7 (>3-1.30)

Filter Ly a redshift bkg. source redshift 5o depth (1.5”) 30 depth (1.5”) 1o depth (1.5”)  Ref
[AB mag] [AB mag] [AB mag] Ref

NB527 331 (3.29 < zye < 3.36) 3.39<z<4.04 26.72¢ 27.27 28.47 Inoue et al (2020)
NB718 4. 4.85 < Ziya < 4.94) 4.98<z<5.89 26.294 26.84 28.04 Inoue et al (2020)
NB816  5.72 (5.68 < z1yo < 5.77) 5.81 <z <6.86 26.34P 26.89 28.09 Aihara et al (2021)

Narrow-band data: HSC SSP DR3 + CHORUS NB survey (part of DR2) in the COSMOS field



Pathfinder experiment: COSMOS field
Background sources

Cataloques

1. LAE catalogue (SILVERRUSH, Ono+21)
2. Spec-z catalogue (DEIMOS10k, Hasinger+18)

+ Selection criteria: bright background source & 4.98<z<5.89
(>50 UV continuum detection in z-band & non-detection in g-band)
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151 background sources
(115 z=5.7 LAEs + 36 DEIMOS10Kk)

Kakiichi+23




Measurement: IGM transmissions along individual background galaxies

Bavyesian SED fitting framework

Data: NB718, z, y flux
Model: power-law galaxy spectrum (M, ) + Lya forest transmission T g,
Error: Photometric noise
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The galaxy SED template uncertainty is a subdominant source of error

for photometric IGM tomography (at the current NB depth)
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Detection:
IGM transmissions along individual background galaxies

NB718 Z
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Visual confirmation of the photometric IGM transmission detection
- Stacked images -

DEIMOS10k

below Lyman limit
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Mean IGM transmission: background galaxies vs quasars

Galaxy Quasar
This work (DEIMOS10k) H+  Becker+13

This work (LAE) = Eilers+18
Thomas+20 4 Bosman+21
Thomas+21

High signal-to-noise quasar %%

spectra
This work: /é -
Photometric IGM™ e

tomography

1

4
Redshift

IGM Lya forest transmission can be measured photometrically.

Kakiichi+23



Map making
Reconstructed 2D IGM tomographic map

Reconstruction method:
Gaussian kernel density-based estimator + posterior

obs  pobs
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Average SNR of the reconstructed map ~ 0.86
l.e. currently still photometric noise dominated

The first proof-of-concept of photometric IGM tomographic map at z~5

Kakiichi+23



Large-scale map of galaxies & IGM

Photometric Lya forest tomography
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Large-scale map of galaxies & IGM
Photometric Lya forest tomography

Big Bang The Epoch of Reionization Cosmic noon
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COSMOGRAPHY: COSMOQOS Tomographic Evolution Survey Across z~3 —6



Large-scale map of galaxies & IGM
Photometric Lya forest tomography
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Large-scale map of galaxies & IGM
Photometric Lya forest tomography

Keck 2 Mast 2023-02-27 14:50:20
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1. Title of Proposal

COSMOGRAPHY: COSMOQOS Tomographic Evolution Survey Across z~3 —6



Large-scale map of galaxies & IGM
Photometric Lya forest tomography

Keck 2 Mast 2023-03-15 14:13:17
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Narrow band IGM tomography with Subaru/HSC at z~5 in the COSMOS field

. g COSMOGRAPHY: COSMOQOS Tomographic Evolution Survey Across z~3 —6 ‘
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What can we learn from
photometric IGM tomography?

1. ‘Sources of Reionization &
lonizing capabillity of galaxies



What reionized the Universe?

Cosmic ionizing photon budget

Nion = fesc &ion Psrr

.« Escape fraction of
. %,,5 lonizing photons
. from galaxies fesé

. IR ' ‘ = @® This Work

il N / e - : ® Donnan+22
S ‘. Harikane+22

- - ~ (Const. SF efficiency)
R ' , ' - == Madau&Dickinson 14

i Productlon of ¢
. ionizing photons per
e stellar population &jon

| Harikane+22
y - Donnan+22, Bouwens+22, Finkelstein+22



Missing link
f. esc Eion

The amount of ionizing radiation released
from galaxies into the intergalactic gas
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Galaxy-Lya Forest Cross-Correlation
Modelllng the |mpact of Ieaklng |on|zmg radlatlon
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Galaxy-Lya Forest Cross-Correlation
elling the impact ion
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Galaxy-Lya Forest Cross-Correlation
pact of leaking ionizing radi
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Galaxy-Lya Forest Cross-Correlation
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Galaxy-Lya Forest Cross-Correlation
Modelling the impact of leaking ionizing radiation

Galary abundance:
LAFE + galazxy clustering Py(k)
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Galaxy-Lya Forest Cross-Correlation
Modelllng the |mpact of Ieklng |or‘|_|z.|‘g radiation
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3D Galaxy-Lya Forest Cross-Correlation
to 2D Photometrlc IGM Tomography
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Confirming theoretical galaxy-Lya forest cross-correlation
with Cosmological Radiation Hydrodynamic Simulation
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Kakiichi+in prep



Measuring Galaxy-Lya forest Cross-Correlation
z=4.9 foreground LAEs X IGM transmission

‘Narrow-band’ IGM tomography
Lya forest transmission Background
in the NB volume galaxy spectrum

z=4.9 IGM

spec-z galaxies
4.98<z<5.89

Foreground
NB filter

Photometric IGM tomography:
galaxy-Lya forest cross-correlation - hydrogen gas around foreground galaxies

a la weak gravitational lensing:
galaxy-galaxy lensing - dark matter around foreground galaxies



Measurement from photometric IGM tomography
Angular Galaxy-Lya Forest Cross-Correlation

10"

ry [h ‘chpc‘]
10

o o
Y B @)

' LAE

. T .

1 A il g f j_‘ @ '
@® fu LAE x Tigm

i random X Tigm

) fg. LAE x Tjhuffl

<
~

o ©
o W

(Ticm(6))

S o o
et O

10"

0 [arcmin]

(Tom(0))

10

0

10"

ri [h ‘chpc]]
10

i

z=4.9

*

I

DEIMOS10k

[% ? $eaney
® fuLAE X Tioy

| random X TiGm

L\ fg. LAE x Ti§i*

10’
0 [arcmin]

Kakiichi+23

Non-detection. consistent with the mean IGM transmission,
Upper limit on the IGM fluctuation around galaxies at z~5




On sources of reionization — | :
lonizing power of galaxies

log10{fesc&ion)r =24.8 i LAE
1010 {foscion ) = 24.5 # DEIMOSI0k Amplitude

1OglO Uescéion>L =24.2

A 8 [ _ Kakiichi+18

i Galaxy-Ly« forest
Q1148 field (this work)
¥ Direct LyC imaging
ISM abs. lines
= GRB Ny-stack
4 5! 6 7
Redshift

Kakiichi+ 18

lonizing power of galaxies

Reionization by galaxies with
r1 [h~'cMpc] (fesc &ion) = 10% X 1045 erg THz

Kakiichi+in prep




On sources of reionization - 11 :

Bright vs faint galaxy-dominated reionization

1

| —— Fiducial model

018 1 — Bright galaxy-dominated

0.17 et 10

<
~

Faint galaxy-dominated

=
%)

I
b

(Ticm(60))

=
[a—

® LAE 4
# DEIMOS10k ‘

<
-

10" 10’

Shape r1 [h~'cMpc]

10" 10’

r1 [h~'cMpc]

— 0.81 I Bright-galaxy dominated fese&ion & Luv B

S = B Fiducial scenario fescZion = const. The nature of ionizing sources
- 0.6 M Faint-galaxy dominated fes.Eion o Ly - - -

R L Relative contribution of
= an - . »

2 X 041 bright vs faint galaxies
o & .. .

g L to reionization

5 202

2 R ‘ ﬁ

B g

5.5 00— . l . .

O 24 -22 20 -18 -16

Muyv Kakiichi+in prep



Measuring Lya forest Auto-Correlation
z=4.9 IGM transmission

‘Narrow-band’ IGM tomography
Lya forest transmission Background
in the NB volume galaxy spectrum

spec-z galaxies
4.98<z<5.89

Foreground
NB filter

Photometric IGM tomography:
Lya forest auto-correlation - hydrogen gas fluctuations

a la weak gravitational lensing:
cosmic shear - dark matter fluctuations



Measurement from photometric IGM tomography
Angular Lya Forest Auto-Correlation
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Limit on the contribution from quasars to reionization
Angular Lya Forest Auto-Correlation

10’
r [h~'cMpc]

Quasars boosts the shot-noise
contribution to angular Lya
forest auto-correlation function

— Galaxy only

—— Galaxy+QSO fp =0.05
Galaxy+QSO fp =0.10

—— Galaxy+QSO fp =0.20
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The origin of supermassive black holes at z>6-7?

Time since Big Bang (Gyr)

0.2 03 0405 07 Growing the First

Supermassive
Black Holes
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Wang et al 2021

How did a SMBH acquire its mass?
- Kick start from a massive seed >10* Mo ? (seed formation)
e.g. Woods et al 2018, Inayoshi et al 2020

- Rapid accretion via super-Eddington growth? (growth mechanism)
e.g. Madau et al 2014



Growth history of a SMBH is related to
the QSO’s radiative history

Lgso =~ 0. lMgaSC

For High-z QSOs,

too short time to grow
~10°Mo SMBHs via
the QSO luminous
phases?

H I proximity zones

Eilers et al. 2021 (this work) Need d new ObserVing
Hell proxmnt.y zones Strategy tO probe the

quasar clustering

extents of Lya nebulae L9 SM B H g rOWth h iSto ry

transverse proximity effect

>
cC
i o
S
60
<
:
e
=
—
S
2
S
=
o)
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Constraining the QSO-active growth history from
“IGM Light-Echo Tomography”
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Schmidt et al 2018
See also Adelberger 2004, Visbal & Croft 2008



Constraining the QSO-active growth history from
“Photometric IGM Light-Echo Tomography”

Foreground Background
NB filter NB filter
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Kakiichi+2022
See also Adelberger 2004, Visbal & Croft 2008



IGM transmission

exp (-Ta)

Constraining the QSO-active growth history from
“Photometric IGM Light-Echo Tomography”

- Radiative growth history constraint

light-echo
- time delay
AY _ri oz
c g
E
+ I+ " E
+-
+
ri {

Photometric IGM tomography of QSO light-echo at Mpc-scale
translates into a Myr-scale time-domain constraint on the QSO’s

radiative history of an individual SMBH over the baseline of ~100 Myr



Serendipitous detection: Constraining the QSO-active growth
history from “Photometric IGM Light-Echo Tomography”

— QSO Iightéurve
— Eddington ratio

Photometric detection of the
transverse proximity effect around
z=5.8 QSO along a background galaxy

Depth
NB816=27.2(30)
z=26.4(30)

S ITRL AT

_8240 8260 8280 8300 8320. 82;40 8360 8380 8400 8420
QSO variability + ' A(R)
opening angle 30°

10
-5.0 =-2.5 0.0 2.5 .
D, [pMpc] Bosman, Kakiichi+2020




Simulation Mock:
Photometric IGM Tomography around QSO Light Echoes

QSO 20 = 4.4 tug{; =25.1 .\lyl ;'\-’1145{] =-28.0
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Simulations:
1: Cosmological hydrodynamic simulations (>10'°Ma) + RT around QSO
NyX code, 100h-'cMpc 4096° fixed grid (Lukic et al. 2015)
2: Forward modelling of observational systematics




Forecast: constraint on the QSO lifetime tage
Full Bayesian inference framework

Noise, continuum slope, etc

| | / |
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Kakiichi+22

Accuracy of quasar lifetime constraint is limited by the background LAE density



Forecast: constraint on the QSO lifetime
Observational requirement: HSC only

Posteriors
Total exposure time [hr]

3.1 4.5 6.5 94 136 196 284

bage (true) 25 er
upper bound by HSC’s FoV

LA A A

lower bound by bkg. LAE counts

=)

: Required broad-band de

HSC only .ml\”l},(?o, = mi%(50) + 1.4
25.0 25.2 254 25.6 25.8 26.0 26.2

lim
mgg (oa) Kakiichi+22




Forecast: constraint on the QSO lifetime
Observational requirement: HSC+PFS

Posteriors Total exposure time |hr]
44 6.3 9.1 13.2 19.0 27.5 39.7

bage(true) = 25 Myr

10%+

upper bound by HSC’s FoV

OO O

lower bound by bkg. LAE counts

HSC+PFS mi%(30) = mi5(50) + 1.4

248 25.0 252 254 25.6 25.8 26.0
mi2(50)

Kakiichi+22
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Towards a better photometric IGM tomography — I :
with Subaru/PFS

Spectroscopic IGM tomography

The PFS Galaxy Evolution Survey

SUBARUPRIMEFOCUSSPECTROGRAPH

,’SF‘,[“’.}_’E_,'*’?‘,"*S Low-z main+deep
A LN 7P
PR A s>
i * / //7 i /i
/ 2/
V4 A \

Subaru/PFS 360-night
spectroscopic survey

0040 80 120 160
x [cMpc]

Greene+22

Photometric IGM tomography
+ traditional wide-field spectroscopic survey

1. Boost the number of spectroscopically-confirmed bright galaxies

2. Correct for the low-redshift interloper effect in background galaxy sample



Towards a better photometric IGM tomography - Il :
. . with JWST

==

h~'cMpc
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Photometric IGM tomography

NB718 z=4.9
Tomographic NB816 7=5 7
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NIRCam near-infrared imaging
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Prerequisite: Extremely deep Subaru/HSC imaging (~27.5 mag)

NIRCam imaging: Precise characterization of background galaxy SEDs
NIRCam/WFSS: Unbiased sample of fg. & bg. galaxies at z>5-6



Synergy with 30-m class Telescopes:
Need for wide-field photometric IGM tomography
TMT/WFOS
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Road map towards full 3D -mapping of the cosmlc web
g galaxues and the IGM
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Big Bang ‘ : . The Epgch of Reionization Cosmic noon

- - : 4 9 44 -
lee tomographlc evolutlgnary viewof
galaxy assembly &‘their en wronments across cosmic history

:” : 4 3 o vt ; - 4 . \ \ T 5 ‘:
/ V. /,7 : 2 p ; > ¥ 5 A _ e = h‘,‘;, /3 = - \7;:':—“ -\ = ) : . v“‘ﬁﬂq!l i
/ - o y ¥ / - = o T —— = = ‘ ,
A i 4 " 7 3 ° AT e —
JE & . TERRMROC, s Vs <5 == - N ;

- A
R

Ok ot bbb
] ] ;‘_'J
=




Road map towards full 3D-mapping of th,e cosmlc web
g galaxues and the IGM :
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Summary

“Photometric IGM tomography” opens a new way
forward to reveal the entire Cosmic Web of both
Galaxies and the IGM from the EoR to Comic Noon

Useful to understand ...
* How the Universe is reionized

* Origin of supermassive black holes
* Formation of early galaxy assembly

within the large-scale cosmic web environment

* Cosmology?



