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@ Contents

 The EIGER project
> Strategy and major science goals

> Observations, analysis, line detections

e Science results at z~6 in the first observation of JO100
» Spectroscopic sample of [Olll]-emitters and their properties

> Relonization proved by the IGM vs. galaxies correlation
> On the earliest SMBHs

 Summary
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EIGER
strategy and goals




‘s The EIGER project

JWST GTO 1243 Pl Simon Lilly
Emission-line galaxies and Intergalactic Gas
In the Epoch of Reionization

Large spectroscopic galaxy surveys using 110 hours of JWST

Eiger is a famous beautiful mountain in Switzerland.
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@ Core team members

D. Kashino

S. J. Lilly, J. Matthee R. Simcoe, R. Bordolol
R. Mackenzie A-C. Eilers
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‘s Exploring the tail end of reionization

Present-day Reionization First First
Universe complete galaxies stars

Loeb, 2006, Scientific American
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2=0 Z~6 z~157? z~20-30? z=1100

< Time

The hydrogen gas filling the intergalactic space was reionized by high-energy (>UV) photons
emitted by astronomical objects forming in the first billion years — "reionization”

Reionization is the last major event happened across the entire universe, attributed to interactions
between galaxies and the intergalactic gas.

Questions may be aggregated into
What caused? When happened? How proceeded?
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@ Probing the IGM using quasars

Cosmic time

Present-day
(13.8 Gyr)

[ Fully-ionized universe ] '

Emergent of

Assembly of galaxies <«—— Epoch of Reionization =— : :
first-generation objects

Dark Ages ]

1 1 - - '
N [Light redward of Lya (121.6nm) is ] ."
I
I
[

absorbed by intervening neutral hydrogen

Absorption lines by metals
in circumgalactic matter (CGM)

1
[}
q
4

__________ +-----,-..______ .
...... Intransic spectrum ’\/\ \)

— Observed spectrum
after absorption by | \ f
intervening gas l\ i /\J Wavelengt};

H 4—> 4—> 1 1
Light can transmits through ionized regions =»  €==p <o Light is absorbed by neutral hydrogen
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@ Probing the IGM using quasars

Cosmic time

Emergent of

Assembly of galaxies <—— Epoch of Reionization —— : :
first-generation objects

[ Present-day Dark Ages

(13.8 Gyr)

[ Fully-ioniz

QY

&
)

o S— | - r— o -
@ Quasar spectroscopy can trace the IGM

but "only along" the sightline

1 1 L - s

N [Light redward of Lya (121.6nm) is ] ,"
'
[

absorbed by intervening neutral hydrogen

Absorption lines by metals
in circumgalactic matter (CGM)

[
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’
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— Observed spectrum {\)

after absorption by
intervening gas o ’ J\l Wavelengt};

<> <—> 4—> 1 1
Light can transmits through ionized regions =» b oo Light is absorbed by neutral hydrogen

...... Intransic spectrum
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@ EIGER = Quasar spectroscopy x Galaxy surveys

Cosmic time

Present-day
(13.8 Gyr)

Emergent of

Assembly of galaxies <—— Epoch of Reionization =— : :
first-generation objects

Dark Ages ]

| Fully-ioniz

N\ [Light redward of Lya (121.6nm) is ]

absorbed by intervening neutral hydrogen

Absorption lines by metals
in circumgalactic matter (CGM)

...... Intransic spectrum

— Observed spectrum
after absorption by
intervening gas

Wavelength
>

Light can transmits through ionized regions «»  <--==p < Light is absorbed by neutral hydrogen
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@ EIGER's major goals

Processes of cosmic reionization

and the role of galaxies

Galaxy formation and
evolution in the EoR

Galaxy survey with
JWST '

FuIIy -ionized Unlverse

i

Neutral Universe

dtion

P

©

gaIaX|es

First-generation

* stars

[ Dark ages ]

Y
) Q * A ¢ No luminous
@ / objects
- * «— lonized regions
p o i i
[ Present-day Evolution of galaxies Epoch of Reionization =~ Formation of first Dark ages
(13.8 Gyrs old) Manifestation of the diversity (0.1-1 Gyrs old) luminous objects (~0.1 Gyrs old)

Deep spectroscopy of
the quasars with
ground-based
telescopes

Interplay between galaxies and
the circumgalactic media (CGM)

Epoch of Reionization
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supermassive black holes



Observations and
analysis




@ NIRCam Wide-field slitless spectroscopy (WFSS)

WESS in F356W + SW imaging

> [Olll] doublet (5007, 4960) + H3: 5.3<z<7.0
+ two bluer filters: rest FUV + NUV for z~6

o | Zoom-in continuum-
Very powerful way to search for emission-line subtracted image

galaxies.

* No pre-selection of targets are needed. e Sl T

+ The [Olll] doublet (+HP) enables e Ay
unambiguous identifications of the lines and il
the sources that are responsible for the lines. i

Spectroscopy
Image Image + Image

Fo7owg Fliswhrisowk  F200w |

F277W §

Wavelength (microns)
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@ Mosaic

FoV: two 2.2' x 2.2'
Mosaic of 2x2 separate pointings

Module A Module B
—o—n—* *—oo—o—
A— +«—N\
Grism R Grism R

43"

Background QSO — %

Sweet spot

w/ 4x Texp

246

pkpc

Reversed dispersions around the quasar enables for
unambiguous line—-source identifications.

Module A

Module B

-
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@ Emission-line identification

‘ H ‘ BG + 1/f noise M SCl image

Simple median-filtering works quite well
to isolate emission lines from continua Median fitering
thanks to its high-resolution (R~1000) T

1.0t ——— Median-filter kernel

0.5¢1
CONT image

0.0 -

EMLINE image

—— SCI (EMLINE+CONT) Stacking
0.04} | —— CONT (Filtered) -
—— EMLINE

0.02¢

0.00

count rate [DN/s]

1800 1850 1900 1950 2000 2050 2100 2150 2200

x-pixel
Coadded EMLINE image
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@ Target quasar fields

Name z Features Schedule
J0100+2802  6.3258 | Ultraluminous. Many metal absorption systems (incl. 3 Ol) Aug, 2022
J0148+0600  5.98 | Extremely long Lya trough
J1148+5251 | 6.4189 | Many metal absorption systems (incl. 4 Ol)

J1030+0524  6.308 | Well studied. Many metal absorption systems. Apr — Jun,
J159-02 6.35 | Strong Mgll at z~6 2023
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First observation in the

ultraluminous quasar
JO0100+2802

2211.08254 Paper | Kashino+: survey design, analysis, and correlation with the IGM transmission
2211.08255 Paper || Matthee+:.characterization of the [Olll]-selected galaxies
2211.16261 Paper lll Eilers+: SMBH measurement of QSO J0100+2802 from H[f3



3.5 um image of the field QSO J0100+2802

6.5 arcmin ~ 16 cMpc @ z=6
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@ [Olll] emitters at z=5.3-6.9

S 2 =
o o o

o
S

Relative sensitivity
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100+ ) ° . O ?ng
» 117 [Olll]-selected galaxies were e A | : " @ g o
. . 8 o N o [0 2= 2qs0
identified across z=5.3-6.9 2 50 : : . . B o
« Strongly clustered in the redshift = ., Em T
9 o o 5] ]
space g O o o A T iy
" S 0 , -l . .
* Three overdensities: £ ol /\ % . " o o o
] ° ©
° =0. = = O HE
z=6.19 (N=20) E 4y | _ = o
+ 2=6.33 (N=24) e, .~
- -200 -150 -100 -50 0 50 100 150 200
at the quasar redShlft! Angular separation [arcsecond]
e 7=6.7/8 (N=12) 20F —
. . . 101 : :
* >=1 galaxies were found within [EY W P | Y - Nl
300 pkpc of four metal absorption 3 JQf - Abs.wi host candidates -
systems. w gl
0] e o
6r  io---m777 e E
8 // © Y ] |
Q0 4r III S ° 2)8 i .
L i ,’I o] ° : E ° -
w2 e 3%, - :
IR of ; 5 ® -
O l A l IA A IA MA l * l l l
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O Redshift
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Redshift (w.r.t [OlIl] 5008

5.8 6.0 6.2 6.4

3.5 3.6 3.7

Wavelength [um]
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@ Auto spatial correlation of [Olll}-emitting clumps

Systems

-

S 0.1
g :
& Q o
S 0.01 Q
p)
e "5 @
= 107 %k 7
:
7. A ,// + Full catalog F356W < 28

10~ /// . All [OIII] emitters z=5.33 — 6.96

7 . [OIII] emitters z=5.33 — 6.96,
e . |Av| =1000 km s
T L ST EE T T
0.1 1.0 10 100

Angular separation [arcsec]
Paper |l (Matthee+)

Clumps connected within 2" are
regarded as a single "system”.

The morphological properties of the
sample will be studied in more
details in future papers.
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@ Example spectra

MOQA'-_'_._ ...... “'-‘ : e

1D 82, 2-5.736

- ID 435, 2= 5.987
1.0_—

4800 4850 4900 4950 3000 5050
Ao [A] Ao [A] Ao [A]
AR T SR e L 7 N e R U Rk 7

1D 885, 2= 6.325

1.0_— 1.0_—

4800 4850 4900 4950 5000 _ 5050 4800 4850 4900 4950 5000 _ 5050
Ao [A] Ao [A] Ao [A]

Paper Il (Matthee+)
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@ Physical properties

« EW) ([OI11]4960,5008) ~ 850 (200-3000) A
o Stellar mass logMstar/Msun ~ 7-10
 Ages ~30-300 Myr
 Metallicity ~ 0.1 solar

ID 18026, Z = 6764, MUV :-21.2, loglo(Mstar/MG)):g-B; EWO, [OI11] :4051_4512 1&, CONFID=2 Group

F115W/F200W/F356 W

10'1-:

SED fit to F115W, F200W,

Ay [arcsec]

A [107 8 ergst cm 2 A ]

and F356W + line fluxes 102 =

with Prospector ] S|
| \’ o «290\“ ﬁ;;v\\

Existing photomeric data 10 ,(‘ | ) \_ |

(e.g., HST) will be included : L ] * >

in future papers.

Paper |l (Matthee+)
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‘s Bright [Olll] emissions

] ] ] ] l ] ] ] ]
e [OIII] emitters z=5.33 —6.96
* Spectroscopic EW, Myy < —20.5
@ Average [OIII] emitters

] ] ] I ] ] ]
® FEELGs z~2

@ LBG SEDs 2=6.5—28.0

"<t 10
=S 10°
- ]. .O B | T 1 T T T T 1 I I I I I E
- —— LBGs + [OIII] from Spitzer z~8 5 102
:\ _ 1 5 o @ JWST [OIII] 2=5.33 — 6.96 (This paper) —
P § JWST [OIII] z~6 (Sun+22) =
|§3 2.0 5 @ HiZFELS NB imaging 2~3.3 E 101
E _25 n » | 100 L M A L L
O? - ‘\ 7 3 9 10 11
a _3.0- O © v ‘i~ 1Og10(Mstar/M®)
S ' — T T T T 1 T T T T T T T 1
% —3.0F “ \ ) 10k Points: P[OI] 5005 -
~— Ny E -
© —a.0F ; I : (T
= . - I
) o i ? -
2 —4 .5} ~ 1E E
| I
0700 125 13.0 135 L
—1 . _ -
logo(Liommse0s/€rg S~ ) S 0.1F 5
Q - -
i @ This Paper (Matthee+22)
0.01F @ Khostovan+15 -
- ) de Barros+19
[ ¥ Colbert+13 ]
Paper Il (Matthee+) 0 2 4 6 8 10
<
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@ Metallicity: [OIlll1]4363 detected in the stack

- Median stack of 117 [OIII] emitters at z—5.33 — 6.93 | s
°;| 0.3F é é é
W [ =S = S: S
50.2;
% 0.1p
3t i
0.0: ! ' 1 1 E \"\rm
2400 4500 4800 4700 4800 4900 5000

\o [A]

| | | | I | | | | | | | | I | | | | | | | | I | | | | | | | | I | |
i lil Average [OIII] emitter z~ 6 (from [OIII]4344; This paper)
L @ [OIII] emitter stacks z~ 6 (from [OIII]/Hg; This paper)

® JWST ERO 2z~ 7.5 (Curti+22) /
! ¢

12 +10910(O/H)
© o
- o1

~
Ul

~
=

log10(Mtar/Mg) Paper |l (Matthee+)
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Correlation between
IGM transmission and galaxies

Mainly based on Paper | (DK+)



@ Lya forest spectrum of QSO J0100+2802

—— Estimated continuum
-------- Power-law fit

z(Lya)=5.30 z(Lya)=6.33
Rest-frame wavelength [A] §
1000 1100 1200 * 1300
20 I ! I ' ' ' ' I - ' ' ' I ' ' '
< > S —— QS0 J0100+2802 (z=6.327)
. ] ]

f—
o)
I

p—
-
I

|

flux density [ergs™! cm™> Al
Ul

*

~7000 7500 8000 8500 9000 9500 10000
Observed wavelength [A]

)

Observed spectrum: 17-hr VLT/X-shooter spectrum, S/N~200 per 50 km/s (or ~0.5 Mpc)
Intrinsic continuum: estimated from a neural network trained by low-z QSOs
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@ Lya forest spectrum of QSO J0100+2802

Re$t-frame Wavelengh N

00 1000 | 1100 § ¥ 1230 1300
T ' . ' ' I I ' ' . I B ' ' ' T ' ' '
< = S —— QS0 J0100+2802 (z=6.327)
— — E'J —— Estimated continuum
L -t L e Power-law fit
15 Range used fgr Lya forest analysig i .

p—
-

|

flux density [ergs™! cm ™2 Al
Ul

-

9500 10000

Three redshift regimes
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@ Galaxy - Lya forest cross-correlation

Post-reionization regime (z=5.3-5.7):

ubiquitous transmission of Lya
Redshift

—
)
!
|
f—
-

5.3<2<H.b
r1 [cMpc]

420 400 380
: 5.60 5.65 5.70
10 ) R L S [ S | | —1.0

St BN 7T(Lya)
\4%1* 51 J© o 1061‘1‘01‘_05&
5 2 . ‘L‘_LLJ
Yol - . ‘ |
o= - A

O | | | | | | | | | | | | | | | | | O O

3600 340 320 300 280

Distance from QSO J0100+2802 [cMpc]

Transmission appears to be suppressed near galaxies
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@ Galaxy — Lya forest cross-correlation

Mid-reionization regime (z=5.3-5.7):
with rare, distinct transmission spikes

Redshift
5.70 5.75 5.80 5.85 5.90
B | | | | | | E | | | | | | | | | | _0.4
2 10 i S R Ly forest lower limit
o, ® .
LE sf o 10.2 &
V N :
S : | u
LOO - — - L. A Bom e —— .
O | | .l ! ! A | ! ! ! | ! ! ! | O O
2600 240 220 200 180
5.90 5.95 6.00 6.05 6.10 6.15
1 B | | | | | | | | | _0.4
O_ B T (Lya) o(T(Lya))
O
or o &o T(Lyb) 0.2 K

5.9<2<6.15
r1 [cMpc]

-

V-

e

.

 guamms

e AR Lamn e e e L e e e ey 0.0

16

|
140

|
120

Distance from QSO J0100+2802 [cMpc]

Galaxies are coincident with transmission spikes.
First direct evidence of local ionization of the IGM by galaxies
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@ Galaxy — Lya forest cross-correlation

Mid-reionization regime (z=5.3-5.7):

with rare, distinct transmission spikes
Redshift

5.70 5.75 5.80 5.85 5.90

1 B | | | | | | }. | “ | | | | | | | | | | | _0.4
2 O_ - e R Ly forest lower limit

@ 6}
N =" TN 0.2
Vi E :
~ - .
T e M ey w ‘—**—J‘ po a—
260 240 et 220 200 180

5.90 5.95 776,00 6.05 6.10 6.15

10_ | | | | | | | | :‘I ‘*‘ | | | | | | | | | | | | | | _0.4
S L : : B T(Lyo) o(T(Lya))
Ne) o, Qo
A o e 1o2s
2 gl - 0.0

o e eymainiy e o —~ A B A T T A L
0 O |A “‘| o A | | | | | | | A | | A
160 140,,.. 120 100 80

Distance from QSO J0100+2802 [cMpc]

Galaxies are coincident with transmission spikes.
First direct evidence of local ionization of the IGM by galaxies
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@ Galaxy - Lya forest cross correlation

Quasar near-zone (z=6.15-6.25):
where the radiation from the QSO dominates.

Redshift

6.10 6.15 6.20 6.20 6.30 :
1.00 | | T === | :
H =TT 2QS0 — 6.327 m ey :
— 0.75F — Fit with a I'ocr~? model o o . h 44~ ﬁ W _
9 Neutral boundary ‘. o | M e o O
£ 0.50( e ° W Vn’ S Is.
: o Tl | E
E 0.25 ° | ° w | “ [J .E 12
~ . oo
0.00 U - TAAVL\ ° /\N J U l/ L @ :‘. i
A | A A | | |
30 60 40 20 0

Distance from QSO J0100+2802 [cMpc]

Transmission is suppressed near the galaxy overdensities.
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@ Galaxy — Lya forest cross-correlation

Quasar near zone:

Post-reionization: Dominating local but large-scale strong radiation from
Transmission is suppressed due to guasar leads the trend similar to what is seen at lowest-
. Z (but with much higher T)

dense gas around galaxies, and L

increases towards the level set by the R ' ' ' ' ' '
more or less uniform background
radiation

6.15 < 2 < 6.26 (near zone)

Mid-reionization:

Transmission peaks at ~ 5 cMpc,
likely due to local ionization effect of
galaxies, then decreases at larger
distances, reflecting the low level of
mean ionization of the universe

Average transmission
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Results on the
SMBH

Mainly based on Paper lll (Eilers+)



@ First rest-frame optical spectrum of z~6 QSO

17.5r1
15.01
12.57
10.01

7.5

flux density [107"" ergs™ cm =2 A~1]

2.5

2.0

1.5

1.0

0.5

0.0

JO100 + 2802

2 = 6.3270 = 0.0005 | Mgll

4.0

5.01

2.0T

11000 11500 12000

1.4

1.2

1.0t

OO 1 | 1 1 1
6000 8000 10000 12000 14000 16000 18000 20000 22000
3.5 1.8

Hp + [O111]
3.0 1.61

35000 35500

36000 36500

NIRCam F356W

e

32000 34000 36000 38000
observed wavelength [A]

40000
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@ First rest-frame optical spectrum of z~6 QSO

3.5

flux density [10~
o
-

o
ot

2.0

1.5

1.0

0.5

0.0

1.0}
35000 35500 36000 36500

NIRCam F356W

1.8

HB + [O11]]

1.6

1.4

1.2+

B

32000

@)

normalized fux
DO S

44 < logy(Lpor/ergs™1)
Ngso = 3865

Ngso = 45991

46 < logy(Lpo1/ergs™1)
Nqso = 3515

<
45 < logy(Lpor/ergs™1) < 46;
<

18300
wavelength (A)

5000

34000

36000 33000 40000
observed wavelength [A]

The [OIll] lines are surprisingly weak, with
no significant narrow component, far
different from typical SDSS quasars.

FWHM (HB) = 6480 = 170 km/s

"9 February, 2023

APEC seminar @ Kavli IPMU

Daichi KASHINO
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‘s SMBH mass estimate

HB ( + Ls1004) is considered as the best SMBH [P ¢ 2 Ppectral properties of the quasay
Indicator, well calibrated at local universe.

spectral property measurement

. L FWHMc1v [kms™'] (corrected) 4270 + 150
Three empirical indicators, (Hf3, CIV, Mgll) FWHMager [kms=] 1700 4 30
g T

point to a SMBH mass logMe/Msun=9.7-10.2  pyiv, gans 6420 - 170
, with H[3 yielding the highest.

Avcrv [kms™1 —2470 4= 80
Avngrr [kms™!] —980 4 10
Statistical errors are small, but the systematic  Avug kms™] ~110 £ 20
uncertainties are large (~0.5 dex, or a factor 1350AL - [10% ergs ! 1401
1350A * : -
of 3)- 3000A L - [10*ergs™* 25.6 £ 0.1
3000A
5100AL - [10*®ergs™* 20.1 +0.1
5100A
:.Oglo(M./M@) (C IV) 9.9+0.1
log,o(Me/Mg) (Mg II) 9.7+ 0.1
log,o(Mae/Mg) (HS) 10.2 + 0.1
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@ No evidence of strong lensing

quasar image

No multiple images at the
diffraction limit 0.05".

Multi-image in ALMA 1mm
reported by Fujimoto+20

r U T2,
0
10.
=
<
D)
8.0 £
| >
'
o)
2

0.1 0.5 1.0 2.0
surface brightness [MJy /sr]

PSF model

0.1 0.5 1.0 2.0
surface brightness [MJy /sr]

normalized residuals

| (@) 5
= |
OI o

w

fraction of peak QSO flux
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[\]

<
peak QSO flux

T
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L _10—3 “5
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|
)

fraction of peak QSO flux

|
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@ Summary

* EIGER, a JWST GTO program of slitless spectroscopic survey of z~6 galaxies in the quasar
fields.

* First observation was conducted in the field of ultraluminous QSO J0100+2802 z=6.33
* First large sample of 117 [Olll]-selected galaxies over z=5.3-6.9
« EWo~1000A, stellar mass ~ 107-1010 Msun, metallicity ~ 0.1 Zsun
e Strong overdensities (one at z=zqs0=6.33)
* Direct evidence for local ionization of the IGM by galaxies at z~5.9
e SMBH mass from Hp log ~ 10.2, no evidence for strong lensing

Check our papers on arXiv:

2211.08254 Kashino+: survey design, details of analysis, and correlation with the IGM
transmission

2211.08255 Matthee+:.characterization of the [Olll]-selected galaxies
2211.16261 Eilers+: SMBH measurement of QSO J0100+2802 from Hf3

More papers will come soon.
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