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SUMIRe : HSC + PFS

Subaru Measurements of

Images and Redshifts

PI: Hitoshi Murayama (IPMU & Berkeley)

HSC : Imaging

FOV : 1.8 deg?
HSC : 870M pixels
SSP : 330n

Cosmology
Clustering, W1
Galaxy evolution

Wide Field

Corrector

PFS : Spectroscopy

FOV : 1.3 deg?
PFS : 2400 fib. / 0.38-1.3um
SSP : 360n

Cosmology

Galactic archeology
Galaxy evolution
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HSC survey

Area [deg?]
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HSC survey

Filters Sky Coverage
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@ Prime Focus Spectrograph (PFS)

PFS.Wgnfigure

Spectrograph System (SpS) Prime Focus Instrument (PFI)

Fiber Optical Cable and

Connector System (FOCCoS) Metrology Camera System (MCS)
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@ Prime Focus Spectrograph (PFS)

Spectrograph System (SpS) Prime Focus Instrument (PFI)

Nasmyth
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Fiber Optical Cable and
Connector System (FOCCoS)
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Prime Focus Spectrograph (PFS)

4 Spectrograph Modules with
600 fibers and 3 cameras / SM

Number of fibers 2400

Field of view |.3 deg (hexagonal-diameter of circumscribed circle)

Fiber diameter |.13” diameter at center 1.03” at the edge
Blue Red NIR

Wavelength range [nm]  380-650 630-970 (706-890) 940-1260

Central resolving power  ~2350 ~2900 (~5000) ~4200
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Prime Focus Spectrograph (PFS)

Current status
*2 SMs (B+R) at Subaru

* Start of engineering runs

* First NIR camera @ LAM

LAM 24/09/2020



Prime Focus Spectrograph (PFS)
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1D Data Reduction Pipeline (V. [LeBrun)
LAM 24/09/2020




PFS: Subaru Strategic Program (360n)

three science Pillars

Cosmology

¥
COSIMmMo. ‘

parameters

neutrino mass

4 millions of Emission lines

0.6<z<2.4

Assembly history
DM profiles

Galactic Archeology

.

FIRE/Latte

Milky way
Andromeda streams & halos

local Dwarfs

Galaxies & their envt.
IGM tomography

End of Reionization

Galaxy Evolution

IGM Tomography

350,000 spectra over 15 deg2

Testing ACDM

Assembly history
of galaxies

Importance of IGM

* Nature & role of neutrinos

* Expansion rate via BAO up to z=2.4
* PFS+HSC tests of GR

* Curvature of space: Qi

* Primordial power spectrum

* Nature of DM (dSphs)
e Structure of MW dark halo

* Small-scale tests of structure growth

* PFS+HSC synergy

* Absorption probes with PFS/SDSS
QSOs around PFS/HSC host galaxies

e Stellar kinematics and chemical
abundances - MW & M31
assembly history

» Halo-galaxy connection: M, /Mpa10
* Outflows & inflows of gas
* Environment-dependent evolution

e Search for emission from stacked
spectra

* dSph as relic probe of reionization
feedback

e Past massive star IMF from element
abundances

* Physics of cosmic reionization via
LAEs & 21cm studies

* Tomography of gas & DM

LSST Nov 2022




PFS: Subaru Strategic Program (360n)

75° PFS SSP Survey Fields

PFS Cosmology

PFS Galactic Archaeology (dSph/dlrr)
PFS Galactic Archaeology (Halo)

PFS Galactic Archaeology (Halo Stream)
PFS Galactic Archaeology (Outer disk)
PFS Galactic Archaeology (M31/M33)
PFS Galaxy Evolution (Deep)

-75°

* PFS Cosmology: HSC-Wide (= 1200 sq. deg.) region. Shallow (15-30min each field)
* PFS Galaxy Evolution: HSC-Deep (~ 15 sq. deg.) regions. Deep (>2hrs)

* PFS Galactic Archaeology: based on private HSC data. dwarf gal. sample, M31,
streams/outer disk

LSST Nov 2022



Spectral Resolution (R)

PFS: Subaru Strategic Program (360n)

—> Next generation of High-z SPECtroscopic surveys
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PFS: Subaru Strategic Program (360n)

three science Pillars

Cosmology

COSIMO. parameters

Galactic Archeology

DM profiles
Assembly history

neutrino mass

BAO, RSD, PS

10 kpe FIRE/Lat?e

o FIRE/Latte

Milky way
Andromeda streams & halos
local Dwarfs

4 millions of Emission lines
over 1400 deg2 in
O.6<Z<2.4

Galaxy Evolution

IGM Tomography Galaxies in the Cosmic Web

Galaxies & their environments

(0.7<z<7)
IGM tomography (Ly-a forest at z>2)

End of Reionization(LAE z>5.5) 22 T 15 s

350,000 spectra over 15 deg2
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PFS - SSP : Cosmology

Cosmology survey : to measure cosmic length scales at high z

- 1200 deg? with 4 millions ELGs measured with OII doublet 1n 0.6<z<2.4

with over a comoving Vol ~ 7 Gpc3

+ [0 11] doublet: 3726.0 A, 3728.8 A FLGs selected with
e AA=2.8 A (barely resolved in PFS) mag/color criteria

*.380.— 1260 nm - z =0.02 —.2:38

o
)
A/
)
w
(@]

galaxy count
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PFS - SSP : Cosmology

Testing Cosmic acceleration with distance scale lengths

- BAO and Alcock-Paczynski measurements : DA(z) and H(z) at 3% at all z

- Expected accuracy with which the PFS BAO-measured DA(z) and H(z)
will determine the dark energy density parameter Qpg(<)

1.0
—— ACDM

¢ SDSS/BOSS
¢ SDSS/BOSS+PFS

Z)

o~

S

00
1

0.6 1

<
-‘:l
L

Dark energy density Qpg(
<
Q]

0.0 + : : : :
0.0 0.5 1.0 1.5 2.0

redshift z

Q)
N
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PFS - SSP : Cosmology

Testing Linear growth rate of DM fluctuations

- RSD: fiog(z) at 6% up toz=2.4
—> PFS extended to high z w.r.t. DESI (Y1)

— > does cosmic acceleration arise from a modification of GR on large scales ?

0.6
— GR+ACDM
= — == nDGP r.Hy=1
o
by~ fiR) 0.05 <k <0.5 h/Mpc
2 & rrs
g
= & DESIYI (ELGs)
O M 6dF
= 2dF
Q TPE
= M VIPERS
*E FastSound
'..5 Ml SDSS/BOSS/eBOSS LRG
- eBOSS ELG
=
=
o
—

0.3 -

O
o

' 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift z

—> High density sampling of PFS will allow to use voids

for additional constraints on cosmological parameters
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PFS - SSP : Cosmology

Constraints on Cosmological Parameters

- PFS uses a single tracer at low and high z

—> Tension in BAO measurements from SDSS at low (galaxies) and high (Lya forest)

PFS(0.6 <z <1.2)+SDSS galaxy
B PFS(1.2<z<24)
80 1 PFS(0.6 < z <2.4)+SDSS galaxy ———
— - SDSS galaxy (z < 1.0) el /
- /
§- -== SDSSLya+QSO (z>1.0) -7 __-=7 /’
S -~
&
£
=—= 70 -
()
Ny
60 T y ' '
0.2 0.3 0.4 0.5
Qﬂl

Figure 5. Two-dimensional marginalised joint posterior distributions (68%
and 95% CL) in the Q,, — Hy plane from the BAO information. All constraints

adopt a Big Bang nucleosynthesis (BBN) prior o-(Q,4%) = 0.02. Dashed
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PFS - SSP : Cosmology

Constraints on total neutrino mass with shape of Power Spectrum

- Growth of density fluctuations suppressed on scales < “neutrino-free streaming length”

with z and scale dependence (Takada+2006) : ( o(X mv ) = 0.02eV)

- Constraints by combining with CMB, Gal. Clust and WL xPS (HSC-PFS)

Planck

Planck+BOSS/eBOSS
Planck+BOSS/eBOSS+HSC
Planck+BOSS/eBOSS+HSC+PFS

Probability

' T T L) L) '

0.00 005 010 015 020 025
xm, [eV]
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PFS: Subaru Strategic Program (360n)

three science Pillars

Cosmology

COSIMO. parameters

Galactic Archeology

DM profiles
Assembly history

neutrino mass

BAO, RSD, PS

10 kpe FIRE/Lat?e

o FIRE/Latte

Milky way
Andromeda streams & halos
local Dwarfs

4 millions of Emission lines
over 1400 deg2 in
O.6<Z<2.4

Galaxy Evolution

IGM Tomography Galaxies in the Cosmic Web

Galaxies & their environments

(0.7<z<7)
IGM tomography (Ly-a forest at z>2)

End of Reionization(LAE z>5.5) 22 T 15 s

350,000 spectra over 15 deg2
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PFS - SSP : Galactic Archaeology

2) Dwarf galaxies
Bt ol e romeda stregms and

1) Milky Way disk -

- Assembly history of the Milky Way & M31

- Nature of Dark Matter and DM Structures in nearby galaxies

— > by measuring ~100,000 of stellar spectra

(radial velocity and chemical abundances)

« MW dwarf satellites
- DM halo profile and [Fe/H] & [a/Fe] over largest areas
« M31 halo
- DM subhalos, chemo-dynamics with spectroscopic [Fe/H] and [a/Fe]
« MW halo/streams/disks
- Chemo-dynamics of the MW outer disks, halo dynamics,
constraints on the Galactic potential

different chemical abundances
produced on different time scale
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PFS - SSP : Galactic Archaeology

Test Dark Matter model with dwarf galaxy profiles

—> PFS uniquely designed to map dSphs up to tidal Radu

—> Fornax in 4 PFS pointings —> robust DM profile: inner-outer regions
—33.0F - n — T T —T .
Fornax o i —- Input parameter |
. R , . ' , 1010 Current, -
—335F PI:S L | B PFE'S forecast
—34.0F . oT
. & 108§ E
oo —
=, ©)
—34.5F -1 B
2 5 107E
- — -
~
—35.0}F ] 105k : _’
—355r v ' 107k
5ol ™= Keck DEIMOS L ] Loib——
] ] ] ] ] ] ] Q)'()l
41.5 41.0 40.5 40.0 39.5 39.0 38.5
RA [deg]

—> 1 PFS night = 60 Keck nights
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PFS - SSP : Galactic Archaeology

Test Dark Matter model with dwarf galaxy profiles

—> 1mpact of Baryonic feedback effects on CDM cusp or other DM ?

HH  Current
KAHH PFS forecast

o FDM, SIDM (core)
= 0.0F o
S p——
~ Sculpt F - 8‘; °
E - BOétGS I culptor ornax P (a \ L -
A —0.5F ; ) ¢ | Sextans ¢ 6 b T
3 X y
& Draco ) QQXK
S -1.0F = 0, .
E 15k BT CDM (cusp, DM only).
% ! Ursa Minor !
™ X | |

i o~ | D i X |

ST S l & & : NI
S O = Q
| | | I L] | |: [ | |
107 10~* 1077
M*/Mhalo

— Current measurements with

large uncertainties

— Baryonic feedbacks

from 2 hydro-dynamical
simulations (NIHAO, FIRE-2)

— stellar metallicities + [a/Fe] ratios

sensitive to high-mass IMF (SNe)
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PFS - SSP : Galactic Archaeology

To infer the merging history of the Milky Way

— > response of the MW outer disk to the
Sagittarius dwarf (Sag. plunged ~ 500 Myr ago)

D EC DEC [deg]

B0

40

20 4

=N

|=270,b=60Q

Field of

1=90,b=-60

250 300

100 15 200
RA [deg]

"RA

— > accretion events from halo streams

—> Halo streams to constraint the shape of

galactic potential
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PFS - SSP : Galactic Archaeology

To infer the merging history of the Andromeda

— > stochasticity 1s expected in the assembly histories of large galaxies

(reflected in chemo-dynamics of stellar halos and disks): Different histories for M31 vs MW.

- 11 19
L. A~ Stream A |
| 8- E Cloud e 12 | 0.48
C -~ Streoam C - N1 an147
" D~ Stream D 3 @ . 85. e "‘Nwz\s'tream 1 20}
rgmme ] g ~ Foa
| G = W Shelf ¥ " [ ‘ ‘0 .XV!II E 21
H = NE Structure - g 0.36
[ 1 = G1 Clump . .
F J — SW Cloud o E
| K = NW Stream A . . ~~ 22 ; x
OFL—NGC147Straam I (72] L030 2, i S0
M~ M33 Streom o \ e - - - . i“_
I @ L RN TN
! o . % | © 23 PF ‘ Ilm{t
, o < [BEo-24 £ S Fe
- s -2 g J O & ‘
o Gjant Seuthern o -
- = < q) L0.
* : Stream yx @~ © 018
s ¢ UI)
.II X1
oM ‘.xnl % 25
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I s ey O 1 HSC Pointing 1
o> O 1 PFS Pointing
LRy T gt I g g o N 2 3 | P .o DA
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—> PFS will explore disk, halo (15000/22000) stars to detect bimodal chemical distrib. (sign of mergers)

and North and South streams to characterize progenitors of the merging galaxies.
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PFS: Subaru Strategic Program (360n)

three science Pillars

COSIIlOl N Galactic Archeology

cosmo. parameters
neutrino mass DM proﬁles o
BAO, RSD, PS Assembly history | ’ A
. FIRE/Latte " FIRE/Latte
4 millions of Emission lines Milky way
over 1400 deg2 in Andromeda streams & halos
0.6<z<2.4 local Dwarfs

Galaxy Evolution

IGM Tomography Galaxies in the Cosmic Web

Galaxies & their environments

(0.7<z<7)
IGM tomography (Ly-a forest at z>2)

End of Reionization(LAE z>5.5)

350,000 spectra over 15 deg2
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PFS - SSP : Galaxy Evolution

Galaxies : complex systems CW : environment where galaxies form / evolve

'
.
.
b -
¥
- .
. .

interplay between

infall - SFR - feedback

Diffuse gas I GM

L | ) e .

2 L S > o
4 'J‘
X

,‘..' . - (. - -y
R - I e ' X
‘ / v/ " .
Baryons in CW [ )
B & |
‘

e

80% in IGM / fil.
10% in CGM 2
10% in stars

(8]
e

’ .

300 kpc Tulimson +17

How does the interplay between dark and baryonic matter shape the evolution of galaxies?
How do gas and metals flow into and out of galaxies?

How do relations between galaxy properties arise and evolve?
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PFS - SSP : Galaxy Evolution

A comprehensive study of galaxy and IGM evolution

over a wide range of z & environment

Main Gal Sample
J<22.8 + Photo-z

~275,000 z
Cosmic Web 0.7<z<2

IGM tomography
g<24.7 + Zph
~45,000 z

HI cosmic web 2<z<2.5

High-z cont. selected

Y<24.5 + Zph
~25,000 z
Proto clusters 2.5<z<5.5

Lya Emitters

HSC NBs select.
~8,000 z

post relo. z>5.5

0.7 1 1.5 2 2.9 3 - S 7

200 = NB LAEs =

f— " -

100 E- N

0E ; B (it o B : L 3 =

= o, GRS R p o 4 A=

E v ¥ ’ ’ N | '."_ '::.-E

—-100 g ) A ICM Tc'lﬁn"xc;r'épil" ' .I -M Background ‘} '.‘é

— Low-z Main Low-z Main + Deep ' - ! S High-z Continuum Selected =

200 E ) X ) Map ) Galaxi ) ) =
3000 4000 5000 6000 7000 8000

Comoving distance [cMpc]

- Multi-purposes targets ==> Complex selections
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PFS - SSP : Galaxy Evolution

Redshift
7 6 5 4 3 2 1 0

10*
10°
107
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. : : 1 z=0.8 SF Galajxy
!

IGM 'I:‘omogéraphglé

z=;1§.2 Quiescent
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%PFS: to unveil
- the Cosmic Web

‘at 0.7<z<2 ¢ G 1000 2000 3000 4000 5CLO GICL  '7CO0
. ‘ S : " Rest Wavelength

Arbitrary f,
T llllllll T llllllll T llllllll T llllllll T llllllll T TTIT

3 HSC-Deep regions covering 15 deg2 350,000 spectra of a wide variety of
—> A large volume to trace the Cosmic Web galaxy population
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SIN

PFS - SSP : Galaxy Evolution
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Different exposure time & SNR (Texp=2-12h) — > detailed studies of massive gal:
SFR, SFH, M*,met., quenching, feedback/infall
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PFS - SSP : Galaxy Evolution

To constrain relationship between Galaxies and their DM Halos envt.

—> via galaxy clustering 0.7<z<b

Standard HOD Model = Model with Assembly Bias
P(M* |Mha10)(M*) P(M* |Mha10)(M*’ SSFR | Mhalo(t))

log SSFR> —9.5
—115<log sSFR< -9.5

Bl (] <logM, /My<11.5
22105 <logM, /M, < 11

11 < log M, /Mg < 11.5
Z2110.5 < log M, /Mg < 11

10* 1

log M, /M > 9.\57

10! 107

10°
r, [h~*Mpc]

r, [h~*Mpc]
—> SHMR with additional galaxy properties
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PFS - SSP : Galaxy Evolution

To constrain relationship between Galaxies and their Large Scale envt.

New generation of spectroscopic surveys to map the cosmic web

Galaxy Redshift Surveys IGM tomography
| | <30 deg?
20~ | 30-500 deg?
i DESI Euclid
| | >10000 deg? wide
<~ 15
5 _
~ | SDSS
A 10— .
3 VIPERS Euclid %
QS - PFS tomography
N . ‘,:’. d
M PFS H—®
GAMA J<23 — g
, *. » O rh — (G
I FEK ®
0 >
b A
&
]
A
= 1 g
0 0.5 Redshift 2 S

— > exploring the influence of CW on galaxy properties near the peak of SFRD
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PFS - SSP : Galaxy Evolution

The Cosmic Web reconstruction Kraljic, in prep

Full simulation

100
)
o,
= .
7 OR
.S. Ll
>
—100
0.8 1.0 1.2 1.4 1.6
redshift

PFS-like after correcting finger of god

y [A~" Mpc]
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PFS - SSP : Galaxy Evolution

The Cosmic Web reconstruction Kraljic, in prep
Filament length Wall area Void volume
0.5F ;
1.0F — PFSun — PFSpn — PFSqn
PFS} ¢ PFS}FoC 0.3F PFS} ¢
04 B w /o Fo
0.8k e PFSKI{FFOG ......... -,_: ......... PFSfu{l FoG
0.3F
- 0.6F - o 0.2
- - -
A A A
0.4f 0.2}
0.1
0.2F 0.1F ‘
\\\\
0.0p | | | | | 0.0 ~ | | | L | 0.0 | | | | | | |
—1 0 1 2 3 —2 0 2 4 6 2 3 4 5 6 7 8
log(L/(h™" Mpc)) log(S/(h~! Mpc)?) log(V/(L~' Mpc)® )
—> Importance to correct for FoG g

e
.":1

— > a natural framework

Dsaddle

to revisit galaxy evolution

node LSST Nov 2022
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PFS - SSP : Galaxy Evolution

vadsi+17)

VIPERS [1<22.5] [ I.6xldeg?] o at 1
40
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higher sampling and also spectral resolution
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PFS - SSP : Galaxy Evolution

To reveal the HI gas Cosmic Web with IGM tomography

e ()

1.0

0.8

0.6

0.4

L0 =

0.0

Light from
background
galaxies

Residual neutral hydrogen

in the filamentary IGM causes
absorption lines in the spectra
of Background sources

Cosmic web
gas in foreground

Ly-a abs lines along LoS

Transmitted flux,

F=F(Q exp(-7) with

ed BT g R : L 1" O T T .J| o | l

Ta(Z) X ()

ARKE0O 4900 4920 A0 A2G0 4980 5000

s

— > absorptions trace Large Scale Structure
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PFS - SSP : Galaxy Evolution

HI CW reconstruction depends on number of background sources

from KG Lee
Sources probmg z= 2 g Ly—a Forest

S B L L B B 1
- LBGs+QSOs

2.3) (h™' Mpc)

Nes (Per sq deg)

dperp(z

# of Ly-a forest sightlines
per sq deg

Average sightline separation

* * Limiting g—mag

BOSS DESI Huge jump in sightline availability
(2.5m) (@Am) with LBGs/star-forming galaxies!

PFS will use OSO/Gal at 2.1<z<3.5: 3000
spectra/deg2

—> Reveal the HI CW at 2<z<2.5 with res. ~4dcMpc

ylcMpc/h]

ylcMpc/h]

(z)=2.4 Density Field ~from KG Lee
1071 10° 101
30 ’ - 5‘( v -
20 | N\ " » ¥ . 3
{. [+ . t” - ) ‘
o | ’ ) v
_10 : J - ﬁ .1 ' s ' '\’
-20 )« "‘V L% .‘.. »
-30 :
3775 3800 3825 3850 3875 3900 3925 3950 3975
z[cMpc/h]

(z)=2.4 PFS IGM Tomography Reconstruction
30

"N i ) ‘ . ' I y
20 *°8 Y 2 r ’ ,
104? - 5 1 » ] . . : . ‘, (
’ A ‘ . ’\ . e . o
01 . oY y \“ | ‘
_10 1 . ‘.‘ ’. ' » f \ . \. .
—20 7’ e o 3
3775 3800 3825 3850 3875 3900 3925 3950 3975
Z[cMpc/h]

— > First connection between Galaxies and IGM ( galaxy gas reservoir)
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PFS - SSP : Galaxy Evolution

To reveal the HI gas Cosmic Web with IGM tomography

—> Protoclusters with HI over-densities — > Cosmic voids with HI under-densities
CLAMATO survey (Keck), Lee+16 Voe
Z = 21.450 7z = 2.470 [ J;: CLAMATO, Krolewski+18
= N = ) - 3850 T EE000 . '— ' 3050 A
i " S - E\ F T &
/ o ) ;@ —P  redshift
z = 2.435 ’ * '
Lee+2016

—> [IGM tomography : a new window for high redshitt CW

—> First connection between Galaxies and IGM ( galaxy gas reservoir)

—> CGM analyses (infall/feedback)
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PFS : High Multiplex Spectrograph Landscape

Telescope Subaru (8.2m) | VLT (8.2m) Mayall (4m) WHT(4.2m) VISTA(4m)

FoV |.2 sq. deg. 0.14 sq. deg. 7 sq. deg. 2 sq. deg. 4 sq. deg.

Wavelength 0.38-1.26 0.64-1.8 0.36-0.98 0.4-1.0 0.4-0.885

Multiplex 2394 1000/2 5000 800 800 (low-R)

1800/deg? 5100/deg? 700/deg? 400/deg2 800 (high-R)

Resolution R~2,000 (blue) | R~4,000-6,600 || R~3,000-4,800] R~5,000 R~5,000
R~3,000 (red) | R~9,000 R~20,000 R~20,000
R~4,000 (NIR) | R~20,000

Fiber diameter 1.1” 1.05” |.45” |.3” |.4”

Sci. op. start 2024 2024 2020 2023 20247

Survey GLEv 130 nights 190nights 500 nights Syrs+5yrs 27?

Science Cosmology | Galaxy Evol.]| Cosmology | GA Cosmology
GA GA GA Galaxy Evol. GA
Galaxy Evol. Bright galaxies Galaxy Evol.
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PFS and its SSP will revolutionize our view

of the high redshift universe
as SDSS did 20 yrs ago

Mahalo !
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PFS : High Multiplex Spectrograph Landscape

PFS vs MOONS

MOONRISE
500,000 gal 0.9<z<2.6

MOONS unique at high-z

with line diagnostics

BUT small fov for CW

. . JMOONRISE .~ '~ 125Mpcli"
AR |

TN MOONRISE in the two 1
.| [ 7 VIDEO fields(stare strategy)

Fﬁ const.

- MOONS >
) PFS -
. H
8 Lyo [Oll] : B[O””
6r 'CaH+K
Hot [NI1]
ISl
4 — 1
Nz 15
2 |
O L
0.5 1.0 1.5 2.0
Individual MOONS Wavelength (Um)
patrol field
—> 2 fields in common
MOONS/PFS can be complementary
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