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Subaru Measurements of Images and Redshifts

SuMIRe
• a 5+5 year survey program

• exploiting FOV ~1.5° of 8.2m Subaru

• Keck x100, HST x1000

• Imaging with HyperSuprimeCam 
(HSC)

• 870M pixels

• ~20M galaxy images

• 2014–2018, 300 nights

• spectroscopy with 
PrimeFocusSpectrograph (PFS) ≠ PSF

• 2400 optical fibers

• ~4M redshifts

• 2021–2025? 300–360 nights

Subaru

HSC PFS
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New Views of Saturn's Aurora, Captured by Cassini
A new movie and images showing Saturn's shimmering aurora are helping scientists
understand what drives some of the solar system's most impressive light shows.

News & Features
09.23.10 Cassini Gazes at Veiled Titan

09.23.10 Shining Starlight on the Dark
Cocoons of Star Birth

09.21.10 Laser Tool for Studying Mars Rocks
Delivered to JPL

Upcoming Events
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Wide-field imaging with Hyper Suprime-Cam 5

HSC-UD

HSC-D

HSC-Wide

Figure 1: Left panel: The HSC filter transmission, including the reflectivity of all mirrors, transmission of all optics,
and response of the CCD, assuming an airmass of 1.1. Both the wide-band and narrow-band filters are shown.
The lower panel shows the spectrum of sky emission lines, demonstrating that the red narrow-band filters lie in
relatively dark regions of the sky spectrum. Right panel: The limiting magnitudes (in r) and solid angles of the
HSC-Wide, Deep and UD layers, compared with other existing, on-going, and planned surveys. The three layers are
complementary to each other, and each of the three layers covers a significantly wider area than do other on-going
surveys of comparable depth. The narrow-band components of the Deep and UD layers are unique; no other survey
is planning a major survey to comparable depth.

The top-level science requirement is to derive stringent dark energy constraints from the combina-
tion of weak lensing, Type Ia supernovae, and Planck CMB anisotropy measurements to precisions of
σ(wpivot) ≃ 0.04 and the dark energy figure-of-merit FoM ≡ 1/[σ(wpivot)σ(wa)] ≃ 50.
To meet this scientific goal, the top-level survey requirements are:
• To carry out i-band imaging (20 min in total per field) in nights of good seeing conditions (FWHM <

∼ 0.7′′)
in order to carry out high-precision measurements of the shapes of faint, distant galaxies. This depth gives
us a weighted mean number density of galaxies for which shapes can be measured of n̄g ≃ 20 arcmin−2,
with ⟨z⟩ ≃ 1.
• To cover a solid angle of 1400 deg2 to have a sufficiently-high statistical precision for the WL observables.

With the HSC/Subaru data, we will recover the dark matter distribution with unprecedented statistical
precision up to higher redshifts than previously reached or can be reached with 4m-class telescopes. The
statistical accuracies of our WL measurement will depend on the number density of galaxies usable for
WL analysis and the total solid angle (which, given the redshift range of our sample, determines the total
comoving volume covered by the survey). The i-band is ideal for measuring faint galaxy shapes, given
the red colors of high-redshift galaxies, the high throughput and relatively low sky of the filter, and the
good seeing. Data from the Subaru Suprime-Cam show that the weighted number density of galaxies with
measurable shapes for a weak lensing analysis in 20 min i-band exposures in <

∼ 0.7′′ seeing is about 20
galaxies/arcmin2. With this exposure time, we go deep enough to probe WL to z > 1, allowing us in 200
nights to cover the cosmological volume necessary to attain our desired constraints on w and the DE FoM.
While the statistical accuracy is comparable with that expected for the DES survey (Oguri & Takada 2011;
also see § 5 for more details), we will have appreciably better image quality, and thus better control of
systematics.

The total exposure time is split into 6 exposures for each field, and includes a single 30-second exposure
to allow the photometry of each field to be photometrically tied to SDSS with bright stars (see § 4.1).

imaging

6.4 Science

Table 6.2: Targets for a PFS galaxy evolution survey

Redshift Magnitude Selection Sample size Targets

range limit size

0.1 < z < 2 zAB < 22.5 Random ∼ 1× 106 Galaxies

0.5 < z < 7.0 zAB < 23.5 Photometric ∼ 5000 QSOs (See Section X)

1.0 < z < 2.0 TBD Photometric ∼ 3− 5× 103 Cluster members

0.5 < z < 2.0 TBD Multi-wavelength TBD X-ray, SZ clusters

0.5 < z < 7.0 zAB < 23.5 Multi-wavelength TBD AGN (X-ray, radio)

Figure 6.4: Area coverage versus limiting magnitude for various large extragalactic surveys. The point size represent
the number of spectra; the SDSS symbol size corresponds to one million spectra. Clearly, a PFS survey occupies
a unique position in this parameter space. The BigBoss survey is arbitrarily placed at 23rd magnitude since the
continuum will not be detected in most galaxies.
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HSC parameters

• FoV: 1.5°, 1.77 deg2

• 15µm, 870M pixels
• grizy + 6 NBs
• three surveys, started Mar 2014

area (deg2) pointings h–3Gpc3 science

Wide 1400 916 4.4 (z<1.5) WL, galaxies z~1

Deep 28 15 0.5 (1<z<5) galaxies z<2

Ultra-Deep 3.5 2 0.07 (2<z<7) LAEs, LBGs, SNeIa

Planned HSC Survey: 3 tiers �
•  Wide: 1400 sq. degs., grizy (iAB=26, 5σ)"

–  Weak gravitational lensing!

–  Galaxy clustering, properties of z~1 L* galaxy "

–  Dark Energy, Dark Matter, neutrino mass, the 
early universe physics (primordial non-
Gaussianity, spectral index)"

•  Deep: 28 sq. degs, grizy+NBs (i=27)"
–  For a calibration of HSC-Wide WL/photo-z"

–  LAEs, LBGs, QSOs"

–  Galaxy evolution up to z~7"

–  The physics of cosmic reionization !

•  Ultra-deep: 2FoV, grizy+NBs (i~28)"
–  Type-Ia SNe up to z~1.4"

–  LAEs, LBGs, Galaxy evolution"

–  Dark Energy, the cosmic reionization!



PFS parameters

• 2396 fibers, 128µm, microlens f/2.2→f/2.8
• FoV: 1.3 degrees
• share WFC with HSC
• 4 spectrographs for 600 fibers each
• λ=0.38–1.26µm with three arms

blue 380–640 nm R~2500 Hamamatsu (special coating)

red 640–955 nm R~3200, 5000 Hamamatsu (same as HSC)

near IR 955–1260 nm R~4500 Teledyne HgCdTe (<1.7µ)



Prime	Focus	Instrument

Wide	Field	
Corrector

Wide	Field	
Corrector

Fiber	Posi>oner		
(from	bo@om)

Spectrograph Fiber	Cable

Metrology	camera
Wide	Field	
Corrector

Prime Focus Spectrograph
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PFS science meeting in Garching Aug. 7-10, 2017, "PFS expected performance" Kiyoto Yabe (Kavli IPMU) 4

• Primary mirror reflectivity, wide field corrector (WFC) throughput, fiber system, 
spectrograph optics,  detector QE are included

• For some components (e.g., optics in red arm), actually measured values are used

• For the rest, the specification values are used

• Vignetting is not included in the throughput model (included in ETC)

• Atmospheric attenuation is not included (included in ETC)

• ~25%, ~30%, ~20% in blue, red, NIR arm, respectively

PFS expected performance: throughput

K. Yabe



PFS science meeting in Garching Aug. 7-10, 2017, "PFS expected performance" Kiyoto Yabe (Kavli IPMU) 10
PFS expected sensitivity: comparison with other instruments
• ETC-based comparison to other (optical) instruments

• 1 hour sensitivity for a point source with 22.5 ABmag continuum

• S/N ratio per PFS resolution element (2.7Å)

• Slit/fiber aperture effects are corrected

• Mirror size effects are corrected

LRIS DEIMOS
LRISPFS

GMOS
DEIMOS 

(obs)

PFS sensitivity is 
comparable to other optical 
instruments if aperture size 
effects are corrected

K. Yabe



PFS science meeting in Garching Aug. 7-10, 2017, "PFS expected performance" Kiyoto Yabe (Kavli IPMU) 6
PFS expected performance: sky background model

← fiducial model

←
 fiducial model

• Sky background model (continuum + emission line)
‣ Continuum model provided by Jim Gunn
‣ Emission line model of UVES line atlas (optical) + theoretical Rousselot model (NIR)

• There is a large variation among different models ...

• The adopted model is relatively conservative

Note: only continuum models are shown

←
 fiducial 

model

← fiducial model

Comparison in NIR region

K. Yabe



New Estimate of S/N

by K. Yabe

K. Yabe



Procurement	of	key	remaining	elements

• All	2550	Cobras	were	delivered.	

• All	science-grade	CCDs	and	H4RGs	were	delivered.	
– Detailed	characterization	is	ongoing.	

• 3x	red	and	2x	blue	dichroic	coatings	were	completed.	
– The	rest	is/will	be	in	process.

16
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Cobra fiber positioners

https://www.youtube.com/watch?v=lsfbeyH5g2U



2396 Cobras
S/NCobra#

1

57

1 200

1

0

Attempt#	of	target	convergence



Metrology Camera
will be installed ~March 2018





Operation	for	
scientific	use

Updated	top-level	schedule

2017 2018 2019 2020

PFI	
(Apr)

SM-1	DEL	&	AIT	
(Dec-Jan)

SM-2,	3	DEL	&	
AIT	(Aug-Sep)

MCS	(Mar)
CAB	(Dec)

Construction,	integration	&	test	of	the	subsystems

Commissioning	&	stabilization

“SM-N”:	Nth	Spectrograph	Module					“MCS”:	Metrology	Camera	System	
“PFI”:	Prime	Focus	Instrument													“CAB”:	Fiber	Cable	on	Telescope

~July?

Open-use	readiness	
review	in	~May?

SSP	call	for	
proposal	in	
~Dec?		

2021

Subsystem	delivery	to	Subaru	and	 
re-integration	&	test

System	integration	&	test

SM-4	DEL	&	AIT	
(Dec-Jan)

The	version	TODAY.	
Still	somewhat	fluid.

S21A	CfP	
in	~Aug

S21A	from	
Feb	1

N. Tamura



Science Team
Ellis, Takada
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Draco

Sculptor Fornax

Ursa Minor Sextans

PFS pointings for MW satellites
~ HSC imaging data are available for all samples ~

NGC6822

tidal radius of
stellar comp.

Bootes I

M. Chiba



150kpc

55kpc

1
2

3

4
5

6
7

8
9

10

11
12

13
14

15

16

17
18

19

20

21
22

23
24

25

26
27

28

30

105

82
81

90
89

94

106

29

96
97

99

32
33

34
35

36
37

51

54

55
56

57

58
59

60
61

62

50

113

117

131

133

136

140

142

130

37

156

76

78
77

72
71

70
69

73

68
67

66
65

64
63

126

119

3

4

6
7

41
24

75

42
46

48

49

43

80

127

158

161

164

38

168

172

74

31

39

45

40
44

52
53

83
84

85

86

88
87

91

95

111

100

98 92

93

116

114

118

120

121
122

125

128
123

124

101
102

103
104

110
109

108
132

134

135

139

141

144

146

147

148

150
151

152

155
160

165

167
169

170
171

79

173
174

175

176

178

179
180

181

183

185

188

189
190

191

192
193

129

187

112

47

Deep imaging (reaching HB)

Shallow imaging (RGB only)

206
207

208
209

210
211

212

213
21

195
194

197
196

205
184 204

153

107

145

177
157

137

149

163

154
166

186

159

143

162

138

182

115

Both (g, i) available

g only

Both (g, i) available

i only

+ NB515 available

In addition to the NW stream,
we target other halo fields containing

stellar streams/subsructures.

Deep field
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Figure 3. (Left) Monopole power spectrum at 1.4 < z < 1.6 from one realisation, combining the data in both fields of the
cosmology program. The solid line shows the best-fitting power spectrum, while the dashed line shows the power spectrum
for

P
m⌫ = 0.2 eV. The input neutrino mass for the simulation is

P
m⌫ = 0.06 eV. The error bars are calculated from 1000

realisations. (Right) Same as the left panel but for the quadrupole power spectrum.

similar results; thus, we report on the results with the
“naive” method.
The left panel of Fig. 4 shows the distribution of galax-

ies selected by the ETS after two visits per field-of-
view, together with hexagons showing fields-of-views.
The right panel shows the ratio of the two-point cor-
relation function of galaxies selected by the ETS to the
underlying one. For this study we used an N-body sim-
ulation run with the “HACC” code (Sunayama et al.
2016). The redshift of the snapshot is z = 0.8 and the
depth is 2 Gpc/h, while the sky area used for this analy-
sis is about 150 deg2. We find that the fiber assignment
produces a small, but visible, e↵ect on the correlation
function, reducing its amplitude uniformly by less than
0.2% at r > 10 Mpc/h and by somewhat larger amount
at smaller separations. The impact of the fiber assign-
ment is thus limited, and is correctable.

4. SCIENCE GOALS

4.1. Neutrino Mass

Massive neutrinos slow down growth of the cosmic
structure (Lesgourgues & Pastor 2006). Their large ve-
locity dispersion, � ⇡ 1800(1 + z)(0.1 eV/m⌫) km/s,
makes their contribution to the gravitational potential
via the Poisson equation small, with only a part of the
total matter (baryons ⌦b and cold dark matter ⌦c) con-
tributing to the Poisson equation. Growth of the density
fluctuations is suppressed in proportion to ⌦⌫/⌦M (with
⌦M = ⌦c + ⌦b + ⌦⌫) below the so-called neutrino free
streaming length, which is approximately the velocity
dispersion times the Hubble time, a/k =

p
2/3�/H ⇡

39(0.1 eV/m⌫)[⌦Mh
2(1 + z)/0.14]�1/2 Mpc. Here, a is

the scale factor and k is the comoving wavenumber, and
thus a/k is a physical length of free-streaming. This
leads to a scale- and time-dependent suppression of the
matter power spectrum relative to that with massless
neutrinos. Having a long lever arm in both spatial scales
and redshifts is thus important for improving upon the
neutrino mass constraint, and the PFS galaxy survey
does precisely that.
Fig. 3 shows how the massive neutrino suppresses the

monopole (left) and quadrupole (right) power spectra.
The density parameter of massive neutrinos, ⌦⌫ , is pro-
portional to the sum of all neutrino masses and is given
by ⌦⌫h

2 =
P

m⌫/93 eV; thus, the galaxy power spec-
trum primarily constrains

P
m⌫ rather than individual

masses. (In principle the shape of the power spectrum
is sensitive to individual masses, the e↵ect is likely too
small to be useful for the mass ranges that are favored
today.) In addition the neutrino mass changes the ex-
pansion rates (hence the angular diameter distances) in
a late time universe, which also a↵ect the monopole and
quadrupole power spectra.
We use all the information; namely, the BAO and the

AP e↵ect probing the expansion history, the RSD prob-
ing the growth of structure, and the shape of the galaxy
power spectrum probing the suppression of the power
due to neutrino free-streaming. Fig. 5 shows how each
element constrains the neutrino mass. This calculation
is based on a simple Fisher-matrix approach (Boyle and
Komatsu, to be submitted). We find that the RSD dom-
inates the constraint. We also find that the constraint

8

Figure 6. Parameter constraints from one realisation of the end-to-end simulation. The red contours show the 68% and 95%
CL constraints from the Planck data, while the blue contours show the expected combined constraints from Planck and PFS.
The crosses show the input parameters. Dark energy is assumed to be a cosmological constant.

Deciding the mass hierarchy sets a concrete target for
the neutrinoless double-� decay experiment, which will
distinguish between Dirac-type and Majorana-type neu-
trinos. If neutrinos are Majorana, ruling out the in-
verted mass hierarchy implies m�� . 0.02 eV (95% CL)
for neutrinoless double-� decay experiments. This too
carries fundamental importance in particle physics.
The constraint on the neutrino mass can be improved

further by adding weak lensing data from the HSC
(Sec 5), and by having a better measurement of the
optical depth of the CMB by reionisation, ⌧ (Allison
et al. 2015). The latter helps because of the follow-
ing reason. The CMB power spectrum at high multi-
poles (` > 10) depends on the primordial scalar ampli-
tude As attenuated by exp(�2⌧), hence the combination
As exp(�2⌧). On the other hand, the RSD measures the
amplitude of fluctuations in a late time universe, and
comparing it with the primordial amplitude As gives a
constraint on the neutrino mass. We therefore need an
estimate of ⌧ to break this degeneracy. While the large
angular scale polarisation data of the CMB give an es-
timate of ⌧ , the current estimates by WMAP and the
two instruments on board Planck do not quite agree and

there is a debate as to which value is the correct esti-
mate. This uncertainty limits our ability to constrainP

m⌫ . We find that the PFS can constrain a combi-
nation F ⌘ ⌧/(0.28

P
m⌫ + 0.068) (where

P
m⌫ is in

units of eV) rather well: F = 1.00 ± 0.11 (68% CL)
and 0.80 < F < 1.22 (95% CL). To first order in the
uncertainties, we have

�F

F
=

�⌧

⌧
� �(

P
m⌫)P

m⌫ + 0.243
. (4)

This means that the uncertainty in ⌧ would be sub-
dominant if it is determined to be better than 10%. We
also demonstrate the sensitivity to ⌧ in the bottom pan-
els of Fig. 5.
In addition, higher-order statistics such as the three-

point function (bispectrum) of galaxies can help de-
termine the amplitude of matter fluctuations (hence
the neutrino mass), especially at high redshifts where
the lensing data have low signal-to-noise ratios. N.
Sugiyama is currently calculating the expected improve-
ments in the neutrino mass and dark energy when the
galaxy bispectrum is included. Since the galaxy bispec-
trum is sensitive to non-linear structure formation and
galaxy bias (see, e.g., Sefusatti & Komatsu 2007), in-

10

Figure 8. Expected 68% and 95% CL joint constraints on
w and

P
m⌫ from one realisation of the PFS data combined

with the Planck data.

The bottom right panel of Fig. 5 also shows how the
neutrino mass constraint is a↵ected when we vary the
background cosmological model. The PFS would not be
able to reach a threshold of 0.1 eV for various extensions
of the ⇤CDM model.
Still, interesting physics of dark energy may be hidden

when we measure the dark energy densities; namely, the
equation of state may oscillate around w = �1 giving, on
average, regular dark energy evolution consistent with a
cosmological constant. Indeed there is significant theo-
retical motivation for dark energy potentials with peri-
odic modulations (Frieman et al. 1995; Dodelson et al.
2000; D’Amico et al. 2016; Schmidt 2017). These can
arise through non-perturbative e↵ects, when a contin-
uous shift symmetry of the field driving acceleration is
broken to a discrete symmetry. This is analogous to ax-
ion monodromy in models of string inflation (Silverstein
& Westphal 2008; McAllister et al. 2010).
A concrete realization, “monodromic k-essence”, was

recently proposed by Schmidt (2017). This model, which
employs a non-standard kinetic term (which also fre-
quently occurs in string inflation models), exhibits an
equation of state which oscillates around a mean equa-
tion of state close to �1, where the amplitude and fre-
quency of oscillations are free parameters.
The most prominent signatures of the oscillations ap-

pear in observables which are not integrated, in particu-
lar the Hubble rate, which is accessible to PFS through
radial BAO and AP measurements. Interestingly, Zhao
et al. (2017) have found hints of a time-varying dark en-
ergy equation of state with oscillatory features. If this is
due to a dark energy with oscillations, PFS could con-
clusively confirm this (see Fig. 9).

Figure 9. Reconstructed evolution history of the dark
energy equation of state using the current observations (Zhao
et al. 2017) compared with the 2012 result (Zhao et al. 2012)
as well as the forecasted uncertainty for the PFS data. The
red lines show the mean and the 68% CL of the 2012 data, the
white line and the light blue band show those of the current
data, and the light blue band shows the 68% CL region of the
PFS data. The last two also include the constraints from the
Planck CMB, the JLA supernova, the BOSS DR11 Lyman-
alpha BAO, and the BOSS DR12 galaxy BAO data.

4.4. Modified Gravity from RSD

The cosmic acceleration may not be due to dark en-
ergy, but to a modification of gravity on large scales.
The growth rate of structure can be used to test this.
Fig. 10 shows the expected constraints on the linear
growth rate of the structure, f�8, as a function of red-
shift as well as the existing constraints from various
galaxy surveys. The PFS will extend the measurements
of f�8 into the hitherto uncharted redshift range, pro-
viding a powerful test of GR on cosmological scales.
The dashed line shows an example prediction from the
so-called “nDGP+DE” brane-world model. This model
is based on the normal branch of the DGP braneworld
model (Dvali et al. 2000), with a quintessence-type dark
energy component added on the brane, so that the
expansion history coincides with flat ⇤CDM (Schmidt
2009). This can be seen as a simplified stand-in for more
realistic braneworld or massive-gravity models. This
model, with parameter rcH0 = 1, is still allowed by
current BOSS data at 2� (Barreira et al. 2016). The
PFS can rule out (or confirm!) this model decisively.
The e↵ect of modified gravity is often parameterized

by the “growth index” �, which is defined as f(z) =
⌦�

M (z). As ⌦M (z) approaches unity at high redshifts,
this parameterization is not suitable for the PFS whose
strength lies at high redshifts. For this reason the ex-

E. Komatsu
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FIG. 5.— Left: Redshift distribution resulting from our magnitude limit of JAB = 22.8, as compared with the VIPERS survey. We compare with
our previous limit of JAB = 23.0 to demonstrate that our sample shifts to lower redshift. Middle: Distribution of galaxy mass for the J-band
magnitude limit in COSMOS at 1 < z < 1.5 (quiescent in solid red; star-forming in solid blue) relative to a K-band selected sample (dotted).
Employing a J-band selection results in a 90% mass-complete sample of galaxies of all color to M⇤ ⇠ 3⇥1010 M�, and a representative sample
of both active and quiescent galaxies to below L⇤(M⇤ ⇠ 1010 M�). Right: Schematic of the comoving mean inter-galaxy distance for major current
and future large-scale surveys, given their selection functions (hDinteri ' hn(z)i-1/3). With its dense galaxy sampling (5.5  hDinteri  10cMpc),
PFS will reveal the cosmic-web details with a resolution similar to SDSS, GAMA and VIPERS (0.42  z  0.85) surveys but in a much higher and
unexplored redshift regime. With its unique comoving volume, VPFS ⇠ 0.13Gpc3 (⇠15deg2, 0.7  z  1.7), equivalent to the SDSS legacy survey
(⇠8000 deg2, z  0.13), the PFS Main sample survey will remain competitive with respect to the future space missions Euclid and WFIRST, and
will deliver much higher resolution spectra.

(Figure 4). We will constrain the reddening using higher-order
Balmer lines in the Deep spectra, and calibrate a relationship
between UV slope � and AV for the bulk of the spectra (e.g.,
Meurer et al. 1999).
Stellar Abundances and Abundance Ratios: We will be able to
measure stellar metallicities for individual quiescent galaxies in
the Deep sample (and for stacks of ⇠ 100 galaxies in the pri-
mary sample). These data will also be good enough to measure
abundances in young stars using UV absorption lines for galax-
ies above z > 1, following Steidel et al. (2016). Stacking over
⇠ 25 galaxies in the Deep sample will give S/N⇠20 per res-
olution element, enough to measure abundance ratios (Greene
et al. 2013).
Star Formation Rates: We will use our H↵ measurements out
to z ⇡ 0.9 to calibrate star formation rates based on [O II]+UV
continuum luminosity to apply to the Main sample. We will
be sensitive to unreddened star-formation rates of a few tenths
of a solar mass per year at z ⇠ 0.8 (based directly on H↵) and
of a few solar masses per year at our median z = 1.5, based on
[OII]. Our effective star formation sensitivity will be a factor of
a few lower, given the typical AV ⇠ 1.8 seen in emission line
galaxies at z ⇠ 1.5 (Price et al. 2014; Martis et al. 2016). Our
photoionization modeling described above will help us deter-
mine stellar-mass and gas-phase–metallicity dependent correc-
tions to the [O II] star-formation rates (e.g., Moustakas et al.
2006)
Inflow and Outflow: Over the full redshift range, we will have
both the strong emission ([O II] at least) and interstellar absorp-
tion lines needed to measure the velocity offsets in the inter-
stellar lines. We will search for gas outflow or inflow using the
interstellar absorption lines Mg II and Fe II in stacks of ⇠ 100
spectra (Appendix A).
Accreting Black Hole Signatures: We will uncover obscured
and low-luminosity active galaxies using emission-line diag-
nostics on the galaxies in our main sample. This will allow
us to study the factors that may trigger accretion, as well as
the impact of the AGN on their hosts (e.g., Kauffmann et al.

2003). We will be able to measure H�, [O III], H↵, and [N II]
for all accreting black holes with MBH > 107 M� and Edding-
ton ratios > 0.05 at z < 0.9. These lines can also be used to
estimate metallicity of the inner host galaxy. We will supple-
ment the above sample with luminous sub-populations of ac-
tive galaxies using multi-wavelength selection (see Appendix
D). We will measure their black hole masses based on Mg II
and/or H�, with <0.2 dex accuracy (not including calibration
uncertainty), across our full redshift range. This measurement
will be combined with the continuum luminosity to derive the
bivariate distribution function of mass and Eddington ratio, the
most fundamental quantity to characterize black hole evolution.

5. SUMMARY

We propose a continuum-selected spectroscopic sample of
galaxies designed to study the mass assembly of galaxies dur-
ing the epoch of cosmic evolution when the majority of stars in
the universe formed (0.7 < z < 2). The sample will allow us
to study star-formation histories, outflows, and chemical evolu-
tion of galaxies in the large-scale structure context. Our wide
wavelength coverage will allow us to measure gas-phase metal-
licities, outflow occurrence, stellar mass and age for 300,000
L⇤ galaxies over this redshift range, and with 11 PFS pointings
(14.5 deg2), we will probe physical scales ranging from 0.1 to
tens of Mpc without being limited by cosmic variance. With a
redshift precision of �z/(1+z) < 10-4 for > 80% of the sample,
we will probe scales from poor groups to rich clusters.

J. Greene 
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ABSTRACT
We describe an ambitious 56 night survey to chart the evolution of typical galaxies during the epoch (0.7 <

z < 2) at which half of the stellar mass in galaxies is assembled. We will survey ⇠ L⇤ galaxies with hzi ⇠
1.5 with 11 PFS pointings (⇠ 14.5 deg2) in the HSC Deep fields. The wide wavelength coverage of the PFS
allows us to investigate the mechanisms that build the red sequence and shut down star formation: gas-phase and
stellar metallicities, stellar and gas dynamics, the prevalence of outflows driven by star formation or black hole
accretion, all as functions of mass and environment. With 256,000 galaxies, a volume equivalent to the SDSS
legacy survey, and high sampling, this survey represents a unique opportunity to investigate the role of the cosmic
web in shaping galaxy properties just after the peak of cosmic star formation activity and during the major build-up
of the quiescent population.

1. GALAXY GROWTH IN THE EVOLVING COSMIC WEB

At z > 2, the Universe is a turbulent place characterized by
galaxies with high gas fractions, high specific star formation
rates, and ubiquitous outflows (e.g., Shapley 2011) and inflow.
By z ⇡ 1, galaxies have stellar masses and morphologies similar
to their present-day counterparts. The transition, at z ⇡ 1.5, is
the epoch when the majority of stellar mass in the universe was
built up (Figure 1), and yet because of the challenges of obtain-
ing redshifts, there are limited numbers of spectroscopic sur-
veys of this era [e.g., zCOSMOS (Lilly et al. 2007), VVDS (Le
Fèvre et al. 2005), KBSS (Steidel et al. 2014) and MOSDEF
(Kriek et al. 2014)]. Ultimately, the formation and evolution
of galaxies are driven by the collapse, growth, and assembly of
dark matter halos and the environments in which they reside,
and understanding galaxy evolution requires measurements of
the distribution of galaxies on scales from 0.1 to tens of Mega-
parsecs, requiring >10 deg2 surveys preferably spread over 2-3
fields to combat cosmic variance.

The Prime Focus Spectrograph (PFS), with its combina-
tion of multiplexing (2000 science fibers in a 1.3 deg2 field-
of-view) and wide wavelength coverage (from 0.38 to 1.26
microns at a resolution of about 3Å; Figure 2), enables an
unprecedented study of galaxy and black hole evolution in
the context of the cosmic web at 0.7 < z < 2.

The Subaru Telescope is unique among 8m-class telescopes
for its large field of view. We are currently exploiting this capa-
bility with the Hyper-Suprime Camera (HSC) survey, a multi-
band wedding-cake imaging survey to i = 26,27,28 AB mag
over 1400,28, and 3.5 deg2 respectively (Aihara et al. 2017).
Here, we focus on a galaxy-evolution survey in the middle
layer, the HSC Deep fields. HSC imaging will be used for
identifying spectroscopic targets and for structural and shape
measurements to enable morphological and weak lensing stud-
ies, while the PFS spectra will give redshifts, emission and
absorption-line properties, and detailed physical properties of
galaxies. The PFS spectrograph is unique relative to existing
and upcoming survey instruments both in terms of the combi-
nation of high multiplexing capability and the wide wavelength
coverage (Figure 2).

We propose a survey of 11 PFS pointings (⇠ 14.5 deg2) over
50 clear nights (the Main sample, ⇠ 250,000 galaxies, with 2-
3 hour exposures), plus another 6 nights of Deep pointings of
6000 galaxies with 12 hour exposures. We will select galaxies
to a depth of JAB ⇡ 22.8 mag, corresponding to ⇠ L⇤ galaxies,

using photometric redshifts to select galaxies with 0.7 < z < 2.
We will probe the cosmic epoch over which ⇠ 50% of the
stars in the Universe were formed (Figure 1) with the statistics
to study galaxies as a function of stellar mass, star-formation
rate, and redshift, with sufficient volume and sampling to probe
groups and clusters along with voids, filaments, and walls (§4).
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FIG. 1.— Evolution, as a function of cosmic time and redshift, of
the cumulative stellar mass density normalized to today’s value. The
different symbols represent measurements of the total stellar mass
density derived in the past decade (see Muzzin et al. 2013; Madau
& Dickinson 2014; Grazian et al. 2015; Moutard et al. 2016; Driver
et al. 2017; Davidzon et al. 2017, and references therein). The hatched
cyan box shows the redshift interval between z = 0.7 and z = 2, which
will be targeted by PFS. During the 4 Gyr of cosmic time between
z = 2 and z = 0.7, half of the present-day stellar mass content of the
universe was built, growing from ⇠ 25% to ⇠ 75% of the present-day
value.

2. PHYSICS OF GALAXY EVOLUTION AND LARGE SCALE
STRUCTURE

Between z ⇡ 2 and z ⇡ 1 the universe undergoes a transition,
as star formation begins to slow down and the red sequence
builds up. Although galaxy bimodality has been demonstrated
to exist as early as z ⇡ 4 (Muzzin et al. 2013), the fraction of
quiescent galaxies at a given stellar mass grows with time, re-
quiring migration between these two populations or “quench-
ing”. The physical mechanisms responsible for causing galax-

1
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ABSTRACT
We propose to answer major questions in galaxy formation and evolution from the epoch of reionization

(EoR) z⇠7 to the peak in star formation z⇠2 through an ambitious survey of 54 nights (weather factor included)
using Subaru/PFS to observe ⇠78,000 star-forming galaxies (2<z<7) over 15 square degrees. Galaxies are ho-
mogenously selected by their photometric redshifts, stellar mass, Lyman ↵ emission or continuum brightness
to probe the foreground IGM. This survey will provide unprecedented insight on the pathways of galaxy for-
mation and assembly, including violent collapse, hierarchical merging, and gas flows. The evolution of the
star formation rate density, stellar mass density and specific star formation rate in galaxies will be followed
in great detail. We will connect the physical properties of galaxies, including spectral properties, to the local
density to assess the impact of environment from under-dense regions to the seeds of ⇠50 massive clusters
included in the survey volume. With 24k z>2 galaxies acting as background probes of intervening absorbing
gas, we will generate a 3D HI map (2.1<z<2.5) with an effective resolution of 3 comoving Mpc (cMpc) that
will resolve filamentary structure and identify proto-clusters. We will obtain a large sample of 19k Lya emitters
(LAEs) up to z=7, beyond the scale of average-size ionized bubbles (>100 cMpc), while drilling to the limits
of the high-redshift and low-mass ends. The PFS 3D HI map and LAE sample will allow cross-correlation
between gas (HI, metals) and galaxies (+AGN) and reveal the large-scale interplay between galaxies and the
IGM via gas and radiation exchange at z⇠2 and 7 that includes physical process of cosmic reionization, thus
opening new windows in such studies. Coupled with the 0.7<z<2 PFS galaxy evolution survey, we will obtain
a comprehensive picture of galaxy evolution during the first three billion years.
Subject headings:

1. OVERVIEW: EVOLUTION OF HIGH-Z GALAXIES
AND THE IGM FROM SUB-MPC TO LARGE SCALES
We propose a comprehensive survey of ⇠7.8⇥104 galaxies

from the epoch of reionization (z⇠7) to the peak in star for-
mation rate density (z⇠2) that probes the massive (Mgal >
1010.5 M�) and low-mass populations (down to Mgal < 109

M�). With an understanding that galaxies do not evolve in
isolation but interact closely with the environment via in-
flow/outflow of gas and UV radiation, we aim to utilize the
wealth of information contained in PFS spectra (from the
Lyman-limit up to CIII]�1909; see Appendix) that enable us
to measure accurate physical diagnostics with robust statis-
tics. In particular, the blue spectral capability of PFS allows
the rest-frame Lyman-↵ forest absorption to be mapped out in
3D over a large volume at 2.1 < z < 2.5. Therefore, the dis-
tribution of galaxies (including LAEs and AGNs) and neutral
HI gas will be investigated from small to large scales thus pro-
viding the first panoptic view of galaxy evolution in relation
to the environment at z>2 (Figure 1).

The interplay between galaxies and their environment dur-
ing assembly at z>2 is open territory for Subaru/PFS and un-
matched, with respect to IGM tomography over a wide area,
by current and planned 8-10m telescope/instrument combina-
tions such as VLT/MOONS. The dependence of galaxy prop-
erties on environment may be completely different from that
seen in the local Universe where star formation is quenched in
the most massive structures (i.e., clusters). The major themes
and questions to be answered by this survey are as follows:

• Star-formation history: What is the contribution of
different galaxy populations to the star formation rate
density and stellar mass assembly as a function of their
large-scale environment?
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Figure 1. Cosmic star formation history as probed by PFS high-z (2<z<7.5)
plus low-z survey. Figure is adapted from Madau & Dickinson (2013).

• IGM tomography: What is the interplay between
galaxies and the IGM? We will map the distribution of
HI gas using tomographic techniques and compare to
the galaxy density field on scales of a few Mpc.

• Reionization: As the first galaxies form, what are the
main sources and physical processes driving reioniza-
tion? We will test reionization models with the cross-
correlation of Ly↵ and 21cm HI galaxy emission.

These top-level science drivers described in detail below rep-
resent a formidable Legacy aspect for the PFS survey well
into the JWST and ELTs era.

O. LeFêvre

KG Lee
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