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• One of my first international conferences: 
Cosmology Near & Far: Science with WFMOS, 
May 19-21, 2008,  Waikoloa (Hawaii) 

• Two independent designs have been seriously 
considered for a wide-field spectrograph @ 8m 
telescope (“WFMOS”, the precursor of PFS) by 
two teams (“Team A” and “Team B”), and 
ultimately, one of them is adopted.

• I was impressed that a large project was 
initiated with such tremendous effort.

The concept design document by one of the teams
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PFS-SSP Galactic Archaeology survey planning

COSMIC EVOLUTION AND THE DARK SECTOR: A PFS SSP FOR THE SUBARU TELESCOPE

The Subaru Prime Focus Spectrograph (PFS) Collaboration
The full list of members can be found in the Appendix

ABSTRACT
We propose a large-scale survey with PFS to address fundamental and important questions in the dark sector
(dark matter and dark energy) with significant implications for cosmology, galaxy evolution and the origin of
the Milky Way Galaxy. The unique wide-field and massively-multiplexed spectroscopic capability of PFS will
maintain and strengthen Subaru’s world-leading role in cosmology and astronomy for the next decade. Our
experienced team of Japanese and international astronomers has developed an ambitious 360 night survey to be
undertaken over 5 years which fully exploits the unique capabilities of PFS to address outstanding questions
relating to the history and fate of the Universe as well as the physical processes and role of dark matter in
governing the assembly of galaxies including our Milky Way. We commit to fully reducing the data from this
landmark survey and making it available to the global astronomical community in a timely manner.

1. INTRODUCTION
Multi-band imaging surveys in recent decades, such as those

conducted by the Sloan Digital Sky Survey (York et al. 2000),
the Hubble Space Telescope (Scoville et al. 2007) and Sub-
aru’s Hyper Suprime-Cam (HSC) imager (Aihara et al. 2018a),
have led to enormous progress in our understanding of the Uni-
verse. These data have enabled detailed studies of gravitational
lensing signals which trace the spatial distribution of dark mat-
ter (DM), and census studies of Galactic structures and high
redshift galaxies. Together with other cosmological probes,
precise measures have been made of the amount of both non-
baryonic DM and the dark energy (DE) that propels the cosmic
acceleration. However, neither of these two dark constituents
is physically understood. Likewise, the standard picture of
galaxy evolution based on the hierarchical assembly of DM
halos cannot fully explain observations of the evolving pop-
ulation of galaxies and the rich diversity of their present-day
morphologies. While the dark sector clearly governs cosmic
history, its role is not yet fully understood.

As the first massively-multiplexed spectrograph on a large
aperture telescope, Prime Focus Spectrograph (PFS) on the
8.2m Subaru Telescope offers an unique opportunity to address
these fundamental questions. Exploiting wide field catalogs
produced by HSC, precise redshifts from PFS will chart large-
scale structures and the spectra will reveal detailed galaxy
properties over cosmic time. Radial velocities, metallicities
and physical properties of faint stars in both the Milky Way and
its nearest neighbor, the Andromeda spiral, will complement
this story through more detailed measures of DM on smaller
scales.

In the following we first describe scientific motivation, key
questions and competitiveness of the PFS-SSP program in
Sections 2–6 (referred to as “Part I”) and then describe the
technical feasibility, survey design and management plan for
carrying out our program in Sections 7–10 (“Part II”).

2. SUMMARY OF PFS-SSP PROGRAMS
Here we propose an ambitious “Subaru Strategic Program”,

a 360-night survey to be undertaken over 5 years with PFS
(hereafter PFS-SSP) that promises a revolution in our under-
standing of the Universe. The proposal comprises three in-

terlocking science themes – Cosmology, Galaxy Evolution,
and Galactic Archaeology – which collectively address the
over-arching theme of the role of the dark sector in cosmic
evolution (see Figure 1).

The PFS Cosmology program will deliver four million red-
shifts of [O ii] emitting galaxies over about 1100 deg2 to make
precise measurements of angular diameter distances and the
cosmic expansion rate over the redshift range 0.6 ↭ z ↭ 2.4,
thereby constraining the nature of DE and the curvature of the
Universe. The 3D clustering of galaxies and redshift-space
distortions due to their peculiar velocities will determine the
sum of neutrino masses to the precision of ω(

∑
mε) → 0.02 eV.

The PFS Galactic Archaeology program will provide un-
precedented datasets of chemical abundances and radial veloc-
ities for stars in various environments in the Milky Way, its
satellite galaxies and the halo of Andromeda (M31) to deter-
mine the role of DM in the assembly history of these galaxies.
Velocity dispersion and chemical abundance profiles for a sam-
ple of nearby DM-dominated satellites will constrain whether
their puzzling cores arise from DM that is self-interacting,
warm or wave-like (fuzzy), or are due to baryonic feedback.

Emission and absorption line data from the PFS Galaxy Evo-
lution program will delineate the assembly history of galaxies
for a nearly stellar-mass limited sample, comparable in size to
that achieved locally by SDSS, in the formative era 1 ↭ z ↭ 2.
Spectra of fainter star-forming galaxies at 2 ↭ z ↭ 5 will
establish the connection to DM halos in the young universe
including reconstruction of the associated 3D large-scale distri-
bution of HI gas in the intergalactic medium (IGM) at z ↑ 2.5.
Large samples of Lyman-ϑ emitters over 5 ↭ z ↭ 7 selected
from existing HSC narrow-band imaging data will probe the
IGM at the end of cosmic reionization. Collectively the PFS
Galaxy Evolution survey will reveal, for the first time, the
interplay between the IGM and galaxy assembly. In summary
the three themes of the PFS-SSP program will test the standard
ΛCDM model in a comprehensive fashion from kpc to Gpc
scales and cosmic epochs from the present to the end of cosmic
reionization at z ↑ 7.

Our PFS SSP survey strategy will select its spectroscopic
targets from deep multi-color imaging taken with HSC. The
unique instrumental combination of PFS+HSC will allow addi-
tional synergistic scientific opportunities. For example, weak
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• Nature & role of neutrinos
• Expansion rate via BAO up to z=2.4
• PFS+HSC tests of GR
• Curvature of space:
• Primordial power spectrum 
• Nature of DM (dSphs)
• Structure of MW dark halo  

• Small-scale tests of structure growth

Assembly history 
of galaxies

• PFS+HSC synergy
• Absorption probes with PFS/SDSS 

QSOs around PFS/HSC host galaxies
• Stellar kinematics and chemical 

abundances – MW & M31 
assembly history

• Galaxy-halo connection:
• Outflows & inflows of gas 
• Environment-dependent evolution

M⇤/Mhalo
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Importance of IGM

• Physics of cosmic reionization via 
LAEs & 21cm studies
• Tomography of gas & DM

• Search for emission from stacked 
spectra

• dSphs as relic probe of reionization 
feedback
• Past massive star IMF from element 

abundances
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Figure 1. An illustration summarizes the interlocking nature of the three themes – Cosmology (CO), Galactic Archaeology (GA) and Galaxy Evolution (GE) – in
addressing the scientific objectives of PFS-SSP program.
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Figure 2. A schematic overview of PFS subsystems (see text for details).

lensing measures and photometric redshifts from HSC will
chart, respectively, the DM distribution and associated faint
galaxies with PFS survey galaxies of known redshift. Our
carefully designed survey uses a sophisticated simulation tool
to optimize the fiber allocation strategy taking into account
the different visibilities, target surface densities and exposure
times of the various targets, maximizing survey efficiency via
a single coherent strategy. Our team comprises an interna-
tional consortium including experienced astronomers drawn
from the Japanese community, ASIAA in Taiwan, Caltech/JPL,
Princeton University, the Johns Hopkins University, Labora-
toire d’Astrophysique de Marseille (LAM), the Brazilian PFS
Participant Consortium, MPA/MPE in Germany, the Chinese
PFS Participant Consortium, and the North-East Participation
Group in the USA.

3. THE INSTRUMENTS
The 8.2m Subaru Telescope has the largest prime focus field

of any telescope of its class. Following the success of HSC,
a wide-field optical imager, PFS – a massively multiplexed,
optical and near-infrared (NIR) spectrometer – represents the

next logical scientific step forward. Its focal plane is equipped
with 2394 reconfigurable fibers distributed in the 1.38-degree
wide hexagonal field of view. The spectrograph system covers
a wide wavelength range, from 380nm to 1260nm in a single
exposure. PFS and HSC share the same wide field corrector
and collectively form the Subaru Measurement of Images and
Redshifts (SuMIRe) project (PI: H. Murayama).

The PFS instrument is comprised of subsystems introduced
below. Schematically, light from celestial objects is fed to
fibers configured at the prime focus and transmitted via fiber
cables to the spectrographs in the telescope enclosure building,
and the spectra are recorded on optical and NIR detectors (see
Figure 2).

The Prime Focus Instrument (PFI) comprises the fiber
positioner system, science & fiducial fibers, Acquisition &
Guide (AG) cameras, and a calibration system. The fiber posi-
tioner system consists of 42 modules each of which includes 57
“Cobra” rotary actuators populated with science fibers. Each
science fiber is tipped with a plano-concave microlens to in-
crease the focal ratio of the input beam.

The Metrology Camera System (MCS) is installed at the
Cassegrain focus of the telescope. As the fiber positioners have
no encoders, an external system is required to ensure accurate
positioning. MCS takes images of both science and fiducial
fibers back-lit from the other side of prime focus, enabling
closed-loop operation of the positioners.

The Spectrograph System (SpS) includes a fiber feed, col-
limator, camera optics, dewars and detectors. The divergent
beams from the science fibers aligned along slits are collimated
and split into blue, red and NIR channels by two dichroic mir-
rors. The beams are then dispersed by VPH gratings and spec-
tral images are formed on the detectors. A grating exchange
mechanism allows a medium resolution option for stellar work
in the red channel. There are four identical spectrograph mod-
ules each of which delivers →600 spectral images.

The Fiber System (FS) consists of two short-fiber systems
included in PFI and SpS respectively, and a long cable system
is routed via the telescope to connect PFI to SpS via two sets
of fiber connectors. One of these is at the telescope top end to
allow PFS to be removed from the telescope, and the other is
at SpS to ease its integration for operational and maintenance
purposes. Table 1 summarizes the key characteristics of PFS.

The Subaru Night Sky Spectrograph (SuNSS) (not shown
in Figure 2) is a pair of small (36mm) telescopes, each with a

Accepted in October this year!

• The biggest observational proposal, 
with a big research team and with the 
longest preparation time in my (short) 
research carrier

• The field of Galactic Archaeology has 
been advancing rapidly over the years 
during the preparation of the proposal

• I have been fortunate to have the 
opportunity to seriously consider the 
most important challenges at each 
point in time.

😳



PFS operation at Subaru Telescope 

Subaru Telescope operation
PFS call for proposals

Being involved in the open-use operation of PFS as a member of the observatory staff

Early next year, all the efforts of so many people will finally come to fruition 
with the start of the science operation!  

🥹



Science with PFS at IPMU

• It was decided that the PFS will not host a 
high-spectral resolution mode but only low 
and medium-resolution mode

Credit: Chandra X-ray observatory

😢

• 2013: I joined IPMU as a postdoc to do research 
on nucleosynthesis and chemical evolution of 
the universe

IPMU

But…. 



Particle nature of dark matter with PFS medium-
resolution mode

Ichikawa-san, Horigome-san (U-Tokyo grad students) 
together with Matsumoto-san, Ibe-san and Suga-san 

70 K. Ichikawa et al.

Figure 3. The J-factors obtained by the fits are plotted. The blue, orange, and green dots show the J-factor estimations of the KI17, Conventional, and
Contaminated analysis. The lighter error bars of each point show the average of the 68 per cent quantile, while the darker ones show the square root of the
68 per cent quantiles and the standard deviation of the median values. The grey dashed lines show the input values. For each dSph, three bars with the same
colours correspond to the case of imax = 21, 21.5, and 22 with θROI = 0.65 respectively, from the left. See Table A1 and Fig. C1 for the numerical values and
their dependence on the rmax, respectively.

calculated within an angular radius of 0.5 deg (i.e., "# = 2.4 ×
10−4 sr), which is the standard size for the J-factor calculation. We
here choose the distance from the centre of the dSph to the outermost
observed member star rmax as the most conservative radius given by
Geringer-Sameth et al. (2015).

In the Contaminated analysis (green bars in Fig. 3), the overes-
timation of the J-factor becomes more than an order of the mag-
nitude. This is because the dispersion curve inflates due to the
foreground contamination which mainly locate at the outer region
with a large velocity dispersion (∼ 30–40 km s−1). Since the frac-
tion of the foreground contaminating stars is more than 50 per cent,
the overestimation is much larger than that of the classical
case.

On the other hand, the J-factors seem to be successfully repro-
duced by the Conventional approach (orange bars in Fig 3). How-
ever, since this approach assumes a constant velocity dispersion in
its membership selection, the dispersion curve after the selection
tends to be more or less constant as a function of the radius, which
lead to a small bias to the J-factor estimation. We provide the typical
uncertainty in the dispersion curve and its sample-to-sample scatter
for the 50 mocks in the left column of Fig. 4. The red lines show
the median value of the dispersion curves obtained by the fit of
the Conventional approach (averaged by the 50 mocks), while the
green band shows the (averaged) 68 per cent quantile. The median
values of the dispersion curves also fluctuate sample by sample,
reflecting the quality of the sample. We show this fluctuation by the
orange shaded regions which are obtained by the square root sum of
the standard deviation of the median values of the 50 mocks and the
68 per cent quantiles. The input dispersion curves are also shown
by the grey dashed lines.

For the Ursa Major II , the figure shows that the dispersion curve
is flatter than that of the input, which makes the J-factor under-
estimated. This fact seems to be caused by the constant velocity
dispersion bias. This effect becomes more significant for a larger
size of stellar data, as can be seen in the three orange bars. Mean-
while, since the changes of the dispersion curves of the other dSphs
are not as large as the Ursa Major II case, the effect of the bias is not
seen.

We also note the results for the Ursa Major I case. Although the
number of the stars in Ursa Major I does not significantly differ
from the other dSphs (see Table 3), both the Conventional and
KI17 approaches cannot determine the J-factor as precisely as those
of the other dSphs. It seems to originate in the fact that the inner
part of the DM profile is not well determined. We left this analysis
to future work.

KI17 approach (blue bars in Fig. 3) also provides successful J-
factor estimations. For the Ursa Major II case, the J-factor is getting
converged to the input value for deeper observations, while it cannot
be seen in the conventional approach. For other dSphs, the result of
our analysis is compatible with the conventional one, which reflects
the fact that the velocity dispersion at the inner part is more or less
constant.

We also give the distribution of the dispersion curve obtained by
the fit in the right column of Fig. 4. Compared with the distribution
of the Conventional approach, the width of the 68 per cent quan-
tile is larger in the outer region, while it becomes smaller in the
inner region (except for the Ursa Major I case). The results of the
J-factor estimation implies that the width in the inner region prefer-
entially affects the uncertainties of the J-factors. We also note that
the median dispersion curve of the Ursa Major II case successfully
follows the input curve at R ∼ 250 pc, in contrast with that of the
Conventionalapproach. The sensitivity of the indirect DM detec-
tion observing gamma-rays from the dSphs depends directly on the
median values and uncertainties of J-factors. See Appendix B for
those who are interested in this dependence in a concrete example.

5 SU M M A RY

In this paper, we have investigated the effect of the foreground
contamination on the estimation of astrophysical factor, using the
mock kinematical data of the four representative ultrafaint dwarf
spheroidal galaxies. This is because we cannot completely distin-
guish the foreground stars from the dSph’s member stars even if
imposing several data cuts. We have adopted our developed fit-
ting analysis, KI17, utilizing the future spectroscopic survey, PFS.
Such a multi-object spectrograph with large field of view enables

MNRAS 479, 64–74 (2018)
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Stellar observations with PFS is highly demanded 
by particle physics

A careful statistical treatment and detailed dynamical 
modeling of stellar measurements help improve the 
inference on the dark matter distribution in dwarf 
galaxies 
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The Galactic dark matter halo in disequilibrium
Main findings

Open questions
• Only small samples of stellar 

kinematics in the outer halo through 
luminous stars are available

• Not clear the reported signature is 
due to the LMC or other 
substructures 

• LMC mass  
(  of the mass of the Milky 
Way halo within )

• Possible signatures of the 
dynamical interactions with LMC

∼ 1 − 2 × 1011M⊙
≲ 30 %

∼ 50 [kpc]

Vasiliev 23

N-body simulation of the MW-Large Magellanic Cloud 
(LMC) system

Milky Way

LMC

Figure 1: Distribution of stars in the Galactic halo. All-sky Mollweide projection maps of the density of stars at 60 kpc
< Rgal < 100 kpc, smoothed by a Gaussian kernel with FWHM= 30�. Left panel: data based on K giant stars. Right
panel: simulation that includes the dynamical response of the halo to the orbit of the LMC. Regions near the Galactic mid-plane
(|b| < 10�) and the LMC and SMC, as well as regions of high extinction are masked in grey, while the positions of the LMC and
SMC are marked as white stars. One arm of the Sagittarius stream has been masked in sky coordinates, as indicated by the grey
region at b > 0� and �180� < l < �150�. The overdensity in the south-west is the local wake caused by the passage of the LMC.
The overdensity in the North is the collective response of the Galaxy due to the arrival of the LMC. Notice that the dynamic range
of the density contrast for the simulated map is smaller than the observed map.

Figure 2: Quantitative comparison between data and mod-
els. Mean density contrasts in regions encompassing the local
wake (�60� < b < �20�, 45� < l < 90�) and the collective
response (30� < b < 60�, 240� < l < 300�) are shown along
the x and y axes. There are four simulations spanning a range
in LMC masses from 0.8�2.5⇥1011M� (small-to-large green
circles). The smooth model11 is close to zero along both axes
as expected. The dotted lines indicate uniform distributions (no
density contrast) on the x and y axes. The density enhancement
of the local wake is measured at a significance of 5� (error bars
on the data represent 1� Poisson uncertainties) and the mean
density is 1.4 ± 0.2 times larger in the data than in the fiducial
simulation.

first passage around the Galaxy. Previous work analyzing the

positions and velocities of the Clouds had also inferred a first-
passage scenario for the orbits of the Clouds18, although those
results are sensitive to the uncertain mass of the Galaxy. If the
Clouds had undergone more than one complete orbit, the local
wake would be much weaker, and perhaps not even detectable,
due to destructive interference after repeated orbits, as in the
case of the Sagittarius dwarf galaxy2. Third, the local wake is
predicted to accurately trace the orbital path of the LMC2, and
so its observed location will provide stringent new constraints
on the orbit of the LMC.

In Fig. 2 we provide a quantitative comparison between
observations and simulations of the strength of the local wake
and collective response. Regions encompassing the local wake
(�60� < b < �20�, 45� < l < 90�) and the collective re-
sponse (30� < b < 60�, 240� < l < 300�) are defined and
the mean density contrast is measured within them (using un-
smoothed versions of the maps in Fig. 1). Poisson statistics
are used to estimate 1� uncertainties. In this figure we show
results for four simulations with a range of LMC masses at
infall: (0.8, 1.0, 1.8, 2.5) ⇥ 1011 M�. The density contrast in
the local wake increases with increasing LMC mass, but over-
all the simulations predict a density contrast lower than ob-
served. In the data, the collective response is largely confined
to �180� < l < 0�. Although the collective response is ex-
pected to be broadly asymmetric2, in the observed footprint the
simulated collective response is approximately symmetric about
l = 0� (see Methods for further discussion). We also show re-
sults for a smooth stellar halo11 - as expected this model shows
no significant excess or deficit of stars in the wake or collective
response regions.

The simulation is a genuine prediction and was not cali-
brated in any way to reproduce the observed features. The over-
all agreement between the simulation and observations, espe-
cially in the Southern hemisphere, is therefore quite striking.

2
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e.g. Erkal+19



Many stellar streams, some show gap / over-density
Ibata+24

GD1 stream

Figure 9: Four observed streams around the Milky Way with complex density structures, shown in sky coordinates aligned with each stream, where �1 is a
stream-aligned longitude and �2 a stream-aligned latitude coordinate. Top panel: The GD-1 stream, which shows a clear spur of stars that extends from the main
stream body between �1 ⇠ �40� to �25�. The stream stars shown are taken from high-probability members determined using a flexible membership model that uses
astrometry from Gaia DR3 and photometry from PS1 (reproduced from Tavangar and Price-Whelan in prep.). Middle top panel: The Palomar 5 (Pal 5) stream,
shown in stellar density of stars selected from DECam photometry of the stream (reproduced from Bonaca et al. 2019a). Blue circle markers show the locations
of RR Lyrae-type stars from Gaia DR2 that have been associated with the stream (Price-Whelan et al., 2019). Middle bottom panel: High-probability members
of the Jhelum stream, separated into members of the “narrow” and “wide” components of the stream (reproduced from Awad et al. 2024). Bottom panel: The
Orphan–Chenab (OC) stream, shown in stellar density (under-plotted grayscale image) of member stars selected from Gaia DR3 (reproduced from Koposov et al.
2023). The over-plotted purple arrows show the direction of the solar reflex-corrected proper motion vectors in bins of stars along the stream. The proper motion
vectors are expected to point along the stream track, but clearly deviate from the track for �1 . 10�.

Models of the GD-1 stream have shown that the spur is con-
sistent with a perturbation from a low-mass dark matter subhalo
(Bonaca et al., 2019a, 2020a). However, further observations
and modeling of the stream are needed to fully confirm this in-
terpretation. For one, GD-1 is also thought to be surrounded by
a “cocoon” of stars (Malhan et al., 2019b), which could point
to a more complex formation history of the stream. If the spur
formed from a perturbation, it could have been from an inter-
action with a more massive object (e.g., Sagittarius; Dillam-
ore et al. 2022) or from a known object (e.g., another globular
cluster). At the present quality of the data, these scenarios are
already unlikely, but more precise proper motions of individ-
ual stars in the spur and stream combined with more extensive
spectroscopic follow-up would help to confirm the origin of the
spur and the cocoon. Figure 9 (top panel) shows a more ro-
bust look at the GD-1 stream, highlighting the existence of the
“spur” between �40� . �1 . �25�: The stars shown are high-

probability members of the GD-1 stream selected using a flexi-
ble membership model that uses astrometry from Gaia DR3 and
photometry from PS1 (Tavangar and Price-Whelan, in prep.).

4.2.2. Ophiuchus
The Ophiuchus stream is a low-mass stream that orbits in the

inner galaxy (4 kpc . r . 14 kpc), and is notable because it is
unexpectedly short (length ⇠ 3 kpc) given the expected age of
the stream and its orbit (Bernard et al., 2014; Sesar et al., 2015).
The stream is thought to be extended almost in the line-of-sight
direction (Sesar et al., 2016), and may be associated with lower
surface-density “fans” of tidal debris. Given its proximity to the
inner galaxy and the time-dependent impact of the Galactic bar,
it is thought that the peculiar structure of the Ophiuchus stream
may be due to interactions with the bar or strong chaos induced
by the bar (Sesar et al., 2016; Price-Whelan et al., 2016b).

Using data from Gaia DR2 combined with spectroscopic
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• Stream members robustly identified by 
Gaia proper motion and parallax 
combined with wide-field photometry

• Detailed structures (over-/under-density, 
“spur”) revealed 

• The origins of each structure remain unclear 
• Dark matter subhalo interaction 
• Time-varying ejection of stars

Main findings

Open questions



Clustering in phase space + chemical abundance 
Detecting stars with common origins that are not spatially coherent

Main findings

Open questions

Dodd+23

• Inner halo is almost dominated by the debris of a single 
massive dwarf galaxy accreted  billion years ago (GSE)∼ 10

• Can we reconstruct the mass spectrum of accreted dwarf 
galaxies?

• Is the abundant substructures also seen beyond the inner 
halo?

Gaia Sausage-Enceladus (GSE)



PFS Galactic Archaeology survey will start early next year!

https://www.naoj.org/Gallery/
https://www.naoj.org/Gallery/ NASA / JPL-Caltech / R. Hurt, SSC & Caltech.

Properties of dark matter 
in dwarf satellites 

Panoramic view of the 
M31/M33 system

Chemodynamical structure 
of the outer Milky Way 

M. Chiba, R. Wyse, E. Kirby, PFS GA science working group

The PFS SSP（すばる戦略枠） proposal (360 nights over 5 years) accepted
➡︎ ~120 nights will be used for observations of stars



Conclusion

I deeply appreciate Hitoshi’s efforts in initiating and leading the PFS project, as well as 
providing an ideal research environment and opportunities for young researchers.

The PFS is one of the most powerful instruments to better understand 
the nature of dark matter and the origin of elements through 

stellar observations. 
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