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PFS will configure 
2394 individual fibers

for simultaneous spectroscopy
over this hexagonal field.

~1.5 deg

M31 on a single shot 
by HSC 
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ABSTRACT
We describe an ambitious 60 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. The survey will cover 11 PFS pointings (⇠ 14.5 deg2)
in the HSC Deep fields. Galaxies down to JAB ⇠23.0 or yAB ⇠22.5 will be selected according to their photometric
redshifts. The spectra will have sufficient S/N to measure stellar masses, ages, and star formation rates as well as
redshifts. With 300,000 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 the cosmic star formation activity and during the major build-up of the quiescent population. We will
link the physical properties of galaxies with the anisotropic environments traced by the cosmic web, to disentangle
the impacts of stellar and black hole feedback, merging, halo masses and other environmental factors on galaxy
evolution at this crucial epoch.

1. GALAXY GROWTH IN THE EVOLVING COSMIC WEB

The Sloan Digital Sky Survey (SDSS; York et al. 2000) es-
tablished an excellent local benchmark for galaxy properties in
the universe today (e.g., Blanton & Moustakas 2009). However,
the majority of stellar mass in the universe was built up in the
era spanning the redshift range 0.7 < z < 2 (Figure 1). While
there are many deep spectroscopic surveys covering small ar-
eas [e.g., zCOSMOS (Lilly et al. 2007), PRIMUS (Coil et al.
2011), VVDS (Le Fèvre et al. 2005), DEEP2 (Newman et al.
2013), KBSS (Steidel et al. 2014) and MOSDEF (Kriek et al.
2014)], as well as large-area redshift surveys to measure large-
scale structure (e.g., VIPERS; Guzzo et al. 2014, Figure 2, left),
there are not yet spectroscopic surveys with the combination
of wide area, depth, signal-to-noise ratio and wide wavelength
coverage to simultaneously chart the evolution of the cosmic
web and the physical processes in individual galaxies (e.g., star
formation, outflows, accretion) that drive the star formation his-
tory of the universe.

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 Megaparsecs (requiring
>10 deg2 surveys preferably spread over 2-3 fields to combat
cosmic variance), i.e., the cosmic web. The Prime Focus Spec-
trograph (PFS), with its combination of multiplexing (2000
science fibers in a 1.3 deg2 field-of-view) and wide wave-
length coverage (from 0.38 to 1.26 microns at a resolution of
about 3Å; Figure 2, right), enables an unprecedented study
of galaxy and black hole evolution in the context of the cos-
mic web.

1.1. The Power of SUMIRE/Subaru

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 1400,28,3.5 deg2 respectively (Aihara et al. 2017). In ad-
dition, the CFHT Large Area U-band Deep Survey (CLAUDS)
project has obtained 20 deg2 of U-band data to UAB = 27 mag
(5 �) with sub-arcsec seeing in the HSC Deep Fields, and we
have JK photometry over much of the Deep Fields from UKIRT

and VISTA, allowing excellent determination of photometric
redshifts (Appendix C). Here, we focus on a galaxy-evolution
survey in 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.
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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 dif-
ferent symbols represent all the 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; 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.

We propose a survey of 11 PFS pointings (⇠ 14.5 deg2)
over 60 clear nights. We will survey ⇠ 300,000 galaxies to
a depth of JAB ⇡ 23 mag, corresponding to ⇠ L⇤ galaxies, us-
ing photometric redshifts to select galaxies with 0.7 < z < 2.
With this sample, we will probe the cosmic epoch over which
⇠ 50% of the stars in the Universe were formed (Figure 1). The
combination of large area and high sampling rate (see §2) to-
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Wide in wavelength range too: 
380—1260nm at once with 3 cameras



PFS subsystems distribution

On the TUE floor

… in Prime focus unit 
“POpt2” with Wide Field 

Corrector “WFC”.

Software system

Calibration system
Spectrograph 
system (SpS)
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This takes an image of the prime focus 
with the fibers “backlit” and measure 
their current positions: Key part of 
iterative fiber positioning process.



PFS commissioning has been underway.

2018 2019 2020 2021

Metrology Camera System 
installed 1st time on the Cs 
focus (Jun 2018).

1st Spectrograph Module (SM1) 
was installed (Dec 2019). Prime Focus Instrument 

(PFI) was delivered & re-
validated (Jun-Sep 2021).

1st Fiber Cable (Cable B1)  
was installed (Feb 2021).

2022

1st system test 
on the telescope 
(Sep 2021).

Engineering 
observations 

4



Engineering First Light in Sep 2022

Successfully observed many stars simultaneously
by intentionally positioning the fibers on the targets.
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~600 fibers

300s exposure of stars
in an NGC 1980 field 
w/ SM1 red camera



Now two fiber cables &
two spectrograph modules in place

• Completed installing SM3 in 
early Nov 2022.

• Started its operation right 
away according to the good 
results of post-installation 
tests.

SM1

SM3

Successful installation of 
2nd Fiber Cable (Cable B2) 
in April 2022.

Cable B1 & B2
on the telescope spider

@Spectrograph 
Clean Room (SCR) 6



The observation in Nov 2022 with 
doubled multiplicity: ~600à~1200

Two more modules to come for the full multiplicity of ~2400

300s exposure of stars
in an NGC 1980 field 
w/ SM1 & SM3 blue cameras



Fiber positioning accuracy

40cm8mm between
adjacent Cobras 
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1. Accurately predict (x,y) from (a, d).
2. Accurately move the fiber to requested (x.y).

Raster scan
• To generate a 2D map of flux coming 

into the instrument around each fiber.
The offset of flux peak from the middle is a 
fiber positioning error.

Commands and scripts/notebooks have been well developed,
so we can take such a data set as this routinely. 



Fiber positioning accuracy
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The fiber diameter is 
equivalent to 100um
• 1”.13@Field center
• 1”.03@Field edge

Systematic errors are dominant.
• Translational/rotational offset

ß Some issues in the field acquisition 
and/or guiding?

• Scale error
ß Inaccurately modeled?

After numerically subtracting these 
offsets and scale error.

Furthermore, averaging the errors 
from 10 sets of raster scan data.

Takeaways:
• The error seems dominated by the 

large-scale & small-scale systematics. 
Minimizing these is the priority.

• The contribution from the positioner’s 
stochasticity seems very little.
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The fiber diameter is 
equivalent to 100um
• 1”.13@Field center
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ß Some issues in the field acquisition 
and/or guiding?

• Scale error
ß Inaccurately modeled?

After numerically subtracting these 
offsets and scale error.

Furthermore, averaging the errors 
from 10 sets of raster scan data.

Takeaways:
• The error seems dominated by the 

large-scale & small-scale systematics. 
Minimizing these is the priority.

• The contribution from the positioner’s 
stochasticity seems very little.

Residual map from Nov-run
• Average of 10 sets in the last two days.
• Amplitude of the residual is   ~20um in each axis
• From distortion study using HSC, sky-pfi transformation

has accuracy in a few um.
• The same function (with different coefficients) was used 

and validated by PFS AG.
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PFS-PFI-NAJ802006-01_InRengineering.pdf

Distortion study using HSC (cont’d)
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PFS-PFI-NAJ802006-01_InRengineering.pdf

Average of each set

• Telescope-fixed pattern from distortion study using the pin-hole mask (Run02)

• This patter should have been corrected during the Nov run (INSTRM-1795).

• However, the residual map resemble the map seen on page 2…



Fiber positioning sequence

Sep 2022 Nov 2022

update Cobra 
geometry

• Iterative process between PFI and 
MCS: Measure the current positions, 
calculate deltas, and move the fibers.

• 12 iterations are applied but 
improvement seems little after ~7th

iteration.
• >95% success rate is now stably 

achieved with 4.8s MCS exposure.
• The processing time of each iteration  

is one vital engineering item:
• ~400s/~270s by 12/7 iterations, 

respectively.
• Detailed profiling & optimization 

are needed, while MCS data I/O 
seems major contribution

1. Accurately predict (x,y) from (a, d).
2. Accurately move the fiber to requested (x.y).



Data processing
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SpS eng. data

Updates are applied to the pipelines continuously.
à Weekly integration test: 2D (Princeton), 1D (LAM) & End-to-end (IPMU)



2D Data Reduction Pipeline (2D DRP)
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Current status:
• The pipeline (Lupton, Price+) is getting to 

be able to process data from engineering 
observations all the way down to flux 
calibration that is being developed at 
NAOJ (Yamashita, Mineo+).

• 2D PSF modeling as a key to very good 
sky subtraction still needs substantial 
development, while the spectrograph 
part seems quite well modeled already 
(Caplar, Hayashi, Yabe, Kawanomoto+).

• Useful QA plots are being identified (e.g. 
those for accuracies of wavelength 
calibration and sky subtraction) and 
appropriate tools need to be developed 
(Hamano, Tanaka, Yabe, Siddiqui, Price+).

ʻgoodʼ example

(Hayashi, Yabe 
[Kavli IPMU] with 
others)

“DCB” ~= Spectrograph
“PFI” ~= Everything



1D Data Reduction Pipeline (1D DRP)

Z=0.6597 (vs. 0.6653)
5400sec 
(900x6) in 
the Nov run
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1D Data Reduction Pipeline (1D DRP)

Z=0.6597 (vs. 0.6653)

Z=1.4462 (vs. 1.4455)

Z=0.6722 (vs. 0.6728)

F-star

5400sec 
(900x6) in 
the Nov run



Q2 2023 Q3 2023 Q4 2023 Q1 2024Q1 2023

Updated timeline from now onward

Engineering runs that have been scheduled & are 
being expected.
• 4/19-5/2: NIR First Light
• 7/18-27
• Oct (TBC)
• Dec (TBC)

3/13: NIR camera SN2 
preship review

~May (TBC): Cable B4 
installation

~Jun-Jul (TBC): Deliveries and 
installations of SM2 (BRN), 
SM4 (BR), and NIR SN3 & 4.

Full system test
(at least from Oct)Now: This 

workshop
Open use 
readiness review

19

Feb: Cable B3 
installation



Successful Cable B3 installation on Feb 7-8

Installing ~60m-long cable 
over 2 days by ~10 people

One more cable is 
remaining. It will be 
a big job again but 
should now be a 
low-risk process:
• The cable is already 

at the Subaru summit.
• The earlier 3 cables 

were successfully 
installed.

• Most of the Daycrews
and PFS members are 
familiar with the 
installation process.



NIR Cameras #2,#3, #4 (N2-4) at JHU
• N2:

• All tests were done well, except for a sanity 
check of image quality after focus offset 
correction work.

• Documentation for the preship review on 3/13.

• N3: 
• All tests were done well, except for the focus 

offset correction work and subsequent sanity 
check of image quality.
• Hope it will be “ready” soon.

• N4:
• The cryostat assembly is done. Next is baking, 

with pumping and then cooling for tests.
• The detector characterization is ongoing in 

the test dewar.

• Near-term goal is to deliver N2 to Subaru in 
March (and let N3 follow that soon).

#2 + foreoptics

#4 

#3 



Mean Best focus position 167µm – min 149 – max 186

Focus in cold chamber ~5.5°- det 96.8K

2

Tip 1.682e-04 rad => 10.3 microns
Tilt 2.538e-04 rad => 15.6 microns
best 166.0 microns

Spectrograph System (SpS) at LAM
• Tests of the 1st NIR camera (N1) as part of 

Spectrograph Module #2 (SM2) are ongoing.
• N1 itself was fully assembled and tested at JHU, 

passed the preship review and was shipped to LAM.
• The image quality at LAM looks as good as at JHU 

even with the system at  5℃ in the chamber to 
simulate the operating condition at Subaru.
• There were issues on the ion pumps … but the 

pumps were replaced and the operation has been 
recovered.

• The assembly & test of the remaining
visible cameras are also ongoing.
• Aiming at the delivery to and commissioning at

Subaru of SM2 (BRN) &
SM4 (BR) by mid July
(although getting tight)

22
Visible camera 
under metrology

Ensquared energy at 
various emission lines 
along through focus



Q2 2023 Q3 2023 Q4 2023 Q1 2024Q1 2023

Updated timeline from now onward

Engineering runs that have been scheduled & are 
being expected.
• 4/19-5/2: NIR First Light
• 7/18-27
• Oct (TBD)
• Dec (TBD)

3/13: NIR camera SN2 
preship review

~May (TBC): Cable B4 
installation

~Jun-Jul (TBC): Deliveries and 
installations of SM2 (BRN), 
SM4 (BR), and NIR SN3 & 4.

Full system test
(at least from Oct) Open use 

readiness review

EDR2 EDR3

Call for SSP 
proposal

Proposal 
deadline

The instrument performance 
information at EDR2/3 is 
perhaps crucial for proposal 
submission.
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EDR: Engineering Data Release

Now: This 
workshop

Feb: Cable B3 
installation

EDR1



Comprehensive challenges to the major questions of modern astronomy & cosmology
by three pillar survey components: 
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IGM Tomography Galaxies in the Cosmic Web

z~2 z~1.5
*Colored by sSFR in the same region

Illustris

Illustris

Illustris

Illustris

FIRE/Latte FIRE/Latte

*stars colored by chemical abundances

Stellar Streams Galactic Archeology

Dark Matter Density

Illustris * just illuminate emission line galaxies to probe LSS

Cosmology and Large Scale Structure

z~5

Zhang+11

BezansonBezanson &
GreenePFS large-sky survey in the 

framework of Subaru Strategic 
Program (SSP).
• ~360 nights for ~5 years
• Three pillars
• Cosmology
• Galaxy & AGN evolution
• Galactic Archaeology

• 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)
• Search of MW dark halo  

• Small-scale tests of structure growth

Assembly history 
of galaxies

• PFS+HSC galaxy association
• Absorption probes with PFS QSOs 

and HSC host galaxies
• Stellar kinematics and chemical 

abundances – MW & M31 
assembly history

• Halo-galaxy connection:
• Outflows & inflows of gas 
• Environment-dependent evolution

M⇤/Mhalo
<latexit sha1_base64="nfBMxyfDuzR7UXTU6oDaUTuPQkQ="></latexit>

⌦K
<latexit sha1_base64="S4qifW+w6ltKNp/rHetswQIy1Pk="></latexit>

Importance of IGM

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

• Search for emission from stacked 
spectra

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

abundances

C
O
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G
E

Testing ΛCDM

Timeline:
• System integration & survey 

planning are ongoing.
• On-sky commissioning from 

late 2021 to 2023 end.
• Science operation from 2024.
• $100M project, $1M shortage

Science with PFS in the dark sector of the universe



PFS science meeting
@Kashiwa campus, Mar 2-3
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Active & productive in-person+Zoom
discussions to brush up the survey 
plan and proposal of PFS SSP.

PFS will be a very powerful 
tool to find crucial evidence 
for the dark matter profile 
around dwarf galaxies
(see e.g. Hayashi’s talk). 25



PFS instrumentation is now 
back on the home stretch.

• Engineering observations
• Engineering First Light in Sep 2022
• Fiber positioning accuracy is getting better. 

Minimizing the systematic errors that 
dominate the accuracy is next priority.

• Ongoing hardware development
• SM2 is being tested at LAM with the NIR 

camera. 3 other NIR cameras are being 
tested at JHU, 

• Timeline
• Install Cable B4 on the telescope in May.
• Install 1 NIR cameras by mid April, and the 

rest of SpS in June-July.
• NIR first light in the April run.
• 1st run with the full hardware in July.

• Open-use readiness review in Jan 2024 for 
science operation from S24B.

ü Official web site - https://pfs.ipmu.jp/
ü Membership registration - https://pfs.ipmu.jp/research/regist_collab.html
ü Blog - https://pfs.ipmu.jp/blog/
ü Instagram - https://www.instagram.com/pfs_collaboration/

ʻgoodʼ example
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