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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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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.



The growing PFS collaboration
Scientists & engineers in Japan & other 6 countries are co-
working for instrument development & survey planning.

Chinese consortium (CPPC)

North East US group (NEPG)

MPA (2014), CPPC (2015), 
MPE (2016), NEPG (2018)
[More members have joined 
CPPC and NEPG even more 
recently e.g. in 2019-2020.]



Prime Focus 
Instrument 

On-telescope fiber 
cable (“Cable B”)

Spectrograph 
system

Dewars & detectors

Fiber slit

Focal plane 
fibers

Fiber positioner 
system

Logistics for PFS system integration

• Systems engineering is clearly the key.
• Parts/components/subsystem will be validated at each site before their delivery 

to other places for higher-level integration & finally to Subaru.
• Challenging especially under the circumstance due to COVID-19 … 5

Metrology 
Camera System



The metrology camera that has 
been fully integrated and tested 

on the telescope.

The first spectrograph module 
has been fully assembled and 
tested, and in operation in the 

dedicated clearn room.

1st one is …

READY!

READY!

Prime Focus 
Instrument (PFI) 

arrived at 
Subaru in June 

2021.

All fiber positioner modules have 
been installed onto PFI.

The 1st on-telescope fiber cable has 
been installed on the telescope.

1st one is …

READY!

PFS subsystems distribution

READY!



On-telescope on-sky tests started!!

• Hardware configuration
– PFI, MCS, Cable B1 and SM1 w/ blue 

& red cameras

• Dates
– (1) 9/13-26 2021

• Kept the dome closed most of the time.

– (2) 11/19-21 2021

• Progressed a lot in various aspects
• Next observations have been 

scheduled in May and June 2022.

Hybrid style à

AG camera FIRST LIGHT !!

MTK remote

Hilo remote
Various others
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PFS operation and overview of commissioning flow

The ultimate goal is to optimize the PFS performance and 
validate the goodness for scientific use = establish this↓

1. Integrate PFS subsystems of which the performances have 

been validated by the PFS collaborators.

2. Operate the system and confirm their functions on the 

telescope.

3. Characterize the system, mainly
• Calibrate the coordinate systems to put the fibers on the 

targets with required accuracy.

• Characterize PSF/LSF of spectra for data processing

4. Evaluate the on-sky performance and validate it.
• Firstly, we focus on verifying the performances at given 

telescope positions, rotation angles.

5. Finally stabilize the instrument performances.
• We optimize software, re-configuration sequence, calibration 

and so on.

• We validate the performance at any telescope pointing or time.

We are here now.

2

23 March 2022 PFS 13th collaboration meeting, March 2022

e.g., Posters  
T05 (Reinecke), 
T04 (He)e.g., Posters  

T01 (Onodera), 
T02 (Ishigaki), 
T03 (Murata)
T10 (Tanaka)

e.g., Poster  
T06 (Koike)

e.g., Talk by Lupton, 
Caplar, Le Brun &
Posters 
T07 (Siddiqui)
T08 (Yamashita)
T09 (Hamano)

e.g., Talk by Wang, 
(Le Mignant, Smee, 
de Oliveira)

We can start it w/ delivered subsystems

Slide by Yuki Moritani (Subaru/Kavli IPMU)



On-telescope
Cobra target convergence

Commands & mechanisms for 
cordinated operation have 
been in place to routinely carry 
out the convergence process:
• Loading and ingesting pfsDesign

• Iterative moves of Cobras to the 
targets
• Turn on fiber back illumination 

(PFI & SpS)
• Centroiding backlit fiber spots on 

MCS images
• Coordinate transformation to PFI 

coordinate
• Moving Cobras towards the 

targets on PFI
• Processing MCS images again and 

Judging the Cobra convergences
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More works are needed for:
• Processing optimization
• Quality assurance
• Visualization

The fiber positioners "Cobra” are
working well:
• The number of non-converged 

Cobras is typically several tens out of 
~2350 (<5%).
• Excluding the Cobras that are disabled 

due to known issues (broken, badly 
behaving, etc).

• The residual distance between target 
positions and Cobra final positions is 
~10um on PFI focal plane.

Improvements are in pursuit:
• ~100% convergence
• Stability & robustness

How these target positions can 
be set correctly need to be 
checked by on-sky observations.

↑Color-coded residual distances 
of the fibers from the targets set 
in XY over the PFI focal plane.

40cm7mm between
Adjacent Cobras 
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Current status: Data processing / instrument performance
5

Data processing

• Analysis of SuNSS spectra suggests that accuracy of sky subtraction ~0.6%

-> Performance for PFS spectra is to be tested/developed.
• A couple of on-sky PFI spectra taken (at zenith, w/o intentional target assignment)

Calibration data with PFI is the keys for further development:

• Arc, flat to create good “detectorMap” which defines fiber-λ relations on each detector.
• Data for PSF modeling: spectra of isolated fibers!

• In 2021 we partly succeeded in taking such a spectra. We are developing the Cobra movement 
methods and the dot position, and will be tested at the next runs.

Instrument Performance

• The spectra of stars/galaxies needs to be taken

• Throughput study using SuNSS: the data are under analysis

• Dependence of throughput across FoV has been checked

using the PFI data

→ ETC will be updated.

In May and June, more calibration data and sky/target spectra will be taken 

including dark nights (hopefully), which will give us the idea about performance 

of sky subtraction, and how much it can be improved. In the S22B semester, we 

will validate instrument performance using dark nights more realistically.

23 March 2022 PFS 13th collaboration meeting, March 2022

dot

fiber

Slide by Yuki Moritani (Subaru/Kavli IPMU)



Overall project status

• Commissioning is ongoing:
– Using PFI, MCS, Cable B#1, and SM1 B+R so far.
– On-telescope test in Sep 2021, and engineering 

observation in Nov 2021.
– May and June this year are the next.

• Still several hardware components need to be 
delivered to Subaru.
– Cable B#3 & B#4
– The rest of spectrograph system including all NIR 

cameras. 11



On-telescope fiber cable (“Cable B”)

• Second cable (“B2”)
• Already at the Subaru summit.
• Passed post-shipment inspections and 

optical continuity tests.
• Pre-installation optical tests and 

installation to the telescope will be 
carried out in the next two weeks.

• Third & fourth cables (”B3” & “B4”)
• Integration & test works are complete

at LNA in Brazil.
• Passed the pre-ship review and will be 

shipped to the observatory soon.
• These are the last works by the PFS 

team in Brazil.

12

B2

B3 & B4

In total 4 cables were produced and they turned 
out to be very similar mechanically and optically.

Throughput & FRD



Spectrograph System (SpS)
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• Spectrograph Module (SM) #2 and #3 are 
being integrated and tested.
• However, a while ago the team found an 

unexpected tilt offset of detector plane 
against the focal plane which has been 
stalling/slowing down the progress.
• The team is developing a method to 

accurately correct for this tilt offset and 
testing its robustness against e.g. thermal 
cycles. They have also put additional 
metrology processes during integration to 
be sensitive to such an error and its change.
• The goal is to deliver at least one SM (only 

w/ blue and red) and another one (w/ 
blue, red and NIR) to Subaru later this year.



NIR Camera Unit (NCU)
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• The 1st camera (#1) in the final 🤞test campaign
• So far the image quality looks good and as expected.
• The thermal performance also looks good.

• The special coating are applied on the two optics
in the camera to suppress thermal radiation
reaching the detector.

• This coating process is nearly complete for 
all the 4 cameras. 

• In parallel:
• The 2nd camera (#2) is ready for alignment.
• The 3rd cryostat testing is complete.
• The 4th cryostat is to be tested.
• The H4RG detector testing is being done in a 

dedicated dewar before its integration into the 
camera to measure QE, characterize persistence & 
take imaging flats.

• The goal is to deliver #1 to LAM in May, #2 to 
Subaru in ~Summer-Fall this year.

N1

N2

N1 + fore optics



Comprehensive challenges to the major questions of modern astronomy & cosmology
by three pillar survey components: 
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z~2 z~1.5
*Colored by sSFR in the same region

Illustris

Illustris
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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
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G
E

Testing ΛCDM

Timeline:
• System integration & survey 

planning are ongoing.
• On-sky commissioning from 

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

Science with PFS in the dark sector of the universe



PFS 360-night SSP survey: Proposal under development

Latest version 3/23

10�5 10�4 10�3

M⇤/Mhalo

�2.0

�1.5

�1.0

�0.5

0.0

� D
M

:
in

ne
r

sl
op

e
of

D
M

pr
ofi

le

Ul
tr
a-
fa
in
t

D
wa

rfs

Cl
as

sic
al

D
wa

rfs

Br
ig
ht

D
wa

rfs

CDM+fee
db

ack

CDM+fee
dba

ck

Current

PFS forecast

Ursa Minor

Draco

Sextans

Sculptor FornaxBoötes I
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• Bottom-up discussions in the 
individual WGs.

• Integration by survey 
simulation & integration team

• “Friendly” review by external 
experts

• Collaboration-level 
discussions at PFS 
collaboration meetings and 
science meetings.

Large potential of PFS to judge the validity of 
of FDM and SIDM thanks to its wide field 
coverage and high multiplicity (K. Hayashi+)



PFS is now coming out of the 4th corner for 
its scientific operation from 2024.

• Commissioning started:
• After PFI arrival in June 2021, 

engineering tests and observations 
were carried out with PFI, MCS, CAB1 
& SM1 B+R in Sep and Nov 2021.

• While various progresses were made, 
troubles delayed going beyond. But 
persistent efforts are ongoing towards 
formal First Light & continued success 
in the next runs in May & June 2022.

• Remaining hardware is upcoming:
• Cable B3 & B4 passed pre-ship review.
• At least one SM in summer, and the 

other later this year.
• 1st NIR camera to LAM in May, and 2nd

one to Subaru in ~Summer-Fall.

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/

https://pfs.ipmu.jp/
https://pfs.ipmu.jp/research/regist_collab.html
https://pfs.ipmu.jp/blog/
https://www.instagram.com/pfs_collaboration/?hl=en

