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FIG. 1.— A brief overview of PFS instruments, which consist of componentsWide Field Corrector, Field Rotator, Prime Focus Unit, and Fiber Positioner.
A Fiber Connector relays light to four identical fixed-format 3-arm twin-dichroic all-Schmidt Spectrographs providing continuous wavelength coverage from
380nm to 1.3µm.

et al. 2011), it offers a standard ruler by which we can in-
fer the angular diameter distance and the Hubble expansion
rate from the observed correlation function of the galaxy dis-
tribution. The BAO scale is in the linear or weakly-nonlinear
density regime and thus provides a robust geometrical test.
Furthermore, if uncertainties arising from galaxy bias can be
removed or accurately modeled, we can use the amplitude and
shape information of the galaxy correlation function in order
to constrain cosmological parameters as well as the growth
rate of structure formation.
Recognizing this, the main scientific questions we seek to

address with the PFS cosmology survey are:
1. Is the cosmic acceleration caused by dark energy or
does it represent a failure of Einstein’s theory of gravity
on cosmological length scales?

2. What is the physics of the early universe that generates
the primordial fluctuations as the seed of large-scale
structures?

To address these fundamental questions, the main goals for
the PFS cosmology survey are to:

• Constrain the angular diameter distance and the Hubble
expansion rate via the BAO experiment to the precision
comparable with, or better than, existing, ongoing or
planned BAO surveys.

• Derive the BAO constraints in a redshift range that
is complementary to those probed by the existing or

planned BAO surveys on the time scale of the PFS sur-
vey.

• Utilize the unique capabilities of the 8.2m Subaru Tele-
scope and the PFS spectrograph for maximizing cos-
mological science.

• Use the shape and amplitude of galaxy correlation func-
tion in order to constrain cosmological parameters as
well as the growth rate of structure formation.

• Combine the weak lensing information, delivered from
the HSC survey, with the PFS cosmology survey in or-
der to improve the cosmological constraints by calibrat-
ing systematic uncertainties that cannot be resolved by
either of the PFS and HSC surveys alone.

2.2. PFS Cosmology Survey
Here we describe the parameters of the PFS cosmology sur-

vey that are required to meet the above scientific goals.
Firstly, we will consider which type of galaxy to target with

PFS. Given the optical and near infrared wavelength coverage
of PFS, [O II] emission-line galaxies (ELG; [O II] =3727Å)
are particularly useful tracers allowing an efficient survey out
to high redshift beyond z = 1, a redshift range that is diffi-
cult to probe with 4m-class telescopes. Luminous red galaxies
(LRGs) are a further potentially-useful tracer of large-scale
structure as studied by the SDSS survey, but at z >∼ 1.4 they
reveal weaker spectral features and are less abundant per unit

2400 fibers at prime focus, 1.3 deg2 FOV!

4 spectrographs; 600 1.13” fibers each!

3 channels: !

3800-6500A, R~2000!
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10000-12600,  R~4500 (high resolution needed to work between 
night sky lines)
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PFS: The Spectrograph(s)

Large redshift surveys


Calibration of photo z for weak lensing (Newman et al.)


Time-domain (LSST) follow-up


Detailed study of nearby galaxies (in IFU mode…)


… and on and on …
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BAO: 1400 deg2 Galaxy archeology: MW, M31 stars
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Fig. 2. Expected signal-to-noise (S/N ) ratio for measuring the [O II] emission line as a function of redshift; the blue, green, and red curves show the
results for the PFS blue, red, and IR arms in table 1, respectively, for a total emission line flux of 5 × 10−17 erg cm−2 s−1. To properly account for the
uncertainties, we assumed the instrumentation parameters of the current baseline design listed in table 1, an observation at the edge of the focal
plane, and included the sky emission/absorption and the Galactic dust extinction of E(B − V) = 0.05 and 26◦ for the zenith angle of the telescope. This
computation assumes 15 min total exposure (split into two exposures; 450 s × 2), σ v = 70 km s−1 for the velocity dispersion (the intrinsic line width),
and 0.′′8 for the seeing FWHM. We also accounted for the finite galaxy size relative to the seeing profile and the fiber size, assuming an exponential
profile with scale radius 0.′′3 for the emission line region (about 3.5 kpc h−1 for a galaxy at z = 1). Note that S/N is estimated by the root-sum-square
of the spectral pixels (i.e., it is a matched filter combining both doublet members). The current design allows a significant detection of the [O II]
emission line over a wide range of redshift up to z ≃ 2.4 with near-equal sensitivities of the red and NIR arms. (Color online)

extinction, respectively. The galaxy radial profile is as-
sumed to be an exponential disk with a half-light radius
of 0.′′3 (about 3.5 kpc h−1 for a galaxy at z = 1). Note
that for the galaxy yield forecasts we use half-light radii
from the COSMOS Mock Catalog (Jouvel et al. 2011), and
re-compute the fiber aperture correction for each galaxy.2

We have assumed the 15 min integration is split into two
sub-exposures for cosmic ray (CR) detection in the CCD
channel. The NIR channel will perform CR rejection by
processing the frames acquired during sample-up-the-ramp
(SUTR) mode. The cosmology ETC assumes 4 e− read noise
per sub-exposure (appropriate for ∼ 90 samples along
a 450 s ramp). We will probably not reset the NIR channel
in between sub-exposures, so we assume an overall read
noise of 4

√
2 = 5.6 e− per pixel for the following study.

In addition to throughput and sky brightness consid-
erations, we have considered several other potential lim-

2 This assumes that the [O II] emission traces the i-band continuum in which the
galaxy sizes were measured.

itations. Their amplitude is difficult to estimate, but they
have been important for previous spectrographs and so
we make an explicit allowance for them so as to adopt
a conservative approach. The systematic sky subtraction
residuals and small-angle stray light are very important fac-
tors in the study of galaxy spectra where [O II] is partially
blended with a sky line. Diffuse stray light is a concern
when [O II] lies in a cleaner part of the NIR spectrum.

! Systematic sky subtraction residuals. These are modeled
by adding a “noise” term corresponding to some per-
centage of the sky counts in each spectral pixel. We cur-
rently set this to 2% of the brightest of the pixel and its
neighbor on either side (equivalent to 1% sky subtrac-
tion accuracy on a four-pixel resolution element).! Small-angle stray light. We assign to the grating an ef-
fective number of lines that is 1/3 of the actual number.! Diffuse stray light. We take 2% of the OH line flux
incident on the detector and uniformly spread it over
all pixels. (This may be appropriate for a detector that
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0.8 < z < 2.4; 9 Gpc3


~4000 [OII] emitters/pointing



Galaxy Archeology
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for this particular target. For a sample of Local Group dIrr
galaxies, we will target RGB stars down to V = 22.5 mag
(in the summer/fall season) using the LR mode, and in order
to obtain S/N as large as 20 at λ = 5000 Å, we require dark
time and 5 hr exposures per pointing for these stars.

The Gaia intermediate data release is expected by the
time the PFS GA survey commences. Gaia and ground-
based imaging surveys, such as Pan-Starrs, VST, and
Skymapper, are likely to find many streams and ultra-faint
dwarf galaxies. The MR mode of PFS will uniquely provide
the resolution and field of view necessary for follow-up
spectroscopy of these new-found structures.

3.3.2 The M 31 halo
The primary targets in the M 31 survey are bright red
giants with 21.5 < V < 22.5 mag, i.e., stars around the
tip of the RGB with I ≃ 20.5 selected along the minor axis

of the galaxy (figure 19). Pre-imaging observations and se-
lection of the candidate halo giants will be provided by
an HSC imaging survey and we will utilize a newly devel-
oped narrow-band filter, NB515, to assist in removing fore-
ground Galactic dwarfs. A survey along the minor axis will
enable us to derive the chemodynamical properties of the
general M 31 halo as well as to study in detail several stellar
streams, including a cold stream-like feature in the north-
west part of the halo, part of which corresponds to Stream F
discovered by previous Subaru observations (Tanaka et al.
2010). The distribution of stars along these M 31 streams
will be especially useful in constraining the number of or-
biting dark matter sub-halos, which are predicted to induce
detectable density variations along the stream through dy-
namical disturbances (Carlberg et al. 2011). A careful sub-
traction of foreground Milky Way stars through spectro-
scopic observations will be crucial for constraining the

Fig. 19. Proposed PFS pointings along the minor axis of M 31’s halo (∼50 pointings), in which several stellar streams are included. The map of RGB
stars is taken from Richardson et al. (2011).
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PFS-Galaxy Evolution will chart the formation and 
evolution of typical galaxies from early building blocks at 
reionization through the peak epoch of star formation 
and black hole growth.!

Uncover the evolution of the IGM from reionization to the 
present

Exploit the multiplexing capability of PFS to establish the physical 
drivers of star formation within the evolving cosmic web

Utilize the wide wavelength coverage of PFS to determine the cosmic 
history of galaxy mass, chemical abundance, black hole mass and 

assess the impact of gas accretion, merging, and feedback



Continuum-Selected Galaxies 0.5 < z < 1.8
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Fig. 30. Left: Illustrative models of galaxies with different evolutionary histories based on Maraston (2005) stellar population models. All models have
τe−τ star formation histories, and are normalized to be L∗ galaxies today. In red is a red galaxy progenitor with a final mass of M ∗ = 6 × 1010 M⊙. In
green is a more typical star-forming galaxy with a final mass of M ∗ = 3.4 × 1010 M⊙with an extended history, while the blue line is a more extreme
star-forming system with a final mass of M ∗ = 2.3 × 1010 M⊙. For reference, in black is the mean apparent J-band magnitude of a 3 × 1010 M⊙
galaxy at each epoch from the K-band selected NEWFIRM medium-band survey. Right: Expected stellar mass distribution for our 1 < z < 2 survey,
based on the NEWFIRM Medium Band Survey (Whitaker et al. 2011). We apply a J-band magnitude limit of 23.4 mag, but note that the total number
of points in the figure corresponds to a 0.2 deg2 survey; we will spectroscopically observe 125 times as many objects. Without a redshift selection,
a large fraction of the galaxies in a magnitude-limited sample have z < 1. The banding in the figure is due to large-scale structure; our much larger
volume will average over this cosmic variance. (Color online)

Table 8. Impact of cosmic variance.∗

9.1 0.02 0.02 0.02 0.03
9.6 0.02 0.02 0.03 0.03

10.1 0.02 0.02 0.03 0.03
10.6 0.02 0.03 0.03 0.04
11.1 0.03 0.03 0.04 0.05
11.6 0.04 0.05 0.06 0.07

∗ The logarithmic error bars on the number density in
each logarithmic stellar mass bin (log M⊙; column 1)
are shown for four redshift ranges: 1 < z < 1.4 (col-
umn 2), 1.4 < z < 1.8 (column 3), 1.8 < z < 2.2
(column 4), 2.2 < z < 2.6 (column 5), assuming
a 16 deg2 area. The error bars are derived using
the method of Moster et al. (2011).

method of Moster et al. (2011). Thus, over the survey
area of 16 deg2 our analysis will not be cosmic variance
limited.

4.4.1 Color selection
A major strength of the SDSS was the simple magnitude-
limited selection with an easy-to-model selection function.
We would like to replicate that ideal to the extent possible,
but require a color selection if we want to spend more than

half of our time observing galaxies with 1 < z < 2. We have
explored various color-selection techniques to maximize the
time spent in the redshift range of interest, and outline their
strengths and weaknesses here. Note that in addition to the
main survey of 16 deg2, we require a purely magnitude-
limited sample over two PFS pointings to be observed early
in the survey, which will allow us to calibrate our selection
methods. A similar strategy was adopted by DEEP2 (Davis
et al. 2003). In table 9 we show the number of targets
by magnitude, number density, and exposure time.

We outline three potential color selections here:

1. Photometric redshifts: As a straw-man, using photomet-
ric redshifts is a very appealing strategy, as it utilizes
all of the exquisite HSC imaging. We are testing the ca-
pability of HSC Deep to measure reliable photometric
redshifts. Based on simulations run by M. Tanaka of
photometric redshifts from HSC Deep data, the com-
pleteness, or the fraction of objects with zspec > 1 that
correctly have zphot > 1, is 93%. The contamination,
which is the fraction of objects at zspec < 1 that have
zphot > 1, is 5%. Our ability to measure reliable pho-
tometric redshifts should improve dramatically in the
coming years, as we gain access to real HSC data, and

 at Princeton U
niversity on N

ovem
ber 13, 2014

http://pasj.oxfordjournals.org/
D

ow
nloaded from

 400k galaxies 0.5 < z < 2!
JAB ~23.3 mag  (~rest-frame V); 3 hr integrations!

~24k galaxies/PFS pointing (z > 1)!
! ! ! ! [OII] to 1e-17 erg/s/cm2 (5σ)

PFS Deep Selection based on COSMOS + UltraVista(Ilbert v2.1 catalog) 

* Comparison of the PFS  and VIPERS:  Number Surface Density per redshift bins  AND   Volume Number Density

 * selections  :    0.75 x N targets / PFS pointing    

--        Y<21  ~2500  

--  21<Y<21.9   ~5500  /   21.9<Y<22.3  ~ 4500

--  Y>23.3 & J<23.3  ~27300  

--  Y>22.3 &  J<23.3  & gzJ  ~10000  targets 

 *  Same  volume density as VIPERS up to z~1.6 

 *  Half  volume density in 1.6<z<2

 * comparison with other surveys :

    PFS COSMO /  eBOSS  /  DESI 
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Drop-outs and LAEs
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Fig. 26. Simulated spectra as observed in 3 hr integrations (see text) demonstrating the power of PFS. The spectra are plotted in units of “nanomag-
gies,” a unit of flux used by the SDSS, defined such that one maggie is the flux from an AB = 0 object, 3631 Janskys. Thus, 1 nanomaggie is
equivalent to an apparent AB magnitude of 22.5, 3631 × 10−9 Jy or 3.631 × 10−29 erg s−1 cm−2 Hz−1. The gray lines show the observed spectra,
while the red and blue overplotted spectra are binned to a resolution of R = 400, 300, 300 in the blue, red, and NIR arms respectively. The green
line indicates the position of the [O II] doublet, the blue lines indicate the higher-order Balmer lines, the gold lines show the Ca II H+K lines, and the
orange lines indicate the G-band and Fe 4383. The spectral templates are partly based on stellar population synthesis models of NEWFIRM Medium
Band Survey galaxy photometry, which provides some constraint on the emission line equivalent widths. In the 4000 Å break region, we splice in
a higher-resolution composite spectrum from the DEEP2 survey (Schiavon et al. 2006). We show total integration times of three hours. From top to
bottom, we show the blue and red galaxy pair with JAB = 23.5 mag at z = 1.89 and the same pair with JAB = 22.5 mag at z = 1.75. In this case, we
will have very rich spectral diagnostics to determine the physical properties of the galaxies. (Color online)

Fig. 27. Star-forming galaxies selected as U-band dropouts with JAB = 23, 24.5 mag, as observed in a three-hour total integration with PFS. As above,
the gray lines are the observed PFS spectra, while the red overplotted spectra are at effective resolutions of R = 400, 300, 300 in the blue, red, and NIR
arms respectively. The cyan line denotes Lyα. The gold lines demarcate strong interstellar features Si II λ1260, O I+S II λ1303, C II λ1334, Si IV λ1398,
Si II λ1526, C IV λ1546, Fe II λ1608, and Al II λ1670. The spectral energy distribution is based on a spectral synthesis model from Reddy et al. (2012),
with emission line EWs based on Shapley et al. (2003). For the brighter targets (left) we will detect ISM absorption lines in individual spectra, while
we will stack fainter targets (right). (Color online)
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Fig. 25. Left: Evolution of Lyα luminosity functions from z = 3.1 to z = 6.6 (Ouchi et al. 2010). Red filled circles are the best estimates for z = 6.6
LAEs, and the red solid line is the best-fit Schechter function of z = 6.6 LAEs. Blue filled circles and solid line are data points and the best-fitting
Schechter function, respectively, of the z = 5.7 LAEs. For reference, the cyan solid line is the best-fitting Schechter function of the z = 3.1 LAEs (Ouchi
et al. 2008). We will use evolution in the Lyα luminosity function to search for the signature of reionization as absorption from neutral hydrogen
systematically suppresses Lyα emission. Right: Evolution of Lyα line profiles in existing data (Ouchi et al. 2010). Red and black thick lines represent
composite spectra of LAEs at z = 6.6 and 5.7, respectively. For comparison of line shapes, the composite spectrum of the z = 5.7 LAEs is redshifted to
z = 6.6, and scaled by an arbitrary factor. One sigma errors of the composite spectra are shown with thin red lines for z = 6.6 LAEs and gray shading
for z = 5.7 LAEs. We hope to do seven times better in any deg2 patch of the sky by stacking the much larger sample of objects in the PFS survey.
(Color online)

dark halo mass of the quasar population as a func-
tion of redshift and luminosity (e.g., Adelberger &
Steidel 2005), and relate the relative growth of galaxies
and BHs. Finally, we will uncover obscured and low-
luminosity active galaxies using emission-line diagnos-
tics in the 1 < z < 2 survey.

5. The epoch of reionization, ionized bubbles: For the first
time, we will constrain the topology of ionized bubbles
at z ∼ 7 with a complete spectroscopic sample of LAEs.
Current surveys (e.g., Ouchi et al. 2010) have shown
the promise of using the mean Lyα profile shape as
a tracer of neutrality, but the small samples offer no
information on large-scale spatial variations (figure 25).
We will exploit the ∼ 9000 LAEs from our PFS sur-
vey to search for variations in Lyα profiles over scales
of 10 Mpc, comparable to the expected size of typi-
cal ionized bubbles. We will calibrate the intrinsic Lyα

line shape using a critical sample of LAEs at z ∼ 2.2–
2.4, for which we will have robust systemic redshifts
from [O II].

6. The epoch of reionization, neutral fraction: We will
utilize the evolution of the Lyα luminosity function
(figure 25; see, e.g., Ouchi et al. 2010) and the comple-
mentary measure of the fraction of galaxies with Lyα

emission, with unprecedented large samples of LAEs
and LBGs, respectively (Stark et al. 2011). This dual

approach will allow us to calibrate possible intrinsic
evolution in the Lyα luminosity function arising from
changes in the comoving star formation density. Linking
emission line demographics to LBG colors will address
possible effects of dust extinction. The resulting decline
in the visibility of Lyα over 6 < z < 7 will then be in-
terpreted in terms of a change in the neutral fraction
using appropriate models (e.g., McQuinn et al. 2007).
We will obtain complementary constraints on the neu-
tral fraction using the Gunn–Peterson troughs of z ∼
6–7 quasars.

We wish to strongly emphasize the power of the wide
wavelength coverage of PFS. The NIR arm allows us to
measure the [O II] line (and thereby reliable redshifts) out
to z = 2.4 (figure 24). The NIR arm thus opens the oppor-
tunity to study the crucial, and largely unexplored, epoch
of 1 < z < 2. It allows us to trace galaxy populations
from low to high redshifts with no gaps. There will be
no redshift desert with this spectrograph. As illustrated in
figure 24, we will have access to many important emis-
sion and absorption features over an unprecedented range
of redshifts, which will enable new and important science.
We will cross-calibrate star-formation and metallicity in-
dicators such as [O II] and Hα; both can be observed to
z ≈ 1. We can also study the physics of Lyα emission via its
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Wide Area and Dense Sampling = Environments
56 CHAPTER 4. GALAXY SURVEY

Figure 4.2: Left: Depth versus redshift for existing and planned large redshift surveys. The symbol size
represents survey area. Each survey is placed roughly at the median redshift of the survey. PFS occupies a
unique position in this parameter space, as it is the only large survey capable of filling in the redshift regime
between 1.5 < z < 2. Right: This figure shows the number of spectroscopic pairs separated by less than
one arcminute. It highlights the power of PFS to (i) study small-scale clustering on the group scale and (ii)
probe the gas distribution in galaxy halos using absorption lines probes. Fiber-based spectroscopic surveys
doing only one pass over the sky suffer from the fiber collision limitation and cannot access small-scale
pairs.

stellar mass function and star formation history of galaxies as a function of color and galaxy
density at 1 < z < 2.

2. The Growth of Structure: We will measure the spatial correlation functions of galaxies
on both small and large scales (i.e., one and two halo terms; Fig. 4.2 right). Spectroscopic
redshifts give significantly better clustering measurements than photometric redshifts. On
large scales, we will measure the galaxy bias as a function of galaxy properties and redshift,
which is a key constraint on galaxy formation models. On smaller scales, we can study the
properties of galaxies in cluster and group environments, and see how galaxy formation is
related to environment and dark matter halo mass. We will tie the evolution in stellar mass to
that of the underlying dark halos from 1 < z < 7. We will also study the cluster/proto-cluster
population as a function of redshift. Over the survey volume, we expect to find ⇥65 massive
clusters (M > 1014 M�) at 1 < z < 2 (Figure 4.1), an unprecedented sample when compared
to the very few found in current deep pencil-beam surveys. At 2 . z . 6 we expect to find
⇥ 100 proto-clusters using LBGs and LAEs as tracers.

3. Gas Inflow and Outflow: We will trace the interplay between gas accretion and feedback
using both direct and indirect means. We will trace the mass-metallicity relation using
strong emission-line diagnostics for z < 1.6 and with UV interstellar absorption lines at
z > 2 by stacking spectra (Ando et al. 2007). We will search for outflow or inflow using
interstellar absorption lines such as Mg II, S IV, C IV, etc in stacked spectra. We will
also stack background galaxy and quasar spectra as a function of impact parameter around
foreground galaxies to map out the gas kinematics in the outer halos of star forming galaxies
(e.g., Steidel et al. 2010; Tumlinson et al. 2011; Bordoloi et al. 2011). With this technique
we will search for the signature of cold-gas inflow and test the cold accretion hypothesis
with a sample ⇥20 times larger than the one of Steidel et al.
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Fig. 4.— Left panels: Distribution of galaxies at 2 < z < 3 (boxed gray scale) in the SFR–M (upper-panel) and M–size (lower-panel)
diagrams. The colored markers indicate compact SFGs (green), other non-compact SFGs (cyan) and quiescent galaxies (red) in a thin
slice of stellar mass (10.6 <log(M/M⊙)< 10.8; vertical black lines). The dashed lines show the selection thresholds for star-forming (above
log(sSFR/Gyr−1)=-1) and compact (below log(ΣT /M⊙kpc1.5=10.3) galaxies. Compact SFGs have nearly normal, main sequence, SFRs,
but small effective radii typical of the quiescent population. Right panel: sSFR–Σ diagram showing the galaxies in the highlighted mass
slice of the left panels. The location of compact SFGs in upper-right quadrant and the lack of galaxies in the lower-left quadrant suggest
that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper-left) to compact (upper-right)
SFGs, likely due to a strongly dissipational process (see § 6), and then to quiescence (bottom-right) by simply shutting down SFR. The
5′′×5′′zJH color postages illustrate that compact SFGs not only share the stellar masses and effective radii of quiescent galaxies, but they
also present similar spheroidal morphologies, significantly different from those of extended SFGs which appear to be disk-like and sometimes
irregular or clumpy.

Bauer et al. 2011), based on their detection at mid-to-
far IR wavelengths: 71% are detected in MIPS 24 µm,
and 44%/13% are detected in Herschel PACS/SPIRE,
respectively. All Herschel detections are also recovered
in the deeper 24 µm data (S24µm;3σ ∼20µJy vs. ∼1mJy
in the Herschel bands). In addition, the fraction of IR-
detections increases towards the most massive galaxies
indicating that IR-luminosity, and in general dust atten-
uation (A(V ) ∝ LIR/LUV; Barro et al. 2011), both cor-
relate with stellar mass in SFGs, i.e., the most massive,
star-forming galaxies are more obscured (Brammer et al.
2011; Wuyts et al. 2011b).
The fraction of compact SFGs among all massive SFGs

is ∼20%. This number however depends on the stel-
lar mass, increasing from 10% to 30% and 37% at
log(M/M⊙)=[10− 10.6],[10.6− 11.2] and [> 11.2]. This
is because, at the high-mass end, the number of non-
compact SFGs and the scatter in their mass–size distri-
bution (i.e., the range in Σ1.5) decreases, leading to an
increase in the relative number of compact vs. extended
SFGs (below and above the black line in Figure 1).
In agreement with previous works, we find a flattening

in the slope of the main sequence at the high-mass end
(Bauer et al. 2011; Whitaker et al. 2012b). The black

line in Figure 3 shows the best fit (±3σ) to a single
power-law (α = 0.44) for all massive (log(M/M⊙)> 10)
SFGs. With respect to this fit, most compact SFGs are
found either on the main sequence (∼65%) or below it
(∼30%), which is consistent with the idea that at least
some of these galaxies are in transit to the red sequence.
We note also that compact SFGs below the main se-
quence have a stellar mass distribution more skewed to-
wards smaller values (log(M/M⊙)= 10−10.6) than those
in the main sequence (see also § 4.1.1 for further discus-
sion). Only 2 compact SFGs present SFRs slightly above
the 3σ upper-limit of the main sequence (we reject an-
other 2 due to AGN contamination; see next section).
Such galaxies, usually called starburst (Daddi et al. 2010;
Rodighiero et al. 2011), are thought to be in a short-
lived, high star formation efficiency phase (high gas-to-
SF ratio), possibly triggered by an external mechanism,
such as mergers or galaxy interactions. If compact SFGs
are the precursors of the quiescent population, the small
starburst fraction suggests that quenching is not usually
preceded by a strong peak in the SFR, or, alternatively,
the duty cycle of the starburst phase is very short com-
pared to the duration of the star-forming phase. Inci-
dentally, we do not find evidence for tidal features or

What shuts galaxies off? 
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Fig. 5.— Radial metallicity gradients in each galaxy. Grey points are measured from individual source plane pixels shown in Figure 4, and
thick black points show the results for flux summed within radial annuli. Linear gradient fits to the individual pixels and radial bins are shown
as dashed and solid lines, respectively. Both methods give consistent results.

have moderate-resolution Keck spectra which show no sign
of AGN features (Schmidt et al. 2014; Limousin et al. 2012).
We note that the central resolution element of arc 14 shows
marginal evidence (⇠ 2�) of an elevated [O iii]/H� ratio as
expected for AGN (e.g., Wright et al. 2010; Newman et al.
2014). Trump et al. (2011) have associated this signal with
a significant AGN fraction in stacks of galaxies of similar
stellar mass and redshift whose individual X-ray luminosi-
ties are below the detection threshold, although it is not a
reliable indicator of AGN in individual galaxies. To sum-
marize, we find no conclusive evidence of AGN but cannot
rule out a possible low-level contribution to the emission
line flux from a nuclear source. The expected e↵ect of such
activity would be to lower the derived central metallicity,
with no significant e↵ect on SFR or stellar masses.

6. RESULTS AND DISCUSSION

6.1. Global properties

In this section we examine the GLASS sample studied here
in the context of the general z ' 1.8 galaxy population, as
a prelude to discussing the implications of our results for
galaxy evolution. Figure 6 summarizes the demographic
properties compared to larger published samples at similar
redshift. Comparison samples are carefully chosen to min-
imize systematic e↵ects: the narrow range of redshift miti-
gates any evolutionary trends, all data points are calculated
with the same IMF and stellar population templates, and
all stellar masses account for the contribution of emission
lines to broad-band photometry. Ignoring this last e↵ect
would result in higher stellar masses by ' 0.15 dex for
arcs 4 and 14 and ' 0.6 dex for arc 3, in excellent agree-
ment with the mass-dependent estimates by Whitaker et al.
(2014). In lieu of metallicity, we use [O iii]/[O ii] flux ratios
for a clear comparison of observable properties. While this
ratio is sensitive to metallicity, ionization parameter, and
reddening, all of these quantities are intrinsically correlated
and vary monotonically with [O iii]/[O ii] (e.g., Maiolino et
al. 2008; Dopita et al. 2013). Furthermore, this ratio o↵ers
the lowest statistical uncertainty and the greatest sensitiv-
ity to metallicity of the available strong-line diagnostics in
the sub-solar regime. We can therefore directly compare
relative oxygen abundances between di↵erent samples, not-
ing that secondary parameter dependences result in ' 0.25
dex RMS scatter between metallicity and [O iii]/[O ii].

In comparison to the overall population, the galaxies stud-
ied here have SFRs which are a factor of � 3⇥ above the
”main sequence” locus of SFR and M⇤ (Figure 6). Such
high relative SFRs are often induced by gravitational in-
teractions, and indeed Stott et al. (2013) show that ⇠ 50%
of sources at this SFR, M⇤, and z are merger events. The
metallicities inferred from [O iii]/[O ii] are consistent with
comparison samples of similar SFR and M⇤, as are the neb-
ular extinction values. The GLASS data are also consistent
with a steep mass-metallicity relation as found by Henry et
al. (2013), although the scatter in Figure 6 is large. To
summarize, the global properties are typical of low-mass
starbursts at z ' 2 which are frequently associated with
galaxy interactions.

6.2. Metallicity gradient evolution

We now turn to a discussion of the metallicity gradient of
arc 4 and its evolution with redshift. Figure 7 compares
the GLASS data with similar measurements as a function
of redshift. Arcs 3 and 14 are not included because their
gradients are poorly constrained, due to their small physi-
cal sizes and lower signal to noise ratio. In all three cases
the gradients are consistent with zero at the 1� level. We
restrict the comparison sample to measurements with . 1
kpc resolution, noting that even kpc resolution results in
artificially flat inferred gradients for typical high redshift
galaxies (e.g., Yuan et al. 2013; Stott et al. 2014). We show
original published values for all comparison data with the
caveat that they are derived using di↵erent strong-line cal-
ibrations; this has minimal e↵ect on our conclusions since
metallicity gradients are relatively insensitive to the choice
of calibration (Jones et al. 2013). However none of the
comparison data include scatter in metallicity in the for-
mal uncertainty, hence the error bar on arc 4 is the most
conservative of those shown in Figure 7. Ideally we would
construct a sample which corresponds to approximately the
same galaxy population (as was done in Jones et al. 2013),
but we are presently limited by the available data at high
redshift. The result is that arc 4 is expected to have ⇠ 0.4
dex lower stellar masses at a given redshift than average
sources in Figure 7, which are approximately Milky Way
analogs (based on abundance matching; e.g., Behroozi et
al. 2013). Nonetheless this provides a useful comparison.
Figure 7 demonstrates that interacting galaxies (shown as
open symbols) have flatter gradients than isolated coun-
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Fig. 3.— Demonstration of the lens model corrections. The panels
in the top row are source plane reconstructions given by the original
Sharon version 2 model, whereas those in the bottom row show the
improved reconstructions after our correction is applied. Note that
the original and corrected arc 14.2 is identical since it is used as a ref-
erence. In all panels, the gray scale represents the surface brightness
contrast and the red contour shows an isophotal radius measured for
the combined arc. Here we show the process for arc 14 as an illustra-
tion. The corrections for arcs 3 and 4 give similar results.
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Fig. 4.— Source plane morphologies of arcs 3, 4, and 14 (from left
to right). Each panel shows contours of constant de-projected galacto-
centric radii at intervals of 1 kpc, derived in Section 5. Top row: HST
image (RGB: WFC3/F160W, WFC3/F110W, ACS/F814W). Middle:
stellar mass maps derived from spatially resolved HST photometry.
All galaxies have smooth, centrally peaked stellar mass profiles with
no significant secondary peaks. Bottom: gas-phase metallicity maps.

5.1. Stellar mass

We use the stellar population synthesis code FAST ver-
sion 1.0 (Kriek et al. 2009) to fit the resolved spectral
energy density (SED) of each galaxy of interest. For
z = 1.855, the rest-frame UV through optical SEDs are
well constrained by broad-band HST photometry taken as
part of the CLASH survey (Postman et al. 2012). We
utilize the ACS/F435W, ACS/F606W, ACS/F814W, and
WFC3/F125W filters which sample nearly the full rest-
frame wavelength range from 1250–4900 Å. This set of fil-
ters is chosen to provide the widest possible wavelength
coverage while avoiding contamination from the strong
emission lines Ly↵, [O ii], and [O iii] which can signifi-

cantly a↵ect the broad-band photometry and derived stel-
lar population properties. In particular, [O iii] emission
accounts for ⇠25% of the total WFC3/F160W flux (an in-
crease of 0.3 magnitudes) and [O ii] significantly a↵ects the
WFC3/F105W flux for the galaxies discussed here.
Our methodology is as follows. We first align all images
with the GLASS F105W direct image and smooth to a com-
mon point spread function of 0.002 FWHM. The broad-band
fluxes in each pixel are fit with a Bruzual & Charlot (2003)
stellar population library, Chabrier (2003) initial mass func-
tion, Milky Way dust attenuation law, stellar ages between
5 Myr and the age of the universe at the galaxy’s redshift,
and an exponentially declining star formation history with
⌧ = 107 � 1010 yr. The quantity of greatest interest is the
derived stellar mass surface density, which is the most ro-
bust parameter. Other stellar population parameters (SFR,
age, extinction, etc.) are obtained simultaneously albeit
with larger uncertainty. We have repeated the SED anal-
ysis using additional broad-band filters corrected for emis-
sion line contamination using the flux maps described in
Section 3, verifying that this produces consistent results.
Total stellar masses derived from integrated photometry
and corrected for magnification are listed in Table 1.

5.2. Morphology

Morphological information is critical for measuring accu-
rate metallicity gradients, as the radial coordinate depends
on a galaxy’s central position and inclination. Ideally the
dynamical center, major axis orientation, and inclination
would be constrained from kinematics as has been done for
previous work (e.g., Jones et al. 2013), but we lack kine-
matic data. Instead we derive estimates of these quantities
by assuming that the stellar mass surface density derived
in Section 5.1, ⌃⇤, is elliptically symmetric. We reconstruct
⌃⇤ using the lens model (Section 4) and fit for the centroid,
orientation, and axis ratio. Only the most highly magnified
image in each arc system is used in order to maximize the
spatial resolution. In the following analysis we adopt the
galaxy center and inclination such that contours of ⌃⇤ trace
contours of constant de-projected radius.
Source plane ⌃⇤ distributions and best-fit ellipses are shown
in Figure 4. All galaxies exhibit smooth, centrally peaked
stellar mass profiles with contours that are fit by ellipsoids.
Within the stellar mass uncertainty, we find no evidence for
ongoing late-stage major mergers which could manifest as
a secondary peak in the stellar mass density.

5.3. Metallicity and nebular extinction

We use the strong line ratio calibrations presented by
Maiolino et al. (2008) to estimate gas-phase oxygen abun-
dance (expressed as 12 + logO/H) and nebular extinction
A(V) from measured [O ii], [Ne iii], H�, H�, and [O iii]
fluxes. An advantage of these lines is that they directly
trace the oxygen abundance, as opposed to [N ii]-based di-
agnostics which may su↵er from redshift-dependent system-
atic errors arising from evolution in the N/O ratio or other
e↵ects (e.g., Shapley et al. 2014; Steidel et al. 2014). We
use a Cardelli, Clayton, & Mathis (1989) extinction curve
with RV = 3.1, noting that the choice of RV has no signif-
icant e↵ect on the derived metallicity (typically < 0.1 dex
for 2  RV  5). To further constrain A(V), we impose
H�
H� = 0.47 as expected for Case B recombination and typ-

ical H ii region conditions (e.g., Hummer & Storey 1987).

Jones et al. 2014!
Lensed galaxies, metallicity !
gradients
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Figure 2. Left: First reported weak lensing signal of X-ray AGN as measured from 382 X-ray selected hosts with ⟨log(LX)⟩ = 42.7 from the COSMOS
field. Black error bars show shape-noise uncertainties, grey error bars indicate jack-knife uncertainties. Right: As a test for systematics, we also compute the
lensing signal measured around random points.

0.1 1.0
Physical transverse distance,   R [ Mpc ]

1

10

100

1000

∆
Σ

   
 [ 

 M
O •
   

pc
 -2
  ]

Fiducial SHMR model
Point source

Centrals
Satellites

0.1 1.0
Physical transverse distance,   R [ Mpc ]

1

10

100

1000

∆
Σ

   
 [ 

 M
O •  

 p
c -2   ]

fsat=0%    
fsat=18%  
fsat=60%  
fsat=100%

Figure 3. Left: Lensing signal of AGN sample compared to the prediction from our fiducial SHMR model (blue line). The grey shaded region shows the
field-to-field variance derived from 100 mock catalogs. These uncertainties are insignificant compared to shape noise uncertainties. The lensing signal has
contributions from the host stellar mass (dotted line) and from the dark matter halos associated with both central (dashed line) and satellite (dash-dot line)
galaxies. We confirm the null hypothesis that the AGN host occupation is no different than that defined by galaxies with the same M∗, regardless of nuclear
activity. Right: predicted lensing signal for varying satellite fractions. The satellite fraction of the fiducial SHMR model is fsat = 18%.

used to infer the SHMR which does place a caveat on this compar-
ison.

Our null-test is positive. Hence, we confirm the null hypothe-
sis that the AGN host occupation is no different than that defined
by galaxies with the same M∗, regardless of nuclear activity.

Step three in our methodology in unnecessary for this sample
(we do not need to vary any parameters to describe the lensing sig-
nal). As an example, however, of how step three might proceed -
the right hand panel of Figure 3 shows how the predicted lensing
signal of AGN hosts varies with fsat (keeping all other parame-
ters fixed). We find that reducing the satellite fraction to fsat = 0
only has a relatively small impact on the overall lensing signal. The
predicted lensing signal is mostly un-changed on small scales and

decreases slightly on 1 Mpc scales. If we increase the satellite frac-
tion to 100% then the predicted signal increases on large scales but
decreases on small scales creating a clear scale-dependent signa-
ture which should be easily detectable with the next generation of
lensing surveys. Small values of fsat may be difficult to detect with
lensing alone, but joint measurements of lensing and clustering will
be able to pin down fsat with greater accuracy.

4.3 Dark Matter Environment of AGN sample as Inferred
from Host Mass

In the previous section, we compared the weak lensing signal of
AGN hosts with the prediction from our fiducial SHMR model.

c⃝ 0000 RAS, MNRAS 000, 000–000

Leauthaud et al. 2014!
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masses for their stellar mass



What can PFS do for WFIRST?

• 2000 emission-line objects/deg2 over HLS (e.g., the cosmology 
survey) to get redshifts?  

• Or sparse-sampled continuum-selected sources to complement 
grism spectra over wide area? 

• Or our current design, deep and dense for calibration, etc?
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FIG. 1.— A brief overview of PFS instruments, which consist of componentsWide Field Corrector, Field Rotator, Prime Focus Unit, and Fiber Positioner.
A Fiber Connector relays light to four identical fixed-format 3-arm twin-dichroic all-Schmidt Spectrographs providing continuous wavelength coverage from
380nm to 1.3µm.

et al. 2011), it offers a standard ruler by which we can in-
fer the angular diameter distance and the Hubble expansion
rate from the observed correlation function of the galaxy dis-
tribution. The BAO scale is in the linear or weakly-nonlinear
density regime and thus provides a robust geometrical test.
Furthermore, if uncertainties arising from galaxy bias can be
removed or accurately modeled, we can use the amplitude and
shape information of the galaxy correlation function in order
to constrain cosmological parameters as well as the growth
rate of structure formation.
Recognizing this, the main scientific questions we seek to

address with the PFS cosmology survey are:
1. Is the cosmic acceleration caused by dark energy or
does it represent a failure of Einstein’s theory of gravity
on cosmological length scales?

2. What is the physics of the early universe that generates
the primordial fluctuations as the seed of large-scale
structures?

To address these fundamental questions, the main goals for
the PFS cosmology survey are to:

• Constrain the angular diameter distance and the Hubble
expansion rate via the BAO experiment to the precision
comparable with, or better than, existing, ongoing or
planned BAO surveys.

• Derive the BAO constraints in a redshift range that
is complementary to those probed by the existing or

planned BAO surveys on the time scale of the PFS sur-
vey.

• Utilize the unique capabilities of the 8.2m Subaru Tele-
scope and the PFS spectrograph for maximizing cos-
mological science.

• Use the shape and amplitude of galaxy correlation func-
tion in order to constrain cosmological parameters as
well as the growth rate of structure formation.

• Combine the weak lensing information, delivered from
the HSC survey, with the PFS cosmology survey in or-
der to improve the cosmological constraints by calibrat-
ing systematic uncertainties that cannot be resolved by
either of the PFS and HSC surveys alone.

2.2. PFS Cosmology Survey
Here we describe the parameters of the PFS cosmology sur-

vey that are required to meet the above scientific goals.
Firstly, we will consider which type of galaxy to target with

PFS. Given the optical and near infrared wavelength coverage
of PFS, [O II] emission-line galaxies (ELG; [O II] =3727Å)
are particularly useful tracers allowing an efficient survey out
to high redshift beyond z = 1, a redshift range that is diffi-
cult to probe with 4m-class telescopes. Luminous red galaxies
(LRGs) are a further potentially-useful tracer of large-scale
structure as studied by the SDSS survey, but at z >∼ 1.4 they
reveal weaker spectral features and are less abundant per unit

2400 fibers at prime focus, 1.3 deg2 FOV!

4 spectrographs; 600 1.13” fibers each!

3 channels: !

3800-6500A, R~2000!

6500-10000A, R~3500!

10000-12600,  R~4500 (high resolution needed to work between 
night sky lines)

The Spectrographs




