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Questions)to)speakers�

Q1:..What.do.you.think.is.the.“KEY”.science/observations.for.ULTIMATE.in.your.

research.field?.We.hope.to.establish.the.very.best.science.cases.which.are.unique.

enough.even.in.mid(late.2020s.(i.e..post(JWST.or.WFIRST.era!)...

.

Q2:.Which.instrument.(WFC/MOS/IFU).do.you.think.is.1st.priority.for.ULTIMATE?.

We.currently.consider.the.wide(field.imager.(WFC).is.1st.priority,.but.we.want.to.

have.your.opinion....

.

Q3:.Our.current.plan.is.to.(1).build.GLAO.first,.and.then.to.(2).build.new.NIR.

instrument(s)..This.means.that.we.will.start.our.ULTIMATE.science.with.GLAO

+MOIRCS.at.the.first.stage..Do.you.have.good.science.cases.to.be.done.with.

GLAO+MOIRCS.during.the.period.of.~2020(2023?.

.

Q4:.Which.survey.design.sounds.best.for.you.(see.survey_design.pdf)?..Your.
comments/suggestions.on.the.ULTIMATE.survey.design.are.very.welcome..

.

All)speakers:)please)include)your)answer)to)Q16Q4)in)your)talk.)�

a catchy phrase is “origin of the Hubble sequence”

ULTIMATE-Subaru allows us to address this issue with 
0.2″-resolution Hα narrow-band imaging for SFGs at z~2

More important thing is to utilize the performance of 
spatial resolution rather than sensitivity



What is ``to reveal the origin of the Hubble sequence’’
a simple answer is 
to explain why quiescent galaxies (QGs) are ellipticals although star-
forming galaxies (SFGs) are exponential disksThe Astrophysical Journal, 742:96 (20pp), 2011 December 1 Wuyts et al.

Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)

Table 1
Overview Deep Lookback Surveys

Field Area Filtermorph Image Deptha Sample Depthb N0.5<z<1.5
c N1.5<z<2.5

c

(deg2) (AB mag, 5σ ) (AB mag)

COSMOS 1.480 I814 27.2 25.0 106080 21430
UDS 0.056 H160 26.7 26.7 10443 6796
GOODS-S 0.041 H160 27.0 27.0 7008 3973
GOODS-N 0.042 z850 27.6 26.8 8797 3450

Notes.
a Point-source depth of the image on which the morphological analysis was performed.
b Magnitude (in i, H160, H160, and z850 for COSMOS, UDS, GOODS-S, and GOODS-N, respectively) down to which galaxies
were included in our sample.
c Sample size in the 0.5 < z < 1.5 and 1.5 < z < 2.5 redshift intervals.

be computed reliably, and unbiased by any completeness issues,
based on the objects observed in a given bin of SFR–mass space.

Our final sample comprises 639,924 galaxies at 0.02 < z <
0.2, 132,328 galaxies at 0.5 < z < 1.5, and 35,649 galaxies
at 1.5 < z < 2.5. The relative breakdown in galaxies of
different masses is determined by the depth of the observations,
and the stellar mass function at the respective redshifts. Above
M > 1010 M! our sample counts 53,2131, 31,127, and 8895
galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively. Above
M > 1011 M!, the numbers drop to 147,922, 2767, and
1059 galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively.
An overview of the sample size per field is provided in Table 1.

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

We start by analyzing the surface brightness profile shape as
a function of position in the SFR–mass diagram in Figure 1.
The three panels show from left to right the z ∼ 0.1, z ∼ 1,
and z ∼ 2 bins, respectively. Instead of indicating the relative
abundance of galaxies in different regions of the diagram, we
use the color-coding to mark the median value of the Sérsic
index n of all galaxies in each [SFR,M] bin. For displaying
purposes, we restrict the range of the color bar to 1 < n < 4,
and assign the same color as n = 1 and n = 4 to bins with
median n < 1 or median n > 4, respectively. The fraction
(fn<1; fn>4) of galaxies lying outside these bounds amounts to

(0.09; 0.24), (0.41; 0.14), and (0.41; 0.16) at z ∼ 0.1, z ∼ 1,
and z ∼ 2, respectively. The fraction of [SFR,M] bins with
median n outside this range is small: (0.02; 0.11) at z ∼ 0.1,
(0.14; 0.15) at z ∼ 1, and (0.11; 0.11) at z ∼ 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n ≈ 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
quiescent galaxies, a somewhat shallower slope than unity may
be measured for the “number MS” at the massive end (see, e.g.,
Rodighiero et al. 2010).

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n ≈ 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that
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When are massive QGs formed?

local galaxies (Jørgensen & Chiboucas 2013, see also
Jørgensen et al. 1995; Jørgensen et al. 2005).

The α-to-iron abundance ratio measured for the z 1.6� § �
quenched galaxies, [ Fe] 0.31 0.12

0.12B � �
� , or ∼2 times the solar

value, lies precisely on the z = 0 [α/Fe]–σ relation (Figure 5;
e.g., Kuntschner et al. 2010; Spolaor et al. 2010; Thomas et al.
2010), indicating little or no evolution at a given velocity
dispersion of the [α/Fe] ratio over the past ∼10 Gyr.

Thus, it appears that the chemical composition is indeed frozen
in during passive evolution from z 1.6� § � to 0. We conclude

that the stellar population content, i.e., their age, metallicity and
α-element enhancement of our z 1.6� § � galaxies, qualifies them
as possible progenitors of similarly massive quenched galaxies at
z = 0, from purely passive evolution.

5.3. SFHs of Quenched Galaxies at z 1.6� § �
and Their Precursors

We turn now to the other side in cosmic times, i.e., toward
higher redshifts and earlier epochs, trying to identify possible

Figure 5. Stellar population parameters as a function of stellar velocity dispersion (A), (C), (E), and redshift (B), (D), (F). Shown are the luminosity-weighted age
(A), (B), [Z/H] (C), (D), and the [α/Fe] ratio (E), (F) of stellar populations in quenched galaxies at various redshifts. In each panel, the red symbol represents our
measurement at z 1.6� § � . In the right panels, the thick and thin error bars correspond to the standard deviation and range of redshift of the sample, respectively. Blue
and orange symbols show z = 0 values within r 8e and re, respectively, of local quenched galaxies (Spolaor et al. 2010). In the right panels, blue and orange points are
the corresponding median properties of the local sample with 200T � km s 1� with the 1σ scatter of the corresponding distribution. The red arrowhead in panel (A)
shows the ending point of a purely passive evolution of the stellar populations of our sample galaxies down to z = 0. Gray circles in the right panels show the values
for massive quenched galaxies with log ( km s ) 2.241T �� in intermediate redshift clusters (Jørgensen & Chiboucas 2013). Their measurements were aperture
corrected in order to match the nuclear measurements at z = 0. In panel (B), the gray solid lines show, from thin to thick, the age of simple stellar populations made at
a formation redshifts from 1.5 to 4.0, as indicated in the insert.
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formation and stellar mass loss (e.g., Leitner & Kravtsov 2011;
Leitner 2012), i.e.,

= − R( )M t M z t˙
*( ) SFR *, ( ), (1)

where M zSFR( *, ) is the redshift- and mass-dependent SFR,
andR t( ) is a convolution of the SFH and stellar mass-loss rate,
which we estimate using FSPS. Following Lilly et al. (2013)
we assume that the typical specific SFR (sSFR ≡ SFR/M*) of
a star-forming galaxy with mass M* at redshift z is
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For a given final stellar mass, M z*( )trunc , we evolve galaxies
back in time according to Equation (1), using the iterative
procedure described by Leitner & Kravtsov (2011) to solve for
M t˙

*( ), until they reach an initial mass of ⊙M108 ; the remaining
mass is assumed to form in a burst at z = 8. The resulting main-
sequence lifetime—from an initial mass of ⊙M108 to M z*( )trunc

—is only weakly dependent on the particular value of the initial

mass, for example, adopting ⊙M107 results in lifetimes that are
longer by only ∼150Myr. In Figure 4 we show the evolution of
luminosity-weighted age for SFHs with ⩽ ⩽z1 2.5trunc and

= ⊙M z M*( ) 10trunc
11 , as well as for a galaxy which remains

star forming until the present day (i.e., =z 0trunc ).
There are two competing effects that drive the age evolution

shown in Figure 4: the quenching of star formation in star-
forming galaxies and the passive evolution of already-formed
stellar mass. At <z 1 the stellar populations of massive
galaxies are consistent with simple passive evolution, in
agreement with previous spectroscopic studies (e.g., Choi
et al. 2014), as well as with evolution of the galaxy luminosity
function over a similar epoch (e.g., Brown et al. 2007). On the
other hand, the relatively uniform ages measured at >z 1
suggest that the quiescent galaxy population is being kept
young (in the mean) by the constant addition of recently
quenched galaxies. The transition at ≈z 1 therefore reflects
changing demographics of the progenitor population (i.e.,
progenitor bias; van Dokkum & Franx 2001), where the factor
of ∼3 increase in quiescent galaxy number density from z = 2
to 1 (e.g., Tomczak et al. 2014) is dominated by the addition of
recently quenched star-forming galaxies, and at <z 1 the
massive galaxy population grows primarily by the assembly of
existing quiescent galaxies. Marchesini et al. (2014) obtain
qualitatively similar results for the most massive galaxies by
tracing progenitors at fixed number density (see also Papovich
et al. 2014). Based on comparison with the mock main-
sequence SFHs, a ∼2–3 Gyr spread in formation times is
required to explain both the relatively old ages found for
quiescent galaxies already at z = 1.5–2 as well as the ages

Figure 3. −U V and −V J color as a function of stellar age for the red and blue
galaxy populations. Lines show predicted color vs. age for SSP models at two
different metallicities (solid lines), as well for models that include star
formation driven by stellar mass loss (dashed lines). Uncertainties show the
error on the mean derived from bootstrap samples, while thin lines indicate the
range of colors present in each sample. Vertical arrows indicate the expected
change in color for =A 0.5v . The measured ages are consistent with
expectations from a passively evolving SED model.

Figure 4. Evolution of mean stellar age for massive quiescent galaxies over the
past ∼9 Gyr. Our age estimates, as well as those from Schiavon et al. (2006),
Onodera et al. (2014), Whitaker et al. (2013), and Choi et al. (2014), are
measured from stacked data, while the points from Belli et al. (2015) are taken
as the median of their individually analyzed galaxy spectra split into two
redshift bins. We have corrected the Belli et al. (2015) values from their τ-
model parametrization to light-weighted values for comparison with the other
data (original values are shown as open diamonds). Error bars indicate either
the uncertainty in a given SSP-equivalent age measurement, or range in redshift
spanned by a given sample. Lines show evolution of the light-weighted age for
the truncated MS star formation histories described in Section 3.2. The
flattening of mean stellar ages at >z 1 likely reflects the increased importance
of quenching to the formation of massive quiescent galaxies at high redshift.
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massive QGs at z~1.5 would have quenched star formation at z=2-2.5
(less massive QGs would do at later epoch)

Massive z~2 SFGs must form bulge!



What should we study for SFGs at z~2?
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Figure 4. Stellar-mass-size relation of the HAEs at z = 2.2 and 2.5 with
H160 < 24 (green circles) and with H160 = 24–26 (gray points). The blue
solid and dashed curves indicate the local relation for late-type galaxies and its
1σ scatter, respectively (Shen et al. 2003). The red solid line shows the local
relation for early-type galaxies. The orange line represents the typical location
of the compact quiescent galaxies at z = 1.5–2.0 (Newman et al. 2012a). Blue
and red circles indicate the two compact HAEs, SXDF-NB209-17 and SXDF-
NB2315-7 (Section 4.2).
(A color version of this figure is available in the online journal.)

the local relation. Even if faint galaxies with H160 = 24–26
(gray points in Figure 4) are included in the sample, such a
trend is not changed. Some other processes other than secular
processes are needed for these less massive HAEs to evolve into
local star-forming/quiescent galaxies. We also find two massive,
compact HAEs and we will discuss these interesting objects in
detail in Section 4.2.

4. RESULTS

4.1. Dusty Star-forming Clumps

A lot of HAEs at z > 2 have kiloparsec-scale clumps, as
shown in Figure 2. The fate of these clumps is an important issue
and a matter of hot debate in relation to the bulge formation of
galaxies. In numerical simulations, clumps formed in rotational
disks can migrate toward galaxy centers as a result of their
mutual interactions and dynamical friction against the host
disk and coalesce into central young bulges (Ceverino et al.
2010; Inoue & Saitoh 2012). This is a very efficient process for
carrying a large amount of gas from the galactic disks to the
bulge components. On the other hand, the momentum-driven
galactic winds due to massive stars and supernovae can disrupt
giant clumps with Mclump = 108–9 M! before they migrate
toward galaxy centers (Genel et al. 2012). Genzel et al. (2011)
and Newman et al. (2012b) find the empirical evidence for gas
outflows originating in massive luminous clumps in z ∼ 2 disks
by deep AO-assisted integral field spectroscopic observations.
Whether the scenario for clump-origin bulge formation is viable
depends sensitively on the longevity of clumps. If the clumps
contain a large amount of gas, they would survive and exhibit
an age gradient as a function of distance from galaxy centers.
The Hα equivalent width (EWHα) is relatively insensitive to dust
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Figure 5. Color gradients in I814 −H160 of the clumps as a function of projected
distance from the galactic center. The clumpy HAEs with a red clump of
I814 − H160 > 1.5 are presented. We also display other clumpy HAEs as
gray symbols.
(A color version of this figure is available in the online journal.)

extinction if the line and continuum emission both originates in
the same regions and is thus the most useful measure of variation
in stellar ages. Förster Schreiber et al. (2011b) measured EWHα

for clumps in one massive galaxy at z ∼ 2 and found a
correlation between EWHα and galactocentric distance. This
suggests that the clumps near the galactic center tend to be
older than the outer clumps, supporting the clump migration
scenario. All other previous studies of clumps have relied on
the colors of galaxies and SED fitting with multi-wavelength
photometries. Wuyts et al. (2012) performed a detailed analysis
of spatially resolved SEDs for a complete sample of star-forming
galaxies at 1.5 < z < 2.5. They found the trend of having
redder colors, older stellar ages, and stronger dust extinction in
the clumps near galactic centers compared with the off-center
clumps. Guo et al. (2012) have also shown the same obvious
radial gradients in color, age, and dust extinction for clumpy
galaxies at z = 1.5–2.0.

In our sample, there are some clumpy HAEs with red clumps
of I814 − H160 > 1.5, which are often seen in the stellar mass
range of 1010.5 M! < M∗ < 1010.8 M! (Figure 1). We focus
on these HAEs with a red clump to investigate the clump
properties and test the viability of the clump migration scenario.
Figure 5 shows the radial gradient of clump colors across the
host galaxies. An aperture magnitude within a diameter of 0.′′36
(= 2 times the PSF size) is used to derive the color of a
clump. The stellar mass-weighted center is adopted to define
a galactocentric distance. We find that the clumps closer to
the centers are redder compared with the off-center clumps, in
agreement with previous studies. The nuclear red clump seems
to be a proto-bulge component, which would become an old
bulge seen in local early-type galaxies.

Some HAEs with a red clump are detected in the public
MIPS 24 µm image (PI: J. Dunlop). Because the PSF size of
the MIPS 24 µm image is ∼6′′, we cannot spatially resolve
the infrared emission within galaxies for most of the HAEs,
nor can we resolve the structures from clump to clump. The
five HAEs presented in Figure 2 each have a blue clump of
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FIG. 5.— The average radial distribution of Hα emission in galaxies in bins of stellar mass indicated at the top of each panel. The filled circles show the
radial profiles measured directly from the stacked Hα images. The open circles show the profiles corrected for the effect of the PSF. The lines show the best fit
exponentials for 0.5rs < r < 3rs to the PSF-corrected profiles. There appears to be some excess flux over a pure exponential at small and large radii. The short
vertical lines show the corresponding Hα effective radii.
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FIG. 6.— Size-mass relations for Hα (rHα −M∗) stellar continuum (r∗ −
M∗). The size of star forming disks traced by Hα increases with stellar
mass as rHα ∝M0.23. At low masses, rHα ∼ r∗, as mass increases the disk
scale length of Hα becomes larger than the stellar continuum emission as
rHα ∝ r∗M0.054

∗ . Interpreting Hα as star formation and stellar continuum
as stellar mass, this serves as evidence that on average, galaxies are growing
larger in size due to star formation.

to increase the S/N ratio, enabling us to trace the profile of
Hα to large radii. An obvious disadvantage is that the Hα
distribution is known to be different for different galaxies. As
an example, the Hα maps of the galaxies shown in Fig. 3 are
quite diverse, displaying a range of sizes, surface densities,
and morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic. Differ-
ent regions of galaxies light up with new stars for short peri-
ods of time. These clumps, while visually striking, make up
a small fraction of the total star formation at any given time.
Only 10−15%of star formation occurs in clumpswhile the re-
maining 85−90% of star formation occurs in a smooth disk or
bulge component (Förster Schreiber et al. 2011b; Wuyts et al.

2012, 2013). Stacking Hα smoothes over the short-timescale
stochasticity to reveal the time-averaged spatial distribution
of star formation.
Fig. 5 shows the radial surface brightness profiles of Hα as

a function of stellar mass. The first and most obvious fea-
ture of these profiles is that the Hα is brightest in the center
of these galaxies: the radial surface brightness of Hα rises
monotonically toward small radii. The average distribution of
ionized gas is not centrally depressed or even flat, it is cen-
trally peaked. This shows that there is substantial on-going
star formation in the centers of galaxies at all masses at z∼ 1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear indicating they
are mostly exponential. There is a slight excess at small and
large radii compared to an exponential profile. However, the
profile shape is dependent on the stacking methodology: if
the profiles are deprojected and normalized by their effective
radius (as derived from the HF140W data) they are closer to
exponential (see appendix). We do not use these normalized
profiles as the default in the analysis, as it is difficult to ac-
count for the effects of the PSF.
We quantify the size of the ionized gas distribution in two

ways: fitting exponential profiles and Sérsic models. For sim-
plicity, we measure the disk scale lengths (≡ rs) of the ion-
ized gas by fitting the profiles with an exponential between
0.5rs < r < 3rs. These fits are shown in Fig. 5. It is clear that
over the region 0.5rs < r < 3rs the Hα distribution is reason-
ably well-approximated by an exponential. Out to 5rs,∼ 90%
of the Hα can be accounted for by this single exponential disk
fit. This implies that most of the Hα lies in a disk.
The scale length of the exponential disk fits increases with

mass from 1.3 kpc for 9.0 < M∗ < 9.5 to 2.6 kpc for 10.5 <
M∗ < 11.0. With re = 1.678rs, this corresponds to effective
(half-light) radii of 2.2 kpc and 4.4 kpc respectively. We fit the
size-mass relation of the ionized gas disks (rHα −M∗) with:

rHα(m∗) = 1.5m0.23∗ (2)

where m∗ = M∗/1010M". Fitting the HF140W surface bright-
ness profiles in the same way shows the exponential disk scale
lengths of the stellar continuum emission vs. the ionized gas.
We parameterize this comparison in terms of the stellar con-
tinuum size:

r∗(m∗) = 1.4m0.18∗ (3)

1. SF size = M* size: r*,1/2 does not change
2. SF size > M* size: r*,1/2 increases with M* => size evolution
3. SF size < M* size: r*,1/2 decreases with M* => bulge formation

size-mass relation for SFGs at z~2 size-mass relation for SFGs at z~1

Tadaki et al. 2014 Nelson et al. 2016

key element: spatial distribution of star formation within SFGs at z~2
=> 0.2″-resolution Hα narrow-band imaging at K-band
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Figure 3. Fraction of massive galaxies (M > 1010 M!) that are quiescent (fquench), as a function of total stellar mass (left columns), bulge mass (middle columns),
and disk mass (right columns) for z ∼ 1 and z ∼ 2. Galaxies with sSFR < 1/3∗ tHubble are assigned as quiescent, the others are assigned as star-forming. In the middle
and bottom rows, we split the galaxy sample in bins of B/T for the two redshift bins. Uncertainties are derived from bootstrapping and include sample variance as
well as measurement uncertainties. A positive trend of fquench is seen with total stellar mass, with the trend becoming stronger when correlating fquench with the bulge
mass, whereas fquench shows no positive correlation with the mass of the disk component. At a given galaxy mass, fquench is increasing significantly with increasing
B/T ratio. The scatter in fquench among the different B/T bins is largely reduced when correlating against the bulge mass, implying that the mass within the bulge
of the galaxy is correlating best with quiescence. This trend is qualitatively similar for both redshift ranges, with the overall quenched fractions being lower at z ∼ 2
than at z ∼ 1.
(A color version of this figure is available in the online journal.)

the way to the present day, as demonstrated by Bluck et al.
(2014) who exploit the large number statistics of SDSS.

5. COMPARISON WITH SAMS

5.1. The Somerville Model

SAMs have a rich history of trying to reproduce galaxy scaling
relations and abundances, with the goal of guiding our interpre-
tation of the observational results. Here, we focus specifically on
the SAM developed by Somerville et al. (2008) and further up-
dated by Somerville et al. (2012) and L. A. Porter et al. (2014,
in preparation), which is rooted in the Bolshoi cosmological
dark matter simulation (Klypin et al. 2011).20 As is generic to

20 Hereafter, we refer to this model as the Somerville et al. SAM.

all SAMs, the model relies on simplified analytic prescriptions
for the dynamical and astrophysical processes down from entire
galaxy scales, rather than on kiloparsec to parsec scales (the res-
olution below which state-of-the-art cosmological and zoom-in
hydro-simulations resort to subgrid physics, respectively). This
limitation, however, yields the enhanced flexibility of a rela-
tively inexpensive runtime, allowing the straightforward gener-
ation of statistically significant model galaxy populations, and
the tuning of parameters to observational constraints, such as
mass functions and scaling relations (only empirical constraints
from the nearby universe were used in tuning the parameters of
the model considered here). The fact that SAMs conceptually are
formulated in units of bulge and disk components furthermore
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Bulge is probably related with quenching 
of star formation (Lang+14, Bell+12, etc.)
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main targets!
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main targets show NB<22.5 mag in total

S/N>20 is enough high to spatially resolve 
Hα emission?

~20 SFGs in 90 arcmin2

=> ~1e4 SFGs in 20 deg2

NB magnitudes for SFGs at z=2.2 
(Tadaki+13, ~90 arcmin2) 
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Four points of this survey

1. WFIRST does not have K-band and NB filter
2. This choice maximizes the GLAO performance in terms of 
angular resolution (this is critical for galaxy anatomy)
3. A survey area of 20 deg2 matches up with HSC/SSP-Deep 
(~27deg2)
4. Wide K-band data is useful for general science cases
e.g., study of the rest-optical morphology for galaxies at z=3-4 and dusty star-
forming galaxies



H and K-band maps for dusty SFGs at z~2
HST/H HAWKI/K

Tadaki et al. 2015

whether the gas mass is actually as small as log (Mgas/
Me) = 10.2 with the 1.1 mm data alone.

3.3. Size Measurements of Dust Emission

We measure the size of the dust emission for two 1.1 mm
bright galaxies (NB2315-02 and NB2315-12) by fitting the
visibility data in the uv plane. Their signal-to-noise ratios in the
1.1 mm map are >10 in the flux density per synthesized beam
to reliably constrain the size as the visibility coverage is similar
to those of Ikarashi et al. (2014) and Simpson et al. (2015).
Then, we assume two models, a circular Gaussian component,
and a point source. The uvamp task in MIRIAD (Sault
et al. 1995) is used for calculating the visibility amplitudes
averaged in annuli according to the uv distance after shifting
the phase center to the center position measured in the image
plane and subtracting a clean component of another source
in the primary beam with the uvmodel task. The phase
calibrator, J0215-0222, shows constant amplitudes as a
function of uv distance, suggesting a point source in the used
antenna configuration (Figure 4). On the other hand, two SFGs
of our sample seem to be resolved at >300 kλ. The Gaussian
fitting shows reduced chi-square values of 0.61 for NB2315-02
and 1.62 for NB2315-12, while the horizontal fitting (point
source) shows 5.76 and 2.60, respectively. Therefore, we adopt
the Gaussian model that is the same approach as previous

studies (Ikarashi et al. 2014; Simpson et al. 2015). The best-fit
results are FWHM= 0. 16 0.02

0.03´ �
� (R 0.66e 0.08

0.11� o�
� kpc) for

NB2315-02 and FWHM= 0. 20 0.04
0.06´ �

� (R 0.81e 0.15
0.25� �

� kpc) for
NB2315-12. NB2315-02 surely has a compact, dusty star-
forming component with Re < 1 kpc at 3σ significance.
For a Gaussian source with R 0.66 kpce 0.08

0.11� o�
� , 80 11

7
�
� %

(SFRHα= M396 93
84

�
�

: yr−1) of star formation traced by Hα is
occurring within 1 kpc region. Then, the SFR surface density
could be M126 30

27
�
�

: yr−1 kpc−2. It is also M105 22
19

�
�

:
yr−1 kpc−2 in the case of usage of the PACS 160 μm based
SFR. The gas surface density is similarly estimated from the
total gas mass to be (2.6 ± 0.5) × 1010 Me kpc−2, which
probably causes an extremely red color due to strong extinction
(Figure 3).

4. DISCUSSION

We find NB2315-02 to have a high SFR surface density,
M126 30

27
�
�

: yr−1 kpc−2, corresponding to SFR= M396 93
84

�
�

:
yr−1 within a region of 1 kpc radius. The central stellar surface
density will become comparable with compact SFGs/QGs,

M Rlog e
1.5( )* > 10.3 [Me kpc−1.5] (Barro et al. 2013), pro-

vided that the current star formation is maintained for another
50 11

12
�
� Myr in the galaxy center. This is plausible since it

would need only 19± 3% of the total gas mass (Mgas=
M10.3 101.5

1.7 10q�
�

:) being converted into stars. Then, the gas

Table 1
Properties of 1.1 mm Detected SFGs

ID R.A. Decl. zNB M* SFRHα S1.1mm,aper Mgas fgas
(J2000) (J2000) (1010 Me) (Me yr−1) (mJy) (1010 Me) (%)

NB2315-02 02 17 40.53 −05 13 10.7 2.53 ± 0.02 13.1−8.0
+4.8 495 ± 95 2.06 ± 0.13 10.3−1.5

+1.7 44 8
20

�
�

NB2315-07 02 17 42.67 −05 13 58.4 2.53 ± 0.02 8.9−0.8
+0.9 49 ± 10 0.38 ± 0.15 2.7−1.0

+1.2 23 8
8

�
�

NB2315-12 02 17 41.11 −05 13 15.2 2.53 ± 0.02 17.5−2.2
+1.4 174 ± 20 1.34 ± 0.15 8.1−1.3

+1.8 32 4
5

�
�

Figure 3. Left: rest-frame U − V vs. V − J color for our sample. Red circles and blue squares indicate 1.1 mm detected and non-detection sources, respectively.
Gray circles show the parent sample of Hα-selected SFGs. The red shaded area indicates a region where quiescent galaxies dominate (Whitaker et al. 2011). Right:
Hα-based star formation rates plotted against stellar masses. The black solid line indicates the main sequence of SFGs at z = 2.0–2.5 (Whitaker et al. 2014).
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FIG. 8.—We investigate the spatial distribution of star formation in galaxies
across the SFR(UV+IR)-M∗ plane. To do this, we stack the Hα maps of
galaxies on the star forming sequence main sequence (black) and compare
to the spatial distribution of Hα in galaxies above (blue) and below (red)
the main sequence. The parent sample is shown in gray. The fractions of
the total parent sample above the Hα flux and extraction magnitude limit are
listed at the bottom in gray. As expected, we are significantly less complete at
low masses, below the main sequence. About one third of selected galaxies
are thrown out of the stacks due to contamination of their spectra by other
sources in the field. Of the galaxies above the flux and extraction limits, the
fractions remaining as part of the the final selection are listed and shown in
blue/black/red and respectively.

et al. 2007; Daddi et al. 2007; Salim et al. 2007; Damen et al.
2009; Magdis et al. 2010; González et al. 2010; Karim et al.
2011; Huang et al. 2012; Whitaker et al. 2012, 2014)

5.1. Definition of the Star Forming Main Sequence
We define the star forming sequence according to the results

of Whitaker et al. (2014), interpolated to z = 1. The slope
of the relation between SFR and M∗ decreases with M∗, as
predicted from galaxy growth rates derived from the evolution
of the stellar mass function (Leja et al. 2015), reflecting the
decreased efficiency of stellar mass growth at low and high
masses. Whitaker et al. (2014) find that the observed scatter
is a constant σ = 0.34 dex with both redshift and M∗.
We investigate where ‘normal’ star-forming galaxies were

forming their stars at this epoch by determining the radial
distribution of Hα in galaxies on the main sequence. We
elucidate how star formation is enhanced and suppressed in
galaxies by determining where star formation is "added" in
galaxies above the main sequence and "subtracted" in galax-
ies below the main sequence. To determine where star for-
mation is occurring in galaxies in these different regions of
the SFR-M∗ plane, we stack Hα maps as a function of mass
and SFR. We define the main sequence as galaxies with SFRs
±1.2σ = ±0.4 dex from the Whitaker et al. (2014) main se-
quence line at z ∼ 1. Specifically, we consider galaxies ‘be-
low’, ‘on’, or ‘above’ the star forming main sequence to be
the regions [-0.8,-0.4]dex, [-0.4,+0.4]dex, or [+0.4,+1.2]dex
with respect to the main sequence line in the SFR-M∗ plane.
To define these regions consistently we normalize the SFRs
of all galaxies to z∼ 1 using the redshift evolution of the nor-
malization of the star forming sequence from Whitaker et al.

(2012). These definitions are shown pictorially by Fig. 8 in
red, black, and blue respectively. We imposed the +1.2 dex
upper limit above the main sequence so the stacks wouldn’t
be dominated by a single, very bright galaxy. We impose
the -0.8 dex due to the Hα flux-driven completeness limit.
Fig. 8 also shows which galaxies were actually used in the
stacks. Our broad band magnitude extraction limit and Hα
flux limit manifest themselves as incompleteness primarily at
low masses and SFRs as reflected in the gray numbers and
filled symbols.
We adopted this ±1.2σ definition of the main sequence to

enable us to probe the top and bottom 10% of star formers and
ferret out differences between galaxies growing very rapidly,
very slowly, and those growing relatively normally. Accord-
ing to our definition (±1.2σ), the ‘Main Sequence’ accounts
for the vast majority of galaxy growth. It encompasses 80%
of UVJ star-forming galaxies and 76% of star formation. The
star forming main sequence is defined by the running median
star formation rate of galaxies as a function of mass. The def-
inition is nearly identical when the mode is used instead, indi-
cating that it defines the most common rate of growth. While
we left 20% of star-forming galaxies to probe the extremes of
rapid and slow growth, only 7% of these galaxies live above
the main sequence and nearly double that, 13%, live below
it. This is a manifestation of the fact that the distribution of
star formation rates at a given mass is skewed toward low star
formation rates. Counting galaxies, however, understates the
importance of galaxies above the main sequence to galaxy
evolution because they are building stellar mass so rapidly.
Considering instead the contribution to the total star forma-
tion budget at this epoch, galaxies above the main sequence
account for> 20% of star formation while galaxies below the
main sequenceonly account for < 3%.

5.2. Results
One of the primary results of this paper is shown in Fig. 9:

the radial distribution of Hα on, above and below the star
forming main sequence. Above the main sequence, Hα is el-
evated at all radii. Below the main sequence, Hα is depressed
at all radii. The profiles are remarkably similar above, on, and
below the main sequence – a phenomenon that can be referred
to as ‘coherent star formation’, in the sense that the offsets in
the star formation rate are spatially-coherent. As shown in
and Fig. 10, the offset is roughly a factor of 2 and nearly in-
dependent of radius: at r < 2 kpc the mean offset is a factor
of 2.2, at 3 < r < 5 kpc it is a factor of 2.1. Above the main
sequence at the highest masses where we have the signal-to-
noise to trace the Hα to large radii, we can see that the Hα
remains enhanced by a factor of! 2 even beyond 10 kpc. The
most robust conclusion we can draw from the radial profiles
of Hα is that star formation from ∼ 2− 6 kpc is enhanced in
galaxies above the main sequence and suppressed in galaxies
below the main sequence (but see § 7.4 for further discussion).
We emphasize that the SFRs used in this paper were derived

from UV+IR emission, These star formation rate indicators
are measured independently from the Hα flux. Thus, it is not
a priori clear that the Hα emission is enhanced or depressed
for galaxies above or below the star formingmain sequence as
derived from the UV+IR emission. The fact that it is implies
that the scatter in the star forming sequence is real and caused
by variations in the star formation rate (see § 7.4).
In the middle panels of Fig. 9 we show the radial profiles of

HF140W emission as a function of M∗ above, on, and below
the star forming main sequence. As expected, we find that

Stellar mass and SFR of SFGs at z~1
(Nelson+16)

main-sequence

1. investigate where new stars are formed for individual galaxies at z~2
2. compared it with stellar mass distribution (WFIRST data is not necessarily required)
3. identify bulge-forming galaxies and disk-forming galaxies 
4. study them as function of stellar mass/star forming activity/environment
5. reveal what drives bulge formation



A science case with MOIRCS+GLAO

Questions)to)speakers�

Q1:..What.do.you.think.is.the.“KEY”.science/observations.for.ULTIMATE.in.your.

research.field?.We.hope.to.establish.the.very.best.science.cases.which.are.unique.

enough.even.in.mid(late.2020s.(i.e..post(JWST.or.WFIRST.era!)...

.

Q2:.Which.instrument.(WFC/MOS/IFU).do.you.think.is.1st.priority.for.ULTIMATE?.

We.currently.consider.the.wide(field.imager.(WFC).is.1st.priority,.but.we.want.to.

have.your.opinion....

.

Q3:.Our.current.plan.is.to.(1).build.GLAO.first,.and.then.to.(2).build.new.NIR.

instrument(s)..This.means.that.we.will.start.our.ULTIMATE.science.with.GLAO

+MOIRCS.at.the.first.stage..Do.you.have.good.science.cases.to.be.done.with.

GLAO+MOIRCS.during.the.period.of.~2020(2023?.

.

Q4:.Which.survey.design.sounds.best.for.you.(see.survey_design.pdf)?..Your.
comments/suggestions.on.the.ULTIMATE.survey.design.are.very.welcome..

.

All)speakers:)please)include)your)answer)to)Q16Q4)in)your)talk.)�
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total of 20 FoVs
 (0.15 deg2)

Deep 
(0.15 
deg2)

Exp. time 
per FoV

(with 
overhead

)
Limit 
mag.

N. of 
nights

NBK x 1 4-hours (5-hours) 24.1 9

K 2-hours (3-hours) 25.6 7

total 16

With small FoV, there is a risk for observing void regions

Pilot survey targeting high-density regions of 
HiZELS emitters at z=2.2


