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What makes the acceleration of galaxy formation at 
z>2 and the subsequent quenching at z<2?
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“Mass” and “Environment” both matter!

ULTIMATE



Many of galaxies are in vigorous formation phase    
at the cosmic noon

Tadaki, TK, et al. (2012)

z~2 (10.5 Gyrs ago)

Massive clumpy galaxies tend to have a red clump, and be detected at 24µm.

à The red clumps may be the site of nucleated dusty 
starburst to form a bulge?

“Clumpy” SFGs are common at the cosmic noon (~40% of HAEs)



Proto-clusters play major roles at the cosmic noon

The fractional CSFRD in 
(proto-)clusters is only 
1% at z=0, but increases 
to 20% at z=2 and 50%  
at z=10. 

In the cosmic noon 
(1<z<4; 4Gyr), 
Universe and clusters 
formed 50% and 75% of 
their total stellar mass.



Why 0.2” ?

• For compact QGs    ⇒ Sensitivity gain (~2x)!
• For extended SFGs ⇒ Anatomy (bulge & clumps)!
• Comparable to HST resolution (WFC3, H-band)

0.2” ⇔ 1.5kpc at 1<z<3

w/ GLAO (~0.2”) Seeing limited (~0.5”)

A star-forming galaxy at z~2



Why K-band?
• Balmer break to z<5 ⇒ Stellar mass!
• Hα to z=2.6, [OIII] to z=3.7 ⇒ SFR!
• Advantage over WFIRST (<2μm)

A colour track for
quiescent galaxies
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K2 – K3

Medium-Band Filters
Pair Narrow-Band Filters

z = 4

z = 4.5

z = 5



Why 14 arcmin?
• Statistical anatomy along three axes (z, env, mass) 

>1,000 galaxies over 27(=33) cubes
• Advantage over JWST (2 arcmin)

time (T)
environment (ρ)

mass (m)

Galaxy Anatomy

“ecology”

“hierarchy”

“archaeology”



FoV.comparison.of.NIR.facilities.in.
2020s.available.at.λ>2um�

VLT/HAWK(I.
(7.5’.x.7.5’)�

Subaru/IRCS.
(1’x1’)�

HST/WFC3.
(2.0’x2.3’)�

ULTIMATE(Subaru.
(16’.x.16’)�

JWST/NIRCAM.
(2.x.2.2’.x.2.2’)�

Subaru/MOIRCS.
(4’.x.7’)�

(14’ x 14’)

FoV comparison of NIR instruments in 2020’s at λ>2μm

※ Note that there is no wide-field space mission which can probe NIR at λ>2μm! 

©� Y. Koyama



Ø Hunting z>7 LAEs and other UV lines at z>4 with NB

Ø Stellar mass assembly, LSS, size/morphology evolution, 
from a mass-selected sample since z~5 with MB

Ø High resolution mapping of stellar mass and SF 
activities to resolve internal physics of galaxy formation

à How are galaxies (bulge/disk) built-up with time? 
When and How are they quenched?

Key science (high-z imaging)



Searching for z>7 galaxies at the birth
Direct extension of LAE survey with S-Cam/HSC towards z>7

Expected Num. of 
LAEs per 15’ FoV
(10-h integration)

z=7.7
z=8.7

z=10.0
z=11.8

MOIRCS

ULTIMATE
JWST

(+ other UV lines – e.g. CIII], OIII, HeII, CIV )

©� I. Iwata



CIII]λλ1909 to	diagnose	ISM	conditions,
radiation	nature	of	galaxies	at	z>4

Composite	spectrum	of	~70	LAEs	
at	z=3.1	(Nakajima+	2018)

Ionizing	photon	production

ISM	metallicity©� I. Iwata



• 6 Narrow-Band Filters (NBF)
SFR limited sample and AGNs at z=0.9, 1.5, 2.3, 3.3.
Hα & [OIII] dual emitters with pair NBFs.

• 9 Medium-Band Filters (MBF)
Stellar mass limited sample at 1<z<5 with improved
phot-z (Δz/(1+z) ~ 0.01).

• 3 Broad-Band Filters (BBF)

à Tracking the cosmic histories of “mass assembly” and 
“star formation/AGN activities” back to z~3-5.

SWIMS-18 strategy for ULTIMATE
Super multi-λ (NIR) imaging survey of the Cosmic Noon
over a 1-deg2 unbiased field + some high density regions

on Subaru (8.2m; 2018-2020) and TAO (6.5m; 2020-)



Six Narrow-band filters (NBF)

Dual emitters ([OIII] & Hα) with 4 pair NBFs
à Redshift identification & Ionization states (ratio)

SFR-limited sample at z=0.9, 1.5, 2.3, and 3.3

NB527 (Lyα@z=3.32)
NB515 (Lyα@z=3.23)

J1541+2702 (z=3.33)

J0932+0925 (z=2.25)NB395 (Lyα@z=2.25)

NB921 (Hβ@z=0.895)

SWIMS-18

or tunable filters?



Table 1: SWIMS-18 filters

BB filters λ λc FWHM
(µm) (µm) (µm)

J 1.17–1.33 1.25 0.16
H 1.48–1.78 1.63 0.30
Ks 1.99–2.30 2.15 0.30

MB filters λc FWHM zs(Bal.Lim.) zs(D4000)
(µm) (µm) 3645Å 4000Å

Y 1.05 0.10 1.74 1.50
J1 1.17 0.12 2.05 1.78
J2 1.29 0.12 2.37 2.08
H1 1.50 0.12 2.95 2.60
H2 1.62 0.12 3.28 2.90
H3 1.74 0.12 3.61 3.20
K1 2.03 0.14 4.38 3.90
K2 2.17 0.14 4.76 4.25
K3 2.31 0.14 5.14 5.60

NB filters λc FWHM z(Hα) z([Oiii]) z(Hβ) z([Oii]) z(Paα) note
(µm) (µm) 6563Å 5007Å 4861Å 3727Å 1.875µm

NB1244 1.244 0.012 0.895 1.484 1.559 2.337 – CL1604+4304(z=0.895)
NB1261 1.261 0.012 0.922 1.519 1.595 2.384 – CL1604+4321(z=0.920)
NB1630 1.630 0.016 1.484 2.256 2.354 3.374 –
NB1653 1.653 0.016 1.519 2.302 2.401 3.436 –
NB2137 2.137 0.021 2.256 3.268 3.396 4.734 0.140
NB2167 2.167 0.021 2.302 3.328 3.458 4.814 0.156

galaxies (called as the main sequence) by a factor of 30 [4]. Moreover, the HST images have revealed that
about 40% of massive star forming galaxies (>2×1010M⊙) have clumpy structures (Fig. 2), despite of the
fact that many of these galaxies show ordered disk-like rotation. They are either external mergers or internal
clumpy galaxies fragmented by gravitational instability of gas rich disks [6] fed by cold streams [7]. Since the
clumps are likely to migrate towards galaxy center due to dynamical friction, they are probably intimately
linked to bulge formation in disk galaxies. In any case, this indicates that galaxy formation at its peak epoch
is not simple but involves some complicated physical processes, and such irregularity is probably responsible,
at least partly, for very high star formation and AGN activities seen at this epoch.

3 SWIMS-18 Survey

The above results are all intriguing and critical to understanding the origin of massive galaxies today.
However, we clearly suffer from poor statistics with the current data in hands. We therefore propose to
expand the survey area to 1 square degree, 40 times larger than the current 94 arcmin2 survey in the SXDF-
CANDELS field covered by 4 MOIRCS pointings, with a new NIR imager and spectrograph called SWIMS.
SWIMS is under development at Institute of Astronomy, Univ. of Tokyo for Tokyo Atacama Observatory
(TAO). TAO has been recently funded and it will be completed in 2017. SWIMS will be completed earlier in
2014 and it is planned to be attached to Subaru telescope in Hawaii until it is transferred to TAO in Chile.
We therefore plan to make a pilot survey of SWIMS-18 at Subaru over 3 years (∼30 nights) in 2015–2017,
and then do its full survey at TAO from 2018 onwards.

SWIMS-18 survey has many unique features and advantages over our previous proto-cluster JHK imaging
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Will open a new window to
4<z<5 with K1,K2,K3 !

M*-limited sample of galaxies up to z~5
Nine Medium-band filters (MBF)

SWIMS-18 MBFs

4.60

J1,J2,J3,Hs,Hl,   Ks

ZFOURGE (Magellan)

Improved measurements of
phot-z and SED-based Av.

SWIMS-18



K2 – K3

K1
 –

K2

A colour track for
a quiescent galaxy

z = 4

z = 4.25 z = 4.5

z = 4.75

z = 5
z = 5.25

K1, K2, and K3 capture the Balmer break feature at 4 < z < 5

Toshikawa et al.



Mass assembly history of galaxies:
stellar mass functions back to z~5
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Fig. 5.— Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in different redshift intervals. The
shaded/hatched regions represent the total 1σ uncertainties of the maximum-likelihood analysis, including cosmic variance and the er-
rors from photometric uncertainties as derived using the MC realizations. The normalization of the SMF of quiescent galaxies evolves
rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In particular, there is almost no change
at the high-mass end of the star forming SMF, whereas there is clear growth at the high-mass end of the quiescent population. There is
also evidence for evolution of the low-mass end slope for quiescent galaxies. At low-redshift a double Schechter function fit is required to
reproduce the total SMF.

(MC) realizations of the catalog. Within each realiza-
tion the photometry in the catalog is perturbed using
the measured photometric uncertainties. New zphot and
Mstar are calculated for each galaxy using the perturbed
catalog. The 100 MC catalogs are then used to recalcu-
late the SMFs and the range of values gives an empirical
estimate of the uncertainties in the SMFs due to un-
certainties in Mstar and zphot that propagate from the
photometric uncertainties.
In addition to these zphot and Mstar uncertainties, the

uncertainty from cosmic variance is also included us-
ing the prescriptions of Moster et al. (2011). In Figure
4 we plot the uncertainty in the abundance of galax-
ies with Log(Mstar/M⊙) = 11.0 due to cosmic variance
as a function of redshift. Cosmic variance is most pro-
nounced at the high-mass end where galaxies are more
clustered, and at low redshift, where the survey volume
is smallest. Also plotted in Figure 4 are the cosmic vari-
ance uncertainties from other NIR surveys such as FIRE-
WORKS (Wuyts et al. 2008), MUYSC (Quadri et al.
2007; Marchesini et al. 2009), NMBS (Whitaker et al.
2011), and the UDS (Williams et al. 2009). These sur-
veys cover areas that are factor of ∼ 50, 16, 4, and 2
smaller than UltraVISTA, respectively. Figure 4 shows
that the improved area from UltraVISTA offers a factor
of 1.5 improvement in the uncertainties in cosmic vari-
ance compared to even the best previous surveys, and
that over the full redshift range the uncertainty from
cosmic variance is ∼ 8 - 15% at Log(Mstar/M⊙) = 11.0.
The total uncertainties in the determination of the

SMFs are derived as follows. For the 1/Vmax method,
the total 1σ random error in each mass bin is the quadra-
ture sum of the Poisson error, the error from photo-

metric uncertainties as derived using the MC realiza-
tions, and the error due to cosmic variance. For the
maximum-likelihood method, the total 1σ random errors
of the Schechter function parameters α, M∗

star, and Φ∗

are the quadrature sum of the errors from the maximum-
likelihood analysis, the errors from photometric uncer-
tainties as derived using the MC realizations, and the
error due to cosmic variance (affecting only the normal-
ization Φ∗).

4. THE STELLAR MASS FUNCTIONS, MASS DENSITIES
AND NUMBER DENSITIES TO Z = 4

4.1. The Stellar Mass Functions

In Figure 5 we plot the best-fit maximum-likelihood
SMFs for the star-forming, quiescent, and combined pop-
ulations of galaxies. Figure 5 illustrates the redshift evo-
lution of the SMFs of the individual populations, which
we discuss in detail in § 5. To better illustrate the relative
contribution of both star-forming and quiescent galaxies
to the combined SMF, in Figure 6 we plot the SMFs de-
rived using the 1/Vmax method (points), as well as the
fits from the maximum-likelihood method (filled regions)
in the same redshift bins. The SMFs of the combined
population are plotted in the top panels, and the SMFs
of the star-forming and quiescent populations are plotted
in the middle panels. Within each of the higher redshift
bins, the SMFs from the lowest-redshift bin (0.2 < z <
0.5) are shown as the dotted line as a fiducial to demon-
strate the relative evolution of the SMFs. The fraction
of quiescent galaxies as a function of Mstar is shown in
the bottom panels and the best-fit Schechter function pa-
rameters for these redshift ranges are listed in Table 1.
For reference, in the lowest-redshift panel (0.2 < z <

Muzzin et al. (2013)
100K galaxies over a 1.62 deg^2 field down to Ks=23.4 (AB)

Down to 2 (5) x 109 M◉ back to z~4 (5) with ULTIMATE MB imaging (10hr/band)

ULTRA-VISTA (COSMOS)

?

?

z=4

z=4



van der Wel et al. (2014)

Star forming

Quiescent

Size Evolution of Star-Forming Galaxies back to z~5

0.2” at K
~1.5kpc at z=2-3

z~5



The Astrophysical Journal Letters, 771:L35 (7pp), 2013 July 10 van Dokkum et al.

Figure 3. Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame g-band images in each redshift bin. The horizontal axis
is linear in (a) and logarithmic in (b). The galaxy image is randomly chosen from our SDSS sample to illustrate the radial extent of the profiles. The main evolution
is in normalization, which is determined by MMW(z) (Equation (1)). The profile shapes are very similar from z ∼ 2.5 to z ∼ 1, which implies that the galaxies are
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to build up.
(A color version of this figure is available in the online journal.)

It is clear from Figure 2 that present-day galaxies with the
mass of the Milky Way have changed over cosmic time. The
most obvious change is that galaxies became redder with time,
particularly after z ∼ 1, indicative of a decrease in the specific
SFR. The galaxies also appear brighter at lower redshift in
Figure 2, reflecting the mass evolution of Equation (1). A
striking aspect of this change in brightness, and a central result
of this Letter, is that the bulges appear to change nearly as
much as the disks, particularly at z > 1. We do not see high-
density “naked bulges” at z ∼ 2 around which disks gradually
assembled. Instead, the central densities at z ∼ 2 were much
lower than the central densities at z ∼ 0. We quantify this result
in the remainder of the Letter.

3.2. Evolution of Surface Density Profiles

We first analyze the surface density profiles of the galaxies,
in order to study their mass growth as a function of radial
distance from their centers. Following van Dokkum et al. (2010)
we measured the profiles from stacked images to increase the
signal-to-noise ratio. The galaxies were grouped in six bins
with mean redshifts 0.015, 0.60, 1.0, 1.5, 2.0, and 2.4. Each bin
contains 40–90 galaxies. The rest-frame u- and g-band images
in each bin were normalized and stacked, aggressively masking
all neighboring objects.

The image stacks were corrected for the effects of the
point-spread function (PSF) following the method outlined in
Szomoru et al. (2010). First, a two-dimensional Sérsic (1968)
model, convolved with the PSF, was fit to the stacks using the
GALFIT code (Peng et al. 2010). Then the residuals of this
fit were added to the unconvolved Sérsic model. As shown
in Szomoru et al. (2010), this method reconstructs the true
flux distribution with high fidelity, even for galaxies that are
poorly fit by Sérsic profiles. The resulting radial surface density
profiles are shown in Figure 3. The profiles are derived from the

rest-frame g-band images and scaled such that the total mass
within a diameter of 50 kpc is equal to MMW(z). Error bars were
determined from bootstrapping (see van Dokkum et al. 2010).
We note here that the u − g color gradients of the stacks are
small (≈0.1 dex−1) at all redshifts, consistent with other studies
(e.g., Szomoru et al. 2013).

There is strong evolution in the overall normalization of the
profiles from z = 2.5 to z = 1 and less evolution thereafter,
reflecting the mass evolution of Equation (1). The evolution
from z = 2.5 to z = 1 is strikingly uniform: the profiles are
roughly parallel to one another in Figure 3(b), and rather than
assembling only inside out the galaxies increase their mass at
all radii. This is in marked contrast to more massive galaxies,
which form their cores early and exclusively build up their outer
parts over this redshift range (see Figure 6 in van Dokkum
et al. 2010 and Figure 6 in Patel et al. 2013). After z ∼ 1,
the evolution in the central parts slows down but the outer
parts continue to build up, consistent with the visual impression
that around this time the classical “quiescent bulge and star-
forming disk” structure of spiral galaxies was established (see
Figure 2).

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M⊙)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.
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Figure 6. Top panels: average radial surface density profiles of galaxies with a number density of 2 × 10−4 Mpc−3 as a function of redshift. The data points were
measured from the deconvolved stacked images. Error bars are 68% confidence limits derived from bootstrapping the stacks. The same data are shown vs. radius (left
panel) and log radius (right panel). Small boxes above the panels indicate the pixel size of 0.′′3. There is a clear trend with redshift: at small radii the profiles overlap,
but at large radii the profiles get progressively steeper with redshift. Lines show the best-fitting Sersic profiles, determined from fitting PSF-convolved models to the
original (not deconvolved) stacked images. Bottom panels: cumulative mass as a function of radius, as implied by the best-fitting Sersic profiles. The vertical axis is in
units of the total mass at z = 0 within a 150 kpc diameter aperture. Note that the normalization of the profiles is not a free parameter but follows from the requirement
that the total mass within this aperture is equal to Mn(z) (Equation (1)). The mass growth of galaxies of this number density is dominated by the buildup of the outer
envelope, at radii !5 kpc.
(A color version of this figure is available in the online journal.)

ences in the measured effective radii were <10% at all redshifts.
The deconvolution was done with a combination of the Lucy–
Richardson algorithm (Lucy 1974) and σ -CLEAN (Högbom
1974; Keel 1991), ensuring flux conservation. Lucy works well
for extended low surface brightness emission but does not op-
timally recover the flux in the central pixels (see, e.g., Griffiths
et al. 1994), whereas CLEAN quickly converges in the central
regions but leads to strong amplification of noise in areas of low
surface brightness. In practice, we applied a smoothly varying
weight function to combine the CLEAN and Lucy reconstruc-
tions, giving a weight of 1 to CLEAN in the central pixels and
a weight of 1 to Lucy at radii >3 pixels. In the transition region
the form of the weight function was determined by the require-
ment to conserve total flux. We note that we use the deconvolved
images for illustrative purposes only, as we later quantify the
evolution by fitting Sersic (1968) profiles to the original, PSF-
convolved images. The deconvolved images are shown below
the original stacks in Figure 5. Profiles derived from these im-
ages are shown in red in the bottom panels of Figure 5.

It is immediately obvious from the deconvolved images
and the radial profiles that the galaxies are smaller at higher
redshift.11 Furthermore, the central parts of the galaxies are
fairly similar: at all redshifts there is a bright core but only at
lower redshifts this core is surrounded by extended emission.

11 Note that this trend is somewhat exaggerated going from z = 0.6 to
z = 1.1, as the flux is shown as a function of radius in arcseconds rather than
kpc in Figure 5.

This is a key result of the paper and it is quantified in the sections
below. Here it is illustrated by the red contours in Figure 5. The
inner (dotted) contour shows the radius at which the surface
brightness is 5% of the peak value. This radius is very similar at
all redshifts. The outer (solid) contour shows the radius where
the surface brightness if 0.5% of the peak. This radius is much
larger at low redshift than at high redshift. Together, the two
contours demonstrate that the shape of the profile changes with
redshift, with the core of present-day massive galaxies mostly
in place at z = 2 but the outer parts building up gradually over
time.

3.3. Surface Density Profiles

When color gradients are ignored, the deconvolved radial
profiles can be interpreted as stellar mass surface density
profiles. The median mass of the galaxies in each of the stacks
is determined by our constant number density selection, and the
calibration of the profiles follows from the requirement that

∫ 75

0
2πrΣ(r)dr = Mn, (2)

with r in kpc, Σ(r) the radial surface density profile in units
of M⊙ kpc−2, and Mn given by Equation (1). It is implicitly
assumed that the total stellar mass in our catalog equals the
mass within a 150 kpc diameter aperture (see Section 2.2).
Figure 6 shows the radial surface density profiles as a function
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11 Note that this trend is somewhat exaggerated going from z = 0.6 to
z = 1.1, as the flux is shown as a function of radius in arcseconds rather than
kpc in Figure 5.

This is a key result of the paper and it is quantified in the sections
below. Here it is illustrated by the red contours in Figure 5. The
inner (dotted) contour shows the radius at which the surface
brightness is 5% of the peak value. This radius is very similar at
all redshifts. The outer (solid) contour shows the radius where
the surface brightness if 0.5% of the peak. This radius is much
larger at low redshift than at high redshift. Together, the two
contours demonstrate that the shape of the profile changes with
redshift, with the core of present-day massive galaxies mostly
in place at z = 2 but the outer parts building up gradually over
time.

3.3. Surface Density Profiles

When color gradients are ignored, the deconvolved radial
profiles can be interpreted as stellar mass surface density
profiles. The median mass of the galaxies in each of the stacks
is determined by our constant number density selection, and the
calibration of the profiles follows from the requirement that

∫ 75

0
2πrΣ(r)dr = Mn, (2)

with r in kpc, Σ(r) the radial surface density profile in units
of M⊙ kpc−2, and Mn given by Equation (1). It is implicitly
assumed that the total stellar mass in our catalog equals the
mass within a 150 kpc diameter aperture (see Section 2.2).
Figure 6 shows the radial surface density profiles as a function
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Figure 6. Top panels: average radial surface density profiles of galaxies with a number density of 2 × 10−4 Mpc−3 as a function of redshift. The data points were
measured from the deconvolved stacked images. Error bars are 68% confidence limits derived from bootstrapping the stacks. The same data are shown vs. radius (left
panel) and log radius (right panel). Small boxes above the panels indicate the pixel size of 0.′′3. There is a clear trend with redshift: at small radii the profiles overlap,
but at large radii the profiles get progressively steeper with redshift. Lines show the best-fitting Sersic profiles, determined from fitting PSF-convolved models to the
original (not deconvolved) stacked images. Bottom panels: cumulative mass as a function of radius, as implied by the best-fitting Sersic profiles. The vertical axis is in
units of the total mass at z = 0 within a 150 kpc diameter aperture. Note that the normalization of the profiles is not a free parameter but follows from the requirement
that the total mass within this aperture is equal to Mn(z) (Equation (1)). The mass growth of galaxies of this number density is dominated by the buildup of the outer
envelope, at radii !5 kpc.
(A color version of this figure is available in the online journal.)

ences in the measured effective radii were <10% at all redshifts.
The deconvolution was done with a combination of the Lucy–
Richardson algorithm (Lucy 1974) and σ -CLEAN (Högbom
1974; Keel 1991), ensuring flux conservation. Lucy works well
for extended low surface brightness emission but does not op-
timally recover the flux in the central pixels (see, e.g., Griffiths
et al. 1994), whereas CLEAN quickly converges in the central
regions but leads to strong amplification of noise in areas of low
surface brightness. In practice, we applied a smoothly varying
weight function to combine the CLEAN and Lucy reconstruc-
tions, giving a weight of 1 to CLEAN in the central pixels and
a weight of 1 to Lucy at radii >3 pixels. In the transition region
the form of the weight function was determined by the require-
ment to conserve total flux. We note that we use the deconvolved
images for illustrative purposes only, as we later quantify the
evolution by fitting Sersic (1968) profiles to the original, PSF-
convolved images. The deconvolved images are shown below
the original stacks in Figure 5. Profiles derived from these im-
ages are shown in red in the bottom panels of Figure 5.

It is immediately obvious from the deconvolved images
and the radial profiles that the galaxies are smaller at higher
redshift.11 Furthermore, the central parts of the galaxies are
fairly similar: at all redshifts there is a bright core but only at
lower redshifts this core is surrounded by extended emission.

11 Note that this trend is somewhat exaggerated going from z = 0.6 to
z = 1.1, as the flux is shown as a function of radius in arcseconds rather than
kpc in Figure 5.

This is a key result of the paper and it is quantified in the sections
below. Here it is illustrated by the red contours in Figure 5. The
inner (dotted) contour shows the radius at which the surface
brightness is 5% of the peak value. This radius is very similar at
all redshifts. The outer (solid) contour shows the radius where
the surface brightness if 0.5% of the peak. This radius is much
larger at low redshift than at high redshift. Together, the two
contours demonstrate that the shape of the profile changes with
redshift, with the core of present-day massive galaxies mostly
in place at z = 2 but the outer parts building up gradually over
time.

3.3. Surface Density Profiles

When color gradients are ignored, the deconvolved radial
profiles can be interpreted as stellar mass surface density
profiles. The median mass of the galaxies in each of the stacks
is determined by our constant number density selection, and the
calibration of the profiles follows from the requirement that

∫ 75

0
2πrΣ(r)dr = Mn, (2)

with r in kpc, Σ(r) the radial surface density profile in units
of M⊙ kpc−2, and Mn given by Equation (1). It is implicitly
assumed that the total stellar mass in our catalog equals the
mass within a 150 kpc diameter aperture (see Section 2.2).
Figure 6 shows the radial surface density profiles as a function
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Figure 3. Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame g-band images in each redshift bin. The horizontal axis
is linear in (a) and logarithmic in (b). The galaxy image is randomly chosen from our SDSS sample to illustrate the radial extent of the profiles. The main evolution
is in normalization, which is determined by MMW(z) (Equation (1)). The profile shapes are very similar from z ∼ 2.5 to z ∼ 1, which implies that the galaxies are
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to build up.
(A color version of this figure is available in the online journal.)

It is clear from Figure 2 that present-day galaxies with the
mass of the Milky Way have changed over cosmic time. The
most obvious change is that galaxies became redder with time,
particularly after z ∼ 1, indicative of a decrease in the specific
SFR. The galaxies also appear brighter at lower redshift in
Figure 2, reflecting the mass evolution of Equation (1). A
striking aspect of this change in brightness, and a central result
of this Letter, is that the bulges appear to change nearly as
much as the disks, particularly at z > 1. We do not see high-
density “naked bulges” at z ∼ 2 around which disks gradually
assembled. Instead, the central densities at z ∼ 2 were much
lower than the central densities at z ∼ 0. We quantify this result
in the remainder of the Letter.

3.2. Evolution of Surface Density Profiles

We first analyze the surface density profiles of the galaxies,
in order to study their mass growth as a function of radial
distance from their centers. Following van Dokkum et al. (2010)
we measured the profiles from stacked images to increase the
signal-to-noise ratio. The galaxies were grouped in six bins
with mean redshifts 0.015, 0.60, 1.0, 1.5, 2.0, and 2.4. Each bin
contains 40–90 galaxies. The rest-frame u- and g-band images
in each bin were normalized and stacked, aggressively masking
all neighboring objects.

The image stacks were corrected for the effects of the
point-spread function (PSF) following the method outlined in
Szomoru et al. (2010). First, a two-dimensional Sérsic (1968)
model, convolved with the PSF, was fit to the stacks using the
GALFIT code (Peng et al. 2010). Then the residuals of this
fit were added to the unconvolved Sérsic model. As shown
in Szomoru et al. (2010), this method reconstructs the true
flux distribution with high fidelity, even for galaxies that are
poorly fit by Sérsic profiles. The resulting radial surface density
profiles are shown in Figure 3. The profiles are derived from the

rest-frame g-band images and scaled such that the total mass
within a diameter of 50 kpc is equal to MMW(z). Error bars were
determined from bootstrapping (see van Dokkum et al. 2010).
We note here that the u − g color gradients of the stacks are
small (≈0.1 dex−1) at all redshifts, consistent with other studies
(e.g., Szomoru et al. 2013).

There is strong evolution in the overall normalization of the
profiles from z = 2.5 to z = 1 and less evolution thereafter,
reflecting the mass evolution of Equation (1). The evolution
from z = 2.5 to z = 1 is strikingly uniform: the profiles are
roughly parallel to one another in Figure 3(b), and rather than
assembling only inside out the galaxies increase their mass at
all radii. This is in marked contrast to more massive galaxies,
which form their cores early and exclusively build up their outer
parts over this redshift range (see Figure 6 in van Dokkum
et al. 2010 and Figure 6 in Patel et al. 2013). After z ∼ 1,
the evolution in the central parts slows down but the outer
parts continue to build up, consistent with the visual impression
that around this time the classical “quiescent bulge and star-
forming disk” structure of spiral galaxies was established (see
Figure 2).

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M⊙)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.
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van Dokkum et al. (2010) van Dokkum et al. (2013)

Mstars= 5 × 1010 M◉ (z=0)
Ncomoving（＞M）=1.1 × 10-3 Mpc-3

Mstars= 3 × 1011 M◉ (z=0)
Ncomoving（＞M）= 2 × 10-4 Mpc-3

Mass profile evolution within galaxies back to z~5

Giant galaxies (e.g. elliptical galaxies) Milky-way class galaxies

inside-out growth! Bulges and Disks grow together at z>1.

0.2”0.2”

Stellar mass radial profiles



Mapping/Resolving SF activities and stellar mass 
distributions within galaxies in making

Ha map of z~1 galaxies from 3D-HST (Wuyts et al. 2013)

©� Y. Koyama



EW(Hα) ~ sSFR Continuum ~ Mstars L(Hα) ~ SFR

GANBA−Subaru at 2<z<3.7 at the K-band
Galaxy Anatomy with Narrow-Band AO imaging with Subaru

AO-assisted narrow-band Hα / [OIII] imaging with IRCS on Subaru

Minowa et al. (2018; submitted)
Being-truncated bulge + Off-center star-forming clump ?

A Hα emitter at z~2.19 (NB2095 + AO188) in SXDF-CANDELS

(0.2” ~ 1.6 kpc)

ULTIMATE-Subaru will provide truly statistical data of this kind !



Nelson et al. (2015)

Inside-out quenching (versus compaction)?

3D-HST
(grims spec.)

Hα / [OIII] compactness back to z~2.5 / 3.7
Propagation of star formation/quenching within galaxies

z~1

0.2”
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Yamamoto et al., in prep.

20 arcmin = 22 Mpc (comoving)

Blue Cloud ([OII], [OIII] emitters)
Red Sequence (r’i’z’-selected)

DEEP2-3 COSMOS

“Normal” cluster at z=1.2 showing excesses
in both QGs and SFGs

“Blue dominated” cluster at z=0.8 with
a lack of overdensity in QGs

Distant clusters (z<1.5) discovered by HSC2



GOLDRUSH 

(g-dropouts)179 proto-clusters at z~3.8 over 121 deg2 using HSC-SSP-Wide
Toshikawa et al. (2017), Onoue et al. (2017)

Proto-clusters at 2<z<6 with LBGs over 1,400 deg2 (HSC-SSP-W)

ULTIMATE will provide rest-frame optical view of proto-clusters (e.g. M*, SFR)



• 0.75 mag deeper (point-source), 8 / 250 times wider FoV
than MOIRCS / IRCS, and 0.2” spatial resolution.

• NB survey with 0.2” seeing (Extension of MAHALO/GANBA)
Propagation/quenching of SF in galaxies with Hα,[OIII] map
for 1,000s of SFGs at 2<z<3.7 with a 1.6kpc resolution.

• MB survey (K1, K2, K3 (+Ks)) (Extension of SWIMS-18)
10 hrs exp. (26mag; 5σ)/FoV/band = 640hrs/deg2 for 4 filters
Mass assembly history back to z~5 with Balmer break 
galaxies at 4<z<5 of ~4,000 / deg2 (?)

• WFIRST/EUCLID only to <2µm. JWST has a tiny FoV (2.2’^2 x 2)

ULTIMATE-K survey
Narrow/Medium/Ks band imaging with GLAO+WFI (15’) 



Summary

• ULTIMATE will be an excellent tracer of 
stellar mass out to z~5 at rest-frame optical.

• Stellar mass assembly history all the way 
from 5 x 109 M◉ at z~5 to the present-day.

• Size/profile evolution from z~5.
• Super-cluster (LSS) scale assembly history 

from z~5 together with HSC+PFS.
• Hunting z>7 Lya emitters at the bright-end.


