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Figure 8. Stacked optical spectra for our samples of “clumpy” and “stable” disks, normalized to the same continuum level in the 3800–4800 Å spectral range and
to the same number of galaxies per sample, and smoothed with a Gaussian kernel of FWHM 5 Å. Wavelengths at which significant sky lines contaminate a single
spectrum, and thus potentially the stacked spectrum, are indicated: the main emission lines are left unaffected.
panel shows six concentrated (n > 2.5, spheroid like)
(A color version of this figure is available in the online journal.)

LAEs:

alaxies at different look-back times. The
Figure 10. Same as Figure 9, but for the three other NIC2 targets: BX 389, BX 610, and BX 482.
ok-back time, from top-left to bottom-right: 3.9, 5.3, 7.4, 9.0, 9.7 and 10.3 Gyr back, respectively).
(A color version of this figure is available in the online journal.)
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igure 1. (a) Stellar mass density of the universe as a function of galaxy mass, as determined from the SDSS-GALEX z = 0.1 mass function of Moustakas et al.
013). (b) Evolution of the cumulative galaxy mass function from z = 0.1 to z = 3.5 (SDSS-GALEX and Marchesini et al. 2009). The horizontal line indicates a
onstant cumulative comoving number density of 1.1 × 10−3 Mpc−3 . (c) Mass evolution at a constant number density of 1.1 × 10−3 Mpc−3 .
A color version of this figure is available in the online journal.)

alaxies at high redshift that have the same rank order as the
Milky Way does at z = 0. The implicit assumption is that rank
rder is conserved through cosmic time, or that processes that
reak the rank order do not have a strong effect on the average
measured properties. As shown in Leja et al. (2013), the method
ecovers the true mass evolution of galaxies remarkably well in
mulations that include merging, quenching, and scatter in the
rowth rates of galaxies.
The present-day stellar mass of the Milky Way is approximately 5 × 1010 M⊙ (Flynn et al. 2006; McMillan 2011). Using
he SDSS-GALEX stellar galaxy mass function of Moustakas
t al. (2013), we find that galaxies with masses > 5 × 1010 M⊙
ave a number density of 1.1 × 10−3 Mpc−3 . We then trace
he progenitors of these galaxies by identifying, at each redhift, the mass for which the cumulative number density is
.1 × 10−3 Mpc−3 (see Figure 1(b)). We used the Marchesini
t al. (2009) mass functions as they are complete in the relevant
mass and redshift range; we verified that the results are similar
when other mass functions are used (Ilbert et al. 2013; Muzzin
t al. 2013).
The stellar mass evolution for galaxies with the rank order

②

①

③

z~0

of the form

①

log(MMW ) = 10.7 − 0.045z − 0.13z2 .

(1)

Based on the variation between mass functions of different
authors, and the results of Leja et al. (2013), we estimate that
the uncertainty in the evolution out to z ∼ 2.5 is approximately
0.2 dex.11 More than half of the present-day mass was assembled
in the 3 Gyr period between z = 2.5 and z = 1, and as we show
later the mass growth is likely dominated by star formation at
all redshifts. The mass evolution is significantly faster than that
of more massive galaxies (van Dokkum et al. 2010; Patel et al.
2013), consistent with recent results of Muzzin et al. (2013).

②

③

z~3

3. MILKY WAY PROGENITORS FROM z = 0 TO z = 2.5
3.1. Rest-frame Images

Having determined the stellar mass evolution with redshift,
we can now select galaxies in mass bins centered on this
evolving mass and study how their properties changed. We
selected galaxies in GOODS-North and GOODS-South as

van Dokkum+10,13,ApJ; Patel+13,ApJ; Marchesini+14,ApJ; Leja+13,ApJ
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Figure 1. Stellar mass assembly histories are shown for four representative
galaxies from the Guo et al. (2011) SAM output. Despite similar initial stellar
masses, their mass growth histories vary substantially. The primary mechanisms
for stellar mass growth (major and minor mergers, star formation) are labeled.
Furthermore, the processes interfering with number density selection—scatter
in growth rate, merged galaxies, and quenching—are also labeled. In order to
for constant number density selection to produce robust results, these processes
must be either negligible or correctable.
(A color version of this figure is available in the online journal.)

①

①

②

Figure 4. Median mass growth of the true descendants (solid line) compared to
the mass growth inferred at a constant number density (dashed line) for three
bins in number density. The mass evolution is reproduced correctly to within
40% (0.15 dex) over an evolution of ∼4 in mass (0.6 dex) and 11 Gyr in time.
Comparing galaxies at the same stellar mass would be off by a factor of four
(0.6 dex). Note that the mass evolution of the highest number density sample is
systematically underpredicted, while the mass evolution of the two lower number
density samples are systematically overpredicted. This can be explained by the
scatter in growth rates and the merging of galaxies, as described in Sections 4.1
and 4.2, respectively.
(A color version of this figure is available in the online journal.)

あとで話しましょう

③

③

mass growth rate, and can break rank order by either “jumping” a galaxy ahead or “leaving” a galaxy behind. An example
of breaking rank order by scatter in growth rates is shown in
Figure 1 by the green galaxy trajectory.
Galaxy mergers will also change the cumulative number
density by decreasing the total number of galaxies above a
fixed stellar mass. This will cause a constant number density
line to underestimate the true median mass evolution. This

z~3
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Figure 3. Stellar density as a function of radial distance to the galactic center
at redshift 0 (blue) and 2 (green) averaged over the most massive systems
(M∗ > 2 × 1011 M⊙ at z = 0). The arrows indicate the average half-mass radii
at a given redshift. At z = 2 we find that the stellar mass profile inside the halfmass radius is still dominated by stars that have formed in situ (dotted lines).
At z = 0 the half-mass radii of our galaxies have significantly extended due to
accreted stars (dashed lines) which dominate the total density (solid lines) at
larger radii.
(A color version of this figure is available in the online journal.)
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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
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 evolu
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
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to
build up.
z~0
(A color version of this figure is available in the online journal.)
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to ~0.6)
rest-frame g-band images and scaled such that the total m

Inside-out (disk) growth?

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 highdensity “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.

(Larson 76; Haywood+13, and more.)

van Dokkum+13,ApJ; Patel+13,ApJ,
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within a diameter of 50 kpc is equal to MMW (z). Error bars w
determined from bootstrapping (see van Dokkum et al. 201
We note here that the u − g color gradients of the stacks
small (≈0.1 dex−1 ) at all redshifts, consistent with other stud
(e.g., Szomoru et al. 2013).
There is strong evolution in the overall normalization of
profiles from z = 2.5 to z = 1 and less evolution thereaf
reflecting the mass evolution of Equation (1). The evolut
from z = 2.5 to z = 1 is strikingly uniform: the profiles
roughly parallel to one another in Figure 3(b), and rather th
assembling only inside out the galaxies increase their mass
all radii. This is in marked contrast to more massive galaxi
which form their cores early and exclusively build up their ou
parts over this redshift range (see Figure 6 in van Dokk
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Data reduction: Flowchart

1

Sample extraction based on a constant
number density for each population
(Milky Way-like and massive galaxies).

M*

M*,M/L,	
  UVJ,	
  SFR	
  	
  
for	
  each	
  radial	
  pixel

z

“1D conversion”
for each band.

r (pixel)

2

Contaminants in the postage are listed and
masked (green regions in left figure) by
SExtractor, and then the local sky is subtracted.
The stamp for each filter band is converted
into one dimensional (1D) image using Eq.(6).

3

Stacking the geometry-corrected 1D light
profiles in each redshift bin, for each filter band.

Median stacking
for galaxies in
each z-bin and
each filter band.
F435W
F606W
F775W
F814W
F850LP
F125W
F140W
F160W

Mosaic images are convolved to the FWHM of
F160W (~0.″18), and then each sample is
extracted into 500×500 pixels.
(Left: Examples of convolved images, but in
200×200 pixel stamps here.)

SED for
each pixel
Pixel #1
z=0.67
log M*=9.2
U-V=1.52

λ

SED fitting is conducted for each pixel in
the 1D image (“Radial SED fit”), to obtain
the stellar mass and rest-frame color.
Criterion: S/NF850LP>3

S/NF125W>3

4

5

S/NF160W>3.

λ

Data reduction: 1.Selection of MWs and MGs
From 3D-HST catalog (Skelton+14),
Milky way progenitors (MWs):
log(M*/M) = 10.66 - 0.045z - 0.13z2 (van Dokkum+13)
Massive galaxy progenitors (MGs):
log(M*/M) = 11.19 - 0.068z - 0.04z2 (Patel+13)

- Consistency with abundance matching.

29%

- Impact of merger and quenching?

7%

-> Negligible, at lower mass (Leja+13)
(We’ll discuss later.)
	
 MWs

	
 MGs

Results: Stellar mass accumulation at 0.5<z<3.0

MWs

Mass growth at all radii.
“Self-similar”

MGs

Inner, and then outer.
“Inside-out”

*Previous studies used light (e.g.,F160W) profiles.

Results: Color gradient and evolution
Rest-frame U-V, U-J colors
No. 2, 2009

QUIESCENT GALAXIES IN A BICOLOR SEQUENCE

1887

5.3. Interpolating Rest-Frame Photometry

Quiescent

Star-forming
Williams+09

At z ∼ 2.5, the U, V, and J rest-frame bands fall roughly into
the observed J, K, and IRAC 4.5 µm bands, respectively. Up to
this redshift, intrinsic U V J fluxes can thus be interpolated from
the observed data. Filter response curves for the observed bands,
taking
into
The Astrophysical Journal, 785:18
(17pp),
2014account
April 10 atmospheric absorption and detector quanMorishita, Ichikawa
tum efficiency, were downloaded from each of the WFCAM,
Suprime-Cam, and IRAC Web sites. For rest-frame filter definitions we used the standard filter definitions without atmospheric
absorption or detector response included: the Bessell (1990) U
and V curves, and the Mauna Kea definition (Tokunaga et al.
2002) for J. Rest-frame fluxes were then interpolated following
the method of Rudnick et al. (2003).13 Uncertainties on the restframe fluxes were derived using the perturbed input catalogs
Dusty
and output redshifts from the Monte Carlo analysis described
Starin Section 5.2. Note that these color uncertainties only take into
account photometric errors (and the resulting zphot errors), and
forming
do not include the uncertainties intrinsic to the templates used
for zphot fitting.
6. EVIDENCE FOR QUIESCENT GALAXIES TO Z ∼ 2.5

Figure 8. Rest-frame color–color diagram for KAB < 22.4, zphot < 2.5 UDS
6.1. The Rest-Frame Colors of Quiescent and Star-Forming
galaxies (black points). Red points denote spectroscopically confirmed z ∼ 1
Galaxies
OPEGs from Yamada et al. (2005) with little or no detected line emission
(Wλ (OII) < 5 Å). Bruzual & Charlot (2003) evolutionary tracks of passively
We use the galaxy catalog derived from the UDS/SXDS/
evolving (red line) and constantly star-forming (cyan line) stellar populations
SWIRE data, along with the photometric redshifts and interpofrom 0.1–10 Gyr are overplotted, and the arrow shows the effect of 1 mag of dust
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Results: Color gradient and evolution

MWs

“Inside-out”

MGs

“Inside-out”
(Inner-outer)

Discussion
✔ MGs evolve the stellar and colors in inside-out way.
❓ MWs evolve the stellar mass in self-similar way,

but the colors in inside-out way.

-‐ What is the physical mechanism(s)?
-‐ When did it happen?
-‐ Where in the galaxy did it happen?

Discussion: Color gradient and evolution

-‐ Thick lines: Observed.
-‐ Thin lines: Stellar population model,
including star formation (BC03).

The inner part of MWs suddenly
reddens at z~1.2-1.6 (T~4Gyr).

-‐ End of the bulge/thick disk formation? (e.g., Snaith+14)
-‐ Compactness and quenching (Franx+08;Williams+10)	
  
->	
  Bulge formation and quenching (Martig+09;Genzel+14)
-> Low-mass stars heat dust (Kajisawa,T.M.,+15; ポスターNo.10)

Discussion: Star formation rate (SED)
We usually assume a star formation history,
but …
Exponential: ψ

exp(-t/τ)

Delayed: ψ

t*exp(-t/τ)

Truncated: ψ=const. (t<τ)
ψ=0 (t>τ)

Stellar masses are in good agreement, but the others are not.
(See also Wuyts+11)

Discussion: Star formation main sequence
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Whitaker et al.

Speagle et al.

ΔM(M,t) = (1-R)*SFR(M,t)*Δt
R: return fraction = 0.36

Speagle+14, ApJS
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Discussion: Star formation main sequence

MWs

MWs of Illustris

-Solid, dashed lines: SFMS, with scatter (gray)
-Points: Constant ND

MWs evolve on the main sequence.
-Difference between inner and outer parts?
-> Resolved SFRs with IFUs+AO or HST grism?
(e.g., Wuyts+13)
-> Molecular gas mass map?

Discussion: Star formation main sequence

MWs

-Solid, dashed lines: SFMS, with scatter (gray)
-Points: Constant ND
-Dotted: Abundance matching (Behroozi+13), with scatter (green)

Discussion: Variety in the radial profile

-‐ Variety of light profile = “Morphological variety”
-‐ Scatter around the median.

Discussion: Variety in the radial profile -MWs
z~0.7

z~2.8

Discussion: Variety in the radial profile -MGs
z~0.7

z~2.8

GALAXEV, to see when each region becomes “unusually” red or quenched
at each redshift, where we define (U V ) ⌘ (U V )obs (U V )model .
We see the excess of (U V )obs in the inner regions (r < 2.5 kpc) at z ⇠
are seen in the outer regions for either sample.

Discussion: Variety in the radial profile -MGs

We define the variety of the galaxy profile by evaluating
the distribution of residuals as,
norm,x

x
1 X fi,median fi,obs
=
|
|,
Sx i
fi,median

(8)

where we set x < 2.5 kpc and 2.5 < x < 10 kpc in the
The
parts of of
MWs
show Sx
following to -‐see
the outer
radial dependence
the variety.
is the total pixel within the range of x. In Fig. 12 we
variety at z>1.0, and decrease
show the distribution of norm,x for each redshift bin.
Then we evaluate
the dispersion, , around the mean of
at z<1.0.
the distribution, which is given in each panel. Since the
-‐ Star formation
scatter of background
noise for each
light profile
could
activity
in the
a↵ect the quantity, we calculate the error for by as-

outer part and quenching?

-‐ Both parts of MGs rapidly
decrease the variety.
-‐ We scarcely see the variety at
z~0.5.
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Summary:
MWs
Mass growth 7% of MW(z~0) at

MGs
“Self-similar”

29% of MW(z~0) at “Inside-out”
z~3
Rapid bulge
formation, and then
minor merger.

z~3

Mechanism

Normal star
formation?

Need accurate
SFR maps.

UVJ Color

Inner-to-outer.

Central part
Inner-to-outer.
quenched at z~1.2.

Central part at z>2.4.
(Whole at z~2.0.)

Variety

Outer parts still
show various
profiles.

Star formation in
the outer part?

Now show
“Homogeneity.”

Rapidly decrease
since z~2.0.

In the era of TMT, we need resolved study;
- Very accurate study of normal galaxies at z~1, when
the bulge and thick/thin disk formed (=quenched).
- Star formation (including dust attenuation),
stellar kinematics/metallicity.
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Summary:
MWs
Mass growth 7% of MW(z~0) at

MGs
“Self-similar”

z~3

Mechanism

Normal star
formation?

Need accurate
SFR maps.

TMT-AGE project : TMT Analyzer for
UVJ Color

Inner-to-outer.

29% of MW(z~0) at “Inside-out”
z~3
Rapid bulge
formation, and then
minor merger.
Galaxies
in the Early

Central part
Inner-to-outer.
quenched at z~1.6.
宇宙初期銀河分析装置

PI M.Akiyama

universe

Central part at z>2.4.
(Whole at z~2.0.)

Variety
Thirty
Meter Telescope
(TMT) 30m
望遠鏡での多天体補償光学系と多天体分光器
show various
the outer part?
since z~2.0.
“Homogeneity.”
Outer parts still

Star formation in

Rapidly decrease

Now show

profiles.

最近の観測ではすばる望遠鏡をもってしても分光観測によって正体を明らかにすることのできない宇宙初期の銀
河が多数見つかっています。30m望遠鏡はこのような銀河の「正体」を明らかにすることを一つの目的としすば
る望遠鏡の次の世代の望遠鏡として検討が進められています。我々のグループではこの30m望遠鏡に、国立天文

In the era of TMT, we need resolved study;
台の補償光学系チームや京都大学の面分光チームと協力して赤外線、多天体面分光、多天体補償光学、観測装置
- を実現しようと基礎実験をしています。鍵となるのは広い視野の中の多数の天体に対して同時に補償光学を効か
Very accurate study of normal galaxies at z~1, when
せる多天体補償光学系です。その概念図です。
the bulge and thick/thin disk formed (=quenched).
- Star formation (including dust attenuation),
stellar kinematics/metallicity.
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