
“The Mass Assembly and Color Evolution of 
 the Milky way-like Galaxies at z~0.5-3.0” 
○Takahiro Morishita1,2 
Takashi Ichikawa1, Masafumi Noguchi1, Masayuki Akiyama1, Shannon G. Patel3, 
Masaru Kajisawa4,5, and Tomokazu Obata1  
 
1 Astronomical Institute, Tohoku University, Aramaki, Aoba, Sendai 980-8578, Japan 

2 Institute for International Advanced Research and Education, Tohoku University, Aramaki, Aoba, Sendai 980-8578, Japan 

3 Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 91101, USA 

4 Graduate School of Science and Engineering, Ehime University, Bunkyo-cho, Matsuyama 790-8577, Japan 

5 Research Center for Space and Cosmic Evolution, Ehime University, Bunkyo-cho, Matsuyama 790-8577, Japan 

1

(The Astrophysical Journal, 805,34, 2015)

2015/06/03-05 第2回銀河進化研究会@名古屋大学



Background : Where did we live?

Trujillo+07,MNRAS; van Dokkum+08,ApJL; Guo+15,ApJ; Forster-Schreiber+11,ApJ; Bournaud+12,ApJ; Akiyama+08,ApJS

116 I. Trujillo et al.

Figure 8. Visual structural evolution of equal stellar mass galaxies at different look-back times. The panel shows six concentrated (n > 2.5, spheroid like)
representative galaxies in our sample at different redshift (or look-back time, from top-left to bottom-right: 3.9, 5.3, 7.4, 9.0, 9.7 and 10.3 Gyr back, respectively).
Effective radii are given in kpc and stellar masses in 1011 M⊙ units. Galaxies are shown with different surface brightness limits to account for the cosmological
surface brightness dimming. The solid line indicates 1 arcsec angular size.

of these galaxies. In fact, to prevent a significant evolution of the
sizes of galaxies at a given stellar mass, we found that, at z ∼ 1.5,
our stellar masses would need to be overestimated by a factor of
∼10 for galaxies with n < 2.5 and overestimated by a factor of ∼50
for galaxies with n > 2.5.

7 C O M PA R I S O N W I T H OT H E R S A M P L E S

An interesting point to explore is how the size evolution found here
for the most massive galaxies compares with the size evolution ob-
served for galaxies with lower masses. This comparison can be done
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Red nuggets:  
Massive (M*~1011Msun), but small 
(re~1kpc). Dispersion dominated 
(σ~300-400km/s).
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Fig. 2.—Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and stellar mass (right
panel). Large symbols with error bars are the quiescent galaxies. Small symbols are SDSS galaxies, with galaxies that are not on the red sequence in lightz ∼ 2.3
gray. The dotted lines indicate the expected location of galaxies with stellar velocity dispersions of 200, 300, and 500 km s!1. The high-redshift galaxies are much
smaller and denser than SDSS galaxies of the same stellar mass.

Uncertainties in the structural parameters of faint galaxies
are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1 are
2# these rms values, to account for additional systematic un-
certainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galaxies,
and changing the drizzle grid.

The Keck images offer an independent test of the reliability
of the fit parameters. Fitting the Keck images with a range of
stellar PSFs (including stars in the field of view) gives results
that are consistent with the NIC2 fits within the listed uncer-
tainties. As an example, for 1030-1813, we find kpc,r p 0.73e

, and from the Keck image. In the follow-n p 1.6 b/a p 0.32
ing, we will use the values derived from the higher signal-to-
noise ratio (S/N) NIC2 images; our conclusions would not
change if we were to use the Keck results for 1030-1813, 1256-
0, and 1256-1967.

4. SIZES AND DENSITIES

The most remarkable aspect of the galaxies is theirz ∼ 2.3
compactness. The circularized effective radii range from 0.5
to 2.4 kpc, and the median is 0.9 kpc. To put this in context,
this is smaller than many bulges of spiral galaxies (including
the bulges of the Milky Way and M31, which have r ≈ 2.5e

kpc; van den Bergh 1999). In the left panel of Figure 2, the
sizes are compared to those of SDSS galaxies. The SDSS data
were taken from the New York University Value-Added Galaxy
Catalog (Blanton et al. 2005) in a narrow redshift range, with
various small corrections (M. Franx et al., in preparation). Dark
gray points are galaxies on the red sequence, here defined as

. Stellar masses for theu ! g p 0.1 log M " (0.6 ! 0.2) z ∼
galaxies were taken from Kriek et al. (2008a) and corrected2.3

to a Kroupa (2001) initial mass function (IMF). The median
mass of the galaxies is M,. The median11z ∼ 2.3 1.7 # 10

of SDSS red sequence galaxies with massesr (1.5–1.9) #e

M, is 5.0 kpc, a factor of ∼6 larger than the median size1110
of the galaxies.z ∼ 2.3

The combination of small sizes and high masses implies very

high densities. The right panel of Figure 2 shows the relation
between stellar density and stellar mass, with density defined
as (i.e., the mean stellar density within3r p 0.5M/[(4/3)pr ]e

the effective radius, assuming a constant stellar mass-to-light
[ ] ratio with radius). The median density of theM/L z ∼ 2.3
galaxies is M, kpc!3 (with a considerable rms scatter103 # 10
of 0.7 dex), a factor of ∼180 higher than the densities of local
red sequence galaxies of the same mass.

We note that it is difficult to determine the morphologies of
the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). The most
elongated galaxies are also the ones with the lowest n-values
(the correlation between n and is formally significant at theb/a
199% level9), and a possible interpretation is that the light of
a subset of the galaxies is dominated by very compact, massive
disks (see § 5).

5. DISCUSSION

We find that all ( ) of the quiescent, massive galaxies"0100 %!11

at spectroscopically identified by Kriek et al. (2006)AzS p 2.3
are extremely compact, having a median effective radius of
only 0.9 kpc. This result extends previous work at z ∼ 1.5
(Trujillo et al. 2007; Longhetti et al. 2007; Cimatti et al. 2008)
and confirms other studies at similar redshifts that were based
on photometric redshifts and images of poorer quality (Zirm
et al. 2007; Toft et al. 2007). Our study, together with the
spectroscopy in Kriek et al. (2006) demonstrating that the H-
band light comes from evolved stars, shows that the small
measured sizes of evolved high-redshift galaxies are not caused
by photometric redshift errors, active galactic nuclei, dusty
starbursts, or measurement errors.

It is remarkable that all nine galaxies are so compact; even
the largest galaxy in the sample (HDFS1-1849) is significantly
offset from the relations of red galaxies in the nearby universe
(see Fig. 2). We do not find any galaxy resembling a fully
assembled elliptical or S0 galaxy, which means that such ob-
jects make up less than ∼10% of the population of quiescent
galaxies at . This result effectively rules out simplez ∼ 2.3

9 There is no significant correlation between and n, or between andr re e

.b/a

LBGs:  
Less massive (M*~109-10Msun), not so 
small (~2-5kpc).  
Star-formation activity. Disk feature?

open circles in Figure 7 along with those of field (stellar) objects
in the FOVs with small points (stars). The stellar objects are
selected with CLASS_STAR from SExtractor larger than 0.9. The
brightest LBGs areK ¼ 20:2 20:4 mag, which are brighter than
the characteristic luminosity of z " 3 LBGs. The faintest LBG
have K ¼ 23:7 mag. The long-dashed line indicates the M #

V of
the z " 3 LBGs (Shapley et al. 2001). The observed sample cov-
ers a wide range of absolute V-band magnitudes from M #

V $ 0:5
to M #

V þ 3:0 mag. The rHL values of most LBGs are larger than
the stellar objects shown by stars; i.e., the LBGs are resolved in
the AO-assisted K-band images. The median rHL of the detected

z " 3 LBGs is 0.2300, which corresponds to 1.8 kpc at z ¼ 3. The
average rHL of the LBGs brighter thanM

#
V is 0.4000 (3.1 kpc at

z ¼ 3), which is significantly larger than the average of the fainter
LBGs detected in theK-band observations (0.2300, 1.8 kpc at z ¼ 3),
and there are no bright LBGs with a small rHL.

The five LBGs without K-band detections can either be faint
or extended. The detection limit of a 5 hr integration under the 0.200

FWHM condition is shown with a dotted line in Figure 7 (for de-
tails, see x 5.4). Because the detection limit is determined by the
surface brightness, not only faint objects but also very extended
objects cannot be detected. However, all but one of the five LBGs

Fig. 5.—The K-band images of the z " 3 LBGs. A 3:500 ; 3:500 FOV is shown in order of K-band magnitude. North is to the top, and east is to the left. FOVs are
centered at the cataloged positions of the z " 3 LBGs. A Gaussian convolution with ! of 1 (3) pixel is applied to the images of the detected (nondetected) LBGs. The
name, spectroscopic redshift, andK-band magnitude are shown at the top of each panel. A redshift of 9.999 means no spectroscopic redshift is available. For LBGs with
multiple knots, each knot is labeled with ‘‘A,’’ ‘‘B,’’ and ‘‘C.’’
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Clumpy galaxies:  
Massive (M*~1010-11Msun). 
Significant star-formation activity. 
Rotation supported?
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Figure 4. Examples of visually clumpy galaxies and blobs detected by our automated blob finder. The first three rows show the composite RGB images made by
the F435W, F606W, and F850LP images of the galaxies. The last three rows show the same galaxies in the images used to detect blobs. The detected blobs are
shown by circles. The color of each circle shows the fractional luminosity (FL = Lblob/Lgalaxy) of the blob: magenta, FL > 0.1; blue, 0.05 < FL < 0.1; green,
0.01 < FL < 0.05; and cyan, FL < 0.01. The redshift and M∗ of each galaxy are labeled. For each row, the M∗ increases from the left to the right, while the redshift
increases from the top to the bottom row. In order to show as many as possible examples of blobs, these galaxies are intentionally chosen to have very high clumpiness
from the CANDELS visual classification in the CANDELS/GOODS-S field (see Appendix). Note that the image scales of the first three rows are different from those
of the last three rows.

3.3. Completeness of the Blob Finder

We evaluate the completeness of our blob finder by recovering
fake blobs. For each galaxy in our sample, regardless of whether
it contains detected blobs, we insert one fake blob into its image
in the detection band and re-run our blob finder on it. We use
point sources to mimic the blobs. This simplification is validated
by the fact that the light profile of blobs can be well described
by the PSF of the detection bands (Figure 5). The fluxes of fake
blobs are randomly selected from a uniform distribution between
1% and 20% of the flux of their galaxies. The fake blobs are
only added into the segmentation areas of the galaxies. For each
galaxy, we repeat the process 30 times to improve the statistics.
Comparing with the method of adding arbitrary numbers of
blobs to fake model galaxies (e.g., Sérsic models), our method
largely preserves the distributions of the size, magnitude, surface
brightness profile, and blob crowdedness of real galaxies, which
are all important to the blob detection probability.

The detection probability, i.e., the successful rate of recov-
ering fake blobs, depends on the properties of both galaxies
and blobs. More specifically, it depends on redshift (z), the

magnitude of galaxies (magg), the size of galaxies (re), the mag-
nitude of blobs (magb), the location of blobs (the distance to
the center of the galaxies, db), and the number of blobs in the
galaxies (nb). For each of the real blobs, we assign a detection
probability to it based on its values of the above parameters,
P (z, magg, re, magb, db, nb), if we have at least five detected
fake blobs in the (z, magg, re, magb, db, nb) bin. Otherwise, we
determine its probability by interpolating the marginalized de-
tection probability as a function of the FL of the blobs (the sec-
ond row of Figure 6). In fact, using the probability–magb relation
(the first row of Figure 6) also provides a good approximation for
blobs in the under-sampled bins, but using the probability–FL
relation makes our later analyses easy because we are measuring
the FLF instead of the absolute luminosity function. Only !10%
of our blobs fall in the under-sampled (z, magg, re, magb, db, nb)
bins. Using the interpolated marginalized detection probability
would not affect our later results.

In order to avoid possible contamination from bulges, which
usually stand out in the filtered images (Panel 3 of Figure 3
and hence almost always are detected as blobs, we also exclude
blobs that are within db < 0.5 × re. For example, we only count
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Figure 10. Same as Figure 9, but for the three other NIC2 targets: BX 389, BX 610, and BX 482.
(A color version of this figure is available in the online journal.)

detailed comparison is possible for BX 482 with AO-assisted
SINFONI data. Both the lower surface brightness component
and the brighter substructure are comparable between the H160
band and Hα emission. This similarity is reflected in the nearly
equal values of Gini, multiplicity, and M20 coefficients from
the analysis in Section 4.2 (see Figure 7). In the details, there
are however some noticeable differences. In particular, a few
of the brighter peaks, or clumps, visible in the NIC2 or in the Hα
image have no obvious counterparts in the other map. The prop-
erties of the clumps identified in these two images are studied in
Paper II. The central regions of BX 482 also appear to be slightly
brighter in H160-band emission than in Hα emission.

For the other galaxies with lower resolution SINFONI data,
the small-scale substructure is smeared out but the overall H160
band and Hα distributions at 0.′′4–0.′′6 resolution are very similar.
For BX 389, the southern companion that is clearly separated
from the main galaxy in the original NIC2 image is still apparent
at lower resolution as an extension in the outer isophotes. The
well-resolved SE and NW merger components of BX 528, and
the bridge of emission connecting them, blend together and
the PSF-matched NIC2 image strikingly resembles the fairly
regular and centrally concentrated Hα line map. While in most
cases, the general large-scale features of the morphologies are
recognizable at ≈0.′′5 resolution, BX 528 offers an example
where the nature of the system can only be reliably assessed

with the additional information from either the kinematics or
higher spatial resolution data.

5.2. Comparison of Structural Parameters

We performed two-dimensional Sérsic model fits on both the
Hα maps and the PSF-matched NIC2 images using GALFIT,
following the procedure described in Section 4.1.1. For BX 482,
we ran fits on the AO-assisted as well as the seeing-limited
Hα data. For BX 528 and BX 389, we considered only single
component fits since, at the ≈0.′′5 resolution of the SINFONI
data, the merger components are unresolved in the former case,
and the southern companion is blended with the primary galaxy
in the latter. For consistency, fits on the convolved NIC2 images
were restricted to a smaller region corresponding to the deepest
area with effective ≈3.′′8 × 3.′′8 FOV of the SINFONI data at
the 0.′′125 pixel−1 scale, and ≈2.′′3 × 2.′′3 FOV of the AO data at
0.′′05 pixel−1 for BX 482. This reduced area potentially affects
the sky background estimates, degenerate with the profile shape
and half-light radius. The smaller FOV as well as the broader
PSF both contribute to the significantly larger uncertainties for
the fits performed on the lower resolution maps compared to
those using the maps at the original NIC2 resolution. Table 5
reports the best-fit structural parameters and Figure 11 compares
the results from Hα with those from the PSF-matched NIC2 data.
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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.
(A color version of this figure is available in the online journal.)

The stacked spectra show that the Hβ emission, normalized
to the same average continuum level, is marginally (≈20%)
stronger in clumpy galaxies than in stable disks (consistent with
a somewhat higher sSFR). The underlying absorption is weak
in both cases, slightly higher in stable disks (as confirmed by
Hγ and Hδ lines). The [O ii] emission is stronger by a factor 1.8
in the stacked clumpy disk spectra, while the [O iii] emission
in clumpy types is a factor 5.2 stronger in clumpy disks, and
the [O iii]/Hβ emission flux ratio higher by a factor 3.8. The
continuum shape is quite similar in both cases. In the following
sections, we use the MEx diagram and other diagnostics to show
that the strong [O iii] excitation by clumpy galaxies is a likely
AGN signature, and cannot be explained simply by a low gas
metallicity effect.

3.2. MEx Diagnostic

Figure 9 shows our clumpy disk and stable disk samples
on the MEx diagram ([O iii]/Hβ versus M∗; J11). The [O iii]
excitation is clearly higher in clumpy disks, and these mostly lie
above the empirical dividing line for AGN host galaxies, defined
in J11. Stable disk galaxies have lower [O iii] excitations and
are mostly identified as non-AGN galaxies on the MEx diagram;
only a few high-mass cases lie in the MEx-intermediate or MEx-
AGN regions (between and above the dividing lines in Figure 9,
respectively).

In addition to the empirical dividing lines in Figure 9, the
MEx diagnostic was calibrated using the BPT classification
of >105 SDSS galaxies in order to quantify the probability
to observe an AGN host system as a function of [O iii]/Hβ
and M∗ (see J11). The Sloan Digital Sky Survey (SDSS) cal-
ibration galaxies lie at low redshift (z < 0.1) and were first
classified using standard BPT diagrams into the following cate-
gories: star forming (SF), composite (comp), LINER, or Seyfert
2 (Sy2). The likelihood of a certain spectral class is defined as
the relative fraction of SDSS galaxies of that particular class
within the 1σ uncertainties on the MEx diagram. The four spec-
tral classes listed above are mutually exclusive so their sum
is, by definition, equal to unity (P(SF)+P(comp)+P(LINER)+
P(Sy2) = 1). Individual AGN probabilities on the MEx diag-
nostic are indicated in Table 1. As discussed later in Section 3.4,
the probabilities should not be strongly affected by the metal-
licity evolution between z < 0.1 (the redshift range calibration
sample from J11) and z ∼ 0.7 (the typical redshift of our sam-
ples), especially in the mass range studied here.

Figure 9. Clumpy and stable disk samples on the MEx diagram. The position
of the stacked spectra from Figure 8 is also shown (stars). The dividing lines
separate the MEx-SF, MEx-AGN, and MEx-intermediate regions defined in J11.
The gray-scaled background colors indicate the AGN probability, calibrated
using the BPT diagnostic on z ∼ 0.1 SDSS galaxies. The evolution of the
mass–metallicity relation out to z ≈ 1 in the studied mass range should not
affect line ratios by more than 0.1 dex (see the text, Section 4.4).
(A color version of this figure is available in the online journal.)

Stable disks have a median PMEx(SF ) of 47% and, except
for 2–3 AGN candidates, their AGN probabilities are low. In
particular, the probability of hosting a Seyfert 2 PMEx(Sy2) is
always below 3%, showing that systems that may not be pure
star-forming galaxies show only weak signs of BH activity, with
either composite-like properties or LINER-type excitation.

The MEx probabilities for clumpy disks are quite different.
Except for three systems where PMEx(AGN) is low, the proba-
bility for the measured [O iii] excitation to result purely from SF
is always below 50%, and often close to 0. Half of the clumpy
galaxies have a PMEx(Sy2) comparable to or higher than the
probability of composite properties or LINER-type excitation.

3.3. Blue Diagram

We use the Blue diagram (Lamareille 2010) to perform a
second classification of our samples. In some cases, the Blue

9
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Figure 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.
(2013). (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
constant 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.)

galaxies at high redshift that have the same rank order as the
Milky Way does at z = 0. The implicit assumption is that rank
order is conserved through cosmic time, or that processes that
break the rank order do not have a strong effect on the average
measured properties. As shown in Leja et al. (2013), the method
recovers the true mass evolution of galaxies remarkably well in
simulations that include merging, quenching, and scatter in the
growth rates of galaxies.

The present-day stellar mass of the Milky Way is approxi-
mately 5 × 1010 M⊙ (Flynn et al. 2006; McMillan 2011). Using
the SDSS-GALEX stellar galaxy mass function of Moustakas
et al. (2013), we find that galaxies with masses > 5 × 1010 M⊙
have a number density of 1.1 × 10−3 Mpc−3. We then trace
the progenitors of these galaxies by identifying, at each red-
shift, the mass for which the cumulative number density is
1.1 × 10−3 Mpc−3 (see Figure 1(b)). We used the Marchesini
et 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
et al. 2013).

The stellar mass evolution for galaxies with the rank order
of the Milky Way is shown in Figure 1(c). The evolution is
rapid from z ∼ 2.5 to z ∼ 1 and relatively slow afterward. We
therefore approximate the evolution with a quadratic function

of the form

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).

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

11 We verified that changing the evolution does not affect the key results of
this Letter.
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of these assumptions. SAMs represent our best theoretical
formulation of how galaxy evolution works on a broad scale,
and simulations are currently the only way in which it is possible
to track the actual evolution of individual galaxies. In addition,
it is not necessary for our purposes that the SAM accurately
reproduces the observed universe. This makes the SAM useful
as a simple tool to explore the mechanics of number density
selection and what processes may cause it to err.

In Section 2, we introduce the number density selection
technique and discuss potential sources of error. In Section 3, we
describe the Millennium Simulation, the Guo et al. (2011) SAM,
and describe how number density selection is applied to these
data. In Section 4, we present the resulting median stellar mass
evolution and several techniques to improve it. In Section 5, we
explore the possibility of ordering galaxies by inferred velocity
dispersion rather than stellar mass. In Section 6, the suitability
of applying SAM-based results to the real universe is discussed.
The conclusions are found in Section 7.

When necessary, we assume H0 = 70 km s−1 Mpc−3 through-
out the paper.

2. CONSTANT NUMBER DENSITY SELECTION

We discuss the underlying assumptions and potential pitfalls
of the number density selection technique here. As described
earlier, linking progenitors and descendants at a constant number
density implicitly assumes that the number density of galaxies
does not evolve. One can then infer the mass evolution of
a given galaxy population from the redshift evolution of the
galaxy stellar mass function. Number density selection thus
provides a physically motivated, redshift-dependent stellar mass
selection. The preferred approach is to link galaxies at a constant
cumulative number density, which has the advantage of being
single-valued in mass (Brammer et al. 2011). Additionally, the
physical interpretation is simple: if the stellar mass rank order of
galaxies remains the same through cosmic time, then tracking
galaxies at a cumulative number density will be effective.

The aim of this study, then, is to investigate the conditions
under which the conservation of rank order holds. If stellar
mass growth is either constant or monotonically increasing
in proportion to stellar mass itself, then rank order will be
preserved. The stellar mass3 of a galaxy can be increased in
two ways: star formation and merging. Steady star formation
in star-forming galaxies is proportional to Mα

∗ (where α > 0)
over a wide range of redshifts, commonly referred to as the star-
forming sequence (Brinchmann et al. 2004; Noeske et al. 2007;
Peng et al. 2010; Gonzalez et al. 2012; Whitaker et al. 2012).
The galaxy–galaxy merger rate is also expected, on average, to
increase monotonically with stellar mass (see, e.g., the review
by Hopkins et al. 2010). Thus, there is good reason to believe
rank order in stellar mass may be conserved.

However, there also exist physical processes which will con-
fuse rank order. Measured scatter in the star-forming sequence
is 0.34 dex; this includes intrinsic scatter from active galactic
nucleus, starbursts, and galaxies in the process of shutting down
their star formation as well as measurement error (Whitaker
et al. 2012). The stochastic nature of mergers naturally induces
scatter in stellar mass growth over short timescales. These two
effects in combination are referred to as the scatter in the stellar

3 Note that stellar mass in the Guo et al. (2011) model refers to the integral of
the SFR. Guo et al. (2011) do not explicitly include mass loss from supernovae
and winds in their model; instead a mass fraction of 0.43 is immediately
returned to the interstellar medium.

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.)

mass growth rate, and can break rank order by either “jump-
ing” 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
issue is only relevant for mergers with galaxies that are at least
as massive as the galaxy under consideration. As lower-mass
galaxies have a higher number density than the number density
under consideration, they do not affect the inferred stellar mass
evolution.

For completeness, one must also consider the creation of new
galaxies. The stellar mass at which this effect is important is
well below current detection limits in high-redshift surveys.
For example, the mass-complete limit for the Newfirm Medium
Band Survey (Whitaker et al. 2011) is M∗ > 1011 M⊙ (all
galaxies) or M∗ ! 1010 M⊙ (star-forming galaxies) at z = 2.2
(Brammer et al. 2011). Assuming newly formed galaxies at this
epoch lie on the star-forming sequence, they would not approach
the mass limit in any reasonable amount of time. The creation
of new galaxies may then be safely neglected.

Finally, quenching may significantly affect rank order.
Quenched galaxies no longer grow via star formation, whereas
their star-forming companions at a similar mass will continue to
add stellar mass. For central galaxies, this may be offset some-
what as they still experience significant growth through mergers:
see Section 4.3 for further discussion. Redshift evolution of the
quenching rate and quenching mass limit may also confuse the
rank order of galaxies.
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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.)

Figure 5. Tracing the evolution of descendants from the initial selection at
z = 3.06. The panels show the distribution of evolution in stellar mass for
individual galaxies. The average is marked with a circle, while the median is
marked with a cross. The difference between the 75th quartile and the 25th
quartile is shown in the upper left of each panel. The n = 5 × 10−5 Mpc−3

descendants are multiplied by a factor of two for comparison, to compensate for
the smaller initial bin size.
(A color version of this figure is available in the online journal.)

Figure 6. Cumulative percentage of galaxies that have lost their identity by
merging into a more massive galaxy is shown. The percentage is plotted as
a function of number density and redshift. The fraction of merged galaxies
increases with number density, as galaxies at a lower number density have few
galaxies more massive with which to merge.
(A color version of this figure is available in the online journal.)

of actual growth rates for individual galaxies in each number
density bin is shown in Figure 5.

There is a peak at null growth in each number density bin.
This peak is populated with galaxies that experienced neither
star formation nor significant growth via mergers over the time
period. This peak is initially largest for the lowest number
density population. However, as gas supplies dwindle, more and
more galaxies become quenched. By z = 0, the highest number
density bin has the largest number of galaxies that exhibit little
to no growth. This is likely because the lower number density
bins contain more massive centrals which are still experiencing
growth via merging.

There is also a secondary peak in each growth rate which is
most evident at the highest redshift. This is the peak due to steady
star formation from galaxies on the star-forming sequence. Its
width is a combination of the finite size of the mass bin and
scatter in the star-forming sequence. As more galaxies quench,
this peak washes out.

The median mass growth is marked with a cross. Initially, the
highest number density galaxies experience the largest relative
growth. Note that this is not in violation of the assumption
that more massive galaxies grow more quickly: in linear units,
the lowest number density bin adds more mass than the higher
number density bins. By the final redshift bin, as merging begins
to dominate the stellar mass growth, this has reversed and the
highest number density galaxies grow at a faster relative rate
than the lower number density galaxies.

An estimate of the effect of scatter in growth rates on number
density selection can be made by convolving the stellar mass
functions shown in Figure 2 with the individual growth rates
shown in Figure 5. At each snapshot in redshift, the growth
rate for each number density slice is convolved with the stellar
mass function at that redshift. This will “grow” each galaxy
in mass with a probability distribution given by Figure 5.

5

あとで話しましょう
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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

-­‐	
  	
  Massive galaxies (logMz~0~11.5) 
-­‐ Inside-out growth; 

-­‐ Bulge forms rapidly,  
-­‐ and then accretion on outer part 

-­‐ Two-phase evolution.
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Figure 2. Projected stellar half-mass radius of the simulated galaxies at different
redshifts (see Figure 1) vs. the fraction of stellar mass accreted (in major mergers,
minor mergers, and accretion events), M∗,acc, to the stellar mass formed in situ,
M∗,ins, in the galaxies. The black bordered symbols indicate systems more
massive than M∗ > 6.3 × 1010 M⊙. At z ! 2 galaxies with a higher fraction
of accreted stars have larger sizes, indicating that accretion of stellar systems
drives the size evolution of massive galaxies.
(A color version of this figure is available in the online journal.)

(M∗ ! 1011 M⊙), whereas for quiescent massive galaxies the
observed size evolution is faster with −1.09 < α < −1.22.
Cassata et al. (2011) obtain values from α = −0.87 to α =
−1.42 depending on stellar mass. Van der Wel et al. (2008) find
a value of α ≈ −0.98, when they include results from previous
surveys this changes to α ≈ −1.20. A similar trend (α ≈ −1.11)
is found for UV-bright galaxies (Mosleh et al. 2011).

In the right panel of Figure 1, we show the size evolution
of galaxies more massive than 6.3 × 1010 M⊙ (see Franx et al.
2008) since z = 2. At z = 4 all progenitor galaxies drop below
the threshold mass, but are still resolved by ≈104 particles. We
added the results from Naab et al. (2009), which were obtained
with the same simulation code but with a softening length fixed
in physical units. The size evolution in this case is very similar to
the simulations that use a fixed comoving softening length. We
also included various observational results which find slightly
larger sizes at a given redshift but with a very similar evolution
in time. On average there is a strong evolution in galaxy sizes:
for the R1/2 ∝ (1+z)α power-law fit to all (dashed line) and only
the quiescent (solid line) simulated galaxies, we find a value of
α = −1.12 ± 0.13 and α = −1.44 ± 0.16, respectively. This
is in good agreement with observed values—which are pos-
sibly a bit offset to higher values—and despite our statistical
limitations we consider this trend robust. Possible simple expla-
nations for an offset in size within a semi-analytical framework
are discussed in Shankar et al. (2011).

To demonstrate the physical origin for the size growth in the
simulated galaxies, we show in Figure 2 the projected half-
mass radii presented in Figure 1 at different redshifts as a
function of the ratio of stars accreted onto the galaxy M∗,acc
to the stars formed in situ in the galaxy M∗,ins at the same
redshifts. We consider a star particle in the simulation as formed
in situ in the galaxy if it is created inside Rgal(≡ 0.1 × Rvir).

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 half-
mass 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.)

Black bordered symbols indicate galaxies with stellar masses
larger than 6.3 × 1010 M⊙ whose size evolution is plotted in
the right panel of Figure 1. There is a clear correlation between
the relative amount of accreted stars and in situ stars not only
at redshift zero (Oser et al. 2010) but also at high redshifts
(z ≈ 2). This indicates that stellar accretion drives the size
evolution of the systems as soon as the accreted stars start
to dominate the total mass (M∗,acc/M∗,ins > 1) at z ≈ 2 as
also predicted from semi-analytical modeling (Khochfar & Silk
2006b). At earlier times the stellar mass growth is dominated
by in situ star formation (Oser et al. 2010), i.e., the stars form
out of cold gas that was able to radiate away a large fraction
of its gravitational energy and thus leading to compact systems.
The binding energy of the accreted stars, however, is retained
and will increase the total energy content of the accreting
galaxy, both by shock-heating the gas—which then can cool
radiatively—as well as expanding the existing dark matter and
stellar components (Johansson et al. 2009b). This in general
leads to more extended systems.

In Figure 3, we compare the density profiles of a subsample
of massive galaxies (M∗ > 2 × 1011 M⊙) at redshift 2 and
the present day. In agreement with Naab et al. (2009), we find
that within the half-mass radius the high-redshift systems are
dominated by stars that formed in situ while the contribution of
accreted stars to the inner mass profile is small. At the present
day, the stellar mass inside the effective radius is dominated by
accreted stars added at radii larger than >1 kpc. This accretion
is responsible for the strong size increase (Oser et al. 2010)
and is in agreement with the results from stacked imaging for
massive galaxies at a constant number density that also show an
increase in surface densities predominantly in the outer regions
(van Dokkum et al. 2010).

4

Numerous minor mergers 
(collapsed at early time)  
> Rare major merger

Oser+12



External - Extragalactic study of progenitors

Background : Where did we live?

van Dokkum+13,ApJ; Patel+13,ApJ, and This work!

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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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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我々の銀河は宇宙の最盛期をどのように進化してきたのだろう
星質量 、星形成活動、形態、そして多様性



Data reduction: Flowchart

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

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.)�

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).�

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

“1D conversion”
    for each band.�

r (pixel)�

z�

M*�

1�

2�

3�

4�

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�S/NF160W>3.�

SED for 
each pixel�

Median stacking 
for galaxies in 
each z-bin and 
each filter band.�

5�F435W�
F606W�
F775W�
F814W�
F850LP�
F125W�
F140W�
F160W�
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Pixel #1
z=0.67
log M*=9.2
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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)

Data reduction: 1.Selection of MWs and MGs

- Consistency with abundance matching.

- Impact of merger and quenching?

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

29%

7%



Results: Stellar mass accumulation at 0.5<z<3.0
MWs MGs

Mass growth at all radii. 
“Self-similar”

Inner, and then outer. 
“Inside-out”

*Previous studies used light (e.g.,F160W) profiles.
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Figure 8. Rest-frame color–color diagram for KAB < 22.4, zphot < 2.5 UDS
galaxies (black points). Red points denote spectroscopically confirmed z ∼ 1
OPEGs from Yamada et al. (2005) with little or no detected line emission
(Wλ(OII) < 5 Å). Bruzual & Charlot (2003) evolutionary tracks of passively
evolving (red line) and constantly star-forming (cyan line) stellar populations
from 0.1–10 Gyr are overplotted, and the arrow shows the effect of 1 mag of dust
extinction. The extended star-forming track and the “quiescent clump” (which
overlaps with the OPEG sample) are clearly separated.
(A color version of this figure is available in the online journal.)

cess in galaxies with nuclear activity in turn cannot be matched
well by any of these templates. Indeed, most of the objects that
either had high χ2 values or no solutions from EAZY appeared
to exhibit redder [3.6] − [4.5] colors than those galaxies with
good zphot fits.

5.2. Monte Carlo Analysis

During the process of computing zphot values, EAZY also
provides estimates on the redshift uncertainty and a probability
distribution p(z) for each object. The p(z) curves in particular
are useful for estimating the redshift distribution of a large sam-
ple of objects, since the true distribution is likely to be broader
than a histogram of the best-fit zphot values (e.g., in an extreme
case with a sample of zphot = 2.00 galaxies, the true distribution
would be much broader than a delta function). To assess the
consistency of the p(z) distributions, we performed 120 Monte
Carlo iterations varying the input photometry assuming Gaus-
sian errors. Though this is a relatively small number of iterations,
it gives a rough estimate of the zphot uncertainty for any given
object, and an accurate computation of the redshift distribution
of a large sample of objects.

For each object, the median and dispersion among the
120 Monte Carlo runs were determined and compared to the
estimates from EAZY. The median values for the UDS sample
were consistent with the best-fit values derived by EAZY from
the original (unperturbed) catalog, as were the 1σ uncertainty
estimates. Furthermore, for subsets of the catalog, the redshift
distributions derived from the Monte Carlo analysis closely
reflected the EAZY-derived p(z) distributions. The uncertainties
derived by EAZY thus appear to be internally consistent for the
UDS data.

5.3. Interpolating Rest-Frame Photometry

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 UV J fluxes can thus be interpolated from
the observed data. Filter response curves for the observed bands,
taking into account atmospheric absorption and detector quan-
tum efficiency, were downloaded from each of the WFCAM,
Suprime-Cam, and IRAC Web sites. For rest-frame filter defini-
tions 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 rest-
frame fluxes were derived using the perturbed input catalogs
and output redshifts from the Monte Carlo analysis described
in Section 5.2. Note that these color uncertainties only take into
account photometric errors (and the resulting zphot errors), and
do not include the uncertainties intrinsic to the templates used
for zphot fitting.

6. EVIDENCE FOR QUIESCENT GALAXIES TO Z ∼ 2.5

6.1. The Rest-Frame Colors of Quiescent and Star-Forming
Galaxies

We use the galaxy catalog derived from the UDS/SXDS/
SWIRE data, along with the photometric redshifts and interpo-
lated rest-frame colors described in the previous section, to ana-
lyze the rest-frame color distribution of galaxies out to z = 2.5.
Beyond this redshift the rest-frame J band begins to “fall off” the
reddest filter in our catalog (IRAC 4.5µm), and rest-frame col-
ors at z > 2.5 are therefore less reliable. Stars are selected (and
removed from the sample) using the two criteria: J − K < 0
and (J − K) < 0.2(i ′ − K) − 0.16. This two-color cut was
derived by inspection of the J−K versus i ′ − K color–color
diagram, wherein stars form a tight, well defined track. Addi-
tionally, we exclude all objects that fall on bad pixels or missing
data regions in any band, as well as those with bad photometric
redshift solutions (log χ2 > 2.9 as derived in Section 5), and
apply a magnitude limit of K < 22.4. When all these criteria are
met, the subsample analyzed hereafter contains 30,108 galaxies
between 0 < z < 2.5. By comparison with 119 spectroscopic
redshifts in the field we find typical photometric redshift errors
of ∆z/(1 + z) ∼ 0.033, though this is almost entirely measured
with galaxies at z ! 1.2; at higher redshifts the zphot uncertainty
is likely to be substantially larger.

Figure 8 shows the rest-frame U−V versus V−J (hereafter
UV J ) diagram for this subset of UDS galaxies. A striking
bimodality emerges: one diagonal track extends from blue to
red V−J, while a localized clump that is red in U−V but
blue in V−J lies above this track. Previously, Labbé et al.
(2005) and Wuyts et al. (2007) found that actively star-forming
and quiescent galaxies segregate themselves in this plane,
with the star-forming galaxies forming a diagonal track and
quiescent galaxies populating mostly the upper left-hand region;
with the far larger number of sources in the UDS, it is now
evident that the galaxies form a truly bimodal distribution
in this plane. Indeed, this interpretation is supported here by
both data and models: the red points overlying the “quiescent
clump” in Figure 8 are spectroscopically confirmed OPEGs from
Yamada et al. (2005), while the star-forming and quiescent loci

13 This was carried out using the InterRest script (E. Taylor et al. 2009, in
preparation); see http://www.strw.leidenuniv.nl/ent/InterRest.

Results: Color gradient and evolution

Rest-frame U-V, U-J colors
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Figure 6. Top: color selections for QGs and SFGs for the same redshift bins in Williams et al. (2009). Cross symbol represents 1σ error in U − V and V − J for each
redshift bin. Median sSFRs with MADs for QGs and SFGs are written at left top and right bottom, respectively, in each panel. Bottom: histograms of QGs (red open)
and SFGs (blue filled) as a function of sSFR. The ordinates for QGs and SFGs are normalized by the total number of each population in the redshift bins, respectively.
(A color version of this figure is available in the online journal.)

modified the criteria for QGs and SFGs at z ! 2. To see the
bimodality, we use specific star-formation rate (sSFR), which
is derived from UV and IR luminosity (Kennicutt 1998; see
also Kajisawa et al. 2010). In the lower panel of Figure 6, we
show the histograms of the two population as a function of
sSFR, where we can see clear bimodality even at z ! 2.0. We
adopt the criteria for QGs at z ! 2.0 so that the overlap of two
populations on sSFR become minimum;

(U − V ) > 0.88(V − J ) + 0.54
∩(U − V ) > 1.35 (5)
∩(V − J ) < 1.50.

It is noted that the average values of sSFR raise as redshift
increases (e.g., Daddi et al. 2007; Peng et al. 2010), and adopting
fixed sSFR for the selection of QGs is not appropriate for our
purpose. It should be also noted that adopting different criteria
for UVJ color selection (e.g., Whitaker et al. 2011) would not
change our final results.

Moreover, 24 QGs detected at 24 µm by Spitzer/MIPS
are included in SFGs. Our results are hardly changed, even
if we discard the dust-obscured SFGs. Based on the color
selection, we obtain 299 QGs and 1,083 SFGs. The redshift
bins are defined as in Ic12 to facilitate the comparison. We also
exclude 24 galaxies with b/a < 0.1, because real galaxies have
b/a > 0.1 (e.g., Binney & de Vauclouleurs 1981). Since the
single component Sérsic fit by GALFIT in the present study does
not take account of the inclination, the surface brightness profile
of inclined spheroidal or disk galaxies may not be presented by
the profile. To derive the exact light profile for inclined galaxies,
we need to calculate the integrated light profile combined with
the opacity for each wavelength (e.g., Graham & Worley 2008),
which is beyond the present scope.

The size–stellar mass relations are plotted in Figure 7 for QGs
and SFGs, respectively. S03 obtained the relations for ETGs and
late-type galaxies (LTGs) in the local universe, which is often
compared with those at high z. In addition, we plot the relations
for the central galaxies (CENs) of galaxy groups and clusters in
the SDSS by G09, though most of the galaxies in the present
study are in the field environment. G09 reanalyzed the SDSS
galaxies with GALFIT and derived the relation of the stellar mass
with re, whereas S03 was based on a non-parametric radius. As
noted in Section 6, the non-parametric radius is systematically
different from parametric re. The stellar masses for SDSS data
are converted to those which would be obtained with BC03
models (Bruzual & Charlot 2003) and Salpeter IMF using the
relations in Cimatti et al. (2008).

It is clear in Figure 7 that the sizes of QGs and massive SFGs
at higher redshift are smaller than those of the galaxies in the
local universe at a given mass. There are also some massive
compact galaxies whose sizes are a factor of ∼5 smaller than
those of typical local ETGs. The sizes of the compact galaxies
are comparable to those found by the previous studies. To see
the evolution of the size–stellar mass relation, we then obtain
the least square fit with a following linear regression,

log re = aM log(Mcor
∗ /Mc) + bM, (6)

where Mc is the characteristic mass for the massive galaxies,
set here to 1010.5 M⊙. The best-fit slope, aM, and offset, bM,
are shown in Figure 8 for QGs and SFGs. aM for the SFGs
remains unchanged over the redshifts. For QGs at higher redshift
(z ! 2.0), aM is slightly higher value with the large error because
the number of the sample is very small and incomplete. The
slope is consistent within the error with those of previous studies
(e.g., Williams et al. 2010; Cimatti et al. 2012).
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Discussion

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

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.
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Discussion: Color gradient and evolution

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

-­‐ 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)

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



We usually assume a star formation history, 
but …

Discussion: Star formation rate (SED)

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

Exponential: ψ∝ exp(-t/τ) Delayed: ψ∝ t*exp(-t/τ) Truncated: ψ=const. (t<τ) 
        ψ=0 (t>τ)
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Figure 1. SFR mass sequence for star-forming galaxies has a nonlinear slope at 0 < z < 2.5 (dotted line is linear). The running medians and scatter are color-coded
by redshift, with a power-law fit above the mass and SFR completeness limits (solid lines in bottom, right panel).
(A color version of this figure is available in the online journal.)

than the standard broadband NIR filters. The combination of
the medium-band NIR images with deep optical medium and
broadband photometry and Infrared Array Camera imaging over
0.4 deg2 in the AEGIS and COSMOS extragalactic fields results
in accurate photometric redshifts (∆z/(1 + z) ! 2%), rest-frame
colors, and stellar population parameters. The SFRs presented
in this Letter are based in part on Spitzer–MIPS fluxes at 24 µm
that are derived from the S-COSMOS (Sanders et al. 2007) and
FIDEL4 surveys. A comprehensive overview of the survey can
be found in Whitaker et al. (2011). The stellar masses used
in this work are derived using FAST (Kriek et al. 2009), with
Bruzual & Charlot (2003) models that assume a Chabrier (2003)
initial mass function (IMF), solar metallicity, exponentially
declining star formation histories, and dust extinction following
the Calzetti et al. (2000) extinction law.

The SFRs are determined by adding the UV and IR emission,
SFRUV+IR = 0.98 × 10−10(LIR + 3.3 L2800) (Kennicutt 1998),
adapted for the Kroupa IMF by Franx et al. (2008), accounting
for the unobscured and obscured star formation, respectively. We
adopt a luminosity-independent conversion from the observed
24 µm flux to the total IR luminosity (LIR ≡ L(8–1000 µm)),
based on a single template that is the log average of Dale &
Helou (2002) templates with 1 < α < 2.5, following Wuyts
et al. (2008), Franx et al. (2008), and Muzzin et al. (2010),
and in good median agreement with recent Herschel/PACS
measurements by Wuyts et al. (2011a). The luminosities at
2800 Å (L2800) are derived directly from the best-fit template
to the observed photometry, using the same methodology as the
rest-frame colors (see Brammer et al. 2011).

With accurate rest-frame colors, it is possible to isolate
“clean” samples of star-forming and quiescent galaxies using
two rest-frame colors out to high redshifts (Labbé et al. 2005;
Wuyts et al. 2007; Williams et al. 2009; Ilbert et al. 2009;
Brammer et al. 2011; Whitaker et al. 2011). The quiescent

4 http://irsa.ipac.caltech.edu/data/SPITZER/FIDEL/

galaxies have strong Balmer/4000 Å breaks, characterized by
red U − V colors and bluer U − V colors relative to dusty
star-forming galaxies at the same U − V color.

Whitaker et al. (2011) demonstrated that there is a clear
delineation between star-forming and quiescent galaxies with
the NMBS data set. Using the criteria U −V > 0.8× (V −J ) +
0.7, U −V > 1.3, and V −J < 1.5, 5885 quiescent galaxies are
identified and they are excluded from the bulk of this analysis.
The sample of 22,816 star-forming galaxies at 0 < z < 2.5 is
selected independent of the SFR indicator and stellar population
synthesis model parameters, enabling an unbiased measurement
of the star formation sequence.

3. THE STAR FORMATION SEQUENCE

Complementary to many previous studies, Figure 1 shows the
star formation sequence, log(M⋆)–log(SFR), in five redshift bins
out to z = 2.5. The gray scale represents the density of points
for star-forming galaxies selected in Section 2, with the running
median and biweight scatter color-coded by redshift. The mass-
completeness limits are estimated from the 90% point-source
completeness limits derived from the unmasked simulations by
Whitaker et al. (2011). The SFR completeness limits correspond
to the 3σ 24 µm detection limit (17.6 µJy) at the highest redshift
of each bin. 15,502 galaxies at 0 < z < 2.5 are significantly
detected at 24 µm (>3σ ), a factor of 12 larger than the Wuyts
et al. (2011a) sample. All 24 µm detections <1σ are replaced
with the 1σ upper limit, resulting in a flattened tail of the
log(SFR)–log(M⋆) relation at low M⋆, where the samples are
incomplete.

3.1. Quantifying the Star Formation Sequence

The running medians and dispersions are measured for all
star-forming galaxies, and those above the mass and SFR
completeness limits are indicated with filled symbols in Figure 1

2

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

Whitaker+12; see also Elbaz+07,+11, Zahid+12, Kashino+13,  
Koyama+13, Whitaker+14, Steinhardt+14, Suzuki+15, and more.

Discussion: Star formation main sequence
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Figure 8. Several of our “consensus” MS relations taken from our best fit to observations from the literature (see Section 5.1) plotted at several given redshifts. The
widths of the distributions are taken to be the “true” scatters (±0.2 dex) rather than the likely observed scatters (∼0.3 dex) for improved clarity, and the mass bounds
are taken directly from the fit. The changing MS slope and ∼2 orders of magnitude evolution in SFR at fixed mass from z = 4 to 0 are easily visible. As the first and
last 2 Gyr of data are not included in the fit, the z = 0 and z = 4 slopes should be viewed as predictions of high-/low-z MS relations rather than simply best fits to
data available at those redshifts (which would tend to fit well by default).
(A color version of this figure is available in the online journal.)

ODRpack), which take into account the true scatter derived for
each of the observations as well as the interpublication scatter
(σi). The second is from bootstrapping (via resampling), where
for each trial we randomly adjusting the upper and lower bounds
of each observation by up to ±0.2 dex (equivalent to the bin
width for some of our stacked data, the true scatter, and a
conservative overestimate of our rounding procedure), re-fit,
and take the 1σ deviation around the median after 100 runs. We
find that our functional form for the MS is robust to possible
errors on the reported log M∗ ranges, with resampled errors
only ≈50% larger than the formal fitting uncertainties.29 To be
conservative, we report these higher errors.

5. RESULTS

5.1. The Evolution of the Galaxy “Main Sequence”

Our results for both our time- and redshift-dependent fits
given a variety of (sub)samples and fitting assumptions are listed
in Tables 7 and 8, respectively. We discuss the details behind
the various fitting assumptions and how they impact our analysis
in Appendix F. Our best fits and their comparisons to previous
results in the literature are discussed below.

Based on arguments in Section 3.3.2 and Appendix F (also
see Table 2), we limit our “best” results to mixed data converted
to our common calibration after we have removed data from our
“time edges.” We require our best MS fit to include a moderate
threshold on the number of data points included in each mass
bin (Nbin = 15), where we have included enough data points
to avoid over-biasing toward individual studies (e.g., S09/O10
at lower/higher mass), but not so much that we eliminate a
large portion of the available mass range and lose some of the

29 Using more runs (e.g., 500) gave consistent error estimates, so this effect is
not due to extra variation caused by too few trials.

flexibility of our mass-dependent parameterization. Our best MS
fit is

log ψ(M∗, t) = (0.84 ± 0.02 − 0.026 ± 0.003 × t) log M∗

− (6.51 ± 0.24 − 0.11 ± 0.03 × t) , (28)

where the listed errors are derived from resampling.
The interpublication scatter around this fit is σi =

(0.08, 0.09, 0.11) dex, for the minimum, median, and maximum
values within the fitted mass range log M∗ = 9.7–11.1, respec-
tively. This encompasses a majority of the age of the universe
(z ∼ 0.25–2.75), and provides good fits to the observed SFRs
all the way out z ∼ 5 (see Figure 4). For convenience, we also
plot the related best-fit MS relations at several fixed redshifts in
Figure 8.

We note that our best fit provides good fits to the data out to
z ∼ 5 (St14); we might, however, opt to include all high-z data
to try and better constrain the fit. If we re-include data from the
first 2 Gyr of the universe in our fit, we instead get

log ψ(M∗, t) = (0.80 ± 0.02 − 0.022 ± 0.003 × t) log M∗

− (6.09 ± 0.23 − 0.07 ± 0.03 × t) , (29)

consistent with our earlier fit. In addition to incorporating high-
z data, we might also choose to see how the varies if we do
not include our empirically derived (and more tentative) CR
calibration offsets. Once these are removed, our best fit is instead

log ψ(M∗, t) = (0.96 ± 0.05 − 0.045 ± 0.006 × t) log M∗

− (7.41 ± 0.48 − 0.27 ± 0.06 × t) , (30)

with a slightly higher median interpublication scatter of σi =
0.14 dex. As expected, the fit exhibits stronger time evolution,
and has slightly larger errors due to the larger interpublication
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Figure 8. Several of our “consensus” MS relations taken from our best fit to observations from the literature (see Section 5.1) plotted at several given redshifts. The
widths of the distributions are taken to be the “true” scatters (±0.2 dex) rather than the likely observed scatters (∼0.3 dex) for improved clarity, and the mass bounds
are taken directly from the fit. The changing MS slope and ∼2 orders of magnitude evolution in SFR at fixed mass from z = 4 to 0 are easily visible. As the first and
last 2 Gyr of data are not included in the fit, the z = 0 and z = 4 slopes should be viewed as predictions of high-/low-z MS relations rather than simply best fits to
data available at those redshifts (which would tend to fit well by default).
(A color version of this figure is available in the online journal.)

ODRpack), which take into account the true scatter derived for
each of the observations as well as the interpublication scatter
(σi). The second is from bootstrapping (via resampling), where
for each trial we randomly adjusting the upper and lower bounds
of each observation by up to ±0.2 dex (equivalent to the bin
width for some of our stacked data, the true scatter, and a
conservative overestimate of our rounding procedure), re-fit,
and take the 1σ deviation around the median after 100 runs. We
find that our functional form for the MS is robust to possible
errors on the reported log M∗ ranges, with resampled errors
only ≈50% larger than the formal fitting uncertainties.29 To be
conservative, we report these higher errors.

5. RESULTS

5.1. The Evolution of the Galaxy “Main Sequence”

Our results for both our time- and redshift-dependent fits
given a variety of (sub)samples and fitting assumptions are listed
in Tables 7 and 8, respectively. We discuss the details behind
the various fitting assumptions and how they impact our analysis
in Appendix F. Our best fits and their comparisons to previous
results in the literature are discussed below.

Based on arguments in Section 3.3.2 and Appendix F (also
see Table 2), we limit our “best” results to mixed data converted
to our common calibration after we have removed data from our
“time edges.” We require our best MS fit to include a moderate
threshold on the number of data points included in each mass
bin (Nbin = 15), where we have included enough data points
to avoid over-biasing toward individual studies (e.g., S09/O10
at lower/higher mass), but not so much that we eliminate a
large portion of the available mass range and lose some of the

29 Using more runs (e.g., 500) gave consistent error estimates, so this effect is
not due to extra variation caused by too few trials.

flexibility of our mass-dependent parameterization. Our best MS
fit is

log ψ(M∗, t) = (0.84 ± 0.02 − 0.026 ± 0.003 × t) log M∗

− (6.51 ± 0.24 − 0.11 ± 0.03 × t) , (28)

where the listed errors are derived from resampling.
The interpublication scatter around this fit is σi =

(0.08, 0.09, 0.11) dex, for the minimum, median, and maximum
values within the fitted mass range log M∗ = 9.7–11.1, respec-
tively. This encompasses a majority of the age of the universe
(z ∼ 0.25–2.75), and provides good fits to the observed SFRs
all the way out z ∼ 5 (see Figure 4). For convenience, we also
plot the related best-fit MS relations at several fixed redshifts in
Figure 8.

We note that our best fit provides good fits to the data out to
z ∼ 5 (St14); we might, however, opt to include all high-z data
to try and better constrain the fit. If we re-include data from the
first 2 Gyr of the universe in our fit, we instead get

log ψ(M∗, t) = (0.80 ± 0.02 − 0.022 ± 0.003 × t) log M∗

− (6.09 ± 0.23 − 0.07 ± 0.03 × t) , (29)

consistent with our earlier fit. In addition to incorporating high-
z data, we might also choose to see how the varies if we do
not include our empirically derived (and more tentative) CR
calibration offsets. Once these are removed, our best fit is instead

log ψ(M∗, t) = (0.96 ± 0.05 − 0.045 ± 0.006 × t) log M∗

− (7.41 ± 0.48 − 0.27 ± 0.06 × t) , (30)

with a slightly higher median interpublication scatter of σi =
0.14 dex. As expected, the fit exhibits stronger time evolution,
and has slightly larger errors due to the larger interpublication

32



MWs

-Solid, dashed lines: SFMS, with scatter (gray) 
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Discussion: Star formation main sequence

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?

MWs of Illustris
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Discussion: Variety in the radial profile

-­‐ Variety of light profile = “Morphological variety” 
-­‐ Scatter around the median.
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Discussion: Variety in the radial profile -MGs

-­‐ The outer parts of MWs show 
variety at z>1.0, and decrease 
at z<1.0. 

-­‐ Star formation activity in the 
outer part and quenching?

Milky-Way-Like and Massive-Galaxy Progenitors at 0.5 < z < 3.0 13

Fig. 10a.— Evolutions of rest-frame UV J colors for MWs (left) and MGs (right). The symbols represent the integrated colors of the
inner region (r  2.5 kpc, green circles) and outer region (2.5 < r < 10 kpc, yellow triangles) at each redshift, from the bottom left (z ⇠ 2.8)
to the top right (z ⇠ 0.7). The bar represents the typical error, which is estimated in Section 5.2, for each redshift. The boundary with
the dashed lines and hatched region are same as for Fig. 8. The e↵ect of dust attenuation (�A

V

= 1.0 mag) is shown with an arrow.

Fig. 10b.— Top: evolution of the rest-frame U � V colors of the inner (r < 2.5 kpc; green circles) and outer (2.5 < r < 10 kpc; yellow
triangles) regions of MWs (left) and MGs (right). The error bar represents the typical error for U�V at each redshift. The hatched quench
region is set with (U � V ) > 1.35 mag based on Fig. 10a. The data points which locate out of the quiescent hatched region in Fig. 10a
within the error, whereas (U � V ) > 1.35 mag are shown with open symbols to distinguish them from the quenched sample. The model
predictions of U � V color (thin lines) are depicted with the best-fit SED profiles at each redshift and the population synthesis model of
GALAXEV, to see when each region becomes “unusually” red or quenched. Bottom: Comparison of the observed and model U � V colors
at each redshift, where we define �(U � V ) ⌘ (U � V )

obs

� (U � V )
model

. The errors are estimated in the same manner for the top panel.
We see the excess of (U � V )

obs

in the inner regions (r < 2.5 kpc) at z ⇠ 1.6 and z ⇠ 2.8 for MWs and MGs, respectively, but no excess
are seen in the outer regions for either sample.

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

�
norm,x

=
1

S
x

xX

i

|fi,median

� f
i,obs

f
i,median

|, (8)

where we set x < 2.5 kpc and 2.5 < x < 10 kpc in the
following to see the radial dependence of the variety. S

x

is the total pixel within the range of x. In Fig. 12 we
show the distribution of �

norm,x

for each redshift bin.
Then we evaluate the dispersion, �, around the mean of
the distribution, which is given in each panel. Since the
scatter of background noise for each light profile could
a↵ect the quantity, we calculate the error for � by as-

suming the maximum deviation from the best-fit value.
The results do not change in other filter bands, as long as
the rest-frame V - or longer wavelength bands are used.
The evolution of � over the redshift range is shown

in Fig. 13. In the figure, we see that both populations
have their own characteristic morphological variety. The
error bars include both of the photometric error and the
scatter of background noise. For MWs, � of the bulge
peaks around z ⇠ 2, and moderately decreases toward
the lower redshift, whereas at the outer part � remains
large (⇠ 0.6). This di↵erence suggests that the bulge of
MWs has formed at z > 2, while star-formation at the
outer part has continued rather randomly over the entire
redshift. This might lead us to an understanding of the

-­‐ Both parts of MGs rapidly 
decrease the variety. 

-­‐ We scarcely see the variety at 
z~0.5.
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Summary:

MWs MGs

Mass growth 7% of MW(z~0) at 
z~3 

“Self-similar” 29% of MW(z~0) at 
z~3 

“Inside-out”

Mechanism Normal star 
formation?

Need accurate 
SFR maps.

Rapid bulge 
formation, and then 
minor merger.

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

Inner-to-outer. Central part at z>2.4.
(Whole at z~2.0.)

Variety Outer parts still 
show various 
profiles.

Star formation in 
the outer part?

Rapidly decrease 
since z~2.0.

Now show 
“Homogeneity.” 

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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宇宙初期銀河分析装置

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
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
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
せる多天体補償光学系です。その概念図です。
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