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

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

3.2. Evolution of Surface Density Profiles

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

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

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

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

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M$)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.
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Figure 6. (a) Stellar mass surface density profiles of galaxies selected at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3 for different redshifts. At a
given redshift, light profiles were derived for each galaxy in the 0.3 dex mass bin based on the best fitting Sérsic index and effective radius. These light profiles were
then normalized to the stellar mass of each galaxy and then median combined. The dotted portion of each profile indicates where the bootstrapped uncertainty of the
median is greater than 20%. The gray shaded region extends to the radius that corresponds to the maximum PSF FWHM/2 for the full sample (occurs at z = 1.76).
(b) Cumulative stellar mass at a given radius relative to the total mass within r < 100 kpc for a galaxy at z ∼ 0. The mass profiles overlap at small radii suggesting
very little mass growth in the inner parts of a galaxy at nc, while at larger radii there appears to be a substantial buildup of mass with cosmic time.
(A color version of this figure is available in the online journal.)

stellar mass of each galaxy. Note that this conversion neglects
radial gradients in the mass-to-light ratio. For a given redshift
bin, the median of the mass profiles was computed at each radius
resulting in the profiles shown in Figure 6(a). The uncertainty in
the median of the mass profile at a given radius was computed by
bootstrapping the sample. We note that one-dimensional Sérsic
fits to these median profiles recover the Sérsic index and half-
light radius to within ∼10% of the median values reported in
Table 1.

A naive interpretation of Figure 4(b) would be that the bulges
of galaxies grow in time given the increase in the Sérsic index,
a crude proxy for the bulge-to-disk ratio (e.g., Lackner & Gunn
2012). However, the mass profiles in Figure 6(a) generally
overlap at small radii and diverge at large radii, suggesting a
buildup of mass in the outer parts of the galaxy with time.
Figure 6(b) shows the cumulative proportion of mass assembled
at different radii relative to the total mass within r < 100 kpc
of the median galaxy at z = 0.06. Roughly ∼50% of the total
mass of the galaxy is assembled within r < 7 kpc at z = 0.06,
as expected given that re ∼ 7 kpc at that redshift. At z ∼ 2.25,
the assembled mass within r < 7 kpc is ∼40% of the total mass
at z = 0.06 indicating that much of the mass within r < 7 kpc
was already in place ∼10 Gyr ago. Note that the small sample
in the 1 < z < 1.5 bin likely leads to this curve falling slightly
above the 0 < z < 1 data at r < 10 kpc.

In Figure 7, we compare the mass growth between the central
and outer regions of galaxies selected at nc = 1.4×10−4 Mpc−3.
The total stellar mass as a function of redshift is shown by the
black line, while the projected mass inside and outside of r = 2
kpc is given by the red and blue lines, respectively. These values
are determined by integrating Equation (5) as follows:

M(rin < r < rout) =
∫ rout

rin

Σ(r)2πrdr, (6)

where rin and rout are the inner and outer radii enclosing the
mass, M. For the central regions (rin = 0 kpc, rout = 2 kpc), the
stellar mass appears to grow from z ∼ 3 to z ∼ 2 but then levels
off around ∼1010.5–10.6 M$. In contrast, in the outer regions

Figure 7. Projected stellar mass for different radial regions of galaxies selected
at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3. At small
radii (r < 2 kpc, red line), most of the stellar mass was in place by z ∼ 2. At
larger radii (r > 2 kpc, blue line), there has been a substantial buildup of mass,
fueling the overall mass growth of the galaxy.
(A color version of this figure is available in the online journal.)

(rin = 2 kpc, rout = 100 kpc) mass continues to build up over
the entire redshift range studied, growing by a factor of ∼3. The
stellar mass that has been added to the outer parts of galaxies
over time is therefore the dominant source of assembled mass,
as the central parts appear to have been assembled by z ∼ 2.
Increasing the value of rin so as to avoid the central regions of
the Sérsic fit (e.g., rin = 1 kpc), which can be less secure, does
not qualitatively impact the latter result. The results above are in
qualitative agreement with those of van Dokkum et al. (2010).

An alternative projection of Figure 7 is shown in Figure 8.
This figure shows the radius enclosing a given stellar mass
as a function of redshift (analogous to Figure 1 in Diemand
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log M* ~10.7 (MW-like) at z=0
(van Dokkum+13)

log M* ~11.2 at z=0
(Patel+13)

constant number density method (Leja+13) :　
z=2で上からn番目に重い銀河は、z=0でも上からn番目に重い銀河となる
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Figure1.(a)Stellarmassdensityoftheuniverseasafunctionofgalaxymass,asdeterminedfromtheSDSS-GALEXz=0.1massfunctionofMoustakasetal.
(2013).(b)Evolutionofthecumulativegalaxymassfunctionfromz=0.1toz=3.5(SDSS-GALEXandMarchesinietal.2009).Thehorizontallineindicatesa
constantcumulativecomovingnumberdensityof1.1×10−3Mpc−3.(c)Massevolutionataconstantnumberdensityof1.1×10−3Mpc−3.
(Acolorversionofthisfigureisavailableintheonlinejournal.)

galaxiesathighredshiftthathavethesamerankorderasthe
MilkyWaydoesatz=0.Theimplicitassumptionisthatrank
orderisconservedthroughcosmictime,orthatprocessesthat
breaktherankorderdonothaveastrongeffectontheaverage
measuredproperties.AsshowninLejaetal.(2013),themethod
recoversthetruemassevolutionofgalaxiesremarkablywellin
simulationsthatincludemerging,quenching,andscatterinthe
growthratesofgalaxies.

Thepresent-daystellarmassoftheMilkyWayisapproxi-
mately5×1010M#(Flynnetal.2006;McMillan2011).Using
theSDSS-GALEXstellargalaxymassfunctionofMoustakas
etal.(2013),wefindthatgalaxieswithmasses>5×1010M#
haveanumberdensityof1.1×10−3Mpc−3.Wethentrace
theprogenitorsofthesegalaxiesbyidentifying,ateachred-
shift,themassforwhichthecumulativenumberdensityis
1.1×10−3Mpc−3(seeFigure1(b)).WeusedtheMarchesini
etal.(2009)massfunctionsastheyarecompleteintherelevant
massandredshiftrange;weverifiedthattheresultsaresimilar
whenothermassfunctionsareused(Ilbertetal.2013;Muzzin
etal.2013).

Thestellarmassevolutionforgalaxieswiththerankorder
oftheMilkyWayisshowninFigure1(c).Theevolutionis
rapidfromz∼2.5toz∼1andrelativelyslowafterward.We
thereforeapproximatetheevolutionwithaquadraticfunction

oftheform

log(MMW)=10.7−0.045z−0.13z2.(1)

Basedonthevariationbetweenmassfunctionsofdifferent
authors,andtheresultsofLejaetal.(2013),weestimatethat
theuncertaintyintheevolutionouttoz∼2.5isapproximately
0.2dex.11Morethanhalfofthepresent-daymasswasassembled
inthe3Gyrperiodbetweenz=2.5andz=1,andasweshow
laterthemassgrowthislikelydominatedbystarformationat
allredshifts.Themassevolutionissignificantlyfasterthanthat
ofmoremassivegalaxies(vanDokkumetal.2010;Pateletal.
2013),consistentwithrecentresultsofMuzzinetal.(2013).

3.MILKYWAYPROGENITORSFROMz=0TOz=2.5

3.1.Rest-frameImages

Havingdeterminedthestellarmassevolutionwithredshift,
wecannowselectgalaxiesinmassbinscenteredonthis
evolvingmassandstudyhowtheirpropertieschanged.We
selectedgalaxiesinGOODS-NorthandGOODS-Southas

11Weverifiedthatchangingtheevolutiondoesnotaffectthekeyresultsof
thisLetter.
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Figure 1. (a) Cumulative number density of galaxies at a given stellar mass for different redshifts, derived from the mass functions of Marchesini et al. (2009). At
a fixed cumulative number density of nc = 1.4 × 10−4 Mpc−3 (dashed black line) we determine the corresponding stellar mass for a given redshift bin (dotted
vertical lines). (b) Stellar mass vs. redshift for galaxies selected at nc = 1.4 × 10−4 Mpc−3. The solid curve represents a second-order polynomial fit and is given
by Equation (2). A galaxy with a stellar mass of M ≈ 5 × 1010 M$ at z = 2.75 grows by a factor of ∼3 in mass by z = 0.375. For a given redshift, we study the
structural properties of galaxies at nc = 1.4 × 10−4 Mpc−3 by selecting objects in a narrow mass bin around the predicted stellar mass from Equation (2).
(A color version of this figure is available in the online journal.)

The scatter about this relation is only σ = 0.0046 dex, sug-
gesting that this parameterization is adequate for the redshift
range studied here. Note that this scatter does not reflect the
systematic uncertainty in measuring stellar masses of galaxies
at high redshift, which can be substantial (e.g., Marchesini et al.
2009). Poisson uncertainties in the Schechter parameters com-
puted by Marchesini et al. (2009) propagate into an uncertainty
in the derived stellar mass in Equation (2) at a given redshift of
∼0.10 dex. For the high-mass end at lower redshifts (z ! 1.5),
where cosmic variance is likely an important factor, an addi-
tional uncertainty of up to ∼0.10 dex may be warranted. For
a given redshift, we study the properties of galaxies within a
bin of size ∼0.3 dex in stellar mass centered on the predicted
mass from Equation (2). The actual boundaries of the bin are
adjusted such that the median mass is close to the value given
by Equation (2). Given the steepness of the mass function, in
practice this results in selecting galaxies at (log Mnc/M$)+0.15

−0.1 .
The bin size is broad enough to allow for robust measurements
of median structural parameters. Given the narrow redshift and
mass bins employed, scattering of galaxies into and out of the
sample due to photometric uncertainties is unavoidable and is
a larger effect at higher redshifts (e.g., z > 2) where Monte
Carlo simulations of the photometry suggest uncertainties in
the redshifts of σz/(1 + z) ∼ 0.08 and in the stellar masses of
∼0.17 dex. As a consequence, within a given redshift and mass
bin at z > 2, just under half of the original sample is recovered
in our simulations while the remainder is made up of galaxies
near the bin boundaries and therefore displays similar proper-
ties to that of the original sample. In order to avoid confusion,
we emphasize that at a given redshift we are not selecting all
galaxies with masses above the mass limit implied by the given
value of nc, but instead, we are selecting galaxies in a narrow
mass bin at the mass determined by nc.

Equation (2) indicates that galaxies at nc = 1.4×10−4 Mpc−3

grow by a factor of ∼3 from z = 2.75 to z ∼ 0, resulting in a
galaxy at low redshift with a stellar mass of M ∼ 1.5×1011 M$
(i.e., ∼2 M"). From z = 2 to z = 0.1, Equation (2) predicts
that the stellar mass grows by a factor of ∼2, which is similar
to what is found in van Dokkum et al. (2010). We note that

the stellar mass growth inferred from our purely observational
motivated method (Equation (2)) is less than what is predicted
from abundance matching techniques (e.g., Conroy & Wechsler
2009), though the latter analysis is quite uncertain at z > 1.
More recent efforts that combine dark matter merger trees with
observational constraints indicate similar mass growth to what
is found here at z < 3 (Behroozi et al. 2012). At z ∼ 0, the latter
work indicates that a ∼2 M" galaxy occupies a dark matter halo
of mass M ∼ 4 × 1013 M$, which is typical of galaxy groups.

Both van Dokkum et al. (2010) and Papovich et al. (2011)
show with simulations that in selecting galaxies at a fixed
number density, the completeness fraction declines with cosmic
time, meaning that some of the objects selected in a given
number density bin at high redshift are no longer found in that
bin at lower redshift. Contaminants from other number density
bins also enter the sample. However, most of the contaminants
scatter in from neighboring bins and likely display properties
that are very similar to those of galaxies in the number density
bin of interest.

Finally, we note that although we use mass functions from
Marchesini et al. (2009), which are based on different data from
what is employed here, we arrive at qualitative and quantitative
conclusions that are quite similar to what was found in van
Dokkum et al. (2010). This suggests the systematic uncertainties
as a result of this choice are minimal.

4.2. Star Formation Properties

We first examine how the star formation properties of galax-
ies have evolved since z ∼ 3. As is well known, galaxies can be
classified in two distinct categories: star forming and quiescent,
at least out to z ∼ 3 (Whitaker et al. 2011). Figure 2 shows
the rest-frame U − V versus V − J colors of galaxies in different
redshift bins selected at nc = 1.4 × 10−4 Mpc−3. This UVJ
diagram is commonly used to separate QGs from SFGs (see,
e.g., Labbé et al. 2006; Wuyts et al. 2007; Williams et al. 2009;
Patel et al. 2011, 2012). It is preferred over a color–magnitude
or a color–mass selection because of its ability to separate red
galaxies that are quiescent from reddened SFGs. Shown in each
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Figure 3. Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame g-band images in each redshift bin. The horizontal axis
is linear in (a) and logarithmic in (b). The galaxy image is randomly chosen from our SDSS sample to illustrate the radial extent of the profiles. The main evolution
is in normalization, which is determined by MMW(z) (Equation (1)). The profile shapes are very similar from z ∼ 2.5 to z ∼ 1, which implies that the galaxies are
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to build up.
(A color version of this figure is available in the online journal.)

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

3.2. Evolution of Surface Density Profiles

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

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

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

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

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M$)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.
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Figure 6. (a) Stellar mass surface density profiles of galaxies selected at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3 for different redshifts. At a
given redshift, light profiles were derived for each galaxy in the 0.3 dex mass bin based on the best fitting Sérsic index and effective radius. These light profiles were
then normalized to the stellar mass of each galaxy and then median combined. The dotted portion of each profile indicates where the bootstrapped uncertainty of the
median is greater than 20%. The gray shaded region extends to the radius that corresponds to the maximum PSF FWHM/2 for the full sample (occurs at z = 1.76).
(b) Cumulative stellar mass at a given radius relative to the total mass within r < 100 kpc for a galaxy at z ∼ 0. The mass profiles overlap at small radii suggesting
very little mass growth in the inner parts of a galaxy at nc, while at larger radii there appears to be a substantial buildup of mass with cosmic time.
(A color version of this figure is available in the online journal.)

stellar mass of each galaxy. Note that this conversion neglects
radial gradients in the mass-to-light ratio. For a given redshift
bin, the median of the mass profiles was computed at each radius
resulting in the profiles shown in Figure 6(a). The uncertainty in
the median of the mass profile at a given radius was computed by
bootstrapping the sample. We note that one-dimensional Sérsic
fits to these median profiles recover the Sérsic index and half-
light radius to within ∼10% of the median values reported in
Table 1.

A naive interpretation of Figure 4(b) would be that the bulges
of galaxies grow in time given the increase in the Sérsic index,
a crude proxy for the bulge-to-disk ratio (e.g., Lackner & Gunn
2012). However, the mass profiles in Figure 6(a) generally
overlap at small radii and diverge at large radii, suggesting a
buildup of mass in the outer parts of the galaxy with time.
Figure 6(b) shows the cumulative proportion of mass assembled
at different radii relative to the total mass within r < 100 kpc
of the median galaxy at z = 0.06. Roughly ∼50% of the total
mass of the galaxy is assembled within r < 7 kpc at z = 0.06,
as expected given that re ∼ 7 kpc at that redshift. At z ∼ 2.25,
the assembled mass within r < 7 kpc is ∼40% of the total mass
at z = 0.06 indicating that much of the mass within r < 7 kpc
was already in place ∼10 Gyr ago. Note that the small sample
in the 1 < z < 1.5 bin likely leads to this curve falling slightly
above the 0 < z < 1 data at r < 10 kpc.

In Figure 7, we compare the mass growth between the central
and outer regions of galaxies selected at nc = 1.4×10−4 Mpc−3.
The total stellar mass as a function of redshift is shown by the
black line, while the projected mass inside and outside of r = 2
kpc is given by the red and blue lines, respectively. These values
are determined by integrating Equation (5) as follows:

M(rin < r < rout) =
∫ rout

rin

Σ(r)2πrdr, (6)

where rin and rout are the inner and outer radii enclosing the
mass, M. For the central regions (rin = 0 kpc, rout = 2 kpc), the
stellar mass appears to grow from z ∼ 3 to z ∼ 2 but then levels
off around ∼1010.5–10.6 M$. In contrast, in the outer regions

Figure 7. Projected stellar mass for different radial regions of galaxies selected
at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3. At small
radii (r < 2 kpc, red line), most of the stellar mass was in place by z ∼ 2. At
larger radii (r > 2 kpc, blue line), there has been a substantial buildup of mass,
fueling the overall mass growth of the galaxy.
(A color version of this figure is available in the online journal.)

(rin = 2 kpc, rout = 100 kpc) mass continues to build up over
the entire redshift range studied, growing by a factor of ∼3. The
stellar mass that has been added to the outer parts of galaxies
over time is therefore the dominant source of assembled mass,
as the central parts appear to have been assembled by z ∼ 2.
Increasing the value of rin so as to avoid the central regions of
the Sérsic fit (e.g., rin = 1 kpc), which can be less secure, does
not qualitatively impact the latter result. The results above are in
qualitative agreement with those of van Dokkum et al. (2010).

An alternative projection of Figure 7 is shown in Figure 8.
This figure shows the radius enclosing a given stellar mass
as a function of redshift (analogous to Figure 1 in Diemand
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log M*=11.2の結果の解釈：
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Figure 3. Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame g-band images in each redshift bin. The horizontal axis
is linear in (a) and logarithmic in (b). The galaxy image is randomly chosen from our SDSS sample to illustrate the radial extent of the profiles. The main evolution
is in normalization, which is determined by MMW(z) (Equation (1)). The profile shapes are very similar from z ∼ 2.5 to z ∼ 1, which implies that the galaxies are
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to build up.
(A color version of this figure is available in the online journal.)

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

3.2. Evolution of Surface Density Profiles

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

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

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

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

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M$)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.
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Figure 6. (a) Stellar mass surface density profiles of galaxies selected at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3 for different redshifts. At a
given redshift, light profiles were derived for each galaxy in the 0.3 dex mass bin based on the best fitting Sérsic index and effective radius. These light profiles were
then normalized to the stellar mass of each galaxy and then median combined. The dotted portion of each profile indicates where the bootstrapped uncertainty of the
median is greater than 20%. The gray shaded region extends to the radius that corresponds to the maximum PSF FWHM/2 for the full sample (occurs at z = 1.76).
(b) Cumulative stellar mass at a given radius relative to the total mass within r < 100 kpc for a galaxy at z ∼ 0. The mass profiles overlap at small radii suggesting
very little mass growth in the inner parts of a galaxy at nc, while at larger radii there appears to be a substantial buildup of mass with cosmic time.
(A color version of this figure is available in the online journal.)

stellar mass of each galaxy. Note that this conversion neglects
radial gradients in the mass-to-light ratio. For a given redshift
bin, the median of the mass profiles was computed at each radius
resulting in the profiles shown in Figure 6(a). The uncertainty in
the median of the mass profile at a given radius was computed by
bootstrapping the sample. We note that one-dimensional Sérsic
fits to these median profiles recover the Sérsic index and half-
light radius to within ∼10% of the median values reported in
Table 1.

A naive interpretation of Figure 4(b) would be that the bulges
of galaxies grow in time given the increase in the Sérsic index,
a crude proxy for the bulge-to-disk ratio (e.g., Lackner & Gunn
2012). However, the mass profiles in Figure 6(a) generally
overlap at small radii and diverge at large radii, suggesting a
buildup of mass in the outer parts of the galaxy with time.
Figure 6(b) shows the cumulative proportion of mass assembled
at different radii relative to the total mass within r < 100 kpc
of the median galaxy at z = 0.06. Roughly ∼50% of the total
mass of the galaxy is assembled within r < 7 kpc at z = 0.06,
as expected given that re ∼ 7 kpc at that redshift. At z ∼ 2.25,
the assembled mass within r < 7 kpc is ∼40% of the total mass
at z = 0.06 indicating that much of the mass within r < 7 kpc
was already in place ∼10 Gyr ago. Note that the small sample
in the 1 < z < 1.5 bin likely leads to this curve falling slightly
above the 0 < z < 1 data at r < 10 kpc.

In Figure 7, we compare the mass growth between the central
and outer regions of galaxies selected at nc = 1.4×10−4 Mpc−3.
The total stellar mass as a function of redshift is shown by the
black line, while the projected mass inside and outside of r = 2
kpc is given by the red and blue lines, respectively. These values
are determined by integrating Equation (5) as follows:

M(rin < r < rout) =
∫ rout

rin

Σ(r)2πrdr, (6)

where rin and rout are the inner and outer radii enclosing the
mass, M. For the central regions (rin = 0 kpc, rout = 2 kpc), the
stellar mass appears to grow from z ∼ 3 to z ∼ 2 but then levels
off around ∼1010.5–10.6 M$. In contrast, in the outer regions

Figure 7. Projected stellar mass for different radial regions of galaxies selected
at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3. At small
radii (r < 2 kpc, red line), most of the stellar mass was in place by z ∼ 2. At
larger radii (r > 2 kpc, blue line), there has been a substantial buildup of mass,
fueling the overall mass growth of the galaxy.
(A color version of this figure is available in the online journal.)

(rin = 2 kpc, rout = 100 kpc) mass continues to build up over
the entire redshift range studied, growing by a factor of ∼3. The
stellar mass that has been added to the outer parts of galaxies
over time is therefore the dominant source of assembled mass,
as the central parts appear to have been assembled by z ∼ 2.
Increasing the value of rin so as to avoid the central regions of
the Sérsic fit (e.g., rin = 1 kpc), which can be less secure, does
not qualitatively impact the latter result. The results above are in
qualitative agreement with those of van Dokkum et al. (2010).

An alternative projection of Figure 7 is shown in Figure 8.
This figure shows the radius enclosing a given stellar mass
as a function of redshift (analogous to Figure 1 in Diemand
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log M* ~10.7 (MW-like)
(van Dokkum+13)

log M* ~11.2
(Patel+13)

log M*=10.7の結果の解釈：
z~1までバルジ成分はディスク成分と共に成長している。物理過程としてはbar 
instabilityやclump migrationが考えられるが、まだよくわかっていない。

1. 銀河の形態進化

銀河中心からの距離 [kpc] 銀河中心からの距離 [kpc]

星
質
量
表
面
密
度

星
質
量
表
面
密
度



明らかに異なる進化経路を辿っている。
z=1-2.5の銀河で何が起こっているのか？
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Figure 5. Effective radius and Sérsic index as a function of redshift and mass, for Milky Way progenitors (blue) and more massive galaxies (red, taken from Patel
et al. 2013). Galaxies like the Milky Way have undergone much less structural evolution than the giant elliptical galaxies that populate the high-mass end of the mass
function.
(A color version of this figure is available in the online journal.)

of examples. Wuyts et al. (2011) and Nelson et al. (2013) find
that star formation at high redshift typically occurs in disks.
Nelson et al. (2012) find that galaxies begin to build inside out
at z ∼ 1. As noted in Section 1, Genzel et al. (2008), Förster
Schreiber et al. (2011), and others have identified thick, clumpy
star-forming disks at z ∼ 2. Finally, the inferred star formation
history (Equation (2)) is broadly consistent with results from
other methods (e.g., Yang et al. 2012; Behroozi et al. 2013).

It is tempting to compare our results directly to known
properties of the Milky Way itself; e.g., Equation (2) implies
a z = 0 SFR of ∼1 M" yr−1, in reasonably good agreement
with that of the Milky Way (Robitaille & Whitney 2010). We
note, however, that the Milky Way has a relatively low bulge-to-
disk ratio for its mass (e.g., McMillan 2011). Furthermore, the
Milky Way, like any other galaxy, has had a unique history and
it is fundamentally hazardous to apply the statistical analysis of
samples of distant galaxies to an individual nearby galaxy (see,
e.g., Figure 1 of Leja et al. 2013).

As noted in previous sections, the formation process of
galaxies with log M ≈ 10.7 appears to be very different
from that of more massive galaxies. Massive galaxies formed
exclusively inside out since z ∼ 2, with their extended wings
assembling after formation of a compact core at earlier times.
It will be interesting to see if galaxy formation models can
reproduce both types of behavior seen in Figure 5; e.g., it may
be that (minor) mergers lead to growth at large radii whereas
gas accretion leads to more uniform growth.

This study can be extended and improved in many ways. Most
importantly, we have largely ignored systematic uncertainties in
our analysis. Among the uncertainties are the low-mass end of
the mass function at z > 2 (see, e.g., Reddy & Steidel 2009),
possible errors in the number density selection technique (Leja
et al. 2013), systematic errors in redshifts and/or masses in the
3D-HST v2.1 catalogs, and the conversion of light-weighted
to mass-weighted profiles. We have also ignored the spread in
galaxy properties at fixed mass (see, e.g., Baldry et al. 2006,
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SWIMS 18 survey (NB) in CANDELS field

SWIMS FoV
(Subaru)
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z population
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1.5 Hα, [OIII] emitter
2.3 Hα, [OIII] emitter

cleanな星形成銀河サンプルのみを使って、
銀河の形態進化を調べる



log M* ~10.7 (MW-like) at z=0
(van Dokkum+13)

z=2.5   : logM*=9.6
z=1.65 : logM*=10.3
z=0.1   : logM*=110.7 

TheAstrophysicalJournalLetters,771:L35(7pp),2013July10vanDokkumetal.

Figure1.(a)Stellarmassdensityoftheuniverseasafunctionofgalaxymass,asdeterminedfromtheSDSS-GALEXz=0.1massfunctionofMoustakasetal.
(2013).(b)Evolutionofthecumulativegalaxymassfunctionfromz=0.1toz=3.5(SDSS-GALEXandMarchesinietal.2009).Thehorizontallineindicatesa
constantcumulativecomovingnumberdensityof1.1×10−3Mpc−3.(c)Massevolutionataconstantnumberdensityof1.1×10−3Mpc−3.
(Acolorversionofthisfigureisavailableintheonlinejournal.)

galaxiesathighredshiftthathavethesamerankorderasthe
MilkyWaydoesatz=0.Theimplicitassumptionisthatrank
orderisconservedthroughcosmictime,orthatprocessesthat
breaktherankorderdonothaveastrongeffectontheaverage
measuredproperties.AsshowninLejaetal.(2013),themethod
recoversthetruemassevolutionofgalaxiesremarkablywellin
simulationsthatincludemerging,quenching,andscatterinthe
growthratesofgalaxies.

Thepresent-daystellarmassoftheMilkyWayisapproxi-
mately5×1010M#(Flynnetal.2006;McMillan2011).Using
theSDSS-GALEXstellargalaxymassfunctionofMoustakas
etal.(2013),wefindthatgalaxieswithmasses>5×1010M#
haveanumberdensityof1.1×10−3Mpc−3.Wethentrace
theprogenitorsofthesegalaxiesbyidentifying,ateachred-
shift,themassforwhichthecumulativenumberdensityis
1.1×10−3Mpc−3(seeFigure1(b)).WeusedtheMarchesini
etal.(2009)massfunctionsastheyarecompleteintherelevant
massandredshiftrange;weverifiedthattheresultsaresimilar
whenothermassfunctionsareused(Ilbertetal.2013;Muzzin
etal.2013).

Thestellarmassevolutionforgalaxieswiththerankorder
oftheMilkyWayisshowninFigure1(c).Theevolutionis
rapidfromz∼2.5toz∼1andrelativelyslowafterward.We
thereforeapproximatetheevolutionwithaquadraticfunction

oftheform

log(MMW)=10.7−0.045z−0.13z2.(1)

Basedonthevariationbetweenmassfunctionsofdifferent
authors,andtheresultsofLejaetal.(2013),weestimatethat
theuncertaintyintheevolutionouttoz∼2.5isapproximately
0.2dex.11Morethanhalfofthepresent-daymasswasassembled
inthe3Gyrperiodbetweenz=2.5andz=1,andasweshow
laterthemassgrowthislikelydominatedbystarformationat
allredshifts.Themassevolutionissignificantlyfasterthanthat
ofmoremassivegalaxies(vanDokkumetal.2010;Pateletal.
2013),consistentwithrecentresultsofMuzzinetal.(2013).

3.MILKYWAYPROGENITORSFROMz=0TOz=2.5

3.1.Rest-frameImages

Havingdeterminedthestellarmassevolutionwithredshift,
wecannowselectgalaxiesinmassbinscenteredonthis
evolvingmassandstudyhowtheirpropertieschanged.We
selectedgalaxiesinGOODS-NorthandGOODS-Southas

11Weverifiedthatchangingtheevolutiondoesnotaffectthekeyresultsof
thisLetter.
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バルジとディスクの共進化（？）はどのような物理過程に起因するのか？
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Hα emitter sample in CANDELS field

z~0.8 Hα emitters　(HiZELS; Sobral+13)

Filter λcenter Δλ z

SWIMS-NB1261 1.261 0.012 0.912-0.931

WFC3-F126N 1.259 0.015 0.907-0.930

bar? clump?

z~0.9 のSWIMSサンプルについてはHSTを使ってHα mappingが可能

バルジとディスクの共進化（？）はどのような物理過程に起因するのか？
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2. 初期宇宙に見る大質量楕円銀河の形成
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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
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Figure 17. Star formation history of a gas-rich merger simulation producing a compact remnant. The spectral energy distribution (SED) of simulated remnants (red
in inset panel) provides a good match to the mean SED of the observed compact quiescent galaxies from vD08. White, blue and red circles in the log-scaled postage
stamp show the circularized region containing half the total mass, U- and V-band light, respectively. A mass-to-light ratio gradient is present in the simulated remnant,
which typically results in larger half-light radii at shorter wavelengths.
(A color version of this figure is available in the online journal.)

on the latter aspect, the inset panel in Figure 17 contrasts the
distribution of rest-frame UV to near-infrared SEDs of merger
remnants computed from our simulations (median, 50th and
100th percentiles are displayed in red) to the mean rest-frame
SED of quiescent galaxies from the vD08 sample (Muzzin et al.
2009a, black data points, with error bars representing the error
on the mean). The model and observations show an excellent
agreement over the full wavelength range probed, boosting con-
fidence that the modeled stellar populations reflect reality at
least in an integrated sense.

In this paper, we focused on the structure and resolved stellar
populations of merger remnants. We used the sample of massive
quiescent galaxies from vD08 as reference sample. Their near-
infrared spectra are characterized by a Balmer/4000 Å break
(Kriek et al. 2006). Deep NIC2 observations (vD08) have
revealed their compact nature at the highest resolution currently
available. Analyzing a suite of binary merger simulations of
varying mass, gas fraction, progenitor scaling, and orbital
configuration, we confirm the idea originally proposed by
Khochfar & Silk (2006a) that major mergers can explain their
location in the size–mass diagram provided they are gas rich.

Merging galaxies scaled to represent high-redshift star-forming
disks, we find that systems of ∼1011 M" with half-mass radius
∼1 kpc can be formed when the gas fraction by the time of
final coalescence is about ∼40%. Observational evidence for
gas fractions of this magnitude has been accumulating in recent
years (e.g., Tacconi et al. 2010). The corresponding velocity
dispersions of these simulated massive compact galaxies are
of order 300–400 km s−1. They show considerable rotation
(vmaj/σ of up to unity) compared to the majority of lower
redshift early-type galaxies, a result that has yet to be confirmed
observationally.

Running radiative transfer on the output of our SPH simula-
tions, we find that the merger remnants have a radially depen-
dent mass-to-light ratio. Typically, when observing the remnant
500 Myr to 1 Gyr after the peak in SFR, the half-mass radius
is a factor of ∼2 smaller than the rest-frame V-band half-light
radius. This implies that the high effective densities inferred
from NICMOS and WFC3 observations of high-redshift quies-
cent galaxies may in fact only be lower limits. In the rest-frame
U band, the typical light-to-mass size ratio increases to a fac-
tor 3–4. The ratio re,light/re,mass shows a significant sightline

compact quiescent galaxies
(van Dokkum+08)

simulated merger remnants (Wuyts+10)

high redshiftでのgas rich major mergerによってmassive compact systemが形成？
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Figure 7. Evolution of the mass–size relation from z = 3 to z = 0.5 for galaxies above M! > 109.8 M!. The solid black line indicates the compactness selection
criteria (Σ1.5 = 10.3 M! kpc−1.5). The blue and gray markers depict compact/non-compact SFGs and red and orange markers depict compact/non-compact quiescent
galaxies. The solid blue line shows the best fit to the relation of Shen et al. (2003) for late-type galaxies at z = 0, leaving the normalization as a free parameter to
characterize the redshift evolution. The 1σ scatter is shown with dashed lines. The green, red, and dashed-black lines indicate the mass–size relation for quiescent
galaxies at z = 0 from Shen et al. (2003), at z = 1.25, 1.75, and 2.25 from Newman et al. (2012), and at z = 2.0–2.5 from Law et al. (2012).
(A color version of this figure is available in the online journal.)

a population of cSFGs at z ! 2 that are extremely uncommon
at lower redshifts. Here we analyze the differential evolution of
the mass–size relation for both populations, and the impact of
the uncertainties in sizes and stellar masses on the robustness
of the samples.

Figure 7 shows the evolution of the mass–size relation from
z = 3 to z = 0.5 for the same galaxies shown in Figure 2.
We characterize the size evolution for non-compact SFGs (the
bulk of SFGs) by fitting their distribution to the relation of
Shen et al. (2003) for late type galaxies (n < 2) leaving the
normalization as the only free parameter. Based on this fit, we
find an overall size evolution of a factor of ∼1.5 from z = 3 to
0.5 with a 1σ scatter of ∼0.2 dex. This is consistent with the
size evolution estimated in Trujillo et al. (2007) or Buitrago
et al. (2008), following a redshift dependence described by
r ∝ (1 + z)−0.8. Our results for QGs are also in good agreement
with Newman et al. (2012 and references therein) for a size
growth of a factor of ∼3 since z = 2.5. On average, QGs grow
at a slightly faster rate than non-compact SFGs since z ∼ 3.
Their distribution in the mass–size plane suggests in fact that
QGs experience a more accelerated size growth in the redshift
range z = 1–2 as a result of a faster increment in the number
of “normal”-sized (orange markers) ellipticals (see also Cassata
et al. 2011). The lower number density of extended quiescent
galaxies at z ∼ 2 substantially reduces the overlap between the
bulk of SFGs and QGs, creating an underdense region between
the two, and at higher redshifts the overlap is restricted to a sub-
population of compact SFGs (blue markers). These galaxies
appear to follow more closely the steeper mass–size relation of

QGs, and its evolution with redshift, than that of non-compact
SFGs. Indeed, the distribution of cSFGs at each redshift bin
seems to match very well the expected distribution for cQGs
roughly one redshift bin later (∼500 Myr), as we would expect
if one is the progenitor population of the other.

We repeat this analysis in Figure 8 from the perspective
of the scatter distribution, measured with respect to the best-
fit mass–size relation for non-compact SFGs. At z < 1 the
distribution for all galaxies (black line) can be approximated
by a single peaked Gaussian with SFGs and QGs occupying
the largest and smallest sizes, respectively. However, at higher
redshifts the distribution is skewed toward smaller sizes, and by
z ∼ 2 the distribution is clearly bimodal, with QGs (red line)
located in the secondary peak of smaller sizes. The bimodality
is also present at z > 2 although the significance of the compact
QG peak is reduced due to their rapidly decreasing number
density at these redshifts (see Section 5). The distribution
of SFGs (gray line) presents a similar skewing at z > 1.5
corresponding to the compact SFG population (blue line). The
change in the shape of the distribution does not appear to be
driven by uncertainties in re, or at least not any more than for
QGs. On the contrary, the (1σ ) scatter of the distribution for non-
compact SFGs (shown in cyan) remains smaller than 0.20 dex
up to z = 3, and the uncertainties for cSFGs are even smaller,
as they are among the brightest galaxies of the sample. Their
average magnitudes at z = 1.8 and z = 2.2 are H = 22.7 and
23.4 mag, more than two magnitudes brighter than the limiting
magnitude, and the uncertainties in their effective radius are
∆log(re) < 0.04 dex (see also Appendix B2 of Wuyts et al.
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Fig. 10.— Schematic picture of the evolutionary tracks to local massive, quiescent galaxies. Blue, red and magenta colors present
star-forming, quiescent and dusty star-forming components, respectively.

just following the local mass–size relation, unless exter-
nal processes such as mergers work. The fading process
though cold gas accretions calms down at z < 1.5, be-
cause even typical dark matter halos become as mas-
sive as Mhalo ∼ 1011.5−12.0M" and gas within halos is
heated by a virial shock (Dekel & Birnboim 2006). The
remaining cold gas within galaxies is gradually consumed
and star-formation activities significantly decrease due to
lack of resources. That is, the Hα emitters with extended
disks would quench their star formation at later times,
and directly evolve to large quiescent galaxies that are
more frequently present at z ∼ 1, just by the consump-
tion of gas (late track).

Massive, large quiescent galaxies through the late track
should be observed as fast rotator early type galaxies at
z " 0, provided that their progenitors do not undergo
disspational processes (Cappellari et al. 2013). However,
the formation process of bulge components is still un-
known in the late track. That is, it needs the trans-
formation of structures as well as the size evolution. A
lot of Hα emitters show the clumpy morphologies, and
we find a nuclear dusty star-forming clump, that is ex-
pected to be the site of bulge formation, in the clumpy
Hα emitters with M∗ ∼ 1010.5 M". A gas supply through
giant clumps can fully explain such a dusty star-forming
proto-bulge although we do not have any definitive evi-
dence yet. Since a galactic wind at each clump or that
of galaxy-wide, may disrupt the clumps before they mi-
grate to the center, such feedback process is also critical
to destine the subsequent evolution of the clumps (Hop-
kins et al. 2012). In order to validate the scenario of
clump migration, we have to know whether the clumps
contain gas that is massive enough to overcome a rapid
consumption by high star formation activity and a sub-
sequent strong stellar feedback. High resolution obser-
vations with JVLA and ALMA provide us a valuable
information about the amount of molecular gas within
clumps. Our discovery of dusty star-forming clumps is
the first step in verifying the clump migration scenario.

6. SUMMARY

In this paper, we address the morphological proper-
ties of Hα selected galaxies at z > 2 in SXDF-UDS-
CANDELS field. Using the high resolution images which
trace the rest-frame UV or optical light, kilo-parsec
scale clumps are identified within galaxies by the semi-
automatic method. We find that about 42% of our sam-
ple have a clumpy structure. Since there is little differ-
ence of the properties between clumpy and non-clumpy
galaxies in the M∗–SFR diagram, they might be intrinsi-
cally a similar population. If a higher spatial resolution
image resolves smaller clumps, clumpy galaxies would be
more frequently seen.

For Hα emitters with a red clump, it is found that the
clump closest to the galaxy center is redder compared to
the off-center clumps on disks. The presence of infrared
emission and the Hα flux density map suggest that dusty
star formation is occurring in the nuclear red clump. Be-
cause it is hardly likely that a clump is directly formed
from gravitational instabilities in a galaxy center where
a velocity dispersion is so large, it needs a feeding pro-
cess to fuel a large amount of gas to a center region. The
clump migration scenario accounts for our result of the
nucleated starburst without major merger events.

Also, we obtain the structural parameters (effective
radius and Sérsic index) for 70 objects with M∗ >
4 × 109M". 74% of Hα emitters at z > 2 seem to be
disk-like morphologies according to their Sérsic indices.
While the size-mass relation suggests that star-forming
galaxies at z > 2 already obtain as extended disks as
local ones, we observe two massive compact star-forming
galaxies at z > 2 and investigate their integrated prop-
erties. The one has slightly suppressed specific SFRs,
suggesting that it begins to quench star formation. In
contrast, the other is an active star-forming galaxy with
a high specific SFR. Given their stellar surface densi-
ties, these compact Hα emitters are likely to be the pro-
genitors of quiescent galaxies at z = 1.5 − 2.0. Their
Sérsic indices of n ∼ 2 also support bulge-dominated
morphologies. If these massive compact Hα emitters are
in a post-starburst or starburst phase caused by gas rich
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Figure 5. Number density evolution of massive, M! > 1010 M!, cQGs (red),
and cSFGs (blue) vs. redshift. The solid red line is the best fit to the number
density of cQGs. The solid black lines depict the evolution of the number of
cSFGs required to match the observed increasing density of cQGs, assuming that
the former have lifetimes of ∆tburst = 0.3–1 Gyr. The error bars were computed
by bootstrapping the sSFR and Σ1.5 uncertainties along with terms for small
number statistics and field-to-field differences. The shaded regions encompass
the observed number densities when the selection thresholds in sSFR and Σ1.5
are modified by ±0.2 dex.
(A color version of this figure is available in the online journal.)

quench in a short period of time (Springel et al. 2005; Hopkins
et al. 2006; Dekel et al. 2009b). Without relying on mergers
being the main or sole driver of this transformation, we can make
a quantitative estimate of the number of cSFGs assembled by this
mechanism by using typical numbers for major mergers at these
redshifts. Considering pair fractions of roughly 10% (Williams
et al. 2011), merger timescales of 1 Gyr (Lotz et al. 2011) and a
density of massive galaxies of !10−3 Mpc−3 (Pérez-González
et al. 2008), we obtain an assembly rate for new cSFGs via
mergers of ∆ncSFG ∼ 10−4 Gyr−1, which is roughly consistent
with the observed densities for the predicted ∆tburst.

In this model, the significant drop in numbers of cSFGs by z <
1.4 implies that the formation mechanism(s) become quickly
inefficient at lower redshifts, thereby truncating the formation
of new cSFGs and thus cQGs. The decline on the efficiency of
the dissipational processes may follow the decline in the amount
of available gas in galaxies (Geach et al. 2011) and dark matter
halos (e.g., Croton 2009). Detailed comparisons to cosmological
models will allow tests of this hypothesis and provide a more
rigorous modeling of the number density evolution (L. A. Porter
et al., in preparation; D. Ceverino et al., in preparation). Some
of the key questions to be explored with simulations: What
are the possible evolutionary paths for massive SFGs on the
mass–size plane? What are the mechanisms that would trigger
their transition from extended (disk-like) to compact (spheroid-
like) structures? Simulations predict that both gas-rich major
mergers (Hopkins et al. 2009a; Wuyts et al. 2010) and disk
instabilities (Dekel et al. 2009b; Ceverino et al. 2010) can
form cSFGs by stochastically transforming only a fraction of
the larger population of normal SFGs. This process effectively
shifts those (larger) galaxies into a steeper mass–size relation
(Covington et al. 2008, 2011). Alternatively, very early phases

of star formation could be dominated by strongly dissipational,
but efficiently cold flow fed (Kereš et al. 2005; Dekel et al.
2009a; Oser et al. 2010), processes. In this case, the size of the
majority of SFGs would remain small, moving horizontally in
the mass–size diagram as they grow in stellar mass. A critical
issue for the models is whether the compact, star-forming phase
is the norm or the exception.

6. SUMMARY AND DISCUSSION

Using the deepest data spanning from the X-ray-to-MIR,
along with high-resolution imaging from CANDELS in
GOODS-S and UDS, we analyze stellar masses, SFRs, and sizes
of a sample of massive (M! > 1010 M!) galaxies at z = 1.4–3.0
to identify a population of cSFGs with similar structural prop-
erties as cQGs at z " 2. The cSFG population is already in
place at z ∼ 3, but it completely disappears by z < 1.4. A
corresponding increase in the number of cQGs during the same
time period suggests an evolutionary link between them.

A simple duty-cycle argument, involving quenching of the
star formation activity on timescales of ∆t = 0.3–1 Gyr, is
able to broadly reproduce the evolution of the density of new
QGs formed since z = 3 in terms of fading cSFGs. Under this
assumption, we also need to invoke a replenishment mechanism
to form new cSFG via gas-rich dissipational processes (major
mergers or dynamical instabilities), that then become quickly
inefficient at z ! 1.5, as the flow of cold gas from progressively
more massive halos decreases with time (e.g., Croton 2009).

The early phases of cSFG formation would then be associated
with disturbed morphologies, either tidal tails or multiple
clumps, enhanced star formation, and the rapid assembly of
a compact stellar component (Hopkins et al. 2009a; Ceverino
et al. 2010). Simultaneously, the compact phase can also trigger
an AGN, and sometimes a short-lived quasar, followed by a
rapid decline of the star formation in ∼1 Gyr (Springel et al.
2005; Hopkins et al. 2008; Ciotti et al. 2009). The observed
properties of cSFGs are consistent with intermediate to late
stages of this process. They present spheroidal morphology with
no visible traces of mergers, and although they have high (dusty)
SFRs of a few 100 M! yr−1, their sSFRs are on average half
that of the bulk of massive SFGs suggesting that they already
started quench. Simultaneously, ∼30% of them host luminous
(LX > 1043 erg s−1) X-ray detected AGNs at z > 2, which
might play a relevant role in the quenching of star formation.

Our observations connect two recent results at z " 2: the
discovery of a population of compact, high-Sérsic (n " 2)
galaxies with enhanced star formation activity (Wuyts et al.
2011b), and the finding of an increasing fraction of small,
post-starburst galaxies that have recently arrived on the red
sequence (Whitaker et al. 2012a). Together, the results indicate
that early phases of galaxy quenching happen preferentially in
compact spheroids. Nevertheless, a substantial fraction of the
quiescent population is formed at lower redshifts (Bell et al.
2004; Faber et al. 2007), and observations suggest that many of
the transitioning (green valley) galaxies have extended structures
and disk morphologies (Mendez et al. 2011). Therefore, in the
general context of galaxy quenching, our result suggests that the
truncation of star formation follows different evolutionary paths
on a Σ–sSFR plane diagram (illustrated in Figure 6), each one
dominating at different epochs, and characterized by structurally
different (compact versus extended) populations.

In the early track, z = 3.0–2.0, the number of passive galaxies
builds up rapidly upon quenching of spheroid-like cSFGs with
high mass densities (Σ1.5 > 10.5). This population constitutes
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Medium-band survey：photo-zでz < 4.5の銀河までトレースすることが可能
SWIMS 18 deep surveyを想定： 
星質量 M* > 4.5×1010M◉ (Salpeter IMF), M* > 2.5×1010M◉ (Chabrier IMF), 
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ると各redshift binで
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の検出が期待される。
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Figure 5. Number density evolution of massive, M! > 1010 M!, cQGs (red),
and cSFGs (blue) vs. redshift. The solid red line is the best fit to the number
density of cQGs. The solid black lines depict the evolution of the number of
cSFGs required to match the observed increasing density of cQGs, assuming that
the former have lifetimes of ∆tburst = 0.3–1 Gyr. The error bars were computed
by bootstrapping the sSFR and Σ1.5 uncertainties along with terms for small
number statistics and field-to-field differences. The shaded regions encompass
the observed number densities when the selection thresholds in sSFR and Σ1.5
are modified by ±0.2 dex.
(A color version of this figure is available in the online journal.)

quench in a short period of time (Springel et al. 2005; Hopkins
et al. 2006; Dekel et al. 2009b). Without relying on mergers
being the main or sole driver of this transformation, we can make
a quantitative estimate of the number of cSFGs assembled by this
mechanism by using typical numbers for major mergers at these
redshifts. Considering pair fractions of roughly 10% (Williams
et al. 2011), merger timescales of 1 Gyr (Lotz et al. 2011) and a
density of massive galaxies of !10−3 Mpc−3 (Pérez-González
et al. 2008), we obtain an assembly rate for new cSFGs via
mergers of ∆ncSFG ∼ 10−4 Gyr−1, which is roughly consistent
with the observed densities for the predicted ∆tburst.

In this model, the significant drop in numbers of cSFGs by z <
1.4 implies that the formation mechanism(s) become quickly
inefficient at lower redshifts, thereby truncating the formation
of new cSFGs and thus cQGs. The decline on the efficiency of
the dissipational processes may follow the decline in the amount
of available gas in galaxies (Geach et al. 2011) and dark matter
halos (e.g., Croton 2009). Detailed comparisons to cosmological
models will allow tests of this hypothesis and provide a more
rigorous modeling of the number density evolution (L. A. Porter
et al., in preparation; D. Ceverino et al., in preparation). Some
of the key questions to be explored with simulations: What
are the possible evolutionary paths for massive SFGs on the
mass–size plane? What are the mechanisms that would trigger
their transition from extended (disk-like) to compact (spheroid-
like) structures? Simulations predict that both gas-rich major
mergers (Hopkins et al. 2009a; Wuyts et al. 2010) and disk
instabilities (Dekel et al. 2009b; Ceverino et al. 2010) can
form cSFGs by stochastically transforming only a fraction of
the larger population of normal SFGs. This process effectively
shifts those (larger) galaxies into a steeper mass–size relation
(Covington et al. 2008, 2011). Alternatively, very early phases

of star formation could be dominated by strongly dissipational,
but efficiently cold flow fed (Kereš et al. 2005; Dekel et al.
2009a; Oser et al. 2010), processes. In this case, the size of the
majority of SFGs would remain small, moving horizontally in
the mass–size diagram as they grow in stellar mass. A critical
issue for the models is whether the compact, star-forming phase
is the norm or the exception.

6. SUMMARY AND DISCUSSION

Using the deepest data spanning from the X-ray-to-MIR,
along with high-resolution imaging from CANDELS in
GOODS-S and UDS, we analyze stellar masses, SFRs, and sizes
of a sample of massive (M! > 1010 M!) galaxies at z = 1.4–3.0
to identify a population of cSFGs with similar structural prop-
erties as cQGs at z " 2. The cSFG population is already in
place at z ∼ 3, but it completely disappears by z < 1.4. A
corresponding increase in the number of cQGs during the same
time period suggests an evolutionary link between them.

A simple duty-cycle argument, involving quenching of the
star formation activity on timescales of ∆t = 0.3–1 Gyr, is
able to broadly reproduce the evolution of the density of new
QGs formed since z = 3 in terms of fading cSFGs. Under this
assumption, we also need to invoke a replenishment mechanism
to form new cSFG via gas-rich dissipational processes (major
mergers or dynamical instabilities), that then become quickly
inefficient at z ! 1.5, as the flow of cold gas from progressively
more massive halos decreases with time (e.g., Croton 2009).

The early phases of cSFG formation would then be associated
with disturbed morphologies, either tidal tails or multiple
clumps, enhanced star formation, and the rapid assembly of
a compact stellar component (Hopkins et al. 2009a; Ceverino
et al. 2010). Simultaneously, the compact phase can also trigger
an AGN, and sometimes a short-lived quasar, followed by a
rapid decline of the star formation in ∼1 Gyr (Springel et al.
2005; Hopkins et al. 2008; Ciotti et al. 2009). The observed
properties of cSFGs are consistent with intermediate to late
stages of this process. They present spheroidal morphology with
no visible traces of mergers, and although they have high (dusty)
SFRs of a few 100 M! yr−1, their sSFRs are on average half
that of the bulk of massive SFGs suggesting that they already
started quench. Simultaneously, ∼30% of them host luminous
(LX > 1043 erg s−1) X-ray detected AGNs at z > 2, which
might play a relevant role in the quenching of star formation.

Our observations connect two recent results at z " 2: the
discovery of a population of compact, high-Sérsic (n " 2)
galaxies with enhanced star formation activity (Wuyts et al.
2011b), and the finding of an increasing fraction of small,
post-starburst galaxies that have recently arrived on the red
sequence (Whitaker et al. 2012a). Together, the results indicate
that early phases of galaxy quenching happen preferentially in
compact spheroids. Nevertheless, a substantial fraction of the
quiescent population is formed at lower redshifts (Bell et al.
2004; Faber et al. 2007), and observations suggest that many of
the transitioning (green valley) galaxies have extended structures
and disk morphologies (Mendez et al. 2011). Therefore, in the
general context of galaxy quenching, our result suggests that the
truncation of star formation follows different evolutionary paths
on a Σ–sSFR plane diagram (illustrated in Figure 6), each one
dominating at different epochs, and characterized by structurally
different (compact versus extended) populations.

In the early track, z = 3.0–2.0, the number of passive galaxies
builds up rapidly upon quenching of spheroid-like cSFGs with
high mass densities (Σ1.5 > 10.5). This population constitutes
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Summary

１．銀河の形態進化
（NB filterを使ったサイエンス）

２．初期宇宙に見る大質量楕円銀河の形成
（MB filterを使ったサイエンス）

特に後者はSWIMS 18 surveyで初めて可能となるサイエンス
（Z-FOURGEはz<3.5くらいまで）

誰か高分散のグリズム作りませんか？


