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Figure 1. Revised parallel-sequence morphological classification of galaxies. E types are from Kormendy & Bender (1996). Transition objects between spirals and
S0s (van den Bergh’s anemic galaxies) exist but are not illustrated. Bulge-to-total ratios decrease toward the right; Sc and S0c galaxies have tiny or no pseudobulges.
Sph and Im galaxies are bulgeless.

both uncertain. These statistics invite the interpretation that par-
tial transformation from spiral to anemic galaxies is easier than
complete transformation from spiral to S0 galaxies and that it
is easier to transform earlier-type galaxies. Nevertheless, the
complete lack of S0cs is remarkable considering that bulge-
less progenitors are common and (in many cases) low in total
mass. Specifically, in terms of the finer-binned de Vaucouleurs
(1959) classification, one could reasonably expect to find de-
funct Sd, Sm, and Im galaxies. These are progressively fainter
objects with progressively shallower gravitational potential
wells. Moreover, Sc galaxies do not contain classical bulges,
and later-type galaxies scarcely even contain pseudobulges
(Kormendy & Kennicutt 2004; Kormendy et al. 2010). If spi-
rals can turn into S0s, then should it not be easier to trans-
form the latest-type galaxies into “bulgeless S0s”? Where are
they?

We suggest that they are the spheroidal galaxies.
In Section 3, we present new photometry and bulge–disk

decompositions of rare, late-type S0 galaxies that bridge the gap
between the more common S0b galaxies and the exceedingly
common Sph galaxies. NGC 4762 is an edge-on SB(lens)0bc
galaxy with a very small classical-bulge-to-total ratio of B/T =
0.13 ± 0.02. NGC 4452 is an edge-on SB(lens)0 galaxy with
an even tinier pseudobulge-to-total ratio of PB/T = 0.017 ±
0.004. It is the first known true SB0c. VCC 2048, whose
published classification also is S0, proves to contain an edge-on
disk, but its “bulge” parameters lie in the structural parameter
sequence of Sph galaxies. It is therefore an edge-on Sph that
still contains a disk. Finally, NGC 4638 is an edge-on S0 with
a spectacularly boxy Sph halo. In all respects, galaxy structural
parameters are continuous between Sph galaxies and the disks
(but not the bulges) of S0c–S0b–S0a galaxies. This is consistent
with S → Sph transformation.

After this research was finished but before this paper was
written, we became aware that the ATLAS3D group indepen-
dently propose a parallel-sequence classification motivated by
their kinematic results (Cappellari et al. 2011b; Krajnović 2011).
Also, after this paper was refereed and resubmitted, a paper by
Laurikainen et al. (2011) was posted; it includes additional ex-
amples of S0c galaxies and discusses the connection with van
den Bergh’s (1976) classification. We kept our paper separate

from the above to emphasize how three groups independently
reach similar conclusions. This is a sign that the ideas that we
all discuss are robust.

2. E–S0c GALAXIES

Before we focus on spheroidal galaxies, we update the
motivation that underlies the E–S0(0) part of Figure 1.

2.1. Elliptical Galaxies

The classification of elliptical galaxies is from Kormendy
& Bender (1996). The physically important distinction is
not among galaxies with different apparent flattenings, which
mostly reflect our viewing geometry. Rather, it is between
the two varieties of ellipticals, as reviewed in Kormendy &
Bender (1996), Kormendy et al. (2009), and Kormendy (2009).
From this last paper, “giant ellipticals (MV ! −21.5; H0 =
72 km s−1 Mpc−1)

1. have cores, i.e., central missing light with respect to an
inward extrapolation of the outer Sérsic profile;

2. rotate slowly, so rotation is unimportant dynamically;
3. therefore are moderately anisotropic and triaxial;
4. are less flattened (ellipticity ∼0.15) than smaller Es;
5. have boxy-distorted isophotes;
6. have Sérsic (1968) function outer profiles with n > 4;
7. are mostly made up of very old stars that are enhanced in α

elements;
8. often contain strong radio sources; and
9. contain X-ray-emitting gas, more of it in bigger Es.

Normal and dwarf true ellipticals (MV " −21.5) generally

1. are coreless and have central extra light with respect to an
inward extrapolation of the outer Sérsic profile;

2. rotate rapidly, so rotation is dynamically important to their
structure;

3. are nearly isotropic and oblate spheroidal, with axial dis-
persions σz that are somewhat smaller than the dispersions
σr, σφ in the equatorial plane;

4. are flatter than giant ellipticals (ellipticity ∼0.3);
5. have disky-distorted isophotes;
6. have Sérsic function outer profiles with n ! 4;
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銀河形態の定量化

2. CLASSIFICATION SCHEME FOR ELLIPTICAL GALAXIES

Figure 1 illustrates the proposed classification. Smoothly
connecting onto S0’s are “disky” ellipticals, i.e., those with
isophotes that are more elongated along the major axis than
best-fitting ellipses. Next come “boxy” ellipticals, i.e., those
with isophotes that are more rectangular than ellipses. We
illustrate the classification with Hubble’s (1936) tuning-fork
diagram; clearly, it can be incorporated into de Vaucouleurs’
(1959) more detailed classification.

Ellipticals with exactly elliptical isophotes are omitted; we
consider them to be intermediate between disky and boxy
ellipticals in the same way that Sab galaxies are intermediate
between the primary types Sa and Sb. However, we also show
in § 4 that they are mainly face-on versions of the above two
types. Unfavorable inclination inevitably makes classification
difficult. For spirals, edge-on inclination is unfavorable; for
ellipticals, a face-on view can make classification by isophote
shape impossible.

Like previous authors, we will parameterize isophote distor-
tions by the amplitude a4 of the cos 4u term in a Fourier
expansion of the isophote radius in polar coordinates (see,
e.g., Bender 1987 and Bender, Döbereiner, & Möllenhoff
1988, who also illustrate prototypical examples). The use of a4

as a classification parameter is faithful to the descriptive
methods of classical morphology based on direct images. The
only difference is that isophote distortions are subtle: only the
most extreme galaxies can be classified by eye without isopho-
tometry. Along the major axis, the fractional radial departures
from ellipses are typically ua4 /au 3 1%. Positive values of a4 /a
describe disky isophotes, negative values describe boxy iso-
photes.

The proposed classification requires a convenient notation.
We retain apparent flattening as in the Hubble sequence.
Conservatively, we add a descriptor of isophote shape and not
a code for its interpretation. In the spirit of Hubble classifica-
tion, we denote as E(d)4 an elliptical that has ellipticity
e 5 0.4 and a disky distortion. E(b)4 is a similar elliptical that
is boxy. If more detail is required, then, e.g., E(b1.5)4 can
denote an elliptical whose boxy distortion has a mean ampli-
tude of 1.5%.

3. EVIDENCE THAT ISOPHOTE SHAPES MEASURE ANISOTROPY

Our discussion of isophote shapes follows Bender et al.
(1989, hereafter B189) and Kormendy & Djorgovski (1989).

Evidence that a4 /a measures anisotropy is summarized in
Figure 2. The upper panel plots (V /s)*, the ratio of the
rotation parameter V /s to the value for an isotropic oblate
spheroid flattened by rotation (Davies et al. 1983; V is the
maximum rotation velocity, and s is the mean velocity disper-
sion inside one-half of the effective radius). The correlation of
(V /s)* with a4 /a shows that rotation is dynamically less
important in boxy than in disky ellipticals (Bender 1987, 1988;
Nieto, Capaccioli, & Held 1988; Wagner, Bender, & Möllen-
hoff 1988; B189; Nieto & Bender 1989; Busarello, Longo, &
Feoli 1992; Bender, Saglia, & Gerhard 1994). All disky
ellipticals show significant rotation, and many are consistent
with isotropic models. Boxy ellipticals have a variety of (V /s)*
values but include all of the galaxies with negligible rotation.
Values of (V /s)* ,, 1 are a direct sign of anisotropy.

The lower panel of Figure 2 shows minor-axis rotation
velocities normalized by an approximate total rotation veloc-
ity. Disky ellipticals are major-axis rotators. Boxy ellipticals
include the minor-axis rotators. Figure 2 (bottom) is new here,
but signs of the above effect were seen in Davies & Birkinshaw
(1986), Wagner et al. (1988), and Capaccioli & Longo (1994).
Minor-axis rotation is also a direct sign of anisotropy (see de
Zeeuw & Franx 1991 for a review).

We conclude that a4 /a is a convenient and reasonably
reliable measure of velocity anisotropy. A better index could
be constructed by combining a4 /a with indices based on the
parameters in Figure 2. However, doing this would require
kinematic data, so results would be available for relatively few
objects. Figure 2 justifies our suggestion that isophote shape
provides a practical classification index.

4. IS THE SEQUENCE OF ELLIPTICAL GALAXIES CONTINUOUS?

It is not clear that the E sequence in Figure 1 is continuous.
By “continuous,” we mean that there exist galaxies at all
transition stages from S0’s to extremely boxy ellipticals. A
corollary would be that the formation process varies continu-
ously from S0’s through disky E’s to boxy E’s.

FIG. 1.—Proposed morphological classification scheme for elliptical galaxies. Ellipticals are illustrated edge-on and at ellipticity e 3 0.4. The connection between
boxy and disky ellipticals may not be continuous (see § 4). This figure is based on the tuning-fork diagram of Hubble (1936). We make three additional modifications:
we illustrate the two-component nature of S0 galaxies and label them as barred or unbarred, we call unbarred spirals “ordinary” rather than “normal” (de Vaucouleurs
1959), and we add Magellanic irregulars.
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Figure 3. Sérsic profile where re and Σe are held fixed. Note that the larger the
Sérsic index value n, the steeper the central core, and more extended the outer
wing. A low n has a flatter core and a more sharply truncated wing. Large Sérsic
index components are very sensitive to uncertainties in the sky background level
determination because of the extended wings.
(A color version of this figure is available in the online journal.)

The exponential disk profile. The exponential profile has some
historical significance, so Galfit is explicit about calling this
profile an exponential disk, even though an object that has an
exponential profile needs not be a classical disk. Historically,
an exponential disk has a scale length rs, which is not to be
confused with the effective radius re used in the Sérsic profile.
For situations where one is not trying to fit a classical disk,
it would be less confusing nomenclaturewise to use the Sérsic
function with n = 1, and quote the effective radius re. But
because the exponential disk profile is a special case of the
Sérsic function for n = 1 (see Figure 3), there is a relationship
between re and rs, given by

re = 1.678rs (for n = 1 only). (7)

The functional form of the exponential profile is

Σ(r) = Σ0 exp
(

− r

rs

)
, (8)

and the total flux is given by

Ftot = 2πr2
s Σ0q/R(C0;m). (9)

The six free parameters of the profile are x0, y0, mtot, rs, θP.A.,
and q .

The Gaussian profile. The Gaussian profile is another special
case of the Sérsic function with n = 0.5 (see Figure 3), but here
the size parameter is the FWHM instead of re. The functional
form is

Σ(r) = Σ0 exp
(−r2

2σ 2

)
, (10)

and the total flux is given by

Ftot = 2πσ 2Σ0q/R(C0;m), (11)

Figure 4. Modified Ferrer profile. The black reference curve has parameters
rout = 100, α = 0.5, β = 2, and Σ0 = 1000. The red curves differ from the
reference only in the α parameter, as indicated by the red numbers. Likewise,
the green curves differ from the reference only in the β parameter, as indicated
by the green numbers.
(A color version of this figure is available in the online journal.)

where FWHM = 2.355σ . The six free parameters of the profile
are x0, y0, mtot, FWHM, q , and θP.A..
The modified Ferrer profile. The Ferrer profile (Figure 4;
Binney & Tremaine 1987) has a nearly flat core and an outer
truncation. The sharpness of the truncation is governed by the
parameter α, whereas the central slope is controlled by the
parameter β. Because of the flat core and sharp truncation
behavior, historically it is often used to fit galaxy bars and
“lenses.” The profile,

Σ(r) = Σ0
(
1 − (r/rout)2−β

)α
, (12)

is only defined within r ! rout, beyond which the function has
a value of 0. The eight free parameters of the Ferrer profile are
x0, y0, central surface brightness, rout, α, β, q , and θP.A..

It is worth mentioning that a Sérsic profile with low index
n < 0.5 has similar profile shapes; thus it is often used instead
of the Ferrer function.

The empirical (modified) King profile. The empirical King
profile (Figure 5) is often used to fit the light profile of globular
clusters. It has the following form (Elson 1999):

Σ(r) = Σ0

[
1 − 1

(1 + (rt/rc)2)1/α

] −α

×
[

1
(1 + (r/rc)2)1/α

− 1
(1 + (rt/rc)2)1/α

] α

. (13)

The standard empirical King profile has a power law with the
index α = 2. In Galfit, α can be a free parameter. In this model,
the flux parameter to fit is the central surface brightness, µ0,
expressed in mag arcsec−2 (see Equation (20)). The other free
parameters are the core radius (rc) and the truncation radius (rt),
in addition to the geometrical parameters. Outside the truncation
radius, the function is set to 0. Thus, the total number of classical
free parameters is 8: x0, y0, µ0, rc, rt, α, q , and θP.A..
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Figure 2. Shapes produced by parameters in the Galfit input file of Figure 1.
Left: a Sérsic light profile modified by a single Fourier mode m = 5, creating
the star shape. It is truncated in the inner region by a truncation function, which
is modified by a bending mode m = 2, with a lopsided Fourier mode of m = 1.
Right: a Sérsic light profile with Fourier modes m = 1 and m = 5 is modified by
a coordinate rotation function to create a lopsided, multi-armed, spiral structure.

the coordinate metric into more exotic grids than the standard
Cartesian grid. This idea is in fact implicit in all 2D image-
fitting algorithms, where the axis ratio parameter, q, turns a
circular profile into an ellipse by compressing the coordinate
axis along one direction, even though the functional form of the
profile remains the same in every direction. In the same manner,
the definition of a scale or effective radius in a component,
no matter how complex the shape, corresponds closely to that
of the best-fitting ellipse in the direction of the semimajor
axis.

Figure 1 demonstrates how Sérsic profiles can be modified by
bending modes, Fourier modes, and a spiral rotation function
in Galfit—the results of which are shown in Figure 2. In the
example, there are only two Sérsic model components, despite
the appearance of numerous parameters: both the “radial” and
“power” functions are modifications to the Sérsic profiles.
Furthermore, the Fourier and bending modes can modify the
Sérsic profiles, or modify the modifiers to the light profiles.
Each radial surface brightness profile has a single peak, and
the flux decline is monotonic radially (unless truncated by a
truncation function called “radial” in Figure 1) or in a rotating
coordinate system (called “power” in Figure 1). Therefore, for
each component, it is still meaningful to talk about, for example,
an “average” light profile (e.g., Sérsic), with an average Śersic
concentration index n—no matter what the galaxy may look
like azimuthally. In this manner, even irregular galaxies can
be parameterized in terms of their average light profile. When
the average peak of an irregular galaxy is not located at the
geometric center, it has a high-amplitude m = 1 Fourier mode
(i.e., lopsidedness).

In such a way, no matter how complex the azimuthal shape,
interpreting the surface brightness profile parameters is just as
straightforward as the traditional ellipsoid.

3. THE RADIAL PROFILE FUNCTIONS

The radial profile functions describe the intensity falloff
of a model away from the peak, such as the Sérsic, Nuker,
or exponential models, among others. For example, early-
type galaxies typically have steep radial profiles whereas late-
type galaxies have shallower intensity slopes near the center.
The rate of decline is governed by a scale-length parameter.
The radial profile is often of primary interest in galaxy studies
from the standpoint of classification, and because the exact
functional form may have some bearing on the path of galaxy
evolution. In Galfit, the radial profile can have the following

functional forms, which are some of the most frequently seen in
the literature.

The Śersic profile. The Sérsic power law is one of the most
frequently used functions to study galaxy morphology, and has
the following form:

Σ(r) = Σe exp

[

−κ

((
r

re

)1/n

− 1

)]

, (3)

where Σe is the pixel surface brightness at the effective radius
re. The parameter n is often referred to as the concentration
parameter. When n is large, it has a steep inner profile and a
highly extended outer wing. Inversely, when n is small, it has a
shallow inner profile and a steep truncation at large radius. The
parameter re is known as the effective radius such that half of the
total flux is within re. To make this definition true, the dependent
variable κ is coupled to n; thus, it is not a free parameter.
The classic de Vaucouleurs profile that describes a number of
galaxy bulges is a special case of the Sérsic profile when n =
4 (corresponding to κ = 7.67). As explained below, both the
exponential and Gaussian functions are also special cases of the
Sérsic function when n = 1 and n = 0.5, respectively. As such
the Sérsic profile is a common favorite when fitting a single
component.

The flux integrated out to r = ∞ for a Sérsic profile is

Ftot = 2πr2
e Σee

κnκ−2nΓ(2n)q/R(C0;m). (4)

The term R(C0;mi) is a geometric correction factor when the
azimuthal shape deviates from a perfect ellipse. As the concept
of azimuthal shapes will be discussed in Section 4, we will
only comment here that R(C0;mi) is simply the ratio of the
area between a perfect ellipse with the area of the more general
shape, having the same axis ratio qand unit radius. The shape
can be modified by Fourier modes (m being the mode number)
or diskiness/boxiness. For instance, when the shape is modified
by diskiness/boxiness, R(C0) has an analytic solution given by

R(C0) = π (C0 + 2)
4β(1/(C0 + 2), 1 + 1/(C0 + 2))

, (5)

where β is the Beta function. In general, when the Fourier
modes are used to modify an ellipsoid shape, there is no analytic
solution for R(mi), and so the area ratio must be integrated
numerically.

In Galfit, the flux parameter that one can use for the Sérsic
function is either the integrated magnitude mtot or some kind of
surface brightness magnitude, for example, at the center (µ0),
at the effective radius (µe), or at the break radius (µbreak) for
truncated profiles (see Section 5). The integrated magnitude
follows the standard definition:

mtot = −2.5log10

(
Ftot

texp

)
+ mag zpt, (6)

where texp is the exposure time from the image header. Each
Sérsic function can thus potentially have seven classical free
parameters in the fit: x0, y0, mtot, re, n, q, and θP.A.. The
non-classical parameters, C0, Fourier modes, bending modes,
and coordinate rotation may be added as needed. There is no
restriction on the number of Fourier modes, and bending modes,
but each Sérsic component can only have a single set of C0 and
coordinate rotation parameters (see Section 4 for details).

n: セルシック指数 
n=0.5 -> Gaussian 
n=1 -> exponential 
n=4 -> de Vaucouleurs (1/4乗則) 

Re: 有効半径（50%の光が入る半径）

Peng et al. 2010
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楕円形 (n>2) 
中心部の膨らみが目立つ

円盤形 (n<2) 
円盤が目立つ
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Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)

Table 1
Overview Deep Lookback Surveys

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

c

(deg2) (AB mag, 5σ ) (AB mag)

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

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

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

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

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

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

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

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n ≈ 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that
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‣ 星形成銀河は円盤形（n~1） 
‣ 星形成を止めた銀河は楕円形（n~4） 
‣ 120億年前（z=2.5）にすでにこの関係が成立

銀河の形態と星形成活動



静止系紫外光 静止系可視光 星質量

観測された画像がクランピーな構造でも、 
星質量の空間分布はスムーズな円盤である

Wuyts et al. 2010

The Astrophysical Journal, 753:114 (25pp), 2012 July 10 Wuyts et al.

Figure 2. Case examples of galaxies at z ≈ 1–2 exhibiting off-center peaks in the surface brightness distribution. From left to right (f.l.t.r.): observed I775J125H160
three-color postage stamps sized 3.′′4 × 3.′′4, surface brightness distributions in the observed z850 and H160 bands, rest-frame U − V color maps, and the distribution of
stellar surface mass density. The off-center regions with elevated surface brightness tend to be blue, and therefore less pronounced (but still present) in H160 compared
to z850. With a few notable exceptions (ID1683 and ID12328), the stellar mass maps are centrally concentrated and lack regions with elevated surface mass density at
large radii.
(A color version of this figure is available in the online journal.)

object’s segmentation map. The latter scaling was implemented
to avoid any spurious trends due to aperture corrections in the
multi-wavelength catalog containing the integrated photometry.
The corrections are typically of the order of 10%.

The first conclusion to draw from Figure 3 is that the
estimates of the total stellar mass derived from only integrated
photometry are remarkably robust when compared to those
obtained from resolved SED modeling. The median offset in
log(M) is 0.00 dex, with a scatter (normalized median absolute
deviation) of 0.08 dex. The good correspondence also remains
if we were to ignore the constraints from integrated U, Ks,
and IRAC photometry in the resolved approach (i.e., minimize
χ2

res from Equation (1) instead of χ2
res+int from Equation (2). A

significantly larger systematic offset (by 0.2 dex for z ∼ 2 SFGs)
would be obtained if no pixel binning to a minimum S/N level
were applied. The reason is that in such a scenario there are
many individual pixels in the outskirts that have essentially

no color constraints and to which unreasonably large M/L
ratios can be assigned. This will then lead to erroneously
large estimates of their contribution to the stellar mass when
applying resolved SED modeling. Zibetti et al. (2009) carried
out a detailed analysis of nine nearby galaxies (D < 26 Mpc)
that is similar in spirit to ours. These authors find that stellar
masses derived from resolved color information exceed the
masses inferred from integrated photometry by 0–0.2 dex. We
note that in this study, the physical scales probed are an order
of magnitude smaller than attainable with WFC3 for distant
galaxies. We caution therefore that color and stellar population
variations on spatial scales below the resolution limit may still
affect our estimates of the total stellar mass.

More dramatic differences are revealed when considering
estimates of the SFR-weighted stellar age, which quantifies
the age of the bulk of the stars and equals the mass-weighted
age modulo stellar mass loss (see Equation (4) in Wuyts et al.
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Figure 2. (Continued)

2011a). In the resolved case, the SFR-weighted age of a galaxy
is computed equivalently:

agew, resolved =
∑Npix

i=1

∫ tobs

0 SFRi(t)(tobs − t) dt
∑Npix

i=1

∫ tobs

0 SFRi(t) dt
. (3)

While for galaxies that from integrated photometry are inferred
to be the oldest, the age estimate does not depend sensitively on
the adopted approach, the recovered age of the younger systems
(or at least those inferred to be the youngest from their integrated
photometry) can increase by up to an order of magnitude in
the most extreme cases when taking into account the resolved
photometric constraints. Outshining of the underlying older
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Figure 3. Fraction of massive galaxies (M > 1010 M⊙) that are quiescent (fquench), as a function of total stellar mass (left columns), bulge mass (middle columns),
and disk mass (right columns) for z ∼ 1 and z ∼ 2. Galaxies with sSFR < 1/3∗ tHubble are assigned as quiescent, the others are assigned as star-forming. In the middle
and bottom rows, we split the galaxy sample in bins of B/T for the two redshift bins. Uncertainties are derived from bootstrapping and include sample variance as
well as measurement uncertainties. A positive trend of fquench is seen with total stellar mass, with the trend becoming stronger when correlating fquench with the bulge
mass, whereas fquench shows no positive correlation with the mass of the disk component. At a given galaxy mass, fquench is increasing significantly with increasing
B/T ratio. The scatter in fquench among the different B/T bins is largely reduced when correlating against the bulge mass, implying that the mass within the bulge
of the galaxy is correlating best with quiescence. This trend is qualitatively similar for both redshift ranges, with the overall quenched fractions being lower at z ∼ 2
than at z ∼ 1.
(A color version of this figure is available in the online journal.)

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

5. COMPARISON WITH SAMS

5.1. The Somerville Model

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

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

all SAMs, the model relies on simplified analytic prescriptions
for the dynamical and astrophysical processes down from entire
galaxy scales, rather than on kiloparsec to parsec scales (the res-
olution below which state-of-the-art cosmological and zoom-in
hydro-simulations resort to subgrid physics, respectively). This
limitation, however, yields the enhanced flexibility of a rela-
tively inexpensive runtime, allowing the straightforward gener-
ation of statistically significant model galaxy populations, and
the tuning of parameters to observational constraints, such as
mass functions and scaling relations (only empirical constraints
from the nearby universe were used in tuning the parameters of
the model considered here). The fact that SAMs conceptually are
formulated in units of bulge and disk components furthermore
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いつ銀河の形態が形作られたのか？

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

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

0.12B � �
� , or ∼2 times the solar

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

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

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

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

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

Figure 5. Stellar population parameters as a function of stellar velocity dispersion (A), (C), (E), and redshift (B), (D), (F). Shown are the luminosity-weighted age
(A), (B), [Z/H] (C), (D), and the [α/Fe] ratio (E), (F) of stellar populations in quenched galaxies at various redshifts. In each panel, the red symbol represents our
measurement at z 1.6� § � . In the right panels, the thick and thin error bars correspond to the standard deviation and range of redshift of the sample, respectively. Blue
and orange symbols show z = 0 values within r 8e and re, respectively, of local quenched galaxies (Spolaor et al. 2010). In the right panels, blue and orange points are
the corresponding median properties of the local sample with 200T � km s 1� with the 1σ scatter of the corresponding distribution. The red arrowhead in panel (A)
shows the ending point of a purely passive evolution of the stellar populations of our sample galaxies down to z = 0. Gray circles in the right panels show the values
for massive quenched galaxies with log ( km s ) 2.241T �� in intermediate redshift clusters (Jørgensen & Chiboucas 2013). Their measurements were aperture
corrected in order to match the nuclear measurements at z = 0. In panel (B), the gray solid lines show, from thin to thick, the age of simple stellar populations made at
a formation redshifts from 1.5 to 4.0, as indicated in the insert.
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Figure 5. Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in different redshift intervals. The shaded/hatched regions represent the
total 1σ uncertainties of the maximum-likelihood analysis, including cosmic variance and the errors from photometric uncertainties derived using the MC realizations.
The normalization of the SMF of quiescent galaxies evolves rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In
particular, there is almost no change at the high-mass end of the star-forming SMF, whereas there is clear growth at the high-mass end of the quiescent population.
There is also evidence for evolution of the low-mass-end slope for quiescent galaxies. At low redshift, a double Schechter function fit is required to reproduce the
total SMF.
(A color version of this figure is available in the online journal.)

5. DISCUSSION

5.1. The Combined Population

In Figure 9, we plot the evolution of the Schechter parameters
M∗

star, Φ∗, and α as a function of redshift for the combined
population of both star-forming and quiescent galaxies. All
points plotted are from the single Schechter function fits except
for the 0.2 < z < 0.5 bin, where we have plotted the M∗

star
and combined Φ∗s of the double Schechter function fits. We
do not plot α at z > 2 in Figure 9 because the limiting mass
of the data at these redshifts is too high to provide constraints.
The lack of constraints, combined with the correlation between
M∗

star and α, means that the uncertainties in α at z > 2 are
likely to be underestimated. Also plotted in Figure 9 are the
best-fit Schechter parameters from the low-redshift SMFs from
Cole et al. (2001) and Bell et al. (2003) and the high-redshift
rest-frame-optical-selected SMFs from Pérez-González et al.
(2008), Marchesini et al. (2009), Marchesini et al. (2010), and
Caputi et al. (2011).

A comparison of the parameters in our lowest redshift bin
(0.2 < z < 0.5) with those parameters from Cole et al. (2001)
and Bell et al. (2003) shows good agreement for both Mstar and
Φ∗. There is some disagreement in α, with our data having a
steeper low-mass-end slope than the local SMFs. It is unclear
why this is, as the UltraVISTA data reach a comparable depth
in Mstar as local studies. Part of the discrepancy may be because
Cole et al. (2001) and Bell et al. (2003) fit a single Schechter
function when a double function is required. If we compare
our double Schechter function fits (α1 = − 0.53+0.16

− 0.28, α2 =
− 1.37+0.01

− 0.06) with those derived from Baldry et al. (2012) (α1 =
− 0.35 ± 0.18, α2 = − 1.47 ± 0.05), we find good agreement.

Figure 9 also shows that there is good agreement between our
SMFs and previous high-redshift SMFs in the literature. There

is a significant improvement in the uncertainties in the SMFs
derived from the UltraVISTA catalog, mostly due to the fact it
covers an area that is a factor of 8.8 and 11.4 larger than the
areas used in the Pérez-González et al. (2008) and Marchesini
et al. (2009) studies, respectively. Figure 9 confirms the results
of those previous works and shows that within the substantially
smaller uncertainties, there is still no significant evolution in
M∗

star out to z ∼ 3.0. This lack of evolution implies that
whatever process causes the exponential tail of the Schechter
function does so in a consistent way over much of cosmic time.
At z > 3.5, we find some evidence for a change in M∗

star;
however, given the lack of constraints on α at this redshift and
the correlation between M∗

star and α, the uncertainties are still
large.

Although there is no significant evolution in M∗
star, there is

a substantial evolution in Φ∗ from z = 3.5 to z = 0.0. If we
compare with the Φ∗ at z = 0 from Cole et al. (2001), we find
that it evolves by 2.58+1.01

− 0.37 dex between z ∼ 3.5 and z ∼ 0.0.
As Figure 9 shows, this evolution is stronger than the values of
1.22 ± 0.43, 1.76+0.40

− 0.82, 1.92+0.39
− 0.36, and 1.89+0.14

− 0.19 dex measured
previously by Pérez-González et al. (2008), Marchesini et al.
(2009), Marchesini et al. (2010), and Caputi et al. (2011),
respectively.

Interestingly, it appears that there is a statistically significant
evolution in α up to z = 2, the redshift where the data are
deep enough that there are still reasonable constraints on α.
A flattening of the slope with redshift was also seen in the
SMFs of Marchesini et al. (2009), which probe to slightly lower
Mstar. Such a flattening in the combined population is a natural
consequence of the fact that there appears to be little evolution in
the α of the star-forming population, but a flattening in α for the
quiescent population with increasing redshift (e.g., Figure 5;
see Section 5.2). UV-selected samples suggest a steep α at
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Figure 9. Best-fit Schechter parameters as a function of redshift for combined
SMFs determined using the UltraVISTA data (red circles). The squares and
circles are the z = 0 measurements from Cole et al. (2001) and Bell et al.
(2003). Also shown are parameters from previous rest-frame-optical-selected
SMFs from Pérez-González et al. (2008), Marchesini et al. (2009, 2010), and
Caputi et al. (2011). The SMFs show little evolution in M∗

star with redshift, but
an evolution of 2.70+0.96

− 0.42 dex in Φ∗ since z = 3.5. It appears that α flattens with
increasing redshift; however, this is more likely to be a result of depth of the
data rather than a true flattening (see the text).
(A color version of this figure is available in the online journal.)

are incorporated into the uncertainties in quantities such as the
SMDs and so these should still be representative.

If the α values of star-forming and quiescent galaxy SMFs
shown in Figure 5 are representative of the α values at lower
masses than are probed by the current catalog, then it suggests
that the single Schechter function fit we have used will be a poor
representation of the faint end at increasing redshift. Because the
α values of the star-forming and quiescent SMFs are so different,
and the mix of the two populations is a strong function of mass
(e.g., Figure 6), a double Schechter function parameterization
will be necessary to describe the faint end of the combined
population below the mass limit of the current data. If so, then the
flattening of α with redshift that we measure for the combined
population is most likely a consequence of the fact that the
mass limit of the survey is near the Mstar where the number
densities transition between being dominated by the quiescent
population to being dominated by the star-forming population.
A more thorough understanding of the differences in the slope
of rest-frame-optical-selected and UV-selected SMFs will have
to wait until deeper rest-frame-optical data are available and can
be used to select galaxies with comparable limits in stellar mass
as the UV-selected samples.

5.2. The Quiescent Population

The SMF of the quiescent population shows significant
evolution since z = 3.5. Although there is little change in M∗

star,

Φ∗ has increased by 0.57+0.03
− 0.04, 1.39+0.07

− 0.07, and 2.75+0.36
− 0.23 dex

since z ∼ 1.0, 2.0, and 3.5, respectively. With the improved
uncertainties from UltraVISTA, there is also evidence for
a steady increase in the number density of even the most
massive quiescent galaxies (log(Mstar/M⊙ > 11.5) since z = 3.5
(Figure 8). The uncertainties from earlier studies (e.g., Brammer
et al. 2011) were large enough that they could accommodate no
growth in the number densities of these galaxies since z = 2.2.

At z < 1, the data are complete to a sufficiently small
Mstar such that the upturn in the number density of quiescent
galaxies at log(Mstar/M⊙) < 9.5 can be clearly seen. This
upturn is also seen at z = 0 in the quiescent population (e.g.,
Bell et al. 2003; Baldry et al. 2012) and the UltraVISTA data
now confirm that it persists to at least z = 1. In Appendix B,
we, we show that the existence of the upturn is robust to the
definition of quiescent galaxies, although its prominence can
be increased or decreased depending on the strictness of the
selection. Interestingly, the location of the upturn seems to
evolve with mass, from log(Mstar/M⊙) ∼ 9.2 at z = 0.75 to
log(Mstar/M⊙) ∼ 9.5 at z = 0.35.

It has been suggested that the upturn is the result of a popula-
tion of star-forming satellite galaxies that have been quenched
in high-density environments (e.g., Peng et al. 2010, 2012).
The Peng et al. (2010) model separates the quenching process
into two forms: “environmental quenching,” and “mass quench-
ing”; the former is caused by high-density environments, and
the latter is caused by processes internal to the galaxies them-
selves. In their model, the Mstar where the upturn occurs is
determined by the relative αs of the mass-quenched quiescent
population and the environmentally quenched quiescent pop-
ulation (formerly a recently star-forming population). In the
case that the α values of the self-quenched quiescent popu-
lations and the star-forming populations do not evolve with
redshift—which is consistent with our measurements—an evo-
lution in the Mstar of the upturn would imply a change in the
fraction of galaxies that self-quench as compared to those that
environmentally quench. An evolution to higher masses with
decreasing redshift would imply an increase in the fraction of
galaxies that are environmental-quenched with decreasing red-
shift, i.e., environmental-quenching becomes increasingly more
important at lower redshift.

It is also interesting to examine the evolution of the fraction
of quiescent galaxies as a function of both Mstar and z. These
fractions are plotted in the bottom panels of Figure 6. At z <
1, we recover the well-known result that quiescent galaxies
dominate the high-mass end of the SMF (e.g., Bundy et al.
2006; Ilbert et al. 2010; Pozzetti et al. 2010; Brammer et al.
2011), but thereafter some interesting trends emerge.

The fraction of quiescent galaxies with log(Mstar/M⊙) > 11.0
continues to decline slowly with increasing redshift up to z =
1.5. After z > 1.5, that decline accelerates significantly and
we find that by z = 2.5 the fraction of quiescent galaxies has
decreased to the point where star-forming galaxies dominate
the SMF at all stellar masses. This result is shown in Figure 10
where we plot the Mstar at which quiescent galaxies dominate
the SMF (denoted Mcross) as a function of redshift. Also plotted
in Figure 10 are measurements of Mcross from other studies (Bell
et al. 2003; Bundy et al. 2006; Pozzetti et al. 2010; Baldry et al.
2012). These studies use different definitions of star-forming and
quiescent galaxies, so a direct comparison with the UltraVISTA
measurements is difficult; however, we note that they are largely
consistent with the UltraVISTA measurements in the redshift
range where the data overlap.
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Figure 9. Best-fit Schechter parameters as a function of redshift for combined
SMFs determined using the UltraVISTA data (red circles). The squares and
circles are the z = 0 measurements from Cole et al. (2001) and Bell et al.
(2003). Also shown are parameters from previous rest-frame-optical-selected
SMFs from Pérez-González et al. (2008), Marchesini et al. (2009, 2010), and
Caputi et al. (2011). The SMFs show little evolution in M∗

star with redshift, but
an evolution of 2.70+0.96

− 0.42 dex in Φ∗ since z = 3.5. It appears that α flattens with
increasing redshift; however, this is more likely to be a result of depth of the
data rather than a true flattening (see the text).
(A color version of this figure is available in the online journal.)

are incorporated into the uncertainties in quantities such as the
SMDs and so these should still be representative.

If the α values of star-forming and quiescent galaxy SMFs
shown in Figure 5 are representative of the α values at lower
masses than are probed by the current catalog, then it suggests
that the single Schechter function fit we have used will be a poor
representation of the faint end at increasing redshift. Because the
α values of the star-forming and quiescent SMFs are so different,
and the mix of the two populations is a strong function of mass
(e.g., Figure 6), a double Schechter function parameterization
will be necessary to describe the faint end of the combined
population below the mass limit of the current data. If so, then the
flattening of α with redshift that we measure for the combined
population is most likely a consequence of the fact that the
mass limit of the survey is near the Mstar where the number
densities transition between being dominated by the quiescent
population to being dominated by the star-forming population.
A more thorough understanding of the differences in the slope
of rest-frame-optical-selected and UV-selected SMFs will have
to wait until deeper rest-frame-optical data are available and can
be used to select galaxies with comparable limits in stellar mass
as the UV-selected samples.

5.2. The Quiescent Population

The SMF of the quiescent population shows significant
evolution since z = 3.5. Although there is little change in M∗

star,

Φ∗ has increased by 0.57+0.03
− 0.04, 1.39+0.07

− 0.07, and 2.75+0.36
− 0.23 dex

since z ∼ 1.0, 2.0, and 3.5, respectively. With the improved
uncertainties from UltraVISTA, there is also evidence for
a steady increase in the number density of even the most
massive quiescent galaxies (log(Mstar/M⊙ > 11.5) since z = 3.5
(Figure 8). The uncertainties from earlier studies (e.g., Brammer
et al. 2011) were large enough that they could accommodate no
growth in the number densities of these galaxies since z = 2.2.

At z < 1, the data are complete to a sufficiently small
Mstar such that the upturn in the number density of quiescent
galaxies at log(Mstar/M⊙) < 9.5 can be clearly seen. This
upturn is also seen at z = 0 in the quiescent population (e.g.,
Bell et al. 2003; Baldry et al. 2012) and the UltraVISTA data
now confirm that it persists to at least z = 1. In Appendix B,
we, we show that the existence of the upturn is robust to the
definition of quiescent galaxies, although its prominence can
be increased or decreased depending on the strictness of the
selection. Interestingly, the location of the upturn seems to
evolve with mass, from log(Mstar/M⊙) ∼ 9.2 at z = 0.75 to
log(Mstar/M⊙) ∼ 9.5 at z = 0.35.

It has been suggested that the upturn is the result of a popula-
tion of star-forming satellite galaxies that have been quenched
in high-density environments (e.g., Peng et al. 2010, 2012).
The Peng et al. (2010) model separates the quenching process
into two forms: “environmental quenching,” and “mass quench-
ing”; the former is caused by high-density environments, and
the latter is caused by processes internal to the galaxies them-
selves. In their model, the Mstar where the upturn occurs is
determined by the relative αs of the mass-quenched quiescent
population and the environmentally quenched quiescent pop-
ulation (formerly a recently star-forming population). In the
case that the α values of the self-quenched quiescent popu-
lations and the star-forming populations do not evolve with
redshift—which is consistent with our measurements—an evo-
lution in the Mstar of the upturn would imply a change in the
fraction of galaxies that self-quench as compared to those that
environmentally quench. An evolution to higher masses with
decreasing redshift would imply an increase in the fraction of
galaxies that are environmental-quenched with decreasing red-
shift, i.e., environmental-quenching becomes increasingly more
important at lower redshift.

It is also interesting to examine the evolution of the fraction
of quiescent galaxies as a function of both Mstar and z. These
fractions are plotted in the bottom panels of Figure 6. At z <
1, we recover the well-known result that quiescent galaxies
dominate the high-mass end of the SMF (e.g., Bundy et al.
2006; Ilbert et al. 2010; Pozzetti et al. 2010; Brammer et al.
2011), but thereafter some interesting trends emerge.

The fraction of quiescent galaxies with log(Mstar/M⊙) > 11.0
continues to decline slowly with increasing redshift up to z =
1.5. After z > 1.5, that decline accelerates significantly and
we find that by z = 2.5 the fraction of quiescent galaxies has
decreased to the point where star-forming galaxies dominate
the SMF at all stellar masses. This result is shown in Figure 10
where we plot the Mstar at which quiescent galaxies dominate
the SMF (denoted Mcross) as a function of redshift. Also plotted
in Figure 10 are measurements of Mcross from other studies (Bell
et al. 2003; Bundy et al. 2006; Pozzetti et al. 2010; Baldry et al.
2012). These studies use different definitions of star-forming and
quiescent galaxies, so a direct comparison with the UltraVISTA
measurements is difficult; however, we note that they are largely
consistent with the UltraVISTA measurements in the redshift
range where the data overlap.
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銀河の星質量関数の赤方偏移進化（Muzzin+13）
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‣ 銀河は無限大に成長していない 
‣ Mstar~1011Msolarになると、成長が止まる 
‣ 単純にΛCDMモデルでは説明できない
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Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)

Table 1
Overview Deep Lookback Surveys

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

c

(deg2) (AB mag, 5σ ) (AB mag)

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

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

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

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

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

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

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

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n ≈ 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that
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‣ HSTに観測によって、『銀河のどこに星がある
か』はかなりよくわかってきた 
‣『銀河のどこで星が作られているか？』がわか
れば、銀河の形態進化が予測できる

銀河の形態と星形成活動



銀河のどこで星が作られているか？
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Figure 4. Gallery of case examples from the massive z ∼ 1 SFG sample. PSF-matched three-color postage stamps sized 3.′′4 × 3.′′4 are composed of i775J125H160
for galaxies from the GOODS fields, and I814J125H160 for galaxies in EGS/UDS/COSMOS. Below, we show the surface brightness distributions in I, H, and Hα,
respectively (at natural resolution, with a slight smoothing applied to the Hα maps for visualization purposes). Blue, star-forming regions present in the I band generally
dominate the Hα emission as well. Central peaks in surface brightness (i.e., “bulges”) appear more prominently in the H band.
(A color version of this figure is available in the online journal.)

astrometric frame of the CANDELS broadband images. This
accounts for uncertainties in the position of the grism spectra
on the detector and degeneracies between on the one hand
the systemic redshift and on the other hand morphological k-
corrections between the Hα line map and the galaxy’s F140W
light distribution that was used as template in the redshift
determination. For each band, we adopted the shift leading
to the largest correlation coefficient, in most cases limited to
0–3 pixels.16 The ratio of I-to-H band correlation coefficients
then serves as a quantitative measure of how much better the

16 One pixel corresponds to 23 Å in wavelength, and 0.′′06 spatially.

Hα morphology corresponds to the I-band light distribution
compared to the H band. Figure 5 demonstrates what we inferred
by eye: a majority (65%) of galaxies in our sample shows a
stronger cross-correlation between the I and Hα morphologies
than between the H and Hα morphologies. This difference
is most pronounced among the more extended systems. For
galaxies with semimajor axis lengths larger than 3 kpc (as
measured with GALFIT by van der Wel et al. 2012), more
than 75% shows a better match between Hα and the I band than
between Hα and the H band. GN_96, GN_373, and GN_4952
in Figure 4 serve as examples of 3–5 kpc sized sources with
log(cross I × Hα/cross H × Hα) ∼ 0.05–0.07. For the largest

8
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銀河のどこで星が作られているか？
VLT観測によるHα輝線放射の分布（Tacchella+15a,b）

stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z= 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median zof 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 × 109 to 5 × 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b × r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z= 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).

A(a) A(b) A(c)

B(a) B(b) B(c)

C(a) C(b) C(c)

Mass M

RESEARCH | REPORTS

Figure 5. Overview of the data for each galaxy. For a given galaxy (row), the first column shows the HST H-band image with its contours, PSF, and a line indicating
5 kpc. The red ellipse represents the best GALFIT parameters re, b/a, and P.A. The box in the upper right corner shows the area in which the center is varied to
estimate the uncertainties on the best-fitted values. The fiducial center is the largest red plus sign,while the center of light, mass, and dynamical center are shown with
a cross ‘x’ in blue, green, and orange, respectively. The second column shows a superposition of the H-band image (same scaling and contours as in the first column)
and the SINFONI/AO Hα emission line map, shown in red–yellow color scaling. The third column shows the J-band and H-band surface brightness profiles in blue
and red, respectively. The dot–dashed lines show the GALFIT model, while the solid lines are the PSF-convolved profiles. The dashed lines represent the PSF, and the
arrows on the right mark the surface brightness limit. For some galaxies, additional features are modeled and are shown here as thin dotted lines. On the bottom, the
normalized residual profiles are shown. The last (fourth) column shows the PSF-convolved J−H color profiles in comparison with the data from the color maps (black
dots with error bars; see Section 8). Galaxies Q1623-BX502 and ZC404221 are very compact, and their fits have to be taken with care. In addition, K20-ID7, Q2343-
BX389, Q2343-BX610, Q2346-BX482, ZC405501, and ZC406690 show bright clumps in their outskirts that had to be fitted as well. The fits are clearly less reliable.
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‣星形成領域（Hα輝線）は星の分布より広がっている 
‣中心部に比べて、外側で星形成（SFR/Mstar）が活発 
‣ inside-out quenching

z=2.38

z=2.39

z=2.45



銀河のどこで星が作られているか？

bulge components of these massive galaxies are
already fully in place while their hosts are still
vigorously forming stars farther out in the sur-
rounding (disk) regions [Figs. 1 and 2, center
panels; see also (13)].
Specifically, the ratio between the star forma-

tion rate and stellar mass surface density profiles
[i.e., sSFRr = SSFR(r)/SM(r)] indicates suppression
of the inner sSFRr at the highest masses and
generally outward-increasing radial profiles of
sSFRr (Fig. 1, center panels). By examining the
surface stellar mass density within 1 kpc, SM,1kpc,
as a function of total stellar mass M, we see that
the massive galaxies at z~ 2.2 in our sample have
substantially suppressed star-formation activity
in their centers relative to lower-mass galaxies at
the same epochs. We show in the supplementary
materials (17) that this cannot be entirely due
to dust effects. The sSFR1kpc values range from
sSFR1kpc ~ 5 per billion years (Gy−1) (correspond-
ing to a mass-doubling time of ~200 My at a
galaxy stellar mass of 1010 M⊙) down to negligible
values of ~0.1 Gy−1 at 1011 M⊙. The key conclusion
is therefore that these galaxies sustain their high
total SFRs at large radii, far from their central
dense cores, whereas in such cores the sSFRr is
about two orders of magnitude lower.
A further important consideration that emerges

from the analysis of Fig. 2 is that our galaxies lie
around the identical tight SM,1kpc-M sequence
that is traced by galaxies at z ~ 0 (20). This im-
plies that the increase in total M of individual
galaxies along the main sequence must be ac-
companied by a synchronized increase in central
SM,1kpc, until the maximal central stellar densi-
ties of today’s massive spheroids are reached at
a stellar mass scale on the order of ~1011 M⊙.
Below this galaxy mass scale, dense stellar bulges
are therefore built concurrently with the outer
galactic regions. At z = 0, the global relation
curves, because the quenched galaxies have a
shallower slope than the star-forming galaxies,
and a clear “ridge” emerges (Fig. 2) (21). We
have too few galaxies to track this curvature at
earlier times, but this trend would be consistent
with z~ 2.2 galaxies slightly increasing their total
M through declining star-formation at large radii
while maintaining their already quenched inner
SM,1kpc values.
These results provide insight into the bulge

formation process. The high stellar densities that
are already present in their cores indicate that
at least some massive star-forming galaxies at
z ~ 2.2 have today’s massive spheroids as their
descendants. We are seeing, however, neither
classical bulges formed by dissipationless merg-
ing nor pseudo-bulges formed by the slow secu-
lar evolution of a stellar disk. Such a dichotomy
is often invoked to explain the structural variety
observed in nearby galactic bulges [(22); see,
however, (23)]. The high central stellar densities
of the massive galaxies in our sample argue for
a gas-rich, dissipative bulge formation process
at even earlier epochs. This is consistent with
theoretical predictions (24) that either mergers
or violent disk instabilities in gas-rich galactic
structures at high redshifts lead to a compaction

phase of the gas component, which possibly even
drags any preexisting stellar component within
the inner few kiloparsecs.
Furthermore, the suppressed central sSFRs in

such massive systems argue for a quenching en-
gine also at work. As this apparently acts from
the inner galactic regions outward, it echoes find-
ings recently reported for massive galaxy pop-

ulations in a more recent era, at z~ 0.5 to 1.5, or
~1.5 to 5.5 Gy later (25, 26). Our results reveal
that similar signatures are seen as early as z~ 2.2,
implying that the same physical processes that
lead to a phase of suppressed star formation from
the inside out started acting on massive star-
forming galaxies as early as ~3 Gy after the Big
Bang. We also estimate the time scale for an
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Fig. 2. Central stellar
mass density sequence.
We plot the stellar mass
surface density within
1 kpc, SM,1kpc, as a function
of the total stellar mass M.
The black points show the
z ~ 0 ZENS sample, and
the blue and red contours
their density on the
SM,1kpc-M plane split for
star-forming (blue) and
quiescent (red) galaxies.
The correspondingly
colored solid lines indicate
the best fits to these z = 0
star-forming (SM,1kpc º
M~1.0) and quiescent
(SM,1kpc º M~0.7) galaxies.
The dashed black line
shows the fit to the ridge of passive galaxies in the Sloan Digital Sky Survey z = 0 sample of Fang et al.
(20). The error bars at the bottom right indicate the systematic uncertainty in the derivation of SM,1kpc

and M. The large points are the z ~ 2.2 galaxies, color coded according to specific star-formation rate
within 1 kpc, sSFR1kpc.The z ~ 2.2 galaxies lie on the tight SM,1kpc-M locus traced by the z = 0 population.
In contrast with total SFRs increasing with stellar mass along the main sequence, the z ~ 2.2 galaxies
have central sSFRs that strongly decrease with stellar mass.

Fig. 3. Outward progression
of the quenching wave.The
quenching time tquench in
star-forming ~1011 Mʘ galaxies at
z ~ 2.2 as a function of galacto-
centric distance. Such galaxies
quench from inside out on
time scales in the inner cores
much shorter than 1 Gy after
observation, up to a few billion
years in the galactic peripheries.
The galaxies will be fully quenched
by z ~ 1.The solid orange line indicates the mean quenching time for all galaxies in the highest-mass bin,
whereas the orange-shaded region marks the 1s scatter.

Fig. 4. Proposed sketch of the evolution of massive galaxies. Our results suggest a picture in
which the total stellar mass and bulge mass grow synchronously in z ~ 2 main sequence galaxies,
and quenching is concurrent with their total masses and central densities approaching the highest
values observed in massive spheroids in today’s universe.
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銀河の形態進化とクエンチング（Tacchella+15a）

‣星形成領域（Hα輝線）は星の分布より広がっている 
‣中心部に比べて、外側で星形成（SFR/Mstar）が活発 
‣ inside-out quenching
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ダスト減光問題

only weakly (D <f̃ 0.04obscured ) for a correspondingly large
change in the log(sSFR) limit.

The mode of the SDSS distribution in Figure 2 (right) tracks
the higher-redshift data well, but with a broader distribution. In
Figure 2, there appears to be a dearth of highly obscured low-
mass galaxies at ~z 0. We forgo interpretation of the
individual distributions at the lowest �M due to complications
by the completeness limits of both data sets. For obscuration
fractions to the left of the dotted lines, SFR completeness
effects will become important.

We can illuminate the difference in the distributions from
z=2.5 to z=0 for massive galaxies by selecting a bin of
10.6<log(M/Me)<10.8, where both the SDSS and 3D-HST
samples are complete down to low levels of obscured star
formation (Figure 3). We find that the distribution at z=0
monotonically increases toward a maximum value at 100%
obscuration. The mode of the distributions (95%–100%)
remains relatively unchanged out to z=2.5, whereas the
width narrows. Although we only show one �M bin here, we
find similar trends down to log(M/Me)=10. When measuring
the median of the distributions (arrows), as also done in the
stacking analysis, this suggests a decrease (or flattening) in
obscuration at low redshift for the most massive galaxies. This
is also seen in the left panel of Figure 2, where there exists a
noteworthy deviation from the best-fit relation for the most
massive galaxies in the < <z0.5 1.0 ( < <z1.0 1.5) redshift
bin, with fobscured for galaxies with log(Må/Me)=11 depressed
by 10% (4%) or 0.05 dex (0.02 dex; see also Figure 7). As
shown in Kauffmann et al. (2003), the vast majority of the most
massive galaxies in SDSS at z=0 are quiescent. This makes it
difficult to push our direct comparison of the distributions
presented in Figure 3 toward the highest stellar masses, owing to
the sharp drop-off in the local sample.

The observation that star formation in the most massive
galaxies (log(M/Me)>10.6) at intermediate redshifts is
slightly less dust-obscured can also be seen in Figure 5 of
Whitaker et al. (2014), who showed IRX (≡LIR/LUV) for this

same data analysis as a function of stellar mass. This same
redshift bin also has a lower IRX–β relation (Figure 6Whitaker
et al. 2014); the results presented in the right panel of Figure 6
that adopt an evolving template conversion for LIR suggest
that we are only underestimating LIR when using the DH02
log-average template for the most IR-luminous galaxies.

Figure 2. Fraction of obscured star formation relative to total derived from median stacks is a strong function of �M and does not evolve strongly out to z=2.5. Left:
linear y-axis version, comparing to a local SDSS sample based on GALEX/WISE photometry at 0.02<z<0.05 in grayscale (R. Cybulski et al. 2017, in
preparation). We additionally compare to 450 and 850 μm SCUBA-2 stacks of a mass-selected sample from Bourne et al. (2017), finding excellent agreement at the
massive end (squares). The Herschel imaging from Casey et al. (2014b) agrees at the massive end down to the limits of the FIR-selected sample of star-forming
galaxies (triangles). The dotted–dashed line represents the implied ratio based on UV light attenuation measurements by Pannella et al. (2009). Right: logarithmic
y-axis version, including grayscale contours of the individual 3D-HST measurements in addition to the median stacks (circles) from Whitaker et al. (2014). The thin
lines represent the completeness limits of the 24 μm imaging. The dashed line is the average relation when using the Murphy et al. (2011) SFR calibrations.

Figure 3. Distributions of obscured fraction for individually detected galaxies
with 10.6<log(M/Me)<10.8 at 0.02<z<0.05 (SDSS; R. Cybulski et al.
2017, in preparation) and 0.5<z<2.5 (3DHST; Whitaker et al. 2014). The
arrows mark the distribution medians and the dotted lines (color-coded by
redshift) indicate where samples are mass- and SFR-complete. The black arrow
is the best-fit relation from Figure 2. While there is little to no evolution in the
mode, the width of the distribution increases toward lower redshifts. This bin is
representative of the trends for all �M where the SDSS and 3D-HST samples
are complete.
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‣重い銀河ほどUV光は吸収され、IRで再放射されている 
‣Mstar>1011Msolarの星形成銀河では、UVやHα輝線は
星形成の指標として不定性が大きい 
‣ダストの連続光を観測すれば良い



ダスト減光問題
z~2にある星形成銀河 (Tadaki+2017)

MIPS/24um PACS/160um

0.2″?PSF=6″ PSF=12″
‣中間赤外・遠赤外の観測はスペースからの観測になる
ため空間分解能が悪い 
‣ 8 kpc程度（~1″）の遠方銀河を分解するには、これ
らより遥かに高い空間分解能が必要



Going to ALMA observations

ESO/NAOJ/NRAO



ダスト減光問題
z~2にある星形成銀河 (Tadaki+2017)

MIPS/24um PACS/160um ALMA/870um

PSF=0.2″PSF=6″ PSF=12″

‣圧倒的に高い空間分解能でダスト連続光を観測 
‣銀河のどこで星が作られているか直接観ることが可能
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HSTで観る遠方銀河
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HST & ALMAで観る遠方銀河

ガスが銀河の中心に運ばれている
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‣中心1kpcで激しい星形成

Tadaki+2017



銀河の進化を予測する
円盤で星が生まれている場合

中心部で星が生まれている場合

もっと円盤が目立つ銀河に

中心の膨らみが目立つ銀河に

円盤形の銀河

円盤形の銀河
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