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Quenching processes imprint 
themselves on galaxy structure.
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Figure 9. Montage of SDSS postage stamps (∼ 25 kpc on a side) for a selection of galaxies with redshifts 0.04 < z < 0.05 and stellar masses 10.25 <
logM∗/M" < 10.5. Top row: Blue sequence galaxies with relatively low Σ1 (logΣ1 ≈ 8.7). Second row: Blue sequence galaxies with relatively high Σ1
(logΣ1 ≈ 9.4). Note the striking differences between even blue sequence galaxies at the same mass. Third row: Green valley galaxies. Bottom row: Red
sequence galaxies. Note that green and red galaxies have similar sizes and more prominent bulges than the blue galaxies in the top row. However, the blue
galaxies in the second row bear a strong resemblance to the green and red galaxies. It is plausible that the green and red galaxies are the quenched and faded
counterparts of the high-Σ1 blue galaxies in the second row.
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Galaxies above a (fuzzy) threshold in M* 
or μ* tend to be old.

Early SDSS work indicated that 
galaxy age is linked with structure.
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Galaxies at z~0.8 (AEGIS survey)

Inner structure appears to be a 
cleaner predictor of galaxy color.
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Figure 7. (a) The U − B vs. n diagram is reproduced from Figure 5(e) with
median values of color in each n bin plotted as open black triangles. The red
horizontal line represents the division between red and blue galaxies, while
the black vertical solid line at log n = 0.36 represents the point at which
the median is halfway between the red and blue values. The medians show
a step-like behavior in U − B vs. n, suggestive of a physical threshold in n.
Exceptions to the step function are the blue “outlier” galaxies in the lower right.
These are highlighted in strips of color for further discussion in Section 4.3.2
and Figure 9: pink points encompass U − B < 0.70, cyan points encompass
0.70 ! U − B < 0.95, and green points encompass 0.95 ! U − B < 1.20.
Bluish red-sequence galaxies are highlighted for comparison and lie within
1.20 ! U − B < 1.30. Images of these outliers are shown in Figure 9.
Roughly 40% of the log n > 0.36 galaxies are outliers. (b) U − B color vs.
inner stellar mass surface density Σ∗

1 kpc. Note that some galaxies do not have
Σ∗

1 kpc measurements due to insufficient S/N. Most outliers now fall into line,
suggesting that inner stellar mass surface density is a cleaner predictor of
quenching than n.
(A color version of this figure is available in the online journal.)

are needed to rule out fading. An important new insight from
our work is that evolution to the red sequence appears to be ac-
companied by a significant rearrangement of inner stellar mass
in which existing stars move to the centers of galaxies, and/or
new stars are formed there. We discuss processes whereby that
might happen in Section 5.

4.3. Sérsic Index and Inner Surface Density

4.3.1. A threshold in n?

The previous section considered M∗/re as the main quenching
parameter and looked at scatter around it to discover secondary
effects. In this section, we use a similar tack but focus on Sérsic
index n. An enlarged version of the color-n plot is shown in
Figure 7(a), which indicates median U − B in bins of n. The
medians illustrate the striking step-like behavior previously
mentioned. Defining the riser of the step to be where the medians
are halfway between their red and blue values, we place this
point at log n = 0.36, which is marked with the vertical black
line. This value corresponds to n = 2.3, which is similar to the
value of n often used to distinguish quenched (or early-type)
galaxies from star-forming ones locally (e.g., Shen et al. 2003;
Bell et al. 2004a; Schiminovich et al. 2007; Drory & Fisher
2007).

The medians also emphasize how flat the color trends are
above and below the threshold n value. Evidently, in the
extreme high-n and low-n regimes, star formation history is
independent of n. This differs markedly from the behavior of
M∗/re; Figure 5(c) shows a strong correlation between M∗/re
and color for star-forming galaxies below the overlap region.

The lack of importance of n above and below the threshold
is further emphasized by the large color scatter in both of these
regimes. This scatter is, however, of two types. At low n, there is
a rather uniform spread in color, i.e., SSFR can assume any value
within a large range, and n does not predict what SSFR will be.
At high n, n predicts color much better, i.e., the color distribution
is strongly peaked toward red (quenched) colors, but a significant

tail of outliers with blue colors exists (colored points, except the
red in Figure 7). The existence of these outliers was seen at both
low and high redshifts by Bell (2008) and Bell et al. (2012),
who expressed the role of n in quenching as “necessary but not
sufficient,” i.e., all quenched galaxies have high n, but not all
high-n galaxies are quenched. We see the same thing.

Unlike Figure 5(c) (which plotted color versus M∗/re), there
is no interval in n where the color scatter is markedly larger
than elsewhere (Figure 7(a)), and thus no impetus to search for
a second parameter within a narrow region of n. To investigate
the scatter, we have replotted Figure 7, this time highlighting
galaxies within narrow bins of various second parameters. The
results are shown in Figure 8, where galaxies are divided into
bins of stellar mass (top row), M∗/re (middle row), and M∗/r2

e
(bottom row), collectively termed M∗/r

p
e . The outlier region

from Figure 7(a) is outlined in blue. In each row, the behavior
is the same. Galaxies with low values of M∗/r

p
e are seen to be

mainly blue. A few leak into the high-n “outlier” regime, but
their blue colors always agree with other galaxies in the same
parameter bin, i.e., their star formation rates are not depressed
by having high n. As M∗/r

p
e increases, the mean color of low-n

galaxies becomes redder while the number of outliers remains
relatively constant. Again, the colors of the outliers still agree
with the average color of all galaxies in the same M∗/r

p
e bin. At

the highest values of M∗/r
p
e , virtually all galaxies are quenched

and the fraction of outliers is negligible. Two points are clear:
dividing galaxies into bins has not destroyed the basic step-like
nature of the behavior in that galaxies within each bin still trend
smoothly but sharply (apart from outliers) from their “native”
star-forming state to a quenched state. The second point is that
all trends with color at low n remain flat within each bin of
M∗/r

p
e . This shows that the strong trend of color versus M∗ or

M∗/re within the blue cloud (Figures 5(b) and (c)) is not caused
by some hidden dependence on n.

To summarize, we have reproduced findings by previous
authors that indicate that high n typically predicts a quenched
galaxy, and we have set the half-power point between blue and
red galaxies at ncrit = 2.3. This value is very near the SDSS
value, implying no large evolution in ncrit from z ∼ 0.65 down
to z ∼ 0. The rise in color near the critical value is sharp, while
above and below this value there is no trend in color with n,
even within narrow slices of M∗/r

p
e . At high n, most galaxies

are quenched with red colors, but a non-negligible fraction of
objects is blue despite having high n. We turn to the nature of
these outliers next.

4.3.2. Outliers

Although n acts like a threshold for the vast majority
of galaxies, there are obvious exceptions, namely, the blue,
high-n (log n ! 0.36) “outliers” highlighted in Figure 7(a) and
elsewhere. Understanding these objects is clearly crucial for
unraveling the quenching mechanism—why are they blue when
their photometric structure resembles that of quenched objects?
We have highlighted 151 outliers in Figure 7 using color to in-
dicate their U − B ranges; they make up ≈40% of all n > 2.3
galaxies (the red points immediately above the red horizontal
dashed line at U −B = 1.20 are not outliers; they are quiescent
red sequence galaxies shown for comparison).

Several possibilities come to mind to explain these objects.
One possibility is that they are artifacts due to the presence of
bright point-like AGNs. Adding a blue AGN to a normal star-
forming galaxy would make the global colors bluer and increase
n (and concentration) (Pierce et al. 2010). To pursue this, we
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Unresolved issues about quenching 
and structure persist.
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A fundamental parameter?

A fixed threshold value?

Link to physical processes?
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Features of our work

6

Use GALEX UV data to resolve the GV and identify 
recently quenched galaxies in SDSS.

Divide sample into mass bins to remove any global 
trends and to identify plausible evolutionary tracks.

Use mass density within a radius of 1 kpc, Σ1, which 
probes conditions closer to central regions.

Present average mass profiles for a large sample of 
galaxies divided by mass and color.
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Sample galaxies are divided 
into stellar mass bins.

7

Bins are 0.25 dex wide.

Only face-on, central 
galaxies with z < 0.075 are 
included.

Assume each slice is an 
evolutionary path.

Sample definitionSDSS galaxies
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Mass profiles are computed 
from aperture photometry.

Surface brightness 
profile Mass density profile

M/L conversion

(interpolated catalog 
aperture photometry)

Radius (kpc) Radius (kpc)
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Figure 2. Stellar mass vs. redshift for galaxies in our sample with r < 16.5,
NUV< 23, and NUV−r > 4 (red points). The magnitude limits ensure that
we are not excluding the reddest objects from the sample (Section 2.2). The
horizontal dashed lines indicate the mass bins used in defining our sample.
The hatched regions indicate the redshift ranges used to define our “volume-
limited sample.” This approach maximizes the number of galaxies in each
mass bin. Redshift limits and number counts are provided in Table 1. The
size of the SDSS PSF limits our useable redshift range to z < 0.075 (see
Appendix).

dicated in the figure are the six mass bins used throughout
this paper. Each bin is 0.25 dex wide, and we consider the
interval 9.75 < logM∗/M" < 11.25. For each mass bin, a
volume-limited sample is constructed by defining the mini-
mum and maximum redshifts between which red galaxies are
detected. Note that the volumes chosen are different for each
mass bin. Hereafter, we refer to this sample of 2361 galax-
ies as the “volume-limited sample,” even though it is not for-
mally restricted to a single volume for all galaxies. For ref-
erence, Table 1 lists the mass and redshift ranges defining the
volume-limited sample, as well as the numbers of galaxies
in each bin. The fraction of blue, green, and red galaxies in
each mass bin are also provided. Throughout this paper, blue
galaxies are defined to have NUV−r < 4, green galaxies have
4 < NUV−r < 5, and red galaxies have NUV−r > 5.

2.3. M/L Relation and Mass Surface Density Profiles
A major focus of this paper is studying the buildup of

stellar mass in the inner regions of galaxies and its relation
to quenching. To trace the mass distribution and its evo-
lution, we compute stellar mass surface density profiles for
each galaxy using the surface brightness profiles described
in Section 2.1. To do so requires knowledge of the stellar
mass-to-light ratio, M/L, to convert surface brightness into
mass surface density. We calibrate a relation between M/Li
(i.e., stellar mass divided by i-band luminosity) and rest-frame
g − i color using the integrated photometry and stellar masses
of our sample. Figure 3 presents the derived calibration,
logM/Li = (1.15+0.11

−0.07) + (0.79+0.07
−0.10)(g − i). The calibration is

derived from a linear least-squares fit to the data, incorporat-
ing errors in the stellar mass estimates (typically ∼ 0.1 dex;
photometric errors are a few percent at most). The uncertain-
ties in the slope and zeropoint are 16th and 84th percentile
confidence limits obtained by bootstrap resampling the data
points within their errors and recalculating the fit. This rela-
tion is consistent, within the uncertainties, with the M/Li cali-
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Figure 3. Integrated stellar mass-to-light ratio M/Li (i-band luminosity)
vs. rest-frame g − i color for SDSS galaxies in our sample (gray contours and
points). Stellar masses are from the MPA/JHU catalog. The best-fit linear
relation is plotted, logM/Li = (1.15+0.11

−0.07) + (0.79+0.07
−0.10)(g − i). Confidence lim-

its for the slope and zeropoint were computed by bootstrap resampling. This
relation is used to convert i-band surface brightness profiles into mass surface
density profiles. The 1σ scatter about the relation (0.04 dex) is indicated in
the upper right.

bration determined by Taylor et al. (2011) for a larger sample
of SDSS galaxies. This M/Li relation is used in conjunction
with the interpolated surface brightness profiles to calculate
mass density profiles. The 1σ scatter about the relation is
0.04 dex, which is taken to be the uncertainty in M/Li when
calculating errors later on.

A potential concern is how variations in stellar population
parameters (e.g., SF history, dust, metallicity, initial mass
function) affect our derived M/L relation. In particular, such
variations may cause galaxies to scatter off the linear rela-
tion, leading to an incorrect estimate of the mass density.
However, broadly speaking, such variations conspire together
to shift galaxies along the relation rather than off it (e.g.,
Bell & de Jong 2001; Szomoru et al. 2013).

To verify empirically that metallicity does not bias M/L,
we measured the M/L relation using masses and colors deter-
mined within the SDSS 3′′ fiber. Since the fiber subtends the
inner regions of each galaxy (! 3 kpc), we can probe regions
with higher metallicities and see if they are located off the re-
lation in Figure 3. We find that the fiber-based M/L relation
lies on top of the relation in Figure 3, with slightly smaller
scatter (0.035 dex). No systematic offset is seen, suggesting
that metallicity effects do not introduce a systematic bias in
our measurements of M/L.

Variations in the initial mass function (IMF) can also result
in inaccurate estimates of M/L. To first order, changing the
IMF shifts the zeropoint of the M/L relation but preserves its
slope (e.g., Bell & de Jong 2001). If the IMF varies system-
atically with, e.g., galaxy luminosity, our use of a single cal-
ibration would be inappropriate. Indeed, increasing evidence
points to systematic variations in the IMF, such that steeper
IMFs (more bottom-heavy) are inferred in (early-type) galax-
ies with higher velocity dispersions (e.g., Cappellari et al.
2012; Conroy & van Dokkum 2012; La Barbera et al. 2013).
If this trend applies to our sample, then our estimates of M/L
would be systematically underestimated for more massive and
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Σ1 in quenched galaxies is well-
correlated with stellar mass.

9

Correlation suggests a 
mass-dependent (~M0.64) 
quenching threshold in Σ1.

Challenges the notion of a 
fixed threshold.
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Figure 4. Σ1 vs. stellar mass for galaxies with 0.005 < z < 0.075. Points are color-coded according to NUV−r color. A strong trend between both parameters
is seen for green and red galaxies, while blue galaxies lie below the ridge line of the relation. The line is a least-squares fit to the green valley and red sequence
galaxies only (NUV−r > 4), logΣ1 = (9.29+0.10

−0.10) + (0.64+0.23
−0.20)(logM∗ − 10.25). The quoted confidence limits were obtained using bootstrap resampling of the

data. The 1σ vertical scatter of green and red galaxies about the fit is indicated in the figure (0.16 dex). The strong trend with stellar mass challenges the notion
of a fixed, mass-independent threshold surface mass density above which galaxies can quench.

and an insignificant contribution to the overall mass growth
(Moustakas et al. 2013). In summary, since the quenching
timescale is much shorter than the mass doubling time, galax-
ies will, on average, evolve through the green valley onto the
red sequence at fixed stellar mass.

We now turn to the first segment of the proposed path and
ask if blue galaxies can increase Σ1 without a significant (fac-
tor of 2) increase in stellar mass. We can appeal to another
timescale argument to verify this. We assume a mass doubling
time of ∼ 8 Gyr, as above. If the growth in Σ1 is due to e.g.,
violent disk instabilities, the timescale for clumps in the disk
to fall toward the center is of order tens of dynamical times
(i.e., a few Gyr; Dekel et al. 2009). However, violent disk in-
stabilities are believed to be more common at high redshift
and are unlikely to be the main driver of bulge buildup in our
galaxies. On the other hand, secular evolution (via, e.g., bar-
driven processes) is believed to be a key player at late times
and can also increase the inner mass density on timescales of
a few Gyr (Kormendy & Kennicutt 2004). While these bulge
buildup timescales are smaller than the mass doubling time,
we caution that these estimates are somewhat uncertain. De-
spite this caveat, it is nevertheless plausible that galaxies can
build up their inner regions while maintaining roughly con-
stant stellar mass since z ∼ 1. Thus our interpretation of each
panel of Figure 6 as an evolutionary track is reasonable.

Our interpretation is also consistent with the data them-
selves. Specifically, the distribution of points in Figure 6 (es-
pecially at lower masses) forms a “hook” shape, with some
blue galaxies having lower Σ1 than green and red galaxies of
the same mass. The lack of quenched galaxies with low Σ1
in each mass bin is strong evidence that blue galaxies cannot
simply fade onto the red sequence without increasing their
inner mass density. If they could, we would expect to see
the scatter in Σ1 for green and red galaxies to be compara-
ble to the scatter in Σ1 for blue galaxies. This is not seen in
Figure 6. Our interpretation is consistent with Cheung et al.
(2012), who find that the inner mass concentration of galaxies
at z ∼ 0.8 must increase in order for galaxies to quench. Our
result moreover shows that this mass rearrangement occurs at
fixed stellar mass.

In addition to the hook-shaped distribution, Figure 6 reveals
other trends. One is the “disappearance” of blue sequence
galaxies in higher mass bins (Table 1). This is not surpris-
ing because the blue sequence is tilted in color-mass space
(see Figure 1), with the bluest objects found only at low stel-
lar masses. Put another way, the ratio of blue galaxies to
red galaxies decreases with stellar mass (Table 1). If galax-
ies do evolve as we have described, then Figure 6 also im-
plies that such evolution is more complete at higher masses.
That is, the dearth of massive blue galaxies is consistent with

Σ1 = mass density within 1-kpc radius
(computed from mass profiles)
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Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than

A plausible evolutionary track 
is seen in Σ1 vs. NUV-r color.

10

At fixed stellar mass...

Σ1 increases while a 
galaxy is blue.

A galaxy can quench 
above the threshold Σ1.

Fang+13, submitted
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Inner mass density grows as 
galaxies quench.
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Figure 8. Median SDSS i-band surface brightness profiles and mass surface density profiles (derived from the i-band profiles) for galaxies in six stellar mass
bins for the volume-limited sample. Profiles are color-coded to correspond to galaxies in the blue sequence, green valley, and red sequence. While the surface
brightness profiles for green and red galaxies are nearly identical, blue galaxies have dimmer centers and brighter outer disks; this effect is more pronounced at
lower masses. However, the outer mass density profiles are nearly identical for galaxies of all colors, particularly at higher masses. Dotted lines in each panel are
the same and serve to guide the eye.

Blue galaxies have 
brighter outer disks 
than red galaxies...

...but similar outer mass 
densities.

It is inner mass density 
that builds up as galaxies 
quench.

Fang+13, submitted
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A high-Σ1 bulge is necessary, but 
not sufficient, for quenching.

12

Vertical scatter in distribution 
implies a second process 

needed to ensure quenching.
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Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than

8 FANG ET AL.

2

3

4

5

6

7 9.75 < log M < 10.00

!GV = 0.17

10.00 < log M < 10.25

!GV = 0.20

10.25 < log M < 10.50

!GV = 0.15

8.0 8.5 9.0 9.5 10.0

2

3

4

5

6

7 10.50 < log M < 10.75

!GV = 0.16

8.0 8.5 9.0 9.5 10.0

10.75 < log M < 11.00

!GV = 0.18

8.0 8.5 9.0 9.5 10.0

11.00 < log M < 11.25

!GV = 0.18

logΣ1 [M! kpc−2]

N
U
V
−
r

Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than
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Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than

Bell 2008

A similar effect is seen when 
looking at high-Sersic galaxies.

n < 1:5 (14 of 725, or 1.9%, of n < 1:5 galaxies are on the red
sequence).6

Figure 2 shows example gri SDSS cutouts for subsamples of
central galaxies withM! > 1010 M". The top panels show five of
the 711 blue central n < 1:5 galaxies; one can clearly see that the
typical galaxy in this subsample is a late-type disk galaxy with
a small or nonexistent bulge. The middle panels show five of
the 14 red central n < 1:5 galaxies. One can see in some cases a
prominent bar and possible bulge. The bottom panels show five

Fig. 2.—SDSS cutouts of galaxies in the sample with M! > 1010 M". Top: Blue n < 1:5 central galaxies. Middle: Red n < 1:5 central galaxies. Bottom: Red
1:5 # n < 2:5 central galaxies. The rightmost galaxy in the middle row is the only red n < 1:5 central galaxy lacking line emission. Cutouts are roughly 4000 on a side.
There is a tendency for the red n < 1:5 central galaxies to appear rather more concentrated than their blue counterparts, lending weight to the notion that a significant
bulge component is a requirement for quenching of star formation in central galaxies.

Fig. 1.—Color-mass distribution for central galaxies with b/a > 0:5 and 0:02 < z < 0:06. Galaxies are separated into those lacking significant bulges (Sérsic index
n < 1:5; left ), those with an intermediate bulge-to-disk ratio (1:5 < n < 3; middle), and those with significant bulges (n > 3; right ). Colors denote the emission-line
classification classes from Brinchmann et al. (2004). Red denotes galaxies unclassified because of a lack of line emission; the bulk of these galaxies are not forming
stars. Hues of blue show galaxies with line emission characteristic of being powered by star formation; green shades show star formation /AGN composites or AGNs.
There are very few n < 1:5 central red-sequence galaxies, and almost all of these have an AGN. It would appear that in order to quench star formation completely, central
galaxies must have a significant bulge and /or supermassive black hole.

6 There are 16 red-sequence central galaxies with values of b/a > 0:5 and n <
1:5; two of these (SDSS J142922.73$004939.1 and SDSS J084958.78+381203.2)
are clearly edge-on and should have not been included in the sample (their catalog
values of b/a are simply incorrect) and they were excluded from the sample.
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Quenching may be a two-step process 
driven by both the bulge and halo.

13

1. Removal (or stabilization) of 
gas in galaxy

Merger-triggered starburst
AGN feedback

Morphological quenching

All are linked with the growth of 
the galaxy bulge, traced by, e.g., Σ1.

(e.g., Mihos+1994, Hopkins+2006, Martig+2009)

2. Suppression of further gas 
accretion

Virial shock heating

Process is dependent on the 
DM halo, traced by, e.g., Mh.

(e.g., Birnboim+2003, Dekel+2006, Woo+13)
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Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than
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Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than
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Figure 6. NUV−r vs. Σ1, plotted for the volume-limited sample in six stellar mass bins. Values of Σ1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in Σ1 for blue, green, and red galaxies in each mass bin. Dotted gray lines indicate the division between
blue, green, and red galaxies. The “hook”-shaped distribution in seen in nearly every mass bin. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. Assuming that galaxies evolve at fixed mass, this suggests that galaxies in the blue sequence build up their bulges (i.e.,
increase Σ1) and then quench and redden. The near-vertical distribution of green and red galaxies suggests that inner bulge buildup does not continue (much)
once a galaxy leaves the blue sequence. In addition, the distribution “marches” toward higher Σ1 with increasing stellar mass. Dotted red lines indicate the value
of Σ1 above which 80% of the red galaxies lie in each mass bin.

blue cloud. Once they reach a critical value of Σ1, galaxies
are able to quench and move into the green valley. Moreover,
Σ1 remains nearly constant after a galaxy is quenched; this
manifests itself as the nearly vertical tracks in Figure 6.

Figure 9 gives a visual sense of the diversity of galaxy
morphologies, even at fixed mass. This montage of SDSS
color postage stamps shows a random sampling of galax-
ies with redshifts between 0.04 and 0.05 and stellar masses
10.25 < logM∗/M" < 10.5. The narrow redshift slice was
chosen to ensure that the images have comparable physical
extent (25 kpc). The top row shows blue galaxies with low
Σ1. As can be seen, these galaxies have extended blue disks
and weak central bulges. The second row in Figure 9 dis-
plays blue galaxies with higher Σ1. For consistency, both
rows show galaxies with NUV−r < 3. What is striking is
the radically different optical sizes and visual morphologies
of the galaxies in the second row compared to those in the
top row. These high-Σ1 objects have much smaller disks and
more pronounced bulges.

The third and fourth rows of Figure 9 show examples of
green valley and red sequence galaxies, respectively. Their
sizes and morphologies are very similar to the high-Σ1 blue
cloud objects in the second row. This lends further support to
a scenario where nearly all of the bulge buildup takes place
while galaxies are still in the blue cloud. Thus, the mass rear-
rangement must be essentially complete before galaxies move
into the green valley.

4.2. Light-Weighted vs. Mass-Weighted Radii
Figure 8 shows that SB profiles show systematic differences

from the SD profiles. For example, at fixed mass, blue galax-
ies have brighter SB profiles at large radii than quenched ob-
jects, yet their outer mass profiles are nearly identical to those
of quenched galaxies. This implies that apparent differences
in e.g., sizes of blue and red galaxies are likely exaggerated
simply because sizes are measured using SB profiles, which
are affected by bright blue stars in the disks of star-forming
galaxies. This effect has been called “outshining” in some
contexts (Reddy et al. 2012; Wuyts et al. 2012), whereby light
from recently formed stars biases measurements of radii, stel-
lar population ages, or other parameters.

Figure 10 highlights the effects of outshining by com-
paring measures of galaxy size using light-weighted radii
and mass-weighted radii. The ratio of the mean radius for
blue galaxies to the mean radius for green and red galaxies,
〈R50,BC〉/〈R50,GV/RS〉, is plotted as a function of stellar mass.
Three radius definitions are used: g-band half-light radius, i-
band half-light radius, and half-mass radius. Half-light radii
are the 50% Petrosian radii from the SDSS database, and half-
mass radii are computed from the SD profiles.

For each radius definition, the general trend is that the size
difference between star-forming and quenched galaxies de-
creases slightly with stellar mass. This trend is consistent with
the observed increase in bulge-to-total ratios with stellar mass
(e.g., Kauffmann et al. 2003b). That is, more massive galax-
ies, regardless of color, tend to be more bulge-dominated than
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Σ1 is well-correlated with stellar mass for quenched galaxies, 
challenging the notion of a fixed, mass-independent threshold.

At fixed M*, Σ1 seems to increase in the blue cloud until it 
reaches the threshold value, above which galaxies can quench.

But the outer surface density remains ~constant as galaxies 
evolve from blue to red--the difference is in the bulge.

Quenching may be a two-step process that requires (1) gas 
removal (bulge-driven) and (2) suppression of further gas 
infall (halo-driven).


