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shown in Figures 7 and 8. This illustrates that for our assumed star
formation history, and a fixed NUV! r color,H!A andDn(4000)
are measures of the quench rate ". Faster quench rates yield youn-
ger characteristic stellar ages from H!A (more positive) and
Dn(4000) ( less positive), at a fixed NUV! r color.

In Figure 9 we show the evolution of H!A versus Dn(4000)
for the various quench rates, and the points on the locus when
NUV! r ¼ 4:25. In Figure 10, we add the galaxies from the
extinction-corrected Hess function bin 4 < NUV! r < 4:5 and
!22 < Mr < !21 (from Fig. 5). Again, we havemade no signal-
to-noise cuts. It can be seen that themodel indices are a reasonable
representation of the index data and that a range of " can po-
tentially account for much of the dispersion in a given color-
magnitude bin.

Finally, in Figure 11, we show the color derivative dy/dt versus
color for the quenched models. At y ¼ 4:25, the derivative varies
from a high of #3 Gyr!1 to about 0.4 Gyr!1 for " ¼ 0:5 Gyr!1.
Not surprisingly, dy/dt(4:25) monotonically tracks ".

We remind the reader that in the spirit of an exploratory inves-
tigation we are using very simple star formation history models
to track the evolution inDn(4000),H!A, and NUV! r space.We

are also assuming solar metallicity. The star formation history
assumption is further investigated below. We defer a more com-
plex and realistic approach to the future.

5. CONSTRAINTS ON THE MASS FLUX

The machinery is now in place to calculate the transitional
mass flux. For all calculations we use the color bin 4 < y < 4:5.
We do this in three ways:

1. Use the uncorrected Hess function, calculate a mean value
of H!A and Dn(4000) for each Mr bin, infer the corresponding
dy/dt from Figures 10 and 11, and use equation (3) to add up the
total mass flux.

2. Use the same methodology as (1), but use the extinction-
corrected Hess function.

3. Calculate a " and dy/dt for each galaxy, and an average
dy/dt for each color-magnitude bin.

5.1. Methods 1 and 2

In Tables 1 and 2 we tabulate the values of #(Mr; y ¼ 4:25),
H!A(Mr; y ¼ 4:25), Dn(4000)h i(Mr; y ¼ 4:25), ", dy/dt, stellar
mass (from Kauffmann et al. [2003] available in the MPIA/JHU
Value-Added Catalog), and mass-flux for the uncorrected and
extinction-corrected cases. The quench rate " (and the correspond-
ing dy/dt) are found by finding the y ¼ 4:25 [Dn(4000), H!A]
model pair that comes closest to the observed [Dn(4000), H!A]
pair. Distance in the [Dn(4000), H!A] plane is calculated by nor-
malizing each index to its full range, viz., H!An ¼ H!A /12, and
Dn(4000)(norm) ¼ Dn(4000)/1:0.

In the uncorrected case, the total mass flux is $̇T ¼ 0:095M$
yr!1 Mpc!3 (the sum of the right-hand column). The majority of
themass flux comes from galaxies with!22 < Mr < !20. Lower
mass galaxies have younger stellar ages, faster quench rates and
larger dy/dt. However, their contribution to the total mass is de-
creased. Note that eachmass flux entry in the table is obtained from
$̇T ¼ 2M (Mr)# (Mr; y ¼ 4:25)dy/dt½" ( Dn(4000)h i; H!Ah i)&,
where the factor of 2 accounts for the fact that the Hess function
NUV! r bins are 0.5 wide.

In the extinction-corrected case, the total mass flux is $̇T ¼
0:028M$ yr!1Mpc!3, a factor of 2 lower. Two effects cause this:
the number density # is lower (since some star-forming galaxies
are moved to a bluer NUV! r bin), and the characteristic ages
are somewhat older (for the same reason). The distribution shifts

Fig. 9.—Quenched star formation history, H!A vs. Dn(4000) after quench.
Line style indicates quenching rates: solid line: " ¼ 20 Gyr!1; dotted line: " ¼
5 Gyr!1; dashed line: " ¼ 2 Gyr!1; dot-long-dashed line: " ¼ 1 Gyr!1; dot-short-
dashed line: " ¼ 0:5 Gyr!1. Large points indicate NUV! r ¼ 4:25 for each ".

Fig. 10.—Quenched star formation history,H!A vs.Dn(4000) after quench. Line style indicates quenching rates: solid line: " ¼ 20 Gyr!1; dotted line: " ¼ 5 Gyr!1;
dashed line: " ¼ 2 Gyr!1; dot-long-dashed line: " ¼ 1 Gyr!1; dot-short-dashed line: " ¼ 0:5 Gyr!1. Large points indicate NUV! r ¼ 4:25 for each ". Dots show data
for a single color-magnitude bin (Mr ¼ !21, NUV! r ¼ 4:25). Left: no extinction correction. Right: extinction corrected.
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aperture bias. In our case, we might worry that disk light is under-
represented or bulge overrepresented in the H!A and Dn(4000)
indices. This would lead to an underestimate of the quench rate
and dy/dt. If this were the case, we would expect that the more
distant galaxies in the sample would have higherH!A [and lower
Dn(4000)] as the disk is brought into the fiber aperture. However,
no such trend is apparent in the data—there is no redshift depen-
dence at all in the index values.

6.1.2. Time Variations and Delays

In comparing the transitional, red, and blue sequence mass
fluxes, we have glossed over time delays in the transition from
blue to the red sequence. These could impact the present mea-
surement if there are variations in themass flux rate over the cosmic
timescales spanned by the DEEP2 and COMBO-17 observations.
We have determined typical quench rates to be !1Y1.5 Gyr"1.
With this rate, evolution from blue to our transitional color takes
!3 Gyr, with a similar additional interval to reach the red se-
quence. Strictly speaking, we must compare the mass flux rate
now with the blue sequence evolution 3 Gyr in the past and the
red sequence evolution 3 Gyr in the future. The results of Faber
et al. (2007) suggest that the mass flux rate is roughly constant,
although the rate may be higher in the highest redshift bin. It will
be of some interest to measure the transitional flux at higher red-
shifts to determine whether it is evolving with time.

6.1.3. Star Formation Histories

We have assumed that all galaxies in the transitional region
follow the quenched star formation history of equation (4).Many
other star formation histories could be considered that would
produce different evolution in H!A, Dn(4000), and color space.
Wemaintain, however, that the quenchedmodels we use lead to
the highest possible color derivatives, dy/dt, in the transitional
region. In this sense, since the mass flux we derive is proportional
to dy/dt, our result represents an upper limit.
We assumed that the quench occurs after 10 Gyr of constant

star formation. This produces some galaxies [with the oldest
Dn(4000) and H!A indices] that exceed the age of the universe
by several Gyr. If the constant SFR period is reduced to 5 Gyr,
the implied quench rate for a given index is lower, and correspond-
ingly the total mass flux is reduced by about 20% from 0.026 to
0.021 M# yr"1 Mpc"3 (method 3).
We consider three other possible histories, a smooth exponen-

tial decay in star formation rate from formation (smooth), recent
bursts, and a composite stellar population, consisting of an early
burst and a low level of on-going star formation (composite).
Smooth.—In this case we assume that galaxies were formed

!10 Gyr ago with a range of e-folding parameters " that ac-
counts for the range in present day colors, the original assump-
tion of Tinsley (1968). We show the time evolution of NUV " r
in Figure 15. The time at which the transitional color NUV "
r ¼ 4:25 is reached depends somewhat on the value of ". We
show the color evolution of H!A and Dn(4000) in Figure 16.

TABLE 3

Mass Flux Table: Method 3

Mr logM% # Number H!A Dn(4000) " dy/dt #̇ $̇B %½$̇B'

"23.75 ........... 11.63 1.84E"07 5 "0.61 1.81 1.00 0.82 6.08E"07 0.0001 0.0001

"23.25 ........... 11.49 1.08E"06 22 "1.05 1.85 0.85 0.70 3.03E"06 0.0005 0.0001

"22.75 ........... 11.32 6.53E"06 100 "0.69 1.84 1.02 0.85 2.22E"05 0.0023 0.0003

"22.25 ........... 11.12 2.20E"05 217 "0.72 1.83 1.05 0.87 7.71E"05 0.0051 0.0005

"21.75 ........... 10.93 4.02E"05 252 "0.66 1.82 1.07 0.94 1.51E"04 0.0064 0.0006

"21.25 ........... 10.73 5.63E"05 211 "0.67 1.82 1.02 0.87 1.97E"04 0.0053 0.0005

"20.75 ........... 10.50 7.42E"05 154 "0.52 1.81 1.19 1.05 3.11E"04 0.0050 0.0004

"20.25 ........... 10.25 6.80E"05 77 "0.18 1.76 1.56 1.37 3.74E"04 0.0033 0.0004

"19.75 ........... 10.00 6.94E"05 40 0.25 1.71 1.97 1.69 4.70E"04 0.0024 0.0004

"19.25 ........... 9.85 6.06E"05 21 "0.19 1.73 1.37 1.50 3.64E"04 0.0013 0.0003

"18.75 ........... 9.52 7.22E"05 9 1.69 1.56 3.68 2.90 8.37E"04 0.0014 0.0005

Fig. 14.—Results from this work for the transitional mass flux from the blue
to the red sequence. Green dashed line shows the result of method 1, green dot-
ted line method 2, and green solid line method 3. Red points show mass flux
estimated from red sequence evolution of Faber et al. (2007). Higher point is
based on evolution over 0 < z < 1, while lower point on 0 < z < 0:8. Blue point
shows estimate "$̇B based on blue sequence evolution.

Fig. 15.—Smooth, exponentially decaying star formation rates yield colors
NUV" r ¼ 4:25 near 10 Gyr ages. Line style indicates exponential constant:
solid line: " ¼ 0:6 Gyr"1; dotted line: " ¼ 0:55 Gyr"1; dashed line: " ¼ 0:5 Gyr"1;
dot-dashed line: " ¼ 0:45 Gyr"1; triple-dot-dashed line: " ¼ 0:4 Gyr"1.
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Figure 6. Red fraction in SDSS as functions of stellar mass and environment.

steadily with cosmic epoch and does so at a faster rate for the
higher density environments. The galaxy population therefore
occupies a shifting locus in ρ on the unchanging ερ(ρ) curve,
progressively broadening in ρ and extending further up onto the
steeper part of the ερ(ρ) curve as time passes.

Environmental effects within the galaxy population therefore
develop and accelerate over time as the galaxy population
migrates to a broader range of densities. This can be seen in our
earlier zCOSMOS analyses of fred in Cucciati et al. (2009), and
the analogous analysis of morphology in Tasca et al. (2009),
in which we split the galaxy population by environmental
density quartiles as here. Both analyses showed a progressive
development of differences between the highest and lowest
density quartiles as the redshift decreased from z ∼ 1 to locally.
Environmental effects are much weaker at z ∼ 1 than today
simply because many fewer galaxies inhabit the high δ regions
where the (unchanging) environmental effects are strongest.

4.3.2. Physical Origin of Environment Quenching

In the previous subsection, we showed that the environment
apparently imprints itself on the galaxy population in a way that
is uniquely given by the environment (over-density), indepen-
dent of epoch and of the mass of the galaxy.

A natural contender for this characteristic of the environmen-
tal effect is the quenching of galaxies as they fall into larger dark

Figure 7. As for Figure 5, but for the zCOSMOS sample at 0.3 < z < 0.6.

matter haloes (Larson et al. 1980; Balogh et al. 2000; Balogh
& Morris 2000; van den Bosch et al. 2008). Examination of
the 24 COSMOS mock catalogs (Kitzbichler & White 2007)
shows that the fraction of galaxies, at a given mass, that are
satellite galaxies, fsat, is strongly environment dependent, but,
at fixed ρ or δ, is almost entirely independent of epoch (at least
since z = 0.7), and of galactic mass, m (especially for m <
1010.9 M⊙), as shown in Figure 10. These are precisely the same
two characteristics that we have identified empirically for our
“environment-quenching” process.

If we suppose that “satellite quenching” quenches some
fraction x of satellites as they fall into larger haloes, then it is easy
to see that x will be given by the ratio of ερ/fsat. Inspection of
Figure 10 shows that x takes a value that increases from about
30% at the lowest densities up to about 75% for our densest
environments with log (1 + δ) ∼2. Interestingly, this is in the
same range as the estimate (40%) of the fraction of satellites
that are quenched from van den Bosch et al. (2008).

Ram pressure stripping and strangulation are usually consid-
ered as the physical mechanisms through which satellite quench-
ing operates (see, e.g., Feldmann et al. 2010). Such processes
may efficiently quench star formation, but would probably not
lead to morphological transformations. Incorporation of mor-
phological information into our picture could help us better
understand this process, but this is beyond the scope of this
paper.
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Figura 14: Esquerda: Imagem da galáxia NGC 1566 no filtro 3.6 µm, ilustrando as

elipses ajustadas por cima da galáxia. Note que, para fins de visualisação, a diferença

entre o semi-eixo maior de duas elipses consecutivas é de 3 � step (vide § 3.2.1);

portanto apenas 1/3 das elipses ajustadas estão sendo representadas na figura. A

relosução espacial e o step desta imagem estão indicados na figura. Direita: Perfis de

elipticidade e de ângulo de posição da mesma galáxia. A assinatura da barra é clara

neste caso: a elipticidade cresce continuamente até atingir o máximo, seguido por

uma queda abrupta. O comprimento da barra medido pelo método da elipticidade

máxima para esta galáxia está indicado pela seta. Em alguns casos também ocorre

uma variação no ângulo de posição, após a elipticidade atingir o máximo, como é o

caso do perfil de ângulo de posição desta galáxia.

38

Ellipticity determination 
(Menéndez-Delmestre+07)

Nogueira-Cavalcante+, in prep

GV galaxies 
By-eye classification: 
10-15% 
Compared to ~30% 
total (Sheth+08) 
Galaxy Zoo + HST? 
(Talk by E. Cheung)
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• Through deep spectroscopy, we can estimate 
the star formation history of galaxies at 

z~0.8 

• The evolution of the mass flux density: at 
earlier times, faster transtion happening in 

more massive galaxies 

• “Top-down” scenario: more massive galaxies 
in the red sequence were formed earlier, and 

less massive objects fill in at later times 

• Bars appear to indicate slow quenching. 
More secular evolution at low-z?

Summary
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GALAXY PHYSICAL PARAMETERS (GPP) ACROSS THE UVOCMD.  

 

Figure 2: Galaxy Physical Parameters method is a linear regress extraction of parameters using a large set of 
SAM-generated star formation histories with associated predicted physical parameters. The plots show the goodness 

of fit between SAM-model galaxy parameters and those reconstructed from the observed photometry and specto-

scopic indeces (see text). Examples are (a) stellar mass, (b) FUV extinction, (c) specific SFR, and (d) Star-Formation 
Acceleration (SFA, see text).  

We have synthesized several pioneering approach [1-5] into a single new method for measuring 
global galaxy physical parameters. The technique works as follows. We start with the Millenium 
Survey dark matter structure evolution simulation [6]. Semi-analytic modeling (SAMs) is used to 
predict galaxy physical properties depending on time, halo mass, merger and accretion histories, 
and halo spin [7]. In particular, SAMs predict galaxy stellar mass, star formation rate, gas frac-
tion, size, bulge-to-disk ratio, gas and star metallicity, and various surface densities. We use the 
gas surface density, metallicity, and a randomly inclination with a simple slab model to produce 
an observed extinction. We use the star formation histories and the Charlot & Bruzual (2008) 
spectral synthesis code to produce observed band fluxes and spectral indices for each galaxy. All 
of these properties are predicted over cosmic time for each galaxy and its predecessors in the 
merger tree. We then perform a linear regression analysis between each physical property and 
the observables, in fixed bins of the index Dn(4000) (the 4000Å spectral break). The observables 
used are f (FUV band), n (NUV band), SDSS u, g, r, and i, and the spectral index HδA . This 
yields a set of linear coefficients relating the observables to the physical properties. Some results 
of the regression fits between input and inferred properties are given in Figure 2. Typical errors 
in the recovery of physical parameters, averaged over all galaxy types and at all redshifts, are 
given in Table 1. For example, extinction can be recovered with a precision of σ(AUV)<0.4 mag. 
The method works for galaxies spanning the UVOCMD, at all redshifts, even when the extinc-
tion law exhibits unpredictable variations: Dn(4000) determines an extinction-independent age, 
and the exquisitely sensitive NUV-optical color gives both age and extinction.  

 Table 1. Error in parameter derivation averaged over all galaxies types, SF histories, and redshifts 

Case log M* log SFR log 

SSFR 

ANUV log Mgas log Z* log Zgas SFA log Age 

FUV & NUV 0.08 0.21 0.20 0.29 0.31 0.15 0.25 1.00 0.07 

NUV  0.08 0.31 0.29 0.33 0.31 0.15 0.25 1.03 0.07 

One of the principal advantages of this approach is that we can extract SFR and an observational 
equivalent of the rate of change of the SFR (“Star Formation Acceleration”) without assuming 
parametric or ab initio star formation histories. Two additional advantages are that we can meas-
ure an “influence function” (Figure 3) for each observable with each physical parameter, in order 

ROSES 2010  Astrophysics Data Analysis 
NNH11ZDA001N-ADAP  Determining Galaxy Physical Parameters 
 

ADAP-6 

Use or disclosure of information contained on this sheet is subject to the restriction on the title page of the proposal. 

Star Formation Acceleration.  

Recognizing this two-way flow across the green valley, we have developed a new approach us-
ing UV and optical data to measure the Star Formation Acceleration (SFA), the rate of change of 
the (NUV-i) color (typical quantified as mags/Gyr). [Martin 2011, in preparation] This was one 
of the principal motivations for the linear GPP approach discussion in §2. SFA is positive for 
quenching galaxies, and negative for galaxies undergoing starbursts. Figure 2 shows the GPP 
result for SFA for model galaxies and Figure 3 shows the observable influence function. 

We applied this to a trial set of the SDSS/GLS galaxies, and Figure 4(a) shows the resulting SFA 
vs. extinction-corrected NUV-i color in two mass bins.  Several phenomena can be seen in this 
figure. Ignoring mass-dependence for the moment, blue-sequence galaxies show colors correlat-
ed with their SFA—the bluest galaxies have negative, “bursting” SFAs, while redder blue-
sequence galaxies are “quenching”. The red sequence has a similar “tilt” in the diagram: the blu-
est galaxies have negative, “bursting” SFAs, while redder red-sequence galaxies are “quench-
ing”. Galaxies in the green-valley are on average quenching as they travel from the blue to red 
sequence.  

 

Figure 4: SFA derived for GALEX/SDSS test sample, vs. color, stellar mass, and specific SFR. (a) SFA =d(NUV-i)/dt 
vs. (extinction- and k-corrected) NUV-i color. SFA is in units of mag/Gyr, for galaxies in two mass bins given by the 

symbol color.(b) Average SFA for two mass bins from (a), with errors (solid error bars) and ranges (dashed error 
bars), vs. derived specific SFR.  

Now consider the dependence on stellar mass. Lower mass galaxies in the green valley are most-
ly quenching, while higher mass galaxies are both quenching and bursting. This is demonstrated 
in Figure 4(b) in which we calculated averages and display them vs. specific SFR (SSFR). A 
plausible model for this is given in Figure 5: lower mass galaxies are accreting and becoming 
satellite galaxies, having their star forming gas tidally and/or ram-pressure stripped, while higher 
mass galaxies are receiving this gas and reacting with new star formation. These mass differ-
ences are extremely important for galaxy models, and obtaining significant numbers of low mass 
green-valley galaxies and comparing them to high mass galaxies requires an analysis of the full 
SDSS/GLS dataset.  

 

Martin, 
Gonçalves et al. 

2013

Star formation acceleration (SFA)
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Figure 6. NUV-r vs. ⌃1, plotted for the volume-limited sample in six stellar mass bins. Values of ⌃1 are computed from the mass density profiles discussed in
Section 2.3. The error bars indicate the median error in ⌃1 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 ⌃1) 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 ⌃1 with increasing stellar mass. Dotted red lines indicate the value
of ⌃1 above which 80% of the red galaxies lie in each mass bin.

M/L relation in Figure 3. Despite their brighter outer disks,
blue galaxies have nearly identical outer mass profiles as red
galaxies. This can be explained as a consequence of the lower
mass-to-light ratios of blue galaxies (i.e., while blue galaxies
have bright disks due to young stars, those stars do not domi-
nate the total stellar mass). Despite the similar outer mass pro-
files, it can be seen that red galaxies have, on average, higher
mass densities in the inner regions (R . a few kpc) than blue
objects. The lower-right panel shows that the SD profiles of
green and red galaxies are very similar at all radii.

We now move beyond a single mass and redshift bin to ex-
amine the SB and SD profiles of all galaxies in the volume-
limited sample. Figure 8 presents the median i-band SB
and SD profiles for galaxies in the sample, divided into the
same mass bins used in Figure 6. In each mass bin, galax-
ies are divided into blue, green, and red galaxies based on
NUV-r color. The conclusions drawn from Figure 7 are es-
sentially the same for the whole sample. Beginning with the
SB profiles, what is apparent from the figure is that the SB
profiles of green and red galaxies are remarkably similar at
all radii in all mass bins. This suggests that green and red
galaxies are structurally very similar. The second notable as-
pect is the difference between the SB profiles of the blue and
green/red galaxies. In particular, the blue galaxies have signif-
icantly brighter outer regions. This is not surprising given the
fact that blue galaxies predominately have extended (bright)
disks.

Turning to the SD profiles, inspection of Figure 8 reveals

that the outer parts of all galaxies in a mass bin have simi-
lar values of ⌃(R), especially at higher mass. This stands in
contrast to the SB profiles, where we noted that blue galax-
ies have systematically brighter outer profiles than green and
red galaxies. In addition, the mass profiles highlight that the
main difference in ⌃(R) between galaxies of different colors
is found in their inner regions (R . 1 kpc). At fixed mass,
green and red galaxies have inner surface densities systemat-
ically larger than blue galaxies by about a factor of 2–3. As
mentioned in Section 2.3, recently reported IMF variations
would increase the difference in inner ⌃(R) between blue and
red galaxies.

Taking the view that galaxies evolve from blue to red at
fixed mass, we are led to conclude that mass is building up in
the inner (bulge-dominated) regions as galaxies evolve. More-
over, most of this buildup occurs before the galaxy leaves the
blue cloud. This last point is indicated by the observation that
the SD profiles of green and red galaxies are nearly identi-
cal in their inner regions. If, instead, mass buildup occurred
gradually as a galaxy transitioned from blue to red, we would
expect to see the green valley mass profiles take on values
more intermediate between the blue and red galaxy profiles.
This expectation is strengthened by referring back to Figure
6. In each mass slice, especially at lower stellar masses where
the blue cloud is well-populated, the distribution of galaxies
in color-⌃1 space is consistent with an interpretation in which
galaxies increase their inner mass densities while still in the
blue cloud. Once they reach a critical value of ⌃1, galaxies

Fang+13

No evolution in central 
density or velocity 
dispersion after quenching 
!
We will be able to correlate 
quenching timescales with 
bar properties - at low AND 
high redshift

SF QUENCHING AND INNER STELLAR MASS DENSITY 15

2

3

4

5

6

7 9.75 < log M < 10.00

σGV = 0.14

10.00 < log M < 10.25

σGV = 0.10

10.25 < log M < 10.50

σGV = 0.11

1.6 1.8 2.0 2.2 2.4

2

3

4

5

6

7 10.50 < log M < 10.75

σGV = 0.09

1.6 1.8 2.0 2.2 2.4

10.75 < log M < 11.00

σGV = 0.07

1.6 1.8 2.0 2.2 2.4

11.00 < log M < 11.25

σGV = 0.07

log �1 [km s

�1
]

N
U
V
�
r

Figure 12. NUV-r vs. �1 in six stellar mass bins for the volume-limited sample. Error bars indicate median errors in �1 for blue, green, and red galaxies in
each mass bin. Dotted gray lines indicate the division between blue, green, and red galaxies. The horizontal scatter in dex of the distribution in the green valley
is indicated at the bottom of each panel. The dotted red lines indicate the value of �1 above which 80% of the red galaxies are found in each mass bin. Though a
correlation between �1 and NUV-r color is apparent, the scatter and measurement errors in �1 become increasingly severe toward lower masses.

to exchange energy and angular momentum with one another.
Examples from fast to slow include gas-rich major mergers
(e.g., Toomre & Toomre 1972), violent disk instabilities (e.g.,
Dekel et al. 2009; Ceverino et al. 2010; Cacciato et al. 2012),
gas-rich minor mergers (e.g., Mihos & Hernquist 1994), and
bar and related non-axisymmetric disk instabilities (e.g., Kor-
mendy & Kennicutt 2004). All of these processes raise inner
mass density by driving gas toward the center in a dissipative
manner.

Thus, we know that galaxy inner mass densities are increas-
ing, the only question is by how much and how fast. To as-
sess this, it is appropriate to note that our SDSS data reflect
galaxies at the present epoch, which have mostly settled down
into dynamical equilibrium. It is thus appropriate to consider
bulge-building processes that are operative now, which leads
us to focus on the slower processes listed above. Reliable rates
for inner mass density buildup in mature disk galaxies require
very accurate hydrodynamic simulations, which are only now
becoming feasible. As an alternative, we cite the analytic toy
model of Forbes et al. (2012), which models the rather modest
effects of gravitational disk instabilities. The net result from
that process alone is a buildup in inner mass density by a fac-
tor ⇠ 2 since z ⇡ 2. This is consistent with the average dif-
ference in inner mass density between blue and red galaxies
seen in our data (Figure 8), which suggests that this process
could be a significant contributor. Also, Patel et al. (2013)
present observational evidence that blue, star-forming galax-
ies continually grow their inner mass density as they evolve
from z ⇠ 1 to the present day.

6.2. The Utility of ⌃1 and �1 as Quenching Predictors
The results presented above highlight the connection be-

tween inner mass density and the quenching of SF. It is not
obvious whether the trends seen are causative or merely pre-
dictive of quenching. For now, we discuss the predictive na-
ture of the correlation between color and ⌃1 (Figure 6). In
this, we follow previous authors who also looked for structural
parameters that are predictive of quenching (Kauffmann et al.
2006; Bell 2008; Franx et al. 2008; Wake et al. 2012b; Che-
ung et al. 2012). Those efforts were only partially successful
because every parameter tried (e.g., stellar mass, effective sur-
face density, or Sersic index) proved to show scatter, i.e., at a
fixed value of the parameter, one could find both blue and red
galaxies. In this respect, our new parameter ⌃1 has a simi-
lar weakness. Nevertheless, our approach has several merits
worth discussing.

A key feature of our analysis is the use of narrow mass
slices to remove global trends with stellar mass. By doing so,
we have been able to identify plausible evolutionary tracks
(Figure 6). Such tracks would have been strongly blurred
out if we had considered all galaxies together because of the
strong trend between ⌃1 and stellar mass in Figure 4. In ad-
dition, our use of UV data from GALEX provides a clearer
separation between star-forming and quenched galaxies. The
improved dynamic range permits a more detailed study of
galaxies that are currently transitioning from blue to red, an
advantage that has not been exploited previously.

The validity of our assumption that galaxies quench at es-
sentially fixed mass bears further discussion. In Section 3, we
appealed to simple physical arguments that show that galax-


