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Figure 4. Left panels: distribution of galaxies at 2 < z < 3 (boxed gray scale) in the SFR–M (upper panel) and M–size (lower panel) diagrams. The colored markers
indicate compact SFGs (green), other noncompact SFGs (cyan), and quiescent galaxies (red) in a thin slice of stellar mass (10.6 < log(M/M⊙) < 10.8; vertical black
lines). The dashed lines show the selection thresholds for star-forming (above log(sSFR/Gyr−1) = −1) and compact (below log(ΣT /M⊙ kpc1.5 = 10.3) galaxies.
Compact SFGs have nearly normal, main-sequence SFRs, but small effective radii typical of the quiescent population. Right panel: sSFR–Σ diagram showing the
galaxies in the highlighted mass slice of the left panels. The location of compact SFGs in the upper-right quadrant and the lack of galaxies in the lower-left quadrant
suggest that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper left) to compact (upper right) SFGs, likely due to
a strongly dissipational process (see Section 6), and then to quiescence (bottom right) by simply shutting down SFR. The 5′′ × 5′′ zJH color postages illustrate that
compact SFGs not only share the stellar masses and effective radii of quiescent galaxies but also present similar spheroidal morphologies, significantly different from
those of extended SFGs, which appear to be disk-like and sometimes irregular or clumpy.
(A color version of this figure is available in the online journal.)
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Figure 5. Left to right panels: distribution of stellar masses, axis ratios, and
Sérsic indices for compact SFGs (light blue) and quiescent galaxies (red). Both
populations have consistent stellar mass distributions and similarly high values
of the axis ratio and the Sérsic index, typical of a spheroid-dominated population.
The dark blue line indicates the distribution of the most massive (log(M/M⊙) >
11) and larger (re > 2 kpc) compact SFGs, which appear to have more disk-like
morphologies and a flatter distribution of axis ratios. The black dashed-dotted
line shows the Sérsic index distribution for X-ray-detected compact SFGs, which
is fully consistent with that of the full compact SFG population, i.e., there is no
evidence for a systematic bias in their structural properties.
(A color version of this figure is available in the online journal.)

spheroidal galaxies at z ∼ 2 (Kaviraj et al. 2013a). The few
examples of disturbed morphologies within our sample appear
to be in the most unobscured galaxies in region 3 of the UVJ
diagram. Interestingly, three of these galaxies host the most
luminous X-ray galaxies (LX > 1044 erg s−1) in the sample.

3.4. Far-IR Colors and SEDs

The emission at mid- to far-IR wavelengths is typically
associated with dust heated by star formation. However, if part

of this emission originates from a different source, such as
an AGN or an evolved stellar population, it could lead us to
overestimate the IR-based SFR. The latter case appears to be
relevant only for galaxies with low SFRs (Salim et al. 2009;
Fumagalli et al. 2013); however, an obscured AGN can have a
significant contribution to the IR emission even in strongly SFGs
(Daddi et al. 2007a, 2007b). The shape of the IR SED, probed
by Spitzer/Herschel colors, provides an effective diagnostic
tool to identify the power source of the dust heating (e.g.,
Kirkpatrick et al. 2013). Dust heated by star formation has
colder temperatures (Tdust = 15–50 K) and thus emits at longer
wavelengths than dust heated by an AGN (Tdust = 150 K),
which is a more intense heating source. Figure 6 shows the
S250/S24 and S100/S24 Spitzer/Herschel colors versus the S8.0/
S3.6 IRAC color for 19 (7) compact SFGs detected in PACS
(SPIRE) compared with other massive SFGs at 2 < z < 3. In
the presence of an AGN, the emission at shorter wavelengths
leads to bluer Herschel colors and redder IRAC colors, typically
within the gray shaded areas. IRAC colors have been widely
used in the literature as an AGN selection criterion (e.g., Lacy
et al. 2004; Stern et al. 2005; Donley et al. 2007) but, combined
with their Herschel colors, also provide additional information
on the heating source (star formation versus AGN) or the
nature of the star formation (main sequence versus starburst).
To illustrate these differences, Figure 6 shows color tracks of IR
templates with increasing levels of AGN activity (purple) and
IR luminosity (red).

The overall Herschel colors and the distribution with respect
to other SFGs indicates that the IR emission in compact
SFGs is mainly fueled by star formation. Only two out of six
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Figure 4. Left panels: distribution of galaxies at 2 < z < 3 (boxed gray scale) in the SFR–M (upper panel) and M–size (lower panel) diagrams. The colored markers
indicate compact SFGs (green), other noncompact SFGs (cyan), and quiescent galaxies (red) in a thin slice of stellar mass (10.6 < log(M/M⊙) < 10.8; vertical black
lines). The dashed lines show the selection thresholds for star-forming (above log(sSFR/Gyr−1) = −1) and compact (below log(ΣT /M⊙ kpc1.5 = 10.3) galaxies.
Compact SFGs have nearly normal, main-sequence SFRs, but small effective radii typical of the quiescent population. Right panel: sSFR–Σ diagram showing the
galaxies in the highlighted mass slice of the left panels. The location of compact SFGs in the upper-right quadrant and the lack of galaxies in the lower-left quadrant
suggest that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper left) to compact (upper right) SFGs, likely due to
a strongly dissipational process (see Section 6), and then to quiescence (bottom right) by simply shutting down SFR. The 5′′ × 5′′ zJH color postages illustrate that
compact SFGs not only share the stellar masses and effective radii of quiescent galaxies but also present similar spheroidal morphologies, significantly different from
those of extended SFGs, which appear to be disk-like and sometimes irregular or clumpy.
(A color version of this figure is available in the online journal.)
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Figure 5. Left to right panels: distribution of stellar masses, axis ratios, and
Sérsic indices for compact SFGs (light blue) and quiescent galaxies (red). Both
populations have consistent stellar mass distributions and similarly high values
of the axis ratio and the Sérsic index, typical of a spheroid-dominated population.
The dark blue line indicates the distribution of the most massive (log(M/M⊙) >
11) and larger (re > 2 kpc) compact SFGs, which appear to have more disk-like
morphologies and a flatter distribution of axis ratios. The black dashed-dotted
line shows the Sérsic index distribution for X-ray-detected compact SFGs, which
is fully consistent with that of the full compact SFG population, i.e., there is no
evidence for a systematic bias in their structural properties.
(A color version of this figure is available in the online journal.)

spheroidal galaxies at z ∼ 2 (Kaviraj et al. 2013a). The few
examples of disturbed morphologies within our sample appear
to be in the most unobscured galaxies in region 3 of the UVJ
diagram. Interestingly, three of these galaxies host the most
luminous X-ray galaxies (LX > 1044 erg s−1) in the sample.

3.4. Far-IR Colors and SEDs

The emission at mid- to far-IR wavelengths is typically
associated with dust heated by star formation. However, if part

of this emission originates from a different source, such as
an AGN or an evolved stellar population, it could lead us to
overestimate the IR-based SFR. The latter case appears to be
relevant only for galaxies with low SFRs (Salim et al. 2009;
Fumagalli et al. 2013); however, an obscured AGN can have a
significant contribution to the IR emission even in strongly SFGs
(Daddi et al. 2007a, 2007b). The shape of the IR SED, probed
by Spitzer/Herschel colors, provides an effective diagnostic
tool to identify the power source of the dust heating (e.g.,
Kirkpatrick et al. 2013). Dust heated by star formation has
colder temperatures (Tdust = 15–50 K) and thus emits at longer
wavelengths than dust heated by an AGN (Tdust = 150 K),
which is a more intense heating source. Figure 6 shows the
S250/S24 and S100/S24 Spitzer/Herschel colors versus the S8.0/
S3.6 IRAC color for 19 (7) compact SFGs detected in PACS
(SPIRE) compared with other massive SFGs at 2 < z < 3. In
the presence of an AGN, the emission at shorter wavelengths
leads to bluer Herschel colors and redder IRAC colors, typically
within the gray shaded areas. IRAC colors have been widely
used in the literature as an AGN selection criterion (e.g., Lacy
et al. 2004; Stern et al. 2005; Donley et al. 2007) but, combined
with their Herschel colors, also provide additional information
on the heating source (star formation versus AGN) or the
nature of the star formation (main sequence versus starburst).
To illustrate these differences, Figure 6 shows color tracks of IR
templates with increasing levels of AGN activity (purple) and
IR luminosity (red).

The overall Herschel colors and the distribution with respect
to other SFGs indicates that the IR emission in compact
SFGs is mainly fueled by star formation. Only two out of six
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Compact Star-Forming
(Blue Nuggets)

Barro et	al.	(2013)

Ü Quenched galaxies at z~2 are 
substantially more compact than 
present day counterparts.

Ü Quenching pathway: galaxies need   
to shrink in size and reduce their star 
formation activity.

Ü Population of compact star forming 
progenitors (Blue Nuggets) identified   
in the CANDELS fields.

van der Wel et al. 9

Fig. 6.— Parametrized redshift evolution of the size-mass relation, from the power-law model fits shown in Figure 5. The left-hand panel
shows the evolution of the intercept, or the size evolution at fixed stellar mass of 5 × 1010 M⊙. Strong evolution is seen for high-mass
early-type galaxies; mild evolution for low-mass early types and for late-type galaxies. The middle and right-hand panels show the evolution
of the slope and intrinsic (model) scatter of the size-mass relation, both with no indication for changes with evolution. The parameters
shown in this figure are given in Table 1.

Fig. 7.— Evolution-corrected average sizes at M∗ = 5×1010 M⊙

for late-type galaxies (top panel, in blue) and early-type galaxies
(bottom panel, in red). That is, the data points shown here are
precisely the data points shown in the left-hand panel of Figure
6, divided by (1 + z)βz as indicated on the y-axis. The residuals
from the best-fitting (1+z)βz law indicate that parameterizing the
evolution as a function of the Hubble parameter (Reff ∝ h(z)βH )
instead, provides a more accurate description, particularly for the
late-type galaxies. See §3.2 for further discussion.

> 1011 M⊙ to include this in our analytical description
presented above (§3.1). The flattening of the size-mass
relation for low-mass early types is also clearly seen. As
we showed in §3.1, the large apparent increase in the
scatter for high-redshift early types can be partially at-
tributed to contaminants and outliers.
We provide complementary sets of median size and

scatter measurements in the Appendix. These in-
clude the commonly used circularized radii: Reff,circ =
Reff

√

b/a, where b/a is the projected axis ratio. In ad-
dition, we provide the measurements for the combined

late+early-type galaxy sample, and the measurements
in bins of rest-frame V -band luminosity.
Figure 9 shows the median size evolution for galaxies

in different mass bins. We parametrize this evolution
both as a function of H(z) and of (1+ z) – see §3.1. The
results are shown as solid and dotted lines, respectively,
in Figure 9, and are also given in Table 2.
Ideally, an immediate comparison with the size-mass

distribution of nearby galaxies provides a strong con-
straint on the evolution. However, such comparisons are
fraught with systematic uncertainties. The aim here is
merely to show that our observations from CANDELS
and 3D-HST are consistent with the size-mass relation
for nearby galaxies as measured from the SDSS (Shen et
al. 2003), who provided the standard reference for this
purpose.
In order to account for possible systematic differences

we compare the size measurements from Shen et al.
(2003) with those from Guo et al. (2009) on an object-by-
object basis. The reason for using the Guo et al. (2009)
measurements as a baseline is that they are based on the
same technique – GALAPAGOS from Barden et al. (2012) –
as used in this paper. We shift the analytical descriptions
for the size-mass relations from Shen et al. (2003) accord-
ing to the measured, systematic offset between Shen et
al. (2003) and Guo et al. (2009). This amounts to a 0.1
dex shift to larger Reff compared to Shen et al. (2003)3.
In order to be conservative we also adopt 0.1 dex as the
systematic uncertainty. We show the inferred sizes for lo-
cal galaxies in Figure 9. The median size evolution traced
out by the 3D-HST/CANDELS data predicts z ∼ 0 sizes
that are consistent with our corrected Shen et al. (2003)
median sizes.
The picture provided by median size distributions is

consistent with our analytical description (§3.1), with
fast evolution for the (massive) early types and moder-
ate evolution for the late types. In addition, we see that
the flattening of the relation for low-mass early types
coincides with slower evolution. Interestingly, low-mass
early-type galaxies evolve at a similar same rate as late
types of the same mass. For the late types we see a mild

3 Note that we use major axis Reff in this paper, as opposed to
Shen et al. (2003), who use circularized radii

van	der	Wel et	al.	(2013)
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Figure 4. Left panels: distribution of galaxies at 2 < z < 3 (boxed gray scale) in the SFR–M (upper panel) and M–size (lower panel) diagrams. The colored markers
indicate compact SFGs (green), other noncompact SFGs (cyan), and quiescent galaxies (red) in a thin slice of stellar mass (10.6 < log(M/M⊙) < 10.8; vertical black
lines). The dashed lines show the selection thresholds for star-forming (above log(sSFR/Gyr−1) = −1) and compact (below log(ΣT /M⊙ kpc1.5 = 10.3) galaxies.
Compact SFGs have nearly normal, main-sequence SFRs, but small effective radii typical of the quiescent population. Right panel: sSFR–Σ diagram showing the
galaxies in the highlighted mass slice of the left panels. The location of compact SFGs in the upper-right quadrant and the lack of galaxies in the lower-left quadrant
suggest that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper left) to compact (upper right) SFGs, likely due to
a strongly dissipational process (see Section 6), and then to quiescence (bottom right) by simply shutting down SFR. The 5′′ × 5′′ zJH color postages illustrate that
compact SFGs not only share the stellar masses and effective radii of quiescent galaxies but also present similar spheroidal morphologies, significantly different from
those of extended SFGs, which appear to be disk-like and sometimes irregular or clumpy.
(A color version of this figure is available in the online journal.)
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Figure 5. Left to right panels: distribution of stellar masses, axis ratios, and
Sérsic indices for compact SFGs (light blue) and quiescent galaxies (red). Both
populations have consistent stellar mass distributions and similarly high values
of the axis ratio and the Sérsic index, typical of a spheroid-dominated population.
The dark blue line indicates the distribution of the most massive (log(M/M⊙) >
11) and larger (re > 2 kpc) compact SFGs, which appear to have more disk-like
morphologies and a flatter distribution of axis ratios. The black dashed-dotted
line shows the Sérsic index distribution for X-ray-detected compact SFGs, which
is fully consistent with that of the full compact SFG population, i.e., there is no
evidence for a systematic bias in their structural properties.
(A color version of this figure is available in the online journal.)

spheroidal galaxies at z ∼ 2 (Kaviraj et al. 2013a). The few
examples of disturbed morphologies within our sample appear
to be in the most unobscured galaxies in region 3 of the UVJ
diagram. Interestingly, three of these galaxies host the most
luminous X-ray galaxies (LX > 1044 erg s−1) in the sample.

3.4. Far-IR Colors and SEDs

The emission at mid- to far-IR wavelengths is typically
associated with dust heated by star formation. However, if part

of this emission originates from a different source, such as
an AGN or an evolved stellar population, it could lead us to
overestimate the IR-based SFR. The latter case appears to be
relevant only for galaxies with low SFRs (Salim et al. 2009;
Fumagalli et al. 2013); however, an obscured AGN can have a
significant contribution to the IR emission even in strongly SFGs
(Daddi et al. 2007a, 2007b). The shape of the IR SED, probed
by Spitzer/Herschel colors, provides an effective diagnostic
tool to identify the power source of the dust heating (e.g.,
Kirkpatrick et al. 2013). Dust heated by star formation has
colder temperatures (Tdust = 15–50 K) and thus emits at longer
wavelengths than dust heated by an AGN (Tdust = 150 K),
which is a more intense heating source. Figure 6 shows the
S250/S24 and S100/S24 Spitzer/Herschel colors versus the S8.0/
S3.6 IRAC color for 19 (7) compact SFGs detected in PACS
(SPIRE) compared with other massive SFGs at 2 < z < 3. In
the presence of an AGN, the emission at shorter wavelengths
leads to bluer Herschel colors and redder IRAC colors, typically
within the gray shaded areas. IRAC colors have been widely
used in the literature as an AGN selection criterion (e.g., Lacy
et al. 2004; Stern et al. 2005; Donley et al. 2007) but, combined
with their Herschel colors, also provide additional information
on the heating source (star formation versus AGN) or the
nature of the star formation (main sequence versus starburst).
To illustrate these differences, Figure 6 shows color tracks of IR
templates with increasing levels of AGN activity (purple) and
IR luminosity (red).

The overall Herschel colors and the distribution with respect
to other SFGs indicates that the IR emission in compact
SFGs is mainly fueled by star formation. Only two out of six
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suggest that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper left) to compact (upper right) SFGs, likely due to
a strongly dissipational process (see Section 6), and then to quiescence (bottom right) by simply shutting down SFR. The 5′′ × 5′′ zJH color postages illustrate that
compact SFGs not only share the stellar masses and effective radii of quiescent galaxies but also present similar spheroidal morphologies, significantly different from
those of extended SFGs, which appear to be disk-like and sometimes irregular or clumpy.
(A color version of this figure is available in the online journal.)
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evidence for a systematic bias in their structural properties.
(A color version of this figure is available in the online journal.)

spheroidal galaxies at z ∼ 2 (Kaviraj et al. 2013a). The few
examples of disturbed morphologies within our sample appear
to be in the most unobscured galaxies in region 3 of the UVJ
diagram. Interestingly, three of these galaxies host the most
luminous X-ray galaxies (LX > 1044 erg s−1) in the sample.

3.4. Far-IR Colors and SEDs

The emission at mid- to far-IR wavelengths is typically
associated with dust heated by star formation. However, if part

of this emission originates from a different source, such as
an AGN or an evolved stellar population, it could lead us to
overestimate the IR-based SFR. The latter case appears to be
relevant only for galaxies with low SFRs (Salim et al. 2009;
Fumagalli et al. 2013); however, an obscured AGN can have a
significant contribution to the IR emission even in strongly SFGs
(Daddi et al. 2007a, 2007b). The shape of the IR SED, probed
by Spitzer/Herschel colors, provides an effective diagnostic
tool to identify the power source of the dust heating (e.g.,
Kirkpatrick et al. 2013). Dust heated by star formation has
colder temperatures (Tdust = 15–50 K) and thus emits at longer
wavelengths than dust heated by an AGN (Tdust = 150 K),
which is a more intense heating source. Figure 6 shows the
S250/S24 and S100/S24 Spitzer/Herschel colors versus the S8.0/
S3.6 IRAC color for 19 (7) compact SFGs detected in PACS
(SPIRE) compared with other massive SFGs at 2 < z < 3. In
the presence of an AGN, the emission at shorter wavelengths
leads to bluer Herschel colors and redder IRAC colors, typically
within the gray shaded areas. IRAC colors have been widely
used in the literature as an AGN selection criterion (e.g., Lacy
et al. 2004; Stern et al. 2005; Donley et al. 2007) but, combined
with their Herschel colors, also provide additional information
on the heating source (star formation versus AGN) or the
nature of the star formation (main sequence versus starburst).
To illustrate these differences, Figure 6 shows color tracks of IR
templates with increasing levels of AGN activity (purple) and
IR luminosity (red).

The overall Herschel colors and the distribution with respect
to other SFGs indicates that the IR emission in compact
SFGs is mainly fueled by star formation. Only two out of six
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Figure 4. Left panels: distribution of galaxies at 2 < z < 3 (boxed gray scale) in the SFR–M (upper panel) and M–size (lower panel) diagrams. The colored markers
indicate compact SFGs (green), other noncompact SFGs (cyan), and quiescent galaxies (red) in a thin slice of stellar mass (10.6 < log(M/M⊙) < 10.8; vertical black
lines). The dashed lines show the selection thresholds for star-forming (above log(sSFR/Gyr−1) = −1) and compact (below log(ΣT /M⊙ kpc1.5 = 10.3) galaxies.
Compact SFGs have nearly normal, main-sequence SFRs, but small effective radii typical of the quiescent population. Right panel: sSFR–Σ diagram showing the
galaxies in the highlighted mass slice of the left panels. The location of compact SFGs in the upper-right quadrant and the lack of galaxies in the lower-left quadrant
suggest that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper left) to compact (upper right) SFGs, likely due to
a strongly dissipational process (see Section 6), and then to quiescence (bottom right) by simply shutting down SFR. The 5′′ × 5′′ zJH color postages illustrate that
compact SFGs not only share the stellar masses and effective radii of quiescent galaxies but also present similar spheroidal morphologies, significantly different from
those of extended SFGs, which appear to be disk-like and sometimes irregular or clumpy.
(A color version of this figure is available in the online journal.)
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morphologies and a flatter distribution of axis ratios. The black dashed-dotted
line shows the Sérsic index distribution for X-ray-detected compact SFGs, which
is fully consistent with that of the full compact SFG population, i.e., there is no
evidence for a systematic bias in their structural properties.
(A color version of this figure is available in the online journal.)

spheroidal galaxies at z ∼ 2 (Kaviraj et al. 2013a). The few
examples of disturbed morphologies within our sample appear
to be in the most unobscured galaxies in region 3 of the UVJ
diagram. Interestingly, three of these galaxies host the most
luminous X-ray galaxies (LX > 1044 erg s−1) in the sample.

3.4. Far-IR Colors and SEDs

The emission at mid- to far-IR wavelengths is typically
associated with dust heated by star formation. However, if part

of this emission originates from a different source, such as
an AGN or an evolved stellar population, it could lead us to
overestimate the IR-based SFR. The latter case appears to be
relevant only for galaxies with low SFRs (Salim et al. 2009;
Fumagalli et al. 2013); however, an obscured AGN can have a
significant contribution to the IR emission even in strongly SFGs
(Daddi et al. 2007a, 2007b). The shape of the IR SED, probed
by Spitzer/Herschel colors, provides an effective diagnostic
tool to identify the power source of the dust heating (e.g.,
Kirkpatrick et al. 2013). Dust heated by star formation has
colder temperatures (Tdust = 15–50 K) and thus emits at longer
wavelengths than dust heated by an AGN (Tdust = 150 K),
which is a more intense heating source. Figure 6 shows the
S250/S24 and S100/S24 Spitzer/Herschel colors versus the S8.0/
S3.6 IRAC color for 19 (7) compact SFGs detected in PACS
(SPIRE) compared with other massive SFGs at 2 < z < 3. In
the presence of an AGN, the emission at shorter wavelengths
leads to bluer Herschel colors and redder IRAC colors, typically
within the gray shaded areas. IRAC colors have been widely
used in the literature as an AGN selection criterion (e.g., Lacy
et al. 2004; Stern et al. 2005; Donley et al. 2007) but, combined
with their Herschel colors, also provide additional information
on the heating source (star formation versus AGN) or the
nature of the star formation (main sequence versus starburst).
To illustrate these differences, Figure 6 shows color tracks of IR
templates with increasing levels of AGN activity (purple) and
IR luminosity (red).

The overall Herschel colors and the distribution with respect
to other SFGs indicates that the IR emission in compact
SFGs is mainly fueled by star formation. Only two out of six
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suggest that the formation of compact quiescent galaxies follows an evolutionary sequence from extended (upper left) to compact (upper right) SFGs, likely due to
a strongly dissipational process (see Section 6), and then to quiescence (bottom right) by simply shutting down SFR. The 5′′ × 5′′ zJH color postages illustrate that
compact SFGs not only share the stellar masses and effective radii of quiescent galaxies but also present similar spheroidal morphologies, significantly different from
those of extended SFGs, which appear to be disk-like and sometimes irregular or clumpy.
(A color version of this figure is available in the online journal.)
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Figure 5. Left to right panels: distribution of stellar masses, axis ratios, and
Sérsic indices for compact SFGs (light blue) and quiescent galaxies (red). Both
populations have consistent stellar mass distributions and similarly high values
of the axis ratio and the Sérsic index, typical of a spheroid-dominated population.
The dark blue line indicates the distribution of the most massive (log(M/M⊙) >
11) and larger (re > 2 kpc) compact SFGs, which appear to have more disk-like
morphologies and a flatter distribution of axis ratios. The black dashed-dotted
line shows the Sérsic index distribution for X-ray-detected compact SFGs, which
is fully consistent with that of the full compact SFG population, i.e., there is no
evidence for a systematic bias in their structural properties.
(A color version of this figure is available in the online journal.)

spheroidal galaxies at z ∼ 2 (Kaviraj et al. 2013a). The few
examples of disturbed morphologies within our sample appear
to be in the most unobscured galaxies in region 3 of the UVJ
diagram. Interestingly, three of these galaxies host the most
luminous X-ray galaxies (LX > 1044 erg s−1) in the sample.

3.4. Far-IR Colors and SEDs

The emission at mid- to far-IR wavelengths is typically
associated with dust heated by star formation. However, if part

of this emission originates from a different source, such as
an AGN or an evolved stellar population, it could lead us to
overestimate the IR-based SFR. The latter case appears to be
relevant only for galaxies with low SFRs (Salim et al. 2009;
Fumagalli et al. 2013); however, an obscured AGN can have a
significant contribution to the IR emission even in strongly SFGs
(Daddi et al. 2007a, 2007b). The shape of the IR SED, probed
by Spitzer/Herschel colors, provides an effective diagnostic
tool to identify the power source of the dust heating (e.g.,
Kirkpatrick et al. 2013). Dust heated by star formation has
colder temperatures (Tdust = 15–50 K) and thus emits at longer
wavelengths than dust heated by an AGN (Tdust = 150 K),
which is a more intense heating source. Figure 6 shows the
S250/S24 and S100/S24 Spitzer/Herschel colors versus the S8.0/
S3.6 IRAC color for 19 (7) compact SFGs detected in PACS
(SPIRE) compared with other massive SFGs at 2 < z < 3. In
the presence of an AGN, the emission at shorter wavelengths
leads to bluer Herschel colors and redder IRAC colors, typically
within the gray shaded areas. IRAC colors have been widely
used in the literature as an AGN selection criterion (e.g., Lacy
et al. 2004; Stern et al. 2005; Donley et al. 2007) but, combined
with their Herschel colors, also provide additional information
on the heating source (star formation versus AGN) or the
nature of the star formation (main sequence versus starburst).
To illustrate these differences, Figure 6 shows color tracks of IR
templates with increasing levels of AGN activity (purple) and
IR luminosity (red).

The overall Herschel colors and the distribution with respect
to other SFGs indicates that the IR emission in compact
SFGs is mainly fueled by star formation. Only two out of six
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Ü Blue Nuggets: short lived phase of 
intense star formation (~1000 M⊙/yr)

Ü Quenching timescale of ~500 Myr
based on:
Ü Short gas depletion timescales.
Ü Number density evolution.

Ü Compact, star-forming galaxies are 
direct progenitors of red nuggets.

Ü Roughly 30% of stellar mass of red 
nuggets formed during this phase.

“Blue Nuggets” as a Transition Population

z ∼ 2.8 to z ∼ 1.8, whereas the number density of qCMGs
increases by an order of magnitude over that same redshift
range.23 A straightforward interpretation is that star-forming
galaxies continuously enter the “compact massive” selection
box (because of a decrease in their size and/or an increase in
their mass), and quench shortly after. This continuous
quenching then leads to a rapid build-up of the number of
quiescent galaxies in the compact/massive selection region.
We conclude that quenching likely dominates over rejuvena-
tion: if rejuvenation dominated, we would have expected to see
quiescent galaxies disappear as their star formation (re-)started,
unless there are other channels to create quiescent compact
galaxies. We note that the evolution of the number densities of
the two populations is qualitatively similar to the simulations of
Zolotov et al. (2015).

It is difficult to determine how long it takes before a compact
star-forming galaxy turns into a quiescent galaxy, as this
depends on the rate with which new galaxies enter the sample.
The number density of sCMGs is constant from z ∼ 2.8 to z ∼
1.8, which means that new sCMGs enter the sample at
approximately the same rate as existing ones quench. We can
obtain a very rough estimate of the “compact life time” of star-
forming galaxies τc by adding the number densities of the
sCMGs in the three redshift bins that cover this period: if the
average quenching time is much shorter than the time interval
between redshift bins, all galaxies in each bin are new arrivals
and should be added to the sample of progenitors of quiescent
galaxies. The combined number density in these bins (which

are of nearly equal volume) is 2.0 × 10−4 Mpc−3, higher than
the increase in the number density of the qCMGs over this
period (1.3 × 10−4 Mpc−3). This implies that only about half of
the star-forming galaxies disappear from one redshift bin to the
next, and that the average quenching timescale is roughly equal
to the time interval between the redshift bins: τc ∼ 0.5 Gyr.
This is the average lifetime of star-forming galaxies in the
“compact massive” selection box, assuming that they all turn
into quiescent galaxies. It is slightly lower than the value of
∼0.8 Gyr derived by Barro et al. (2013), but judging from their
Figure 5 the two studies are broadly consistent.
Although somewhat outside of the scope of this paper, we

briefly discuss the number density evolution at lower redshift.
The number density of sCMGs drops precipitously after z ∼
1.8. This drop leads to a plateau in the number density of
qCMGs: as the number of star-forming progenitors decreases,
no new quiescent galaxies are added to the sample. At the
lowest redshifts the number density of compact quiescent
galaxies decreases (as was also found by Taylor et al. 2010b;
van der Wel et al. 2014b, and van Dokkum et al. 2014, among
others), while the number density of all massive quiescent
galaxies rises steeply (dashed red curve). The likely explana-
tion is that the compact galaxies accrete extended envelopes
through merging from z ∼ 1.5 to the present day (e.g.,
Bezanson et al. 2009; Naab et al. 2009; van Dokkum
et al. 2010, 2014; Newman et al. 2012; Hilz et al. 2013).
Finally, we note that Figure 19 is not new: the peak in the

number density of compact, massive quiescent galaxies was
also shown in Cassata et al. (2011, 2013), Barro et al. (2013),
and van der Wel et al. (2014b). Barro et al. (2013) derive a
similar lifetime for star-forming galaxies in the compact
selection region. Although uncertainties remain (particularly
at low redshift; see, e.g., Carollo et al. 2013), it is encouraging
that these largely independent samples give similar results.

7.2. Morphologies and Radial Surface Brightness Profile

The large spatial extent of the ionized gas raises the question
whether the stellar half-light radii and masses of the compact
star-forming galaxies have been underestimated: although it is
difficult to bias GALFIT measurements in this direction (see,
e.g., Davari et al. 2014), it is possible that the galaxies have
extended low surface brightness envelopes (see, e.g., Hopkins
et al. 2009a). If such envelopes exist this would call into
question whether sCMGs can be direct progenitors of compact
quiescent galaxies with the same apparent mass and half-light
radius.
Images of the galaxies are shown in Figure 6 and in

Figure 29 (see Section 3.3). Visually, most of the objects have
a compact luminosity distribution and no spiral arms, clumps,
star-forming complexes, or other features outside of the dense
center. Several of the reddest galaxies do not appear to be
very compact: for example, UDS_42571 and, in particular,
UDS_16442 are faint and fuzzy rather than bright and compact.
The reason for their relatively low surface brightness is that
dust obscuration has dramatically lowered their luminosity: as
galaxies can have high mass-to-light ratios, compact in mass
does not necessarily imply compact in light.
Two objects show unambiguous evidence for ongoing or

past mergers: GOODS-S_30274 has an asymmetric feature
resembling a tidal tail, and COSMOS_11363 is one component
of a spectacular merger between two compact galaxies with a
projected separation of 0 6 (5 kpc). The companion of

Figure 19. Evolution of the number density of sCMGs (blue solid line) and of
qCMGs (red solid line). The number density of all star-forming and quiescent
galaxies with Mlog 10.6stars( ) > is also shown (dashed lines). The data suggest
that compact star-forming galaxies continuously enter the selection region from
z  2.8 to z ∼ 1.8 and quench, leading to a strong increase in the number of
compact quiescent galaxies. When the number of sCMGs begins to decrease at
z < 1.8, the number of qCMGs first plateaus and then drops, as quiescent
galaxies grow in size due to mergers at 0.5 < z < 1.5.

23 The evolution of compact quiescent galaxies may become more gradual at
z > 3: Straatman et al. (2015) recently reported the existence of a sizeable
population of compact, massive quiescent galaxies at z ∼ 4, based on medium-
band near-IR photometry.

22

The Astrophysical Journal, 813:23 (37pp), 2015 November 1 van Dokkum et al.

ΔSFR=0.02±0.26 dex. The two X-ray-detected active
galactic nuclei (AGNs) in the sample (GDS-9834 and GDS-
11701) exhibit slightly higher MIPS 24 μm SFRs, likely as a
result of hot dust emission from the AGNs at shorter
wavelengths (see also Barro et al. 2014). We find similar
SFR values when the 24 μm flux is excluded from the fits.

The dust masses range from Mdust=108.05–9.29 Me and are
larger for the two galaxies with the highest SFRs. The gas
masses determined from δGDR and the MZR relation indicate
gas fractions of the order of �= + =f M M Mgas gas gas( )

-
+0.47 0.15

0.19, consistent with previous works (Tacconi et al. 2010).
The average depletion time, assuming no further gas replenish-
ment, is relatively short, = = -

+t M SFR 230dpl gas 120
90 Myr.

4. STRUCTURAL PROPERTIES

4.1. UV, Optical, and FIR Surface Brightness Profiles

Figure 3 shows the images and surface brightness profiles of
the galaxies in WFC3/F160W, ACS/F850LP, and
ALMA870 μm. At z∼2.5, these bands probe the rest-frame

UV, optical, and FIR, respectively. We account for the different
spatial resolution of each data set by modeling the shape of the
two-dimensional surface brightness profiles using GALFIT
(Peng et al. 2002). The half-light radii and Sérsic indices, n, are
determined using a single component fit. For the HST images,
the PSFs are created with TinyTim (Krist 1995) as detailed in
van der Wel et al. (2012). For ALMA, we used the synthetic
PSF generated by CASA. The depth of the ALMA observa-
tions (texp∼30 minutes) provides a smooth, uniform coverage
of the PSF. Figure 3 indicates the best-fit re (arrows) and n in
each band.
The mean radius containing 95% of the light from the

observed FIR profiles is ∼4× smaller than that of the optical
profile. The deconvolved, FIR profiles are also more compact
than the optical in 5/6 galaxies. The exception is GDS-3280,
which has the smallest optical size and a high n, while the
morphology in ALMA exhibits some slight asymmetries. The
ratio of the mean effective radii is á ñ á ñ =mr r 1.9e,F160W e,870 m .
Despite being more compact, the FIR profiles have, on average,
lower (disk-like) Sérsic indices with ~mn 1870 m than the
optical profiles with ~n 2F160W . Figure 4(a) compares the FIR

Figure 3. 2 5×2 5 images and surface brightness profiles (un-corrected for the PSF) of the compact SFGs in ACS/F850LP, WFC3/F160W, and ALMA870 μm
(with the F160W contours shown in black). The surface brightness profiles (squares) are measured along concentric ellipses that follow the geometry of the best-fit
Sérsic model (solid lines). The ALMA870 μm profiles are scaled down arbitrarily with respect to the HST data (see right y-axis). The ALMA and ACS images have
similar spatial resolution (FHWM ∼0 12) and are slightly smaller than for WFC3 (FHWM ∼ 0 18). The dashed lines show the PSF profiles and the shaded regions
show the extent of their HWHM in F850LP and ALMA (dark gray) and F160W (light gray). The deconvolved GALFIT effective radii in kiloparsecs are indicated
with arrows. The profiles are shown up to the radius where the errors become significant, typically ∼1″ in F160W and ∼0 4 in ALMA.
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ΔSFR=0.02±0.26 dex. The two X-ray-detected active
galactic nuclei (AGNs) in the sample (GDS-9834 and GDS-
11701) exhibit slightly higher MIPS 24 μm SFRs, likely as a
result of hot dust emission from the AGNs at shorter
wavelengths (see also Barro et al. 2014). We find similar
SFR values when the 24 μm flux is excluded from the fits.

The dust masses range from Mdust=108.05–9.29 Me and are
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masses determined from δGDR and the MZR relation indicate
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Figure 3 shows the images and surface brightness profiles of
the galaxies in WFC3/F160W, ACS/F850LP, and
ALMA870 μm. At z∼2.5, these bands probe the rest-frame

UV, optical, and FIR, respectively. We account for the different
spatial resolution of each data set by modeling the shape of the
two-dimensional surface brightness profiles using GALFIT
(Peng et al. 2002). The half-light radii and Sérsic indices, n, are
determined using a single component fit. For the HST images,
the PSFs are created with TinyTim (Krist 1995) as detailed in
van der Wel et al. (2012). For ALMA, we used the synthetic
PSF generated by CASA. The depth of the ALMA observa-
tions (texp∼30 minutes) provides a smooth, uniform coverage
of the PSF. Figure 3 indicates the best-fit re (arrows) and n in
each band.
The mean radius containing 95% of the light from the

observed FIR profiles is ∼4× smaller than that of the optical
profile. The deconvolved, FIR profiles are also more compact
than the optical in 5/6 galaxies. The exception is GDS-3280,
which has the smallest optical size and a high n, while the
morphology in ALMA exhibits some slight asymmetries. The
ratio of the mean effective radii is á ñ á ñ =mr r 1.9e,F160W e,870 m .
Despite being more compact, the FIR profiles have, on average,
lower (disk-like) Sérsic indices with ~mn 1870 m than the
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Figure 3. 2 5×2 5 images and surface brightness profiles (un-corrected for the PSF) of the compact SFGs in ACS/F850LP, WFC3/F160W, and ALMA870 μm
(with the F160W contours shown in black). The surface brightness profiles (squares) are measured along concentric ellipses that follow the geometry of the best-fit
Sérsic model (solid lines). The ALMA870 μm profiles are scaled down arbitrarily with respect to the HST data (see right y-axis). The ALMA and ACS images have
similar spatial resolution (FHWM ∼0 12) and are slightly smaller than for WFC3 (FHWM ∼ 0 18). The dashed lines show the PSF profiles and the shaded regions
show the extent of their HWHM in F850LP and ALMA (dark gray) and F160W (light gray). The deconvolved GALFIT effective radii in kiloparsecs are indicated
with arrows. The profiles are shown up to the radius where the errors become significant, typically ∼1″ in F160W and ∼0 4 in ALMA.
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Compaction and Quenching
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Identifying AGN in the CANDELS Fields
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Ü Deep X-ray observations used to identify AGN in all five CANDELS fields 
– including newly available data in the UDS (Kocevski+2018)
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AGN Activity in Blue Nuggets
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AGN Activity in Blue Nuggets
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AGN Fraction vs Core Density
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Results & Implications
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Ü Compaction results an increase in 
duty cycle/accretion efficiency.

Ü Volume-limited sample in GDS gives 
an AGN fraction of 55.9%.  Implies 
AGN duty cycle of 280 Myr.

Ü Roughly 31% of SMBH mass accreted 
during blue nugget phase.  
Ü Matches stellar mass build up, 

maintaining SMBH-host correlations.

Ü Hints at possible role of AGN 
feedback in the quenching process.

Ü Are AGN Special?



Faber Energy Quota Quenching Model

Ü Quenching as a competition between cumulative AGN energy 
output and the thermal energy quota of halo gas. 
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QUENCHING AS A CONTEST BETWEEN GALAXY HALOS AND THEIR CENTRAL BLACK HOLES
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ABSTRACT
A major challenge to theories of galaxy quenching is the position, slope, and tightness of the ⌃1 - M⇤ and

MBH - M⇤ relations of quenched galaxies. We offer a toy model for quenching that comes close to explaining
these features, including their evolution with time. Star-forming galaxies are assumed to evolve along tracks
in the Re - M⇤ plane until a quenching boundary is reached. To this basic picture, the following elements are
added: 1) Scatter in Re at fixed M⇤ is a second parameter affecting galaxy evolution through its impact on
central density, ⌃1. 2) ⌃1 in turn determines MBH, which means that smaller galaxies at fixed M⇤ have higher
MBH through higher ⌃1. 3) Halo properties determine both M⇤ and Re, which means that they also determine
MBH. 4) Galaxies quench when the total energy emitted by their BHs equals a function of Mvir, where this
function is shown to be closely equal to the thermal energy content of the hot gas in their halos. In essence,
halos build galaxies, which grow BHs, which then quench halos.
Subject headings: galaxies: evolution – galaxies: structure – galaxies: star formation – galaxies: fundamental

parameters

1. INTRODUCTION
The vast majority of massive galaxies harbor black holes

(BHs) at their centers (Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000). Tight correlations exist
between BH mass and galaxy properties that suggest a close
interplay between building the stellar mass distribution and
building black holes. One of the tightest is the BH mass-
bulge velocity dispersion correlation (Gebhardt et al. 2000;
Ferrarese & Merritt 2000; Kormendy & Ho 2013), which in-
dicates a close connection between the build-up of BHs and
the formation of spheroids. BH mass vs. total stellar mass
shows more scatter than the MBH -�e relation (Häring & Rix
2004; Reines & Volonteri 2015; van den Bosch 2016; Sa-
vorgnan et al. 2016), but the residuals correlate with star for-
mation rate, suggesting a role by BHs in modulating star for-
mation (Terrazas et al. 2016a). A widely investigated model
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is that feedback from BHs growing in active galactic nuclei
(AGNs) causes galaxies to fall below the “star-forming main
sequence” and eventually to “quench”. In some models, BH
feedback is fueled explosively by mergers (e.g., Springel et
al. 2005; Hopkins et al. 2006). In others, slowly growing BHs
suppress cooling flows that form late in massive static hot ha-
los (e.g., Croton et al. 2006; Cattaneo et al. 2006; Bower et al.
2006). A review of various possibilities is given by Cattaneo
et al. (2009). The number of quenched galaxies in the Uni-
verse is increasing and has approximately tripled since z = 1
(Bell et al. 2004; Faber et al. 2007; Muzzin et al. 2013), so
quenching is ongoing in today’s Universe.

To elucidate clues to quenching, many studies have com-
pared the stellar structure of quenched and star-forming galax-
ies. For example, Kauffmann et al. (2003) showed that
quenched SDSS galaxies have higher effective surface den-
sity, ⌃e, than star-forming galaxies at the same mass, and
Franx et al. (2008) showed that distant quenched galaxies
obey a similar rule. Bell (2008) and Bell et al. (2012) showed
that distant and local quenched galaxies have high Sérsic in-
dices characteristic of bulges (see also Bluck et al. 2014).

Cheung et al. (2012) stressed the use of central rather than
global criteria for quenching. After testing numerous param-
eters, they concluded that high central surface density within
⇠1 kpc, ⌃1, is the best predictor of quenching at z⇠ 0.7. Fang
et al. (2013, hereafter F13) repeated this analysis for nearby
SDSS galaxies and found a strong correlation between ⌃1 and
stellar mass for all galaxies, but with quenched and green val-
ley galaxies occupying a particularly narrow, sloping ridge-
line at the top of the distribution and star-forming galaxies
scattering below. This ridgeline shows up in several different
diagrams, and we will call it the "quenched ridgeline". F13
showed that specific star formation rate (SSFR) varies sys-
tematically relative to this ridgeline at fixed M⇤ and suggested
that the residual �⌃1 indicates a threshold for the onset of
quenching, possibly due to a threshold in BH mass. Wake
et al. (2012) found a similar result for SDSS galaxies using
central �, which F13 showed correlates closely with ⌃1.
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Faber Energy Quota Quenching Model

Ü Quenching as a competition between cumulative AGN energy 
output and the thermal energy quota of halo gas. 

Ü Key Model Assumptions:
Ü Black Hole mass scales with central density:

Ü Halo mass and energy content tied to observable stellar mass:

Ü Quenching occurs when
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Energy Ratio & the Quenching Threshold
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Build-up of Quiescent Galaxies Over Time
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Summary

Ü At log M > 10, large fraction (39%)
of compact, star forming galaxies 
host an X-ray luminous AGN at z~2.

Ü First generation of quenched 
galaxies emerged directly  
following a phase of rapid         
Black Hole growth.

Ü Halo Energy Quota model: AGN not 
special, but cumulative feedback 
plays key role in quenching.

Ü Halos build galaxies, which build 
black holes, which quench halos.

Ü Chen et al (2018, in prep).


