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Summary

Galaxy “morphology” can trace underlying physics of galaxy evolution,       
but need to capture rare/subtle features 

Hubble Sequence does not apply so well at high redshift                                  
⇒ need to move beyond “disk”, “spheroid”, “other” to make progress

PCA of G-M20-CA-MID  at z>1,  Mstar > 10.5
   
• finds structural progenitors of today’s large E/S0;   

• rare, star-forming and massive at z>2;  
    increase rapidly after z<1.5,  before decline of compact quenched galaxies
 
• consistent with multiple formation pathways,  

    including (re)growth of disks around compact galaxies
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evolution of Hubble Sequence with redshift

 Tracking “the evolution of the Hubble Sequence” is key science goal for JWST

 but...  Roger Davies:  “The Hubble Sequence is wrong” (at z=0)
           Bob Abraham:  “The Hubble Sequence disappears” (at high z)
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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NAS5-26555. G.B. acknowledges support from NSF grant
AST-08-08133. P.G.P.-G. acknowledges support from grant
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APPENDIX A

SELECTION OF COMPACT GALAXIES IN THE
MASS–SIZE DIAGRAM

In this Appendix, we address the robustness of the selection
criteria for compact galaxies. As described in Section 2, compact
galaxies are selected using a pseudo surface density threshold,
Σ1.5 ≡ log(M/rα

e ) = 10.3 M# kpc−α , with α = 1.5. The inverse
value of α is the slope of the mass–size relation, described as
re = γMα−1

, where γ is the mass-normalized radius or zero
point of the mass–size relation. The values of α and Σ1.5 are
chosen to include the bulk of the quiescent population at z > 1.5.
However, Figure 2 illustrates how this criterion also identifies
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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Star formation is only important at the highest redshifts, and the
growth at z = 0–1.5 is dominated by mergers.

It is interesting to consider whether the decline in the star
formation rate at z < 1.5 is directly related to the structural
evolution of the galaxies. The sSFR of galaxies correlates well
with the average surface density of galaxies within the effective
radius, 〈Σ〉 = 0.5Mstar/(πr2

e ), and there is good evidence for
a surface density threshold above which star formation is very
inefficient (Kauffmann et al. 2003b, 2006). Recently Franx et al.
(2008) have shown that this correlation exists all the way to
z ∼ 3, and that the threshold evolves with redshift. The average
surface density of galaxies in our study follows directly from
the masses and radii; since re ∝ (1 + z)−1.3 and M ∝ (1 + z)−0.7,
we find that Σ ∝ (1 + z)2. Interestingly, the surface densities of
our galaxies are close to the threshold surface density of Franx
et al. (2008) and Kauffmann et al. (2003b) above which little or
no star formation takes place. We note that these studies focus
on galaxies with lower, more typical masses than the extreme
objects considered here. Franx et al. (2008) noted that the sSFR
may be better correlated with (inferred) velocity dispersion than
with surface density. We later estimate velocity dispersions for
our galaxies, and these do indeed imply little star formation at
z = 0–1 and increased star formation at z = 2, if we use the
relation of Franx et al. (2008). We will return to the rapid decline
of the star formation rate in Section 5.

Quantifying the contributions of star formation and mergers
to the stellar mass at z = 0 requires an estimate of Ṁwinds,
the stellar mass that is lost to outflows. For a Kroupa (2001)
IMF, approximately 50% of the stellar mass that was formed at
z = 1.5–2 was subsequently shed in stellar winds, with most
of the mass loss occurring in the first 500 Myr after formation.
It is not clear what happens to this gas. It may cool and form
new stars, still be present in massive elliptical galaxies in diffuse
form (e.g., Temi et al. 2007), or lead to a “puffing up” of the
galaxies if it is removed by stripping or other effects (e.g., Fan
et al. 2008). Irrespective of the fate of this gas, it will not be
included in stellar mass estimates of nearby galaxies, and mass
loss needs to be taken into account when comparing the integral
of the star formation history from t = t1 to t = t2 to the total
stellar mass in place at t = t2 (see, e.g., Wilkins et al. 2008; van
Dokkum 2008, and many other studies).

We calculate the contribution of star formation at 0 < z < 2
to the total mass at z = 0 by integrating the observed star
formation rate over each redshift interval and applying a 50%
correction factor to account for mass loss. It is assumed that
the star formation rate is constant within each redshift bin. As
shown in the top panel of Figure 11, only 6% ± 2% of the
total stellar mass at z = 0 can be attributed to star formation at
1.8 < z < 2.2, despite the relatively high mean star formation
rate of galaxies at these redshifts (55±13 M& yr−1). The reason
is simply that the time interval from z = 2.2 to z = 1.8 is
only 640 Myr. At lower redshifts the star formation rate drops
rapidly, and the contribution to the z = 0 stellar mass declines
as well. The bottom panel of Figure 6 shows that star formation
at 0 < z < 2 can account for only ∼10% of the total stellar
mass at z = 0.

The contribution of mergers was calculated by subtracting
the contribution of star formation from the total mass growth.
In the highest redshift bin the contribution of mergers is very
uncertain, but mergers at lower redshift contribute substantially
to the z = 0 mass. The growth rate due to mergers is consistent
with a roughly constant value of ∼10 M& yr−1 over the entire
redshift range 0 < z < 2. As the mass evolves by a factor of 2

Figure 11. Contribution of star formation and mergers at 0 < z < 2 to the total
stellar mass at z = 0. The top panel shows the contributions of star formation
(blue) and mergers (red) in each of our redshift bins. To calculate the blue
points, it was assumed that 50% of the initial stellar mass is lost to winds. The
contributions of mergers were calculated by subtracting the contributions of
star formation from the total mass growth. The bottom panel shows the mass
buildup over time due to star formation and mergers. The circles illustrate the
mean effective radius of galaxies at z = 2 (gray), 1.4 < z < 2 (blue; star
formation dominates), and 0 < z < 1.4 (red; mergers dominate).
(A color version of this figure is available in the online journal.)

since z = 2, the “specific assembly rate” (i.e., the growth rate
due to mergers divided by mass) actually increases with redshift
by about a factor of 2. The merger rate can be parameterized as
dM/M = a(1+z)m, and we find a ∼ 0.03 Gyr−1 and m ∼ 1 for
our sample (see, e.g., Patton et al. 2002; Conselice et al. 2003,
and many other studies).

As shown in the bottom panel of Figure 11, some 40% of
the total stellar mass at z = 0 was added through mergers
at 0 < z < 2. The circles in the bottom panel of Figure 11
illustrate the increase in the effective radius from z = 2 to
z = 0. Star formation dominates the growth at 1.5 < z < 2
and may be responsible for the increase in re over this redshift
range. Mergers dominate at lower redshifts and are plausibly
responsible for the size increase at 0 < z < 1.5.

4.3. Color Gradients

If star formation dominates the growth of galaxies at z =
1.5–2 and this growth mostly occurs at r ! re, one might expect
that the galaxies exhibit significant color gradients at these
redshifts. The gradients would be analogous to those in spiral
galaxies, which usually have red bulges composed of old stars
and blue disks with ongoing star formation. We measure color

direct evidence for z~1-2 dry minor mergers?

van Dokkum et al. 



UDS proto-cluster at z=1.62

CANDELS WFC3-IR Coverage of UDS

z=1.62 (proto-)cluster!

20 sigma over-density of IRAC z>1.4 galaxies; 
>15 spectroscopic members,  clear red sequence                
σ ~360 km/s;   M200 ~ 9x1013 Msun (if virialized)  

Papovich et al. 2007, 2010; Tanaka et al 2010



Massive Elliptical Galaxy Assembly via Mergers

fpair (cluster) ~ 40-80%    v.  fpair(field)  ~ 5%
(> 3 x 1010 Msun ; 1:1 - 1:10; Rproj < 20 kpc comoving) 

 ⇒ proto-cluster galaxy merger rate >> z~1.6  UDS field galaxy merger rate                                                                                                                                  
Lotz et al. 2013 (also Rudnick et al. 2012, Papovich et al. 2012)
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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Star formation is only important at the highest redshifts, and the
growth at z = 0–1.5 is dominated by mergers.

It is interesting to consider whether the decline in the star
formation rate at z < 1.5 is directly related to the structural
evolution of the galaxies. The sSFR of galaxies correlates well
with the average surface density of galaxies within the effective
radius, 〈Σ〉 = 0.5Mstar/(πr2

e ), and there is good evidence for
a surface density threshold above which star formation is very
inefficient (Kauffmann et al. 2003b, 2006). Recently Franx et al.
(2008) have shown that this correlation exists all the way to
z ∼ 3, and that the threshold evolves with redshift. The average
surface density of galaxies in our study follows directly from
the masses and radii; since re ∝ (1 + z)−1.3 and M ∝ (1 + z)−0.7,
we find that Σ ∝ (1 + z)2. Interestingly, the surface densities of
our galaxies are close to the threshold surface density of Franx
et al. (2008) and Kauffmann et al. (2003b) above which little or
no star formation takes place. We note that these studies focus
on galaxies with lower, more typical masses than the extreme
objects considered here. Franx et al. (2008) noted that the sSFR
may be better correlated with (inferred) velocity dispersion than
with surface density. We later estimate velocity dispersions for
our galaxies, and these do indeed imply little star formation at
z = 0–1 and increased star formation at z = 2, if we use the
relation of Franx et al. (2008). We will return to the rapid decline
of the star formation rate in Section 5.

Quantifying the contributions of star formation and mergers
to the stellar mass at z = 0 requires an estimate of Ṁwinds,
the stellar mass that is lost to outflows. For a Kroupa (2001)
IMF, approximately 50% of the stellar mass that was formed at
z = 1.5–2 was subsequently shed in stellar winds, with most
of the mass loss occurring in the first 500 Myr after formation.
It is not clear what happens to this gas. It may cool and form
new stars, still be present in massive elliptical galaxies in diffuse
form (e.g., Temi et al. 2007), or lead to a “puffing up” of the
galaxies if it is removed by stripping or other effects (e.g., Fan
et al. 2008). Irrespective of the fate of this gas, it will not be
included in stellar mass estimates of nearby galaxies, and mass
loss needs to be taken into account when comparing the integral
of the star formation history from t = t1 to t = t2 to the total
stellar mass in place at t = t2 (see, e.g., Wilkins et al. 2008; van
Dokkum 2008, and many other studies).

We calculate the contribution of star formation at 0 < z < 2
to the total mass at z = 0 by integrating the observed star
formation rate over each redshift interval and applying a 50%
correction factor to account for mass loss. It is assumed that
the star formation rate is constant within each redshift bin. As
shown in the top panel of Figure 11, only 6% ± 2% of the
total stellar mass at z = 0 can be attributed to star formation at
1.8 < z < 2.2, despite the relatively high mean star formation
rate of galaxies at these redshifts (55±13 M& yr−1). The reason
is simply that the time interval from z = 2.2 to z = 1.8 is
only 640 Myr. At lower redshifts the star formation rate drops
rapidly, and the contribution to the z = 0 stellar mass declines
as well. The bottom panel of Figure 6 shows that star formation
at 0 < z < 2 can account for only ∼10% of the total stellar
mass at z = 0.

The contribution of mergers was calculated by subtracting
the contribution of star formation from the total mass growth.
In the highest redshift bin the contribution of mergers is very
uncertain, but mergers at lower redshift contribute substantially
to the z = 0 mass. The growth rate due to mergers is consistent
with a roughly constant value of ∼10 M& yr−1 over the entire
redshift range 0 < z < 2. As the mass evolves by a factor of 2

Figure 11. Contribution of star formation and mergers at 0 < z < 2 to the total
stellar mass at z = 0. The top panel shows the contributions of star formation
(blue) and mergers (red) in each of our redshift bins. To calculate the blue
points, it was assumed that 50% of the initial stellar mass is lost to winds. The
contributions of mergers were calculated by subtracting the contributions of
star formation from the total mass growth. The bottom panel shows the mass
buildup over time due to star formation and mergers. The circles illustrate the
mean effective radius of galaxies at z = 2 (gray), 1.4 < z < 2 (blue; star
formation dominates), and 0 < z < 1.4 (red; mergers dominate).
(A color version of this figure is available in the online journal.)

since z = 2, the “specific assembly rate” (i.e., the growth rate
due to mergers divided by mass) actually increases with redshift
by about a factor of 2. The merger rate can be parameterized as
dM/M = a(1+z)m, and we find a ∼ 0.03 Gyr−1 and m ∼ 1 for
our sample (see, e.g., Patton et al. 2002; Conselice et al. 2003,
and many other studies).

As shown in the bottom panel of Figure 11, some 40% of
the total stellar mass at z = 0 was added through mergers
at 0 < z < 2. The circles in the bottom panel of Figure 11
illustrate the increase in the effective radius from z = 2 to
z = 0. Star formation dominates the growth at 1.5 < z < 2
and may be responsible for the increase in re over this redshift
range. Mergers dominate at lower redshifts and are plausibly
responsible for the size increase at 0 < z < 1.5.

4.3. Color Gradients

If star formation dominates the growth of galaxies at z =
1.5–2 and this growth mostly occurs at r ! re, one might expect
that the galaxies exhibit significant color gradients at these
redshifts. The gradients would be analogous to those in spiral
galaxies, which usually have red bulges composed of old stars
and blue disks with ongoing star formation. We measure color

✓direct evidence for z~1-2 dry minor mergers

van Dokkum et al. 
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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by NASA through a grant from the Space Telescope Science
Institute, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA contract
NAS5-26555. G.B. acknowledges support from NSF grant
AST-08-08133. P.G.P.-G. acknowledges support from grant
AYA2009-07723-E.

APPENDIX A

SELECTION OF COMPACT GALAXIES IN THE
MASS–SIZE DIAGRAM

In this Appendix, we address the robustness of the selection
criteria for compact galaxies. As described in Section 2, compact
galaxies are selected using a pseudo surface density threshold,
Σ1.5 ≡ log(M/rα

e ) = 10.3 M# kpc−α , with α = 1.5. The inverse
value of α is the slope of the mass–size relation, described as
re = γMα−1

, where γ is the mass-normalized radius or zero
point of the mass–size relation. The values of α and Σ1.5 are
chosen to include the bulk of the quiescent population at z > 1.5.
However, Figure 2 illustrates how this criterion also identifies
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Figure 4. Relative importance of statistics in differentiating between regu-
lar and non-regular galaxies (x-axis) and non-merger and merging galaxies
(y-axis) in CANDELS-team-processed H-band data, as output by the ran-
dom forest classification algorithm. The values of all data points have been
normalized by the value of the I statistic for the regular/non-regular analysis.
See Section 3.3 for the definition of statistic importance, and Section 4.1
for practical interpretation of the results. The error bars indicate sample
standard deviation given 1000 separate runs of random forest, and thus are
not measures of the standard error of the mean; the 1σ uncertainties in the
means are given by shrinking the error bars by a factor of

√
1000 = 31.62.

Figure 5. Scatter plots of the MID and A statistics as computed for
CANDELS-team-processed H-band images. Green circles represent galax-
ies visually identified as mergers and blue crosses represent non-regulars
that are not also mergers. The red lines are contours indicating the density of
regular galaxies. The non-zero slopes of the black line, the best-fitting lin-
ear regression functions, indicate the expected positive correlations between
each of these statistics. Note that for increased clarity, only 100 randomly
selected non-regulars/mergers are displayed.

Table 2. Classifier performance × 104 – H-band/non-regular.
This table displays sample mean plus/minus 1σ standard error,
each multipled by 104.

ID A-ID A-MID Full

Sens 7562 ± 14 7907 ± 11 7873 ± 11 7874 ± 13
Spec 8071 ± 13 8187 ± 7 8136 ± 7 8181 ± 10
Risk 4366 ± 8 3906 ± 8 3991 ± 8 3945 ± 8

Toterr 2056 ± 7 1883 ± 4 1930 ± 4 1897 ± 5
PPV 5712 ± 13 5943 ± 9 5865 ± 9 5977 ± 11
NPV 9089 ± 4 9215 ± 4 9199 ± 4 9194 ± 4

Table 3. Classifier performance × 104 – H-band/merger. This
table displays sample mean plus/minus 1σ standard error, each
multipled by 104.

MI A-MI A-MID Full

Sens 6917 ± 22 7520 ± 22 7790 ± 17 7816 ± 17
Spec 8683 ± 14 8546 ± 15 8564 ± 9 8591 ± 8
Risk 4400 ± 13 3934 ± 13 3646 ± 13 3594 ± 13

Toterr 1477 ± 12 1547 ± 12 1506 ± 7 1480 ± 6
PPV 3562 ± 20 3525 ± 20 3541 ± 13 3603 ± 13
NPV 9662 ± 2 9723 ± 2 9752 ± 2 9753 ± 2

the distributions of these statistics for mergers (green points), non-
regulars that are not mergers (blue points) and regulars (red contour
lines). The reader should intuitively picture classification via ran-
dom forest as placing vertical and horizontal lines on these plots so
as to maximize the proportion of, e.g. non-regulars on one side and
the proportion of regulars on the other. Given this intuitive picture,
the relative efficacy of, e.g. the I statistic with respect to the other
statistics is clearly evident. Also evident from Fig. 5 is our relative
inability to separate mergers and irregular galaxies using MID and
A alone. Furthermore, work is needed to develop image statistics
that will optimize merger irregular class separation.

The results in Fig. 4 were generated by analysing the entire eight-
dimensional space of image statistics with random forest. Given
that the number of possibly useful statistics will only increase in
the future, it is important to determine we can disregard any of
our current statistics with little, if any, loss in classifier perfor-
mance. (This is not a trivial issue, as we discuss in Section 5.3:
the number of statistics we incorporate may limit future analy-
ses.) To that end, we define and analyse three reduced statistic
sets for both the regular/non-regular case (ID,A-ID,A-MID) and the
non-merger/merger case (MI,A-MI,A-MID), based on rankings of
relative statistic importance.

See Tables 2 and 3. The interpretation of these tables depends on
the performance metric one prefers: e.g. sensitivity (or catalogue
completeness), estimated risk or PPV (or catalogue purity), etc. If
we assume that one would wish to strike a balance between all
three of these measures, we find that the reduced statistic set A-ID
is sufficient for disambiguating regulars from non-regulars, while
one requires the additional information carried by the full set of
statistics to disambiguate mergers from non-mergers.

4.2 Effect of changing the observation wavelength: J-band
data

Recall that CANDELS-team labels are based primarily on how
galaxies appear in the H band. However, in order to, e.g. differenti-
ate true mergers from galaxies exhibiting disc instabilities, we will
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Figure 11. Distribution of effective radius (r̂ in the text) versus median
pixel wise S/N ( ˆ( S

N ) in the text) for our 1639-galaxy sample. Dashed lines

indicate the values r̂ = 0.6 arcsec and ˆ( S
N ) = 15. The 563 galaxies each

within the lower-left and upper-right regions (as defined relative to where
the dashed lines cross) comprise the ‘low’ and ‘high’ data sets, respectively.

Figure 12. Boxplots showing the distribution of M statistic for identified
non-mergers (f < 0.5), galaxies for which the vote was split (f = 0.5) and
mergers (f > 0.5). The left- and right-hand panels show distributions for the
‘low’ and ‘high’ data sets, respectively. The distributions are similar, except
for the lack of identified mergers with small M values in the ‘low’ data
set: M clearly correlates with the ability of annotators to identify small-size
and low-S/N mergers. The behaviour of the I statistic between data sets is
similar and is not shown.

Both the ‘low’ and ‘high’ data sets contain 563 galaxies. See Fig. 11.
In Fig. 12, we display the distributions of the M statistics for both
data sets, for merger vote fractions f < 0.5, f = 0.5 and f > 0.5.
We immediately observe a lack of identified mergers (f > 0.5) with
small M values in the ‘low’ data set. (We note that a similar issue
arises in the analysis of regular galaxies, as well as when we use
the I statistic in place of M.) It is clear from Fig. 12 that numerous
small-S/N/size mergers are being mislabelled, a systematic error
that throws into doubt the idea that one can accurately estimate
merger fractions at high redshifts via visual labelling. (Note that we
base this conclusion on the analysis of an ≈50 ks image; typical
CANDELS exposures will be one-tenth as long, exacerbating this
error.) This result helps motivate the alternative analysis paradigm
that we discuss in Section 5.3.

5.2 The relationship between the number of annotators
and classification efficiency

An astronomer’s time is a valuable commodity. Given a set of N
astronomers with nominally similar annotation ability, is it best to
have all of them train a machine-learning algorithm by visually
inspecting hundreds if not thousands of galaxy images? Or can
using a subset of size n " N yield similar detection efficiency?

To attempt to answer these questions, we utilize an analysis car-
ried out by the CANDELS collaboration (Kartaltepe et al., in prepa-
ration) in which 200 objects observed in the J- and H-bands by the
HST WFC3 in the DEEP-JH region of the GOODS-S field were
each annotated by 42 voters. The details of voting are similar to
those described above in Section 4, except that in this analysis each
annotator’s vote is recorded, so there is no ambiguity about the frac-
tion of annotators identifying particular galaxies as either mergers
or non-regulars.

After removing 15 objects from the sample that were subse-
quently identified as stars (J. Lotz, private communication), we
analyse the H-band images of the remaining 185 galaxies in a man-
ner similar to that described in Section 4. The principal difference
between analyses is that for computational efficiency, we use only
the MID statistics; it is not imperative to use all available statistics
because our aim in this analysis is to observe how the estimated risk
varies as a function of the number of annotators, n, without regard
to its actual value.

We assume that a new expert voter will randomly identify a
given galaxy i as a non-regular/merger with probability pi, where pi

is the recorded vote fraction for the set of 42 annotators. Thus, to
simulate the number of votes for non-regularity/merging for each
galaxy, given n annotators, we sample from a binomial distribution
with parameters n and pi. The result is an integer number of votes
Zi ∈ [0, n], with the simulated vote fraction being Fi = Zi/n. Given
F and the MID statistics for all 185 galaxies, we run random forest
and output the estimated risk. We repeat the process of simulation
and risk estimation 100 times for each value of n so as to build
up an empirical distribution of estimated risk values. Note that as
we increase n, we only randomly sample new votes. For instance,
to go from n = 5 to n = 7, we add two new simulated votes to
the five we already have. We feel that this is more realistic than
randomly sampling a completely new set of votes, as an increased n
in practice generally will be implemented by adding to a core group
of annotators rather than replacing that core group in its entirety.

In Fig. 13, we display the median of our risk distributions for
the non-regular (blue points and lines) and merger (green points
and lines) detection cases. The thin and thick lines drawn through
each point indicate the range for the central 95 and 68 values in
each distribution, respectively. (Note that the values of the risk are
generally much higher here than in Tables 2 and 3 because the
training sets here are one-ninth the size of those in the analysis
of Section 4.) We observe that for both cases, the estimated risk
decreases somewhat sharply when n ! 10; above n ≈ 10, the risk
for the non-regular case still decreases, albeit more slowly, while
the risk for the merger case remains constant. Imprecise estimation
of the true vote fractions for small n and vote fraction discretization
lead to the increase in risk as n → 0, as it becomes less and less
likely that, e.g. a ‘true’ merger will be identified as a merger by both
annotators and the machine classifier.

For the merger case, it is clear from Fig. 13 that little improvement
in risk estimation occurs when adding annotators beyond n ≈ 10.
For the non-regular case, there is a slight improvement on average,
but there is no guarantee that one would see that improvement in any
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Figure 4. Relative importance of statistics in differentiating between regu-
lar and non-regular galaxies (x-axis) and non-merger and merging galaxies
(y-axis) in CANDELS-team-processed H-band data, as output by the ran-
dom forest classification algorithm. The values of all data points have been
normalized by the value of the I statistic for the regular/non-regular analysis.
See Section 3.3 for the definition of statistic importance, and Section 4.1
for practical interpretation of the results. The error bars indicate sample
standard deviation given 1000 separate runs of random forest, and thus are
not measures of the standard error of the mean; the 1σ uncertainties in the
means are given by shrinking the error bars by a factor of

√
1000 = 31.62.

Figure 5. Scatter plots of the MID and A statistics as computed for
CANDELS-team-processed H-band images. Green circles represent galax-
ies visually identified as mergers and blue crosses represent non-regulars
that are not also mergers. The red lines are contours indicating the density of
regular galaxies. The non-zero slopes of the black line, the best-fitting lin-
ear regression functions, indicate the expected positive correlations between
each of these statistics. Note that for increased clarity, only 100 randomly
selected non-regulars/mergers are displayed.

Table 2. Classifier performance × 104 – H-band/non-regular.
This table displays sample mean plus/minus 1σ standard error,
each multipled by 104.

ID A-ID A-MID Full

Sens 7562 ± 14 7907 ± 11 7873 ± 11 7874 ± 13
Spec 8071 ± 13 8187 ± 7 8136 ± 7 8181 ± 10
Risk 4366 ± 8 3906 ± 8 3991 ± 8 3945 ± 8

Toterr 2056 ± 7 1883 ± 4 1930 ± 4 1897 ± 5
PPV 5712 ± 13 5943 ± 9 5865 ± 9 5977 ± 11
NPV 9089 ± 4 9215 ± 4 9199 ± 4 9194 ± 4

Table 3. Classifier performance × 104 – H-band/merger. This
table displays sample mean plus/minus 1σ standard error, each
multipled by 104.

MI A-MI A-MID Full

Sens 6917 ± 22 7520 ± 22 7790 ± 17 7816 ± 17
Spec 8683 ± 14 8546 ± 15 8564 ± 9 8591 ± 8
Risk 4400 ± 13 3934 ± 13 3646 ± 13 3594 ± 13

Toterr 1477 ± 12 1547 ± 12 1506 ± 7 1480 ± 6
PPV 3562 ± 20 3525 ± 20 3541 ± 13 3603 ± 13
NPV 9662 ± 2 9723 ± 2 9752 ± 2 9753 ± 2

the distributions of these statistics for mergers (green points), non-
regulars that are not mergers (blue points) and regulars (red contour
lines). The reader should intuitively picture classification via ran-
dom forest as placing vertical and horizontal lines on these plots so
as to maximize the proportion of, e.g. non-regulars on one side and
the proportion of regulars on the other. Given this intuitive picture,
the relative efficacy of, e.g. the I statistic with respect to the other
statistics is clearly evident. Also evident from Fig. 5 is our relative
inability to separate mergers and irregular galaxies using MID and
A alone. Furthermore, work is needed to develop image statistics
that will optimize merger irregular class separation.

The results in Fig. 4 were generated by analysing the entire eight-
dimensional space of image statistics with random forest. Given
that the number of possibly useful statistics will only increase in
the future, it is important to determine we can disregard any of
our current statistics with little, if any, loss in classifier perfor-
mance. (This is not a trivial issue, as we discuss in Section 5.3:
the number of statistics we incorporate may limit future analy-
ses.) To that end, we define and analyse three reduced statistic
sets for both the regular/non-regular case (ID,A-ID,A-MID) and the
non-merger/merger case (MI,A-MI,A-MID), based on rankings of
relative statistic importance.

See Tables 2 and 3. The interpretation of these tables depends on
the performance metric one prefers: e.g. sensitivity (or catalogue
completeness), estimated risk or PPV (or catalogue purity), etc. If
we assume that one would wish to strike a balance between all
three of these measures, we find that the reduced statistic set A-ID
is sufficient for disambiguating regulars from non-regulars, while
one requires the additional information carried by the full set of
statistics to disambiguate mergers from non-mergers.

4.2 Effect of changing the observation wavelength: J-band
data

Recall that CANDELS-team labels are based primarily on how
galaxies appear in the H band. However, in order to, e.g. differenti-
ate true mergers from galaxies exhibiting disc instabilities, we will
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Figure 13. Median-estimated risk in the detection of non-regulars (the
lower sequence of points in each panel, denoted with blue circles) and
mergers (the upper sequence of points in each panel, denoted with green
triangles) in the analysis of 185 galaxies described in Section 5.2, as a
function of number of annotators. The right-hand panel shows the same data
as the left, for the reduced range n = 3–15. The thin and thick lines drawn
through each point represents the central 95 and 68 per cent of the empirical
distribution of risk values, respectively. The lines are slightly offset from
each other for clarity. See Section 5.2 for further discussion.

Figure 14. Histogram of the changes in estimated risk that occur when
we increase the number of annotators from 11 to 43 in each of the 100
simulations we run in our analysis of 185 galaxies (Section 5.2). Positive
values of !R indicate a reduction in estimated risk. In 19 of 100 simulations,
the estimated risk increases: adding annotators led to worse results.

single analysis. In Fig. 14 we show the histogram of the change in
risk, !R, that occurs as we go from n = 11 to n = 43 annotators; each
value is derived from one of our 100 simulations. In 19 of 100 cases,
there is an increase in estimated risk; adding 32 annotators made
our results worse. This lack of significant improvement in estimated
risk, coupled with the time resources that would be expended by
the additional annotators, argues strongly that an annotator pool of
size n ≈ 10 is sufficient for detecting non-regulars.

We conclude that no more than ≈10 annotators are needed to
effectively train a galaxy morphology classifier using a given set
of galaxy images when the goal is to detect non-regular galaxies
or mergers. If more annotators are available, they should examine
additional sets of galaxy images to increase the overall training set
size, and thereby reduce the misclassification risk.

5.3 Towards the future: eliminating visual annotation

As hinted at throughout this work, there are many issues with an-
notating galaxies and using the resulting morphologies to make
quantitative statements about structure formation. Some of the more
noteworthy issues are the following:

(i) Ambiguity. Expert annotators often do not agree on whether a
given galaxy is, e.g. undergoing a merger (as opposed to, e.g. under-
going star formation due to in situ disc instabilites). This inability
to agree, which led to the large spread of merger fraction estimates
compiled by Lotz et al. (2011), is a not-easily quantified source of
systematic error: e.g. how does one incorporate the experience and
innate biases of each annotator into a statistical analysis? Given
the subject of this paper, ambiguity is perhaps an obvious issue to
point out, but its deleterious effects on structure formation analysis
cannot be overstated.

(ii) Loss of Statistical Information. Above and beyond the issue
of ambiguity is the fact that in the classification exercise, we are
attempting to take a continuous distribution (e.g. all possible galaxy
morphologies) and discretize it (reduce it to, e.g. two bins: mergers
and non-mergers). Discretization can only have an adverse effect
on statistical inferences, making them certainly less precise and
perhaps less accurate.

(iii) Waste of Resources. Annotation is, by definition, a time-
consuming exercise that diverts astronomers from other activities.

Our vision of (near) future analyses of galaxy morphology and
hierarchical structure formation rests on the belief that simulation
engines will be developed that can replicate the wide variety of
observed morphologies at a resolution at least on par with current
observations. If this occurs, then we can fit structure formation
models in the following manner:

(i) Populate space of image statistics by analysing a set of ob-
served galaxies.

(ii) Pick a set of model parameters describing structure forma-
tion.

(iii) Run a simulator and project the simulated galaxies down on
to a (set of) two-dimensional plane(s).

(iv) Populate a space of image statistics by analysing the set of
simulated galaxy images.

(v) Directly compare the estimated distributions of the simulated
and observed statistics.

(vi) Return to step (ii), changing the model parameter values and
iterate until convergence is achieved.

The comparison step, step (v), involves estimating the density func-
tions from which the simulated and observed statistics were sam-
pled, and then determining a ‘distance’ between those functions.
There exist numerous, mature methodologies for performing den-
sity estimation and estimating distances between density functions.
(A summary of possible distance measures is provided in, e.g. Cha
2007.) The key to a computationally efficient comparison is to avoid
the ‘curse of dimensionality’: density estimation is difficult in more
than even a few dimensions. Thus, even if annotators are no longer
needed, there will always be a need to define new statistics that can
better disambiguate the morphologies of galaxies.

6 SU M M A RY

This work is motivated by the problem of detecting irregular and
peculiar galaxies in an automatic fashion in low-resolution and low-
S/N images. This information, combined with estimates of galaxy
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that the results of applying each were similar: in the vast majority
of cases, galaxies were either classified correctly or incorrectly by
all four algorithms. Thus, in this work we describe only the con-
ceptually simplest of the four algorithms, random forest (Breiman
2001). For an example of an analysis code that uses random forest,
see Appendix A.

3.1 Random forest regression

The first step in applying random forest is a regression step: we
randomly sample 50 per cent of the galaxies (i.e. populate a training
set)4 and regress the fraction of annotators, Yi ∈ [0, 1], who view
galaxy i as a non-regular/merger upon that galaxy’s set of image
statistics. In random forest, bootstrap samples of the training set are
used to grow t trees (e.g. t = 500), each of which has n nodes (e.g.
n = 8). At each node in each tree, a random subset of size m of the
statistics is chosen (e.g. C, M20 and I may be chosen from the full
set of statistics). The best split of the data along each of the m axes
is determined, with the one overall best split retained. This process
is repeated for each node and each tree; subsequently the training
data are pushed down each tree to determine t class predictions for
each galaxy (i.e. to generate a set of t numbers for each galaxy, all
of which are either 0 or 1). Let si ∈ [0, t] equal the sum of the class
predictions for galaxy i; then the random forest prediction for the
galaxy’s classification is Ŷi = si/t .

While fitting the training data, random forest keeps track of all
t trees it creates, i.e. all of the data splits it performs. Thus, any
new datum (from the remaining 50 per cent of the data, or the test
set) may be ‘pushed’ down these trees, resulting again in t class
predictions and thus a predicted response (or dependent) variable
Ŷi = si/t .

3.2 Random forest classification

Once we predict response variables for the test set galaxies, we
perform the second step of random forest, the classification step.
First, the continuous fractions Yi associated with the test set galaxies
are mapped to Yclass, i = 0 if Yi < 0.5 and Yclass, i = 1 if Yi >

0.5. (Ties are broken by randomly assigning galaxies to classes.)
Then the predicted responses for the test set galaxies, Ŷi , are also
mapped to discrete classes. Intuitively, one might expect the splitting
point between predicted classes, c, to be 0.5. However, because
the proportions of regular and non-regular galaxies in the training
set are unequal, as are the proportions of non-merger and merger
galaxies, regression will be biased towards fitting the galaxies of the
more numerous type well. For instance, regular galaxies outnumber
non-regular galaxies by approximately three-to-one, so a priori we
expect the best value for c to be around 1/(3+1) = 0.25. To determine
c, we select a sequence of values {c1, c2, . . . , cn} ∈ [0, 1], and for
each cj we map the predicted responses to two classes, e.g. we call
all galaxies with predicted responses Ŷi > cj non-regulars/mergers.
Call this classifying function h(X, cj), where X is the set of observed
statistics. Our estimate of risk as a function of cj is the overall
proportion of misclassified galaxies:

R̂j = P̂ [h(X, cj ) = 0|Y = 1] + P̂ [h(X, cj ) = 1|Y = 0],

4 The size of the training set is arbitrary. Larger training sets generally yield
better final results. In this work, our principal goal is to demonstrate the
efficacy of the MID statistics relative to other, commonly used ones, and so
we do not explicitly address the issue of optimizing the training set size.

Table 1. Confusion matrix: definitions.

Predicted Predicted
regular/ non-regular/

non-merger merger

Actual TN FP
regular/ (True negatives) (False positives)

non-merger

Actual FN TP
non-regular/ (False negatives) (True positives)

merger

where P̂ [h(X, cj ) = 0|Y = 1] and P̂ [h(X, cj ) = 1|Y = 0] are the
estimated probabilities of misclassifying a non-regular/merger and
a regular/non-merger, respectively. We seek the minimum value for
this estimate of risk. We smooth the discrete function R̂j = f (cj )
with a Gaussian profile of width 0.05 and choose as our final value
of ĉ that value for which the smoothed function R̂(c) is minimized.5

3.3 Measures of classifier performance

We use a number of measures of classifier performance.

(i) Sensitivity. The proportion of non-regular/merger galaxies that
are correctly classified: TP/(TP + FN). (This is also dubbed com-
pleteness.)

(ii) Specificity. The proportion of regular/non-merger galaxies
that are correctly classified: TN/(TN + FP).

(iii) Estimated risk. The sum of 1 – sensitivity and 1 – specificity.
(iv) Total error. The proportion of misclassified galaxies.
(v) Positive predictive vlue (PPV). The proportion of actual non-

regular/merger galaxies among those predicted to be non-regulars
or mergers: TP/(TP + FP). (This is also dubbed purity.)

(vi) Negative predictive value (NPV). The proportion of actual
regular/non-merger galaxies among those predicted to be regulars
or non-mergers: TN/(TN + FN).

We define the symbols used above in Table 1.
Random forest assesses the efficacy of each statistic for disam-

biguating classes by computing Gini importance scores for each
(see, e.g. chapter 9 of HTF09; note that the Gini importance score
differs from the Gini statistic G). At any given node of any tree,
the n samples to be split belong to two classes (e.g. merger/non-
merger), with proportions p1 = n1/n and p2 = n2/n. A metric of
class impurity at this node is i = 1 − p2

1 − p2
2. The samples are

then split along the axis associated with one chosen image statistic,
with proportions pl = nl/n and pr = nr/n being assigned to two
daughter nodes. New values of the impurity metric are computed
at each daughter node; call these values il and ir. The reduction in
impurity achieved by splitting the data is !i = i − plil − prir. Each
value of !i is associated with one image statistic; the average of the
!i’s for each image statistic over all nodes and all trees is the Gini
importance score.

Note that in this work, we are not as concerned with the absolute
importance score of each statistic (which is not readily interpretable)
as we are with relative scores derived by, e.g. dividing importance
scores by the maximum observed importance score value. Relative

5 We note that this algorithm produces similar results to the Bayes classifier
(see, e.g. chapter 2 of HTF09), which sets c = l0/(l0 + l1), where l0 and l1
are the number of objects in each identified class, respectively.
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Detection of disturbed galaxy morphologies 3

Figure 1. Example of pixel grouping for computing the multimode (M)
statistic. To the left we display the H-band pixel intensities for an example
of a merger galaxy (see Fig. 3), while to the right we show only those pixels
associated with the largest 5.8 per cent of the sorted intensity values. The
two pixel regions have areas A(1) = 21 and A(2) = 14, so that R0.942 =
(14/21) × 14 = 9.33. The M statistic is the largest of the R values computed
for a sufficiently large number of threshold percentiles.

nuclei are present, and towards 0 if not. Because this ratio is sensi-
tive to noise, we multiply it by Al, (2), which tends towards 0 if the
second-largest group is a manifestation of noise. The M statistic is
the maximum Rl value, i.e.

M = max
l

Rl . (2)

2.2 Intensity (I) statistic

The M statistic is a function of the footprint areas of non-contiguous
groups of image pixels, but does not take into account pixel inten-
sities. To complement it, we define a similar statistic, the intensity
or I statistic. A readily apparent, simple definition of this statistic is
the ratio of the sums of intensities in the two pixel groups used to
compute M. However, this is not optimal, as in any given image it is
possible, e.g. that a high-intensity pixel group with small footprint
may not enter into the computation of M in the first place.

There are myriad ways in which one can define pixel groups over
which to sum intensities. In this work, we utilize a two-pronged
approach. First, we smooth the data in each image with a sym-
metric bivariate Gaussian kernel, selecting the optimal width σ by
maximizing the relative importance of the I statistic in correctly
identifying morphologies (i.e. how well we can differentiate classes
using the I statistic alone, relative to how well we can differentiate
classes by using other statistics by themselves; see Section 3.3).
Then, we define groups using maximum gradient paths. For each
pixel in the smoothed image, we examine the surrounding eight
pixels and move to the one for which the increase in intensity is
maximized, repeating the process until we reach a local maximum.
A single group consists of all pixels linked to a particular local
maximum. (See Fig. 2.) Once we define all pixel groups, we sum
the intensities within each and sort the summed intensities in de-
scending order: I(1), I(2),.... The intensity statistic is then

I = I(2)

I(1)
. (3)

2.3 Deviation (D) statistic

Galaxies that are clearly irregular or peculiar will exhibit marked
deviations from elliptical symmetry. A simple measure quantifying
this deviation is the distance from a galaxy’s intensity centroid
to the local maximum associated with I(1), the pixel group with
maximum summed intensity. We expect this quantity to cluster near
zero for spheroidal and disc galaxies. For those disc galaxies with
well-defined bars and/or spiral arms, we would still expect near-
zero values, as between the bulge and generally expected structure

Figure 2. Example of pixel grouping for computing the intensity (I) statis-
tic. To the left we display pixel intensities for an example of a merger galaxy
(see Fig. 3). These data are smoothed using a symmetric Gaussian kernel
of width σ = 1 pixel, a sufficiently small scale to remove local intensity
maxima caused by noise without removing local maxima intrinsic to the
galaxy itself. (See the text for details on how we select the appropriate
smoothing scale σ .) To the right we display pixel regions associated with
each local intensity maximum remaining after smoothing. Pixel intensities
are summed within each region, with the intensity statistic then being the
ratio of the second-largest to largest sum. In this example, the statistic is
I = 0.935.

symmetry, both the intensity centroid and the maximum associated
with I(1) should lie at the galaxy’s core.

We define the intensity centroid of a galaxy as

(xcen, ycen) =



 1
nseg

∑

i

∑

j

ifi,j ,
1

nseg

∑

i

∑

j

jfi,j



 .

with the summation being overall nseg pixels with the segmentation
map. The distance from (xcen, ycen) to the maximum associated with
I(1) will be affected by the absolute size of the galaxy; it generally
will be larger for, e.g. galaxies at lower redshifts. Thus, we normalize
the distance using an approximate galaxy ‘radius,’

√
nseg/π. The

deviation statistic is then

D =
√

π

nseg

√
(xcen − xI(1) )2 + (ycen − yI(1) )2 . (4)

We have designed the D statistic to capture evidence of galaxy
asymmetry. It is thus complimentary to the A statistic defined in C03,
which is computed by rotating an image by 180◦, taking the absolute
difference between rotated and unrotated images, normalizing by
the value of the unrotated image, and summing the resulting values
pixel-by-pixel. In Section 4, we compute both A and D for a sample
of high-redshift galaxies and show that while there is a large positive
sample correlation coefficient between the two statistics, there are
many instances where D captures stronger evidence of asymmetry
than A, and vice-versa, demonstrating that D and A are not simply
redundant.

3 STAT I S T I C A L A NA LY S I S : R A N D O M FO R E S T

We use the MID (and other) statistics to populate a p-dimensional
space, where each axis represents the values of the ith statistic and
each data point represents one galaxy. Ideally, in this space, the set
of points representing, e.g. visually identified mergers is offset from
those representing non-mergers. To determine an optimal boundary
between these point sets directly in the n-dimensional space, we
apply machine-learning-based methods of regression and classifi-
cation. To ensure robust results, it is good practice to apply a number
of methods to see if any one or more provide significantly better
results. In our analysis of HST data in Section 4, we tested four al-
gorithms: random forest, lasso regression, support vector machines
and principal components regression (for details on these, see, e.g.
Hastie, Tibshirani & Friedman 2009, hereafter HTF09). We found
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Figure 1. Example of pixel grouping for computing the multimode (M)
statistic. To the left we display the H-band pixel intensities for an example
of a merger galaxy (see Fig. 3), while to the right we show only those pixels
associated with the largest 5.8 per cent of the sorted intensity values. The
two pixel regions have areas A(1) = 21 and A(2) = 14, so that R0.942 =
(14/21) × 14 = 9.33. The M statistic is the largest of the R values computed
for a sufficiently large number of threshold percentiles.

nuclei are present, and towards 0 if not. Because this ratio is sensi-
tive to noise, we multiply it by Al, (2), which tends towards 0 if the
second-largest group is a manifestation of noise. The M statistic is
the maximum Rl value, i.e.

M = max
l

Rl . (2)

2.2 Intensity (I) statistic

The M statistic is a function of the footprint areas of non-contiguous
groups of image pixels, but does not take into account pixel inten-
sities. To complement it, we define a similar statistic, the intensity
or I statistic. A readily apparent, simple definition of this statistic is
the ratio of the sums of intensities in the two pixel groups used to
compute M. However, this is not optimal, as in any given image it is
possible, e.g. that a high-intensity pixel group with small footprint
may not enter into the computation of M in the first place.

There are myriad ways in which one can define pixel groups over
which to sum intensities. In this work, we utilize a two-pronged
approach. First, we smooth the data in each image with a sym-
metric bivariate Gaussian kernel, selecting the optimal width σ by
maximizing the relative importance of the I statistic in correctly
identifying morphologies (i.e. how well we can differentiate classes
using the I statistic alone, relative to how well we can differentiate
classes by using other statistics by themselves; see Section 3.3).
Then, we define groups using maximum gradient paths. For each
pixel in the smoothed image, we examine the surrounding eight
pixels and move to the one for which the increase in intensity is
maximized, repeating the process until we reach a local maximum.
A single group consists of all pixels linked to a particular local
maximum. (See Fig. 2.) Once we define all pixel groups, we sum
the intensities within each and sort the summed intensities in de-
scending order: I(1), I(2),.... The intensity statistic is then

I = I(2)

I(1)
. (3)

2.3 Deviation (D) statistic

Galaxies that are clearly irregular or peculiar will exhibit marked
deviations from elliptical symmetry. A simple measure quantifying
this deviation is the distance from a galaxy’s intensity centroid
to the local maximum associated with I(1), the pixel group with
maximum summed intensity. We expect this quantity to cluster near
zero for spheroidal and disc galaxies. For those disc galaxies with
well-defined bars and/or spiral arms, we would still expect near-
zero values, as between the bulge and generally expected structure

Figure 2. Example of pixel grouping for computing the intensity (I) statis-
tic. To the left we display pixel intensities for an example of a merger galaxy
(see Fig. 3). These data are smoothed using a symmetric Gaussian kernel
of width σ = 1 pixel, a sufficiently small scale to remove local intensity
maxima caused by noise without removing local maxima intrinsic to the
galaxy itself. (See the text for details on how we select the appropriate
smoothing scale σ .) To the right we display pixel regions associated with
each local intensity maximum remaining after smoothing. Pixel intensities
are summed within each region, with the intensity statistic then being the
ratio of the second-largest to largest sum. In this example, the statistic is
I = 0.935.

symmetry, both the intensity centroid and the maximum associated
with I(1) should lie at the galaxy’s core.

We define the intensity centroid of a galaxy as

(xcen, ycen) =



 1
nseg

∑

i

∑

j

ifi,j ,
1

nseg

∑

i

∑

j

jfi,j



 .

with the summation being overall nseg pixels with the segmentation
map. The distance from (xcen, ycen) to the maximum associated with
I(1) will be affected by the absolute size of the galaxy; it generally
will be larger for, e.g. galaxies at lower redshifts. Thus, we normalize
the distance using an approximate galaxy ‘radius,’

√
nseg/π. The

deviation statistic is then

D =
√

π

nseg

√
(xcen − xI(1) )2 + (ycen − yI(1) )2 . (4)

We have designed the D statistic to capture evidence of galaxy
asymmetry. It is thus complimentary to the A statistic defined in C03,
which is computed by rotating an image by 180◦, taking the absolute
difference between rotated and unrotated images, normalizing by
the value of the unrotated image, and summing the resulting values
pixel-by-pixel. In Section 4, we compute both A and D for a sample
of high-redshift galaxies and show that while there is a large positive
sample correlation coefficient between the two statistics, there are
many instances where D captures stronger evidence of asymmetry
than A, and vice-versa, demonstrating that D and A are not simply
redundant.

3 STAT I S T I C A L A NA LY S I S : R A N D O M FO R E S T

We use the MID (and other) statistics to populate a p-dimensional
space, where each axis represents the values of the ith statistic and
each data point represents one galaxy. Ideally, in this space, the set
of points representing, e.g. visually identified mergers is offset from
those representing non-mergers. To determine an optimal boundary
between these point sets directly in the n-dimensional space, we
apply machine-learning-based methods of regression and classifi-
cation. To ensure robust results, it is good practice to apply a number
of methods to see if any one or more provide significantly better
results. In our analysis of HST data in Section 4, we tested four al-
gorithms: random forest, lasso regression, support vector machines
and principal components regression (for details on these, see, e.g.
Hastie, Tibshirani & Friedman 2009, hereafter HTF09). We found
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Beyond the Hubble Sequence

Peth, Lotz et al., in prep

CANDELS G-M20-C-A-MID  ⇒
Principle Component Analysis + 
Hierarchical Group Finder
~7 unique “groups”,  
correlated with star-formation, size, mass
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gini-m20      0.6 < z < 1.0      Mstar > 10.5
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“type 4” are structural 
progenitors of today’s
large E/S0
emerge at z<2



gini-m20      2.0 < z < 2.5     Mstar > 10.5

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
0.3

0.4

0.5

0.6

0.7

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
M20

0.3

0.4

0.5

0.6

0.7

G
in

i

 0

Mstar > 10.5
 2.0 < z <  2.5
F160W

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
M20

0.3

0.4

0.5

0.6

0.7

G
in

i
 1

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
M20

0.3

0.4

0.5

0.6

0.7

G
in

i

 2

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
M20

0.3

0.4

0.5

0.6

0.7

G
in

i

 3

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
M20

0.3

0.4

0.5

0.6

0.7

G
in

i

 4

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
M20

0.3

0.4

0.5

0.6

0.7

G
in

i

“type 0” are small + 
smooth galaxies 
(mix of unresolved disks 
and compact gals);  
dominant at z~1-3



UVJ      2.5 < z < 3.0   Mstar > 10.5
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“type 4” quench at z<2

“type 0” start 
quenching early (z>3)

from Lotz, Peth et al in prep,  CANDELS team photometry



UVJ      2.0 < z < 2.5     Mstar > 10.5
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“type 4” quench at z<2

“type 0” start 
quenching early (z>3)



UVJ      1.5 < z < 2.0      Mstar > 10.5
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“type 4” quench at z<2

“type 0” start 
quenching early (z>3)



UVJ      1.0 < z < 1.5      Mstar > 10.5
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“type 4” quench at z<2

“type 0” start 
quenching early (z>3)



UVJ      0.6 < z < 1.0       Mstar > 10.5
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“type 0” start 
quenching early (z>3)



stellar masses      2.5 < z < 3.0
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“type 4”  dominate 
massive galaxies at 
z<1.5

from Lotz, Peth et al in prep,  CANDELS team photometry



stellar masses      2.0 < z < 2.5
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“type 4”  dominate 
massive galaxies at 
z<1.5



stellar masses      1.5 < z < 2.0

10.0 10.5 11.0 11.5 12.0

1

10

100

10.0 10.5 11.0 11.5 12.0
Mstar

1

10

100

N

type 0 1.5 < z <  2.0

10.0 10.5 11.0 11.5 12.0
Mstar

1

10

100

N

type 1

10.0 10.5 11.0 11.5 12.0
Mstar

1

10

100

N

type 2

10.0 10.5 11.0 11.5 12.0
Mstar

1

10

100

N

type 3

10.0 10.5 11.0 11.5 12.0
Mstar

1

10

100

N

type 4

10.0 10.5 11.0 11.5 12.0
Mstar

1

10

100

N

type -1

“type 4”  dominate 
massive galaxies at 
z<1.5



stellar masses      1.0 < z < 1.5
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Lotz, Peth et al., 2014

“type 4”  dominate 
massive galaxies at 
z<1.5



stellar masses      0.6 < z < 1.0
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massive galaxies at 
z<1.5



sSFR v. Σ1.5      2.5 < z < 3.0   Mstar > 10.5

8 9 10 11 12
2
1

0

-1

-2

-3

-4
-5

8 9 10 11 12
log Y 1.5

2
1

0

-1

-2

-3

-4
-5

sS
FR

type 0

 2.5 < z <  3.0

8 9 10 11 12
log Y 1.5

2
1

0

-1

-2

-3

-4
-5

sS
FR

type 1

8 9 10 11 12
log Y 1.5

2
1

0

-1

-2

-3

-4
-5

sS
FR

type 2

8 9 10 11 12
log Y 1.5

2
1

0

-1

-2

-3

-4
-5

sS
FR

type 3

8 9 10 11 12
log Y 1.5

2
1

0

-1

-2

-3

-4
-5

sS
FR

type 4

8 9 10 11 12
log Y 1.5

2
1

0

-1

-2

-3

-4
-5

sS
FR

type -1

“type 4” formation 
consistent with both 
quenching of disks 
(type 1, 2, 3) and 
mergers of compacts 
(type 0)

reff from Van der Wel et al  2014;  sSFR from Lotz et al in prep  (FAST -SED fitting)



sSFR v. Σ1.5      2.0 < z < 2.5
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“type 4” formation 
consistent with both 
quenching of disks 
(type 1, 2, 3) and 
mergers of compacts 
(type 0)



sSFR v. Σ1.5      1.5 < z < 2.0
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“type 4” formation 
consistent with both 
quenching of disks 
(type 1, 2, 3) and 
mergers of compacts 
(type 0)



sSFR v. Σ1.5      1.0 < z < 1.5
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“type 4” formation 
consistent with both 
quenching of disks 
(type 1, 2, 3) and 
mergers of compacts 
(type 0)



sSFR v. Σ1.5      0.6 < z < 1.0
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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APPENDIX A

SELECTION OF COMPACT GALAXIES IN THE
MASS–SIZE DIAGRAM

In this Appendix, we address the robustness of the selection
criteria for compact galaxies. As described in Section 2, compact
galaxies are selected using a pseudo surface density threshold,
Σ1.5 ≡ log(M/rα

e ) = 10.3 M# kpc−α , with α = 1.5. The inverse
value of α is the slope of the mass–size relation, described as
re = γMα−1

, where γ is the mass-normalized radius or zero
point of the mass–size relation. The values of α and Σ1.5 are
chosen to include the bulk of the quiescent population at z > 1.5.
However, Figure 2 illustrates how this criterion also identifies
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Summary

Galaxy “morphology” can trace underlying physics of galaxy evolution,       
but need to capture rare/subtle features 

Hubble Sequence does not apply so well at high redshift                                  
⇒ need to move beyond “disk”, “spheroid”, “other” to make progress

PCA of G-M20-CA-MID  at z>1,  Mstar > 10.5
   
• finds structural progenitors of today’s large E/S0;   

• rare, star-forming and massive at z>2;  
    increase rapidly after z<1.5,  before decline of compact quenched galaxies
 
• consistent with multiple formation pathways,  

    including (re)growth of disks around compact galaxies


