
Galaxy Evolution at z > 2: 
Cosmic Starvation, Mergers, and Morphology

Robert Feldmann
UC Berkeley

1

Feldmann & Mayer, arXiv:1404.3212
Fiacconi, Feldmann, & Mayer, to be submitted

Lucio Mayer Davide Fiacconi

University of Zurich



R. Feldmann, UCSC Galaxy Workshop, Aug 2014 2

Outline

1. Introducing the Argo Simulation

2. Quenching of massive galaxies at z>2

3. Morphological transformations of galaxies at z>2
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Argo what?

• a cosmological zoom-in simulation of a proto galaxy group (~2!1013 M� at z=0)

• 3 comoving Mpc region incl: 1 massive galaxy & tens of lower mass galaxies 

Argo or ARGO?
Acronyms Really Get On my nerves

study the formation/evolution of z!2 galaxies with high fidelityGoal:



R. Feldmann, UCSC Galaxy Workshop, Aug 2014 4

Argo what?

• run with the TreeSPH code Gasoline
• efficient SN feedback (“blastwave”), no AGN feedback

• the highest resolution run in Argo: 
        softening ~100 pc, mSPH ~104 M☉ ➔ same as Eris but more massive

dwarfs MW (Eris) massive early types

(Guedes+11)

The Astrophysical Journal, 742:76 (10pp), 2011 December 1 Guedes et al.
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Figure 2. Left panel: the optical/UV stellar properties of Eris at z = 0. The
images, created with the radiative transfer code Sunrise (Jonsson 2006), show
an i, V, and FUV stellar composite of the simulated galaxy seen face-on and
edge-on. A Kroupa IMF was assumed. Right panel: projected face-on and edge-
on surface density maps of Eris’s neutral gas at z = 0. The color bar shows the
neutral gas fraction.
(A color version of this figure is available in the online journal.)

Eris’ bulge-to-disk ratio (as determined by a two-component
fit to the i-band surface brightness profile), B/D = 0.35, is
also typical of Sb spirals, which are characterized by a median
(±68/2%) value log B/D = −0.53+0.27

−0.30, and of many Sbc
galaxies, which have log B/D = −0.86+0.34

−0.40 (Graham & Worley
2008). A three-component decomposition (disk + bar + bulge)
will lower the B/D ratio further. The bulge Sérsic index,
ns = 1.4, is indicative of a “pseudobulge” rather than a
classical one: according to Weinzirl et al. (2009), ∼3/4 of
all bright spirals have low ns ! 2 bulges. Eris’ large final
disk (disk-to-total ratio D/T = 0.74) is not typically found in
lower-resolution simulations of Milky Way sized galaxies that
impose no restrictions on merger history: e.g., only one of the
eight galaxies simulated by Scannapieco et al. (2010) has a
photometric D/T as large as 0.68 (and six have D/T < 0.5),
and only one out of the six galaxies above Mvir = 1011 M#
simulated by Brooks et al. (2011) has a disk-to-total ratio
comparable to Eris’ (“h239,” which is offset, however, from
the stellar-mass–halo-mass relation).

3.3. Stellar Content

Eris’ total mass in baryons is Mb = 9.5 × 1010 M#,
corresponding to a mass fraction fb = 0.12 that is 30% lower
than the universal value (for the adopted cosmology) of 0.175.
Stars (and their remnants) comprise 41% of all baryons within
Rvir: the total stellar mass, M∗ = 3.9 × 1010 M#, is comparable
to the value estimated for the Milky Way, (4.9–5.5) × 1010 M#,
by Flynn et al. (2006).

To make a bias-free comparison with the stellar-mass–halo-
mass relation derived from the abundance matching technique
by Behroozi et al. (2010) we adopt the following procedure.
We fit the SDSS u, g, r, i, z broadband colors from the mock
Sunrise images with the flexible stellar population synthesis
code of Conroy et al. (2009): the fit assumes a Kroupa IMF
and provides a photometric stellar mass estimate of M∗ =
3.2 × 1010 M# (C. Conroy 2011, private communication), 18%

Figure 3. One-dimensional i-band radial surface brightness profile of Eris at
z = 0. This is well fitted by a Sérsic bulge with index ns = 1.4, an exponential
disk with scale length Rd = 2.5 kpc, and a bulge-to-disk ratio B/D = 0.35. The
dust reddened, face-on two-dimensional light distribution created by Sunrise
was analyzed with Galfit (Peng et al. 2002) following a procedure similar to
that detailed in Weinzirl et al. (2009). The “downbending” in the brightness
exponential profile at about five disk scale length and the surface brightness
where the break occurs, 23.5 i-mag arcsec−2, are characteristic of late-type
spiral galaxies (Pohlen & Trujillo 2006).
(A color version of this figure is available in the online journal.)

lower than the value directly measured in the simulation. The
photometric stellar mass of Eris can now be weighted self-
consistently against the Behroozi et al. (2010) average stellar-
mass–halo-mass relation (which uses a Chabrier 2003 IMF), free
of IMF systematics, after offsetting all Behroozi et al. (2010)
stellar masses by 0.06 dex (to correct from Chabrier to Kroupa
IMF). The comparison, depicted in the right panel of Figure 4,
demonstrates that Eris’ implied “baryon conversion efficiency,”
η ≡ (M∗/Mvir) × (ΩM/Ωb) = 23%, is in excellent agreement
with that predicted by the abundance matching technique.
This contrasts with the recent analysis of many hydrodynamic
simulations of galaxy formation by Guo et al. (2010), who show
that the great majority of them lock too many baryons into
stars to be viable models for the bulk of the observed galaxy
population. Note that the intrinsic scatter in the stellar mass at
a given halo mass is estimated to be 0.17 dex, independent of
halo mass (Yang et al. 2009).

With a circular velocity at the radius, R80 = 6.8 kpc,
containing 80% of the i-band flux of V80 = 210 km s−1, our
Galaxy lies close to the Tully–Fisher relation of the Pizagno
et al. (2007) galaxy sample (see the left panel of Figure 4).
As discussed in Pizagno et al. (2007), the Tully–Fisher relation
uses V80 as the primary velocity measure rather than V2.2, the
circular velocity at 2.2 disk scale lengths, since the former is
less sensitive to the degeneracies of bulge–disk decomposition.
The ratio V2.2/V200 = 214 km s−1/129 km s−1 = 1.66 in Eris,
where V200 is the circular velocity at the radius enclosing a
mean overdensity of 200 ρcrit (R200 = 177 kpc), is equal to the
value suggested by the dynamical model for the Milky Way
of Klypin et al. (2002). It is also consistent with the recent
measurements of the virial mass of the Milky Way by Smith et al.
(2007) and Xue et al. (2008), implying V2.2/V200 = 1.48+0.25

−0.26
and V2.2/V200 = 1.67+0.31

−0.24, respectively.4 Note that while

4 The V2.2/V200 ratios from Smith et al. (2007) and Xue et al. (2008) were
computed by Dutton et al. (2010) from these data sets after converting different
virial mass definitions and for an assumed Milky Way’s V2.2 = 220 km s−1.
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Figure 2. Left panel: the optical/UV stellar properties of Eris at z = 0. The
images, created with the radiative transfer code Sunrise (Jonsson 2006), show
an i, V, and FUV stellar composite of the simulated galaxy seen face-on and
edge-on. A Kroupa IMF was assumed. Right panel: projected face-on and edge-
on surface density maps of Eris’s neutral gas at z = 0. The color bar shows the
neutral gas fraction.
(A color version of this figure is available in the online journal.)

Eris’ bulge-to-disk ratio (as determined by a two-component
fit to the i-band surface brightness profile), B/D = 0.35, is
also typical of Sb spirals, which are characterized by a median
(±68/2%) value log B/D = −0.53+0.27

−0.30, and of many Sbc
galaxies, which have log B/D = −0.86+0.34

−0.40 (Graham & Worley
2008). A three-component decomposition (disk + bar + bulge)
will lower the B/D ratio further. The bulge Sérsic index,
ns = 1.4, is indicative of a “pseudobulge” rather than a
classical one: according to Weinzirl et al. (2009), ∼3/4 of
all bright spirals have low ns ! 2 bulges. Eris’ large final
disk (disk-to-total ratio D/T = 0.74) is not typically found in
lower-resolution simulations of Milky Way sized galaxies that
impose no restrictions on merger history: e.g., only one of the
eight galaxies simulated by Scannapieco et al. (2010) has a
photometric D/T as large as 0.68 (and six have D/T < 0.5),
and only one out of the six galaxies above Mvir = 1011 M#
simulated by Brooks et al. (2011) has a disk-to-total ratio
comparable to Eris’ (“h239,” which is offset, however, from
the stellar-mass–halo-mass relation).

3.3. Stellar Content

Eris’ total mass in baryons is Mb = 9.5 × 1010 M#,
corresponding to a mass fraction fb = 0.12 that is 30% lower
than the universal value (for the adopted cosmology) of 0.175.
Stars (and their remnants) comprise 41% of all baryons within
Rvir: the total stellar mass, M∗ = 3.9 × 1010 M#, is comparable
to the value estimated for the Milky Way, (4.9–5.5) × 1010 M#,
by Flynn et al. (2006).

To make a bias-free comparison with the stellar-mass–halo-
mass relation derived from the abundance matching technique
by Behroozi et al. (2010) we adopt the following procedure.
We fit the SDSS u, g, r, i, z broadband colors from the mock
Sunrise images with the flexible stellar population synthesis
code of Conroy et al. (2009): the fit assumes a Kroupa IMF
and provides a photometric stellar mass estimate of M∗ =
3.2 × 1010 M# (C. Conroy 2011, private communication), 18%

Figure 3. One-dimensional i-band radial surface brightness profile of Eris at
z = 0. This is well fitted by a Sérsic bulge with index ns = 1.4, an exponential
disk with scale length Rd = 2.5 kpc, and a bulge-to-disk ratio B/D = 0.35. The
dust reddened, face-on two-dimensional light distribution created by Sunrise
was analyzed with Galfit (Peng et al. 2002) following a procedure similar to
that detailed in Weinzirl et al. (2009). The “downbending” in the brightness
exponential profile at about five disk scale length and the surface brightness
where the break occurs, 23.5 i-mag arcsec−2, are characteristic of late-type
spiral galaxies (Pohlen & Trujillo 2006).
(A color version of this figure is available in the online journal.)

lower than the value directly measured in the simulation. The
photometric stellar mass of Eris can now be weighted self-
consistently against the Behroozi et al. (2010) average stellar-
mass–halo-mass relation (which uses a Chabrier 2003 IMF), free
of IMF systematics, after offsetting all Behroozi et al. (2010)
stellar masses by 0.06 dex (to correct from Chabrier to Kroupa
IMF). The comparison, depicted in the right panel of Figure 4,
demonstrates that Eris’ implied “baryon conversion efficiency,”
η ≡ (M∗/Mvir) × (ΩM/Ωb) = 23%, is in excellent agreement
with that predicted by the abundance matching technique.
This contrasts with the recent analysis of many hydrodynamic
simulations of galaxy formation by Guo et al. (2010), who show
that the great majority of them lock too many baryons into
stars to be viable models for the bulk of the observed galaxy
population. Note that the intrinsic scatter in the stellar mass at
a given halo mass is estimated to be 0.17 dex, independent of
halo mass (Yang et al. 2009).

With a circular velocity at the radius, R80 = 6.8 kpc,
containing 80% of the i-band flux of V80 = 210 km s−1, our
Galaxy lies close to the Tully–Fisher relation of the Pizagno
et al. (2007) galaxy sample (see the left panel of Figure 4).
As discussed in Pizagno et al. (2007), the Tully–Fisher relation
uses V80 as the primary velocity measure rather than V2.2, the
circular velocity at 2.2 disk scale lengths, since the former is
less sensitive to the degeneracies of bulge–disk decomposition.
The ratio V2.2/V200 = 214 km s−1/129 km s−1 = 1.66 in Eris,
where V200 is the circular velocity at the radius enclosing a
mean overdensity of 200 ρcrit (R200 = 177 kpc), is equal to the
value suggested by the dynamical model for the Milky Way
of Klypin et al. (2002). It is also consistent with the recent
measurements of the virial mass of the Milky Way by Smith et al.
(2007) and Xue et al. (2008), implying V2.2/V200 = 1.48+0.25

−0.26
and V2.2/V200 = 1.67+0.31

−0.24, respectively.4 Note that while

4 The V2.2/V200 ratios from Smith et al. (2007) and Xue et al. (2008) were
computed by Dutton et al. (2010) from these data sets after converting different
virial mass definitions and for an assumed Milky Way’s V2.2 = 220 km s−1.
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Fig. 2.— Left panel: The stellar mass fraction of dwarf galaxies at z = 0. Filled colored circles: the simulated “Bashful”, “Doc”, “Dopey”,
and “Grumpy” dwarfs. Empty square: the late-type Milky Way analog “Eris” (Guedes et al. 2011), run using the same star formation
and supernova feedback recipes but without metal-line cooling at T > 104 K. Black, orange and purple solid lines: the mean present-day
stellar mass-halo mass relations of Behroozi et al. (2013), Moster et al. (2013) and Guo et al. (2010), respectively, with the extrapolations
below a few times 1010 M! indicated with the dot-dashed lines in the corresponding colors. The black dashed lines show the ±1σ limits
of the SMHM relation of Behroozi et al. (2013). Right panel: Cumulative star formation history, i.e. the fraction of total stellar mass
formed prior to a given redshift or lookback time. Grey lines: individual dwarf irregulars in the ANGST sample (Weisz et al. 2011). The
horizontal dot-dashed line represents 50% of the total stellar mass today. Thick colored lines: “Bashful” and “Doc”. The simulation results
have been binned as the ANGST data for better comparison.

Fig. 3.— Left panel: The 1D line of sight stellar surface density profiles of Bashful and Doc. The dashed lines show exponential fits to
their stellar disks, I(R > 1 kpc) = Id exp(−R/Rd), with scale lengths Rd = 0.97 kpc for Bashful, and Rd = 0.84 kpc for Doc. The two
dwarfs are bulgeless, with Doc showing the clear signature of a stellar core within the central 1 kpc. Right panel: The present-day line of
sight velocity dispersion as a function of age in the central (< 2 kpc) stellar components of Bashful and Doc. Younger stellar cohorts are
kinematically colder than older cohorts. Filled black dots: observations of the isolated dwarf irregular galaxy WLM (Leaman et al. 2012).

we note that the scatter of the SMHM relation for very
low mass dwarf galaxies is also significant (Kuhlen et al.
2013). We have made no attempt to correct the true
stellar masses directly measured in the simulation by the
systematic photometric bias discussed in Munshi et al.
(2013) (see also Guedes et al. 2011), which can lead to
stellar mass errors of up to 50% for individual galaxies.
Note also how, as a consequence of the larger injection of
energy by SNe per unit stellar mass assumed here, Bash-
ful forms four times less stars than its DG1 counterpart
in the Governato et al. (2010) simulations, a fact that
underscores the sensitivity of the predicted star forma-
tion efficiency to the strength of stellar feedback.
Resolved stellar populations have proven to be a very

powerful tool for observationally constraining scenarios

of dwarf galaxy evolution, as past patterns of star for-
mation and chemical evolution are encoded in a galaxy’s
optical color-magnitude diagram. Figure 2 compares
the cumulative star formation histories (SFHs), i.e. the
fraction of total stellar mass formed prior to a given
cosmic time, of individual dIrrs in the ANGST sample
(Weisz et al. 2011) with those of our two most luminous
simulated dwarfs. While the SFHs of individual ANGST
galaxies are quite diverse, most dwarfs are not entirely
old stellar populations, i.e. they have intermediate or re-
cent star formation. The average dwarf formed the bulk
of its stars prior to redshift 1, exhibits dominant ancient
star formation (> 10 Gyr ago) and lower levels of activ-
ity over the last 6 Gyr, and produced about 8% of its
total stellar mass within the last 1 Gyr. The cumulative

(Shen+13)
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Figure 1. Appearance of the simulated galaxy groups as a function of redshift. The size of each image is 1.2 Mpc × 1.2 Mpc. The four columns correspond to z = 2.5,
z = 1.5, z = 0.6, and z = 0 (z = 0.1 for G2 − HR), while the rows correspond to the different groups G1, G2, G3, and G2 − HR (from top to bottom). Color coded
are dark matter in blue (from 3.6 to 1460 M# pc−2), cold gas (here the gas with T < 2.5 × 105 K) in green, stellar matter in yellow (both from 0.9 to 365 M# pc−2),
and hot gas (here the gas with T ! 2.5 × 105 K) as red surface mass isocontours (three contour lines at 1, 4.5, and 20 M# pc−2). The white circle shows the virial
radius of each group at the indicated redshift.

of the fluxes measured within a projected radius of 8 physical kpc
(∼1′′), excluding the light from resolved satellites. We do not
apply a mass-to-light ratio fix or a subtraction of central flux,
mainly because we expect central star formation to be a physical
reality at high redshifts and the impact of additional artificial star
formation is consequently small. Nonetheless, the quoted color
and magnitude errors include variations arising from different
viewing angles and from the difference between correcting or
not-correcting for artificial star formation. Absorption by dust
may affect the colors and magnitudes of the gas-rich central
galaxies at high redshifts and we therefore explore extinction
corrections (Calzetti et al. 2000) with AV ranging from 0 to > 1.
At high redshifts (z > 2), we use as default value AV = 0.8
which is the mean value found in the (almost) mass-limited
sample of Kriek et al. (2008a, 2008b) and comparable to the
median value in the spectroscopic imaging in the near-infrared

with SINFONI (SINS) sample (Förster Schreiber et al. 2009,
see also Genzel et al. 2006). Colors and magnitudes are given
in the AB system, unless explicitly noted otherwise.

In order to measure stellar line-of-sight rotation velocity
and velocity dispersion we first project the galaxies along the
intermediate axis of their moment-of-inertia tensor. Then, we put
a slit of extent and width of 20 kpc and 2 kpc, respectively, along
the major axis of the projected image and measure velocity and
dispersion in 24 bins along the slit. We proceed in an analogous
way for gas velocities and velocity dispersions. The velocity
dispersion within the effective radius is then estimated from the
mass-weighted average of all bins within 2 × εbar and 3.5 kpc
(∼Reff) of the velocity dispersion profile. Statistical errors are
estimated from a bootstrapping analysis. The statistical errors
are typically much smaller than systematic effects that arise from
using either velocity moments or Gauss–Hermite polynomials

(Feldmann+10)
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Galaxy Bimodality

Sequences of SF vs Quiescent Galaxies exist already at z~2

A&A 561, A86 (2014)

Fig. 2. Number density of sources in the SFR−M∗ plane. Shadings are independent for each stellar mass bin, i.e., the darkest colour indicates the
highest number density of sources in the stellar mass bin and not the highest number density of sources in the entire SFR−M∗ plane. Short-dashed
lines on a white background show the second order polynomial function fitted to MS of star formation (see text for details). Dotted lines present
the MS found in Elbaz et al. (2011). The red triple-dot-dashed lines represent the MS found in Rodighiero et al. (2010). The green dot-dashed
lines in the 0: 8 < z < 1: 2 and 1: 2 < z < 1: 7 panels show the MS found in Whitaker et al. (2012) at z ∼ 1: 25.

3. Data analysis

3.1. Dust temperatures

In order to obtain a proxy on the dust temperature of a galaxy,
one can fit its PACS/SPIRE flux densities with a single modified
blackbody function using the optically thin approximation:

S ν ∝
ν3+β

exp(hν= kTdust) − 1
; (2)

where S ν is the flux density, β is the dust emissivity spectral
index and Tdust is the dust temperature. However, we decided
not to use this method for two reasons. Firstly, a single mod-
ified blackbody model cannot fully describe the Wien side of
the FIR SED of galaxies, because short wavelength observations
are dominated by warmer or transiently heated dust components.
Therefore, one would have to exclude from this fitting proce-
dure all flux measurements with, for example, λrest < 50 � m
(see e.g., Hwang et al. 2010; Magnelli et al. 2012a). At high-
redshift (e.g., z > 1 : 0), the exclusion of some valuable flux mea-
surements (e.g., PACS-100 � m) would lead to an un-optimised
use of our PACS/SPIRE observations. Secondly, while the ex-
clusion of short wavelengths would prevent the fits from being
strongly biased by hot dust components, this sharp rest-frame cut
would potentially introduce a redshift dependent bias in our dust
temperature estimates. Indeed, depending on the redshift of the
source, the shortest wavelength kept in the fitting procedure (i.e.,
with λrest > 50 � m) would be close, or very close, to the wave-
length cut, in which case the derived dust temperature would be
affected, or strongly affected, by hotter dust components. In the

analysis done in this paper this effect would result in an artificial
increase in Tdust with redshift of up to ∼8 K.

For these reasons, we derived the dust temperature of a
galaxy using a different approach. (i) We assigned a dust tem-
perature to each DH SED templates by fitting their z = 0 simu-
lated PACS/SPIRE flux densities with a single modified black-
body function (see Eq. (2)). (ii) We searched for the DH SED
template best-fitting the observed PACS/SPIRE flux densities of
the galaxy. (iii) The dust temperature of this galaxy was then de-
fined as being the dust temperature assigned to the correspond-
ing DH SED template. This method makes an optimal use of
our PACS/SPIRE observations and does not introduce any red-
shift biases. We also note that this method introduces a self-
consistency between our dust temperature and infrared luminos-
ity estimates for galaxies in the first step of the “ladder of SFR
indicators” (see Sect. 2.6). Indeed both estimates are inferred
using the DH SED templates best-fitting their PACS/SPIRE flux
densities.

To fit the simulated z = 0 PACS/SPIRE flux densities of
the DH SED templates with a modified blackbody function (i.e.,
step (i)), we fixed β = 1 : 5 and used a standard χ2 minimisation
method. Results of these fits are provided in Table A.1. We note
that using β = 1 : 5 systematically leads to higher dust tempera-
tures than if using β = 2 : 0 (i.e., ∆Tdust ∼ 4 K). This Tdust−β de-
generacy further highlights the limits of a single modified black-
body model in which one has to assume, or fit, an effective dust
emissivity. Here, we fixed β = 1 : 5 because it will provide fair
comparisons with most high-redshift studies in which the lack
of (sub)mm observations does not allow clear constraints on β
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Fig. 2. Number density of sources in the SFR−M∗ plane. Shadings are independent for each stellar mass bin, i.e., the darkest colour indicates the
highest number density of sources in the stellar mass bin and not the highest number density of sources in the entire SFR−M∗ plane. Short-dashed
lines on a white background show the second order polynomial function fitted to MS of star formation (see text for details). Dotted lines present
the MS found in Elbaz et al. (2011). The red triple-dot-dashed lines represent the MS found in Rodighiero et al. (2010). The green dot-dashed
lines in the 0: 8 < z < 1: 2 and 1: 2 < z < 1: 7 panels show the MS found in Whitaker et al. (2012) at z ∼ 1: 25.

3. Data analysis

3.1. Dust temperatures

In order to obtain a proxy on the dust temperature of a galaxy,
one can fit its PACS/SPIRE flux densities with a single modified
blackbody function using the optically thin approximation:

S ν ∝
ν3+β

exp(hν= kTdust) − 1
; (2)

where S ν is the flux density, β is the dust emissivity spectral
index and Tdust is the dust temperature. However, we decided
not to use this method for two reasons. Firstly, a single mod-
ified blackbody model cannot fully describe the Wien side of
the FIR SED of galaxies, because short wavelength observations
are dominated by warmer or transiently heated dust components.
Therefore, one would have to exclude from this fitting proce-
dure all flux measurements with, for example, λrest < 50 � m
(see e.g., Hwang et al. 2010; Magnelli et al. 2012a). At high-
redshift (e.g., z > 1 : 0), the exclusion of some valuable flux mea-
surements (e.g., PACS-100 � m) would lead to an un-optimised
use of our PACS/SPIRE observations. Secondly, while the ex-
clusion of short wavelengths would prevent the fits from being
strongly biased by hot dust components, this sharp rest-frame cut
would potentially introduce a redshift dependent bias in our dust
temperature estimates. Indeed, depending on the redshift of the
source, the shortest wavelength kept in the fitting procedure (i.e.,
with λrest > 50 � m) would be close, or very close, to the wave-
length cut, in which case the derived dust temperature would be
affected, or strongly affected, by hotter dust components. In the

analysis done in this paper this effect would result in an artificial
increase in Tdust with redshift of up to ∼8 K.

For these reasons, we derived the dust temperature of a
galaxy using a different approach. (i) We assigned a dust tem-
perature to each DH SED templates by fitting their z = 0 simu-
lated PACS/SPIRE flux densities with a single modified black-
body function (see Eq. (2)). (ii) We searched for the DH SED
template best-fitting the observed PACS/SPIRE flux densities of
the galaxy. (iii) The dust temperature of this galaxy was then de-
fined as being the dust temperature assigned to the correspond-
ing DH SED template. This method makes an optimal use of
our PACS/SPIRE observations and does not introduce any red-
shift biases. We also note that this method introduces a self-
consistency between our dust temperature and infrared luminos-
ity estimates for galaxies in the first step of the “ladder of SFR
indicators” (see Sect. 2.6). Indeed both estimates are inferred
using the DH SED templates best-fitting their PACS/SPIRE flux
densities.

To fit the simulated z = 0 PACS/SPIRE flux densities of
the DH SED templates with a modified blackbody function (i.e.,
step (i)), we fixed β = 1 : 5 and used a standard χ2 minimisation
method. Results of these fits are provided in Table A.1. We note
that using β = 1 : 5 systematically leads to higher dust tempera-
tures than if using β = 2 : 0 (i.e., ∆Tdust ∼ 4 K). This Tdust−β de-
generacy further highlights the limits of a single modified black-
body model in which one has to assume, or fit, an effective dust
emissivity. Here, we fixed β = 1 : 5 because it will provide fair
comparisons with most high-redshift studies in which the lack
of (sub)mm observations does not allow clear constraints on β
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Magnelli+2014

Franx+2003, Cimatti+2004, Saracoo+2004, Förster-Schreiber+2004, 
Daddi+2005, Labbé+2005, van Dokkum+2006, Kriek+2006, Arnouts
+2007, Wuyts+2007, Reddy+2008, Franx+2008, Toft+2009, Williams
+2009, McCracken+2010, Ilbert+2010, Newman+2011, Brammer
+2011, Cassata+2011, Whitaker+2011, Onodera+2012, van de Sande
+2012, Bezanson+2013, Whitaker+2013, Lundgren+2014, ...

act of suppressing SF maintaining low SF

low sSFR

zero SF

What is “Quenching”?

this talk

How do massive galaxies quench 
star formation at such early times?

see talks by e.g., Carollo, Wellons, Tacchella
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1. gas-rich, equal mass merger between disk galaxies with SMBHs

2. tidal torques drive gas to the center of the galaxies / remnant

3. active quasar phase => blow out of gas

4. generated entropy may suppress cooling 

5. stellar component forms bulge/elliptical

Springel+05, Hopkins+10, ...

credit V. Springel, HITS

How do massive galaxies stop forming stars?

Fiducial Model (Merger + AGN feedback)
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• z~4: star forming
• z~2: boundary SF/quiescent
• z~1: quiescent

Most Massive Galaxy in Argo
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• gas & dark matter grow together
• at z~3.5 accretion within fixed 

physical radii stops
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dark matter

halo mass

Cosmic Starvation

• SF runs out of gas => shuts down
• accretion only at large radii

Cosmic Starvation 

Feldmann & Mayer 2014, arXiv:1404.3212
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Evidence from N-body simulations

McBride, Fakhouri, Ma 2009

• large fraction of DM halos shows initial growth 
followed by slow-down

• acknowledged in some contexts (e.g., halo 
concentration), e.g. Bullock+2001

• yet: somehow role in galaxy formation 
under-appreciated

N-body simulations (dark matter only)
Diemand, Kuhlen, Madau 2007

The simple spherical top-hat collapse ignores shell crossing
and mixing, triaxiality, angular momentum, random velocities,
and large-scale tidal forces. Figure 1 shows that spheres enclosing
a fixed mass have collapse factors that differ from 2. Inner shells
collapse by larger factors, in qualitative agreement with the mod-
ified spherical collapsemodel of Sánchez-Conde et al. (2006) that
accounts for shell crossing but not angular momentum. Shells en-
closing about the standard viral mass collapse by less than a factor
of 2, probably because of the significant kinetic energy they con-
tain already at turnaround. The collapse times are also different
from spherical top hat. Shell number five, for example, encloses
a mean density of about 104!crit today and a virial mass of 1:5 ;
1012 M!, and should have virialized just now according to spher-
ical top hat. It did so instead much earlier, at a ¼ 0:6. Even the
next larger shell with 1:8 ; 1012 M! stabilized before a ¼ 0:8.
Our analysis supports the point made by Prada et al. (2006) that
spherical top hat provides only a crude approximation to the
virialized regions of simulated galaxy halos.

2.2. Accretion Histories

To understand the mass accretion history of the Via Lactea
halo we now analyze the evolution of mass within fixed physical
radii. Figure 3 shows that the mass within all radii from the
resolution limit of ' 1 kpc up to 100 kpc grows during a series of
major mergers before a ¼ 0:4. After this phase of active merging
andmass accretion, the entire system is almost perfectly stationary
at all radii. The small decrease in density on scales below 1 kpc is
likely an artifact of time steps which are too large compared to the
short dynamical time in these inner regions (Paper I). A similar
decrease in density in the inner regions of halos was shown to be
caused by time steps thatwere too large in the convergence tests of
Fukushige et al. (2004; see their Fig. 9). Only the outer regions
(#400 kpc) experience a small amount of mass accretion after the

last major merger, better visible in the linear mass scale of Fig-
ure 4. The mass within 400 kpc increases only mildly, by a factor
of 1.2 from z ¼ 1 to the present. During the same time the mass
within radii of 100 kpc and smaller, the peak circular velocity
Vmax, and the radius where it is reached, rVmax

, all remain con-
stant towithin 10%.The lack of evolution in the inner density pro-
file, and therefore also in Vmax, rVmax

, and !(<rVmax
), during this

major merger-free phase agrees with the findings of previous

Fig. 2.—Fraction of material belonging to shell i at epoch a that remains in the same shell today. Shells are same as in Fig. 1, numbered from 1 (inner) to 10 (outer).
Filled circles: Time of maximum expansion. Open squares: Stabilization epoch. Mass mixing generally decreases with time and toward the halo center.

Fig. 3.—Mass accretion history of Via Lactea. Masses within spheres offixed
physical radii centered on the main progenitor are plotted against the cosmological
expansion factor a. Thick solid lines: Spheres with radii given by the labels on the
right. Thin solid lines: Nine spheres of intermediate radii that are 1.3, 1.6, 2.0, 2.5,
3.2, 4.0, 5.0, 6.3, and 7.9 times larger than the next smaller labeled radius.Dashed
line:M200. The halo is assembled during a phase of activemerging before a ' 0:37
(z ' 1:7) and remains practically stationary at later times. [See the electronic edi-
tion of the Journal for a color version of this figure.]

EVOLUTION OF !CDM HALOS AND THEIR SUBSTRUCTURE 861No. 2, 2007

halo built: z~1.5

time

Halo mass accretion 1861

Figure 2. Average MAHs (top) and their derivatives (bottom) for the total
population (black solid) and the four types of halo growths listed in Table 1.
The average is taken over the M(z) for galaxy-sized haloes with masses
between 2.1 × 1012 and 3.3 × 1012 M" in the Millennium Simulation,
although haloes at different mass show similar behaviour. In the top panel,
the set of curves with the lighter shading shows the average M(z) computed
from our fits of equation (4) to each halo’s MAH. The bottom panel illustrates
that the late-type growth rates differ greatly, ranging from d ln M= dz ∼ 1.2
for Type II to 0.1 for Type IV.

others for comparing the fits suggested that demanding j β j < 0.35
was inclusive enough to capture the majority of haloes for which
an exponential is an adequate fit, without unduly diminishing the
integrity of the group.

Fig. 2 compares the shapes of the average MAH for haloes of
galaxy-size mass from the Millennium Simulation for the overall
distribution and for each type. The bottom panel shows the deriva-
tive d ln M= dz to highlight the different late-time accretion rates
among the four types. Haloes of other mass show similar behaviour.
Clearly, the late-time growth rate is an important factor in distin-

Figure 3. Cumulative fraction of haloes belonging to a given MAH type
as a function of halo mass (e.g. the magenta type-IV curve includes the
contributions from the three other types). The exponential form (Type I) is
a good fit for only 20–30 per cent of the haloes at all masses. The type II
fraction shows a strong mass dependence, reaching ∼60 per cent for cluster-
mass haloes.

guishing haloes from one another. The average MAH for Type I
haloes is quite similar to that of the overall distribution, which indi-
cates that the average MAH is approximately exponential. However,
the behaviour of about 75 per cent of individual haloes deviates from
an exponential notably. This fact is quantified in the right-most col-
umn of Table 1, where the ratio of χ 2 for the exponential fit to the
2-parameter fit is seen to increase with the MAH types.

Since the mean MAH is approximately exponential, the accretion
rate d ln M= dz averaged over the whole population is also nearly
independent of redshift (black solid curves in Fig. 2) when expressed
in units of per redshift, with d ln M= dz being between 0.6 and 0.7
for z D 0–5. This weak dependence on redshift is similar to that of
the halo merger rates (per unit z) reported in Fakhouri & Ma (2008).
The different types of haloes, however, show significant dispersions
in the late-time accretion rates, with d ln M= dz being as high as 1.2
for Type II and as low as 0.1 for Type IV at z ≈ 0.

For each of the mean profiles shown in Fig. 2, we have fit the
analytic form in equation (4). The best-fitting values of (β, γ ) are
(0.10, 0.69) for all haloes, and (−0.04, 0.54), (−0.9, 0.35), (0.62,
0.88) and (1.42, 1.39) for each of the four types, respectively.

The statistics of the 478,781 z D 0 haloes (above 1000 particles
or a mass of 1.2 × 1012 M") belonging to each MAH type across
different mass bins are given in Table 2 and Fig. 3. Exponential
MAH (Type I) is seen to apply to only 20–30 per cent of the haloes.
There is also interesting dependence of the type on halo mass. Most
notably, Type II haloes feature a strong dependence on mass, where
the fraction rises from 27 per cent at ∼1012 M" to 60 per cent at

Table 2. Within each mass range, the percentage of haloes that belong to each type
are provided. For each type, there is a notable trend with mass, though the strength
of the trend varies.

Mass range Halo number Type I II III IV
(1012 M") (per cent) (per cent) (per cent) (per cent)

1.2 to 2.1 191421 29 27 32 12
2.1 to 4.5 143356 27 29 32 12
4.5 to 14 95744 24 34 31 11
14 to 110 43089 20 42 26 11
> 110 4787 18 57 17 8

478781 27 31 31 11

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 398, 1858–1868
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galaxies (observation)

cosmological volume

dark matter halos (sim)

same cosmological volume

Abundance matching

Conditional abundance matching

Evidence from Abundance Matching

match number densities

correctly predicts 
galaxy clustering!

• Assumption: At fixed M* the SF 
shut-off time set by halo collapse 
time.

• correctly predicts how star forming 
(blue) and quiescent (red) galaxies 
cluster at z=0.

Hearin & Watson 2013 + recent papers

The dark side of galaxy colour 1317

Figure 2. Implied relation between the g − r colour and zstarve. Results for
the Mr < −19 threshold sample appear in grey; luminosity-binned samples
are coded according to the legend. The error bars are estimated by boot-
strapping. The relation varies between luminosity bins due to the luminosity
dependence on the colour PDF PSDSS(g − rj L). All results demonstrate the
defining assumption of age distribution matching that galaxies with older
stellar populations are typically found in older haloes.

mock galaxies in our sample, while the result in bins of luminosity
appears in the coloured bands. The width of the bands corresponds
to bootstrap estimates of the error on the mean. This figure visu-
ally demonstrates the fundamental assumption of age distribution
matching: redder galaxies tend to live in older haloes. The lumi-
nosity dependence of the zstarve–colour relation simply reflects the
colour–luminosity trend seen in the data, PSDSS(g − rj L).

The values of zstarve may seem strikingly large. Indeed, the red-
dest galaxies in our model typically have zstarve ≈ 5–6. This high-
lights an important point: the property zstarve does not correspond
to the redshift where star formation in the galaxy is quenched.
Rather, zstarve signifies a special epoch in halo assembly that cor-
relates strongly with the epoch when star formation in the galaxy
becomes inefficient. In our colour assignment algorithm (described
in Section 4.1.2), rank-ordering on zstarve only serves to govern the
relative colours assigned to haloes; drawing the assigned colours
from PSDSS(g − rj L) ensures that the absolute values of the assigned
colours are correct. Thus, in the (likely) event that there is a sub-
stantial time delay between zstarve and zquench, provided that this time
delay does not strongly vary with halo mass, rank-ordering on zstarve

should still suffice to assign the right colours to the right haloes. We
return to this point in Section 6.

5.2 Central and satellite colours

As discussed in Section 4.1.2, our model correctly reproduces the
colour distribution PSDSS(g − rj L) by construction. However, this by
no means guarantees that our colour PDF will be correctly predicted
when conditioned on some other property besides luminosity. In the
top-centre and top-right panels of Fig. 1, we show the colour PDFs
of our entire sample, conditioned on whether the galaxy is a central
or satellite, respectively.

Our colour assignment only uses the property zstarve and
PSDSS(g − rj L) to assign colours to the mock galaxies but does not
distinguish between centrals and satellites. Thus, the good agree-
ment seen between our model and the data in the top-centre and
top-right panels of Fig. 1 demonstrates a successful prediction of
age distribution matching. In our model, central and satellite galax-
ies have different colour distributions because host haloes and sub-
haloes have different mass assembly histories.

5.3 Luminosity- and colour-dependent clustering

We begin discussion of our clustering results by showing that our
abundance matching-based luminosity assignment (described in
Section 4.1.1) accurately predicts the observed luminosity-binned
2PCF as measured by Zehavi et al. (2011). To do this, we take our
volume-limited Mr19 catalogue and subdivide into three luminosity
bins: −19 ≤ Mr ≤ −20, −20 ≤ Mr ≤ −21 and −21 ≤ Mr ≤ −22.
For each of these luminosity bins, we compute the real-space 2PCF.
We then convert to projected space, wp(rp), via

wp(rp) D 2
∫ πmax

0
ξ

(√
r2

p C π2

)
dπ : (3)

For the upper limit in the integration, we use πmax D 40 h−1 Mpc
to be consistent with the measurements made for our observational
samples.

The black solid curves in the left column of Fig. 3 show the
2PCF as predicted by our mock catalogue. There is excellent agree-
ment with the Zehavi et al. (2011) SDSS measurements (black data
points) at each luminosity bin and at all projected separations from
the linear to highly non-linear regimes.

From this success, we now turn to the right column of Fig. 3
showing the colour-dependent 2PCFs in distinct r-band luminosity
bins as predicted by our age distribution matching formalism. The
red filled and blue open circles in all panels represent the red and
blue galaxy populations from Zehavi et al. (2011), respectively. The
red and blue solid curves denote the model predictions. While there

Figure 3. Luminosity- and colour-dependent clustering as predicted by our
age distribution matching formalism. Left column: the luminosity-binned
projected 2PCF predicted by our model (black solid curves) against the
clustering exhibited by SDSS galaxies. Right column: in bins of luminosity,
we plot the projected 2PCF of red (blue) mock galaxies with red (blue) solid
curves. The red filled (blue open) points show the clustering of red (blue)
SDSS galaxies. We use the results presented in Zehavi et al. (2011) for all
SDSS measurements shown in this figure.
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Difference to the halo quenching picture
12 A. Dekel and Y. Birnboim

Figure 7. Cold streams and shock-heated medium as a function of halo mass

and redshift. The nearly horizontal curve is the typical threshold mass for a

stable shock in the spherical infall from Fig. 2, below which the flows are

predominantly cold and above which a shock-heated medium is present. The

inclined solid curve is the upper limit for cold streams from equation (40)

with f = 3; this upper limit is valid at redshifts higher than z crit ∼ 1–2,

defined by M shock > fM∗. The hot medium in M > M shock haloes at z >zcrit

hosts cold streams which allow disc growth and star formation, while haloes

of a similar mass at z < z crit are all hot, shutting off gas supply and star

formation.

stability (equation 17) scales roughly like

tcool

tcomp

∝
ρ−1T "−1

RV −1
, (37)

with T , R and V the halo virial quantities and ρ the gas density. At a

given epoch, the typical halo ρ and R/V are roughly independent of

halo mass (based on the definition of the virial radius), so with the

virial relation T ∝ M2/3, and approximating the cooling function

with " ∝ T −1 (equation 31), the critical ratio for spherical infall in

virialized haloes is
(

tcool

tcomp

)

halo

=

(

M

Mshock

)4/3

. (38)

The analogous critical ratio in the dense streams inside a halo of

mass M, assuming that RV−1 in the streams is the same as in the halo,

is inversely proportional to the density enhancement ρ stream/ρ halo

(equation 37). Our estimates from N-body simulations indicate that

ρ stream/ρ vir ∼ (fM∗/M)−2/3 with f ∼3 (Seleson & Dekel in prepa-

ration). With equation (37) one obtains
(

tcool

tcomp

)

stream

=

(

f M∗

M

)2/3 (

M

Mshock

)4/3

. (39)

For this ratio to equal unity in the streams, the critical halo mass is

Mstream ∼
Mshock

f M∗
Mshock, f M∗ < Mshock. (40)

This maximum mass for cold streams is shown in Fig. 7. At low z,

where fM∗ > M shock, cold streams exist only for M < M shock. At

high z, where fM∗ < M shock, cold streams appear even in M >M shock

haloes where shocks heat part of the gas, as long as M < M stream.

The critical redshift zcrit separating these two regimes is defined by

f M∗(zcrit) = Mshock. (41)

This scenario is consistent with the cosmological hydrodynam-

ical simulations. The shock-heating mass explains the transition

from cold to hot at a given mass roughly independent of z, and the

presence of cold streams above M shock at z > z crit explains the de-

pendence of the cold mode on redshift and environment. Besides

its dependence on halo mass, the environment effect (e.g. Kereš

et al. 2005) may also be due to the survivability of cold streams in

different environments. While streams could survive unperturbed

in relatively isolated galaxies, they are likely to be harassed by the

active intergalactic environment in dense groups. The environment

dependence may therefore also reflect variations in the HOD at a

given halo mass. The properties of cold flows in haloes as a function

of halo mass, redshift and grouping deserve a detailed analysis using

high-resolution cosmological hydro simulations.

5 F E E D BAC K A N D L O N G - T E R M S H U T D OW N

Once the halo gas is shock heated in massive haloes, what is the

process that keeps it hot and maintains the shutdown required by

the bimodality? Is it also responsible for the rise of M/L with mass

above M s,crit (and the absence of cooling flows in clusters)? Several

feedback mechanisms can heat the gas. We suggest that they have

a minimum effectiveness in haloes ∼M shock. This can be largely

induced by the shock heating itself, and in turn it can amplify the

bimodality features. Some of the feedback mechanisms are limited

to smaller haloes, while others, such as AGN feedback, are likely to

be important in more massive haloes. The latter can be triggered by

the shock heating and then help maintaining the gas hot for a long

time.

5.1 Below the shock-heating scale

(i) Supernova feedback. Based on the physics of supernova

(SN) remnants, the energy fed to the gas in haloes of T ∼ 105 K is

proportional to the stellar mass despite significant radiative losses

(Dekel & Silk 1986). When compared to the energy required for

significantly heating the gas, one obtains a maximum halo virial

velocity for SN feedback, V SN % 120 km s−1. This is only weakly

dependent on the gas fraction, density or metallicity (Dekel & Silk

1986, equation 49), and is therefore insensitive to redshift. Only

in potential wells shallower than V SN can the SN feedback signifi-

cantly suppress further star formation and regulate the process. Fig. 3

shows V SN and Fig. 2 shows the corresponding mass versus redshift.

With an effective f b ∼ 0.05, the corresponding stellar mass at z =
0 is ∼3.5 × 1010 M', practically coinciding with the bimodality

scale. The similarity of the SN and shock-heating scales is partly a

coincidence, because the nuclear origin of the initial SN energy has

little to do with galactic cooling or dynamics. However, there is an

obvious similarity in the cooling processes and in the asymptotic

behaviour of an SN remnant, which is not a strong function of its

initial energy. The distinct correlations between the properties of

galaxies below M s,crit indeed point at SN feedback as its primary

driver. These correlations define a ‘fundamental line’, V ∝ M0.2
s ,

Z ∝ M0.4
s , µ ∝ M0.6

s , where µ is surface brightness (Kauffmann

et al. 2003b; Tremonti et al. 2004). SN feedback can explain the

origin of the fundamental line (Dekel & Woo 2003) based on (1) the

above energy criterion, which implies M s/M ∝ V 2; (2) the virial

relations (equation A6); (3) the instantaneous recycling approxima-

tion, Z ∝ M s/M gas and (4) angular momentum conservation, R∗ ∝
λR, with λ a constant spin parameter (Fall & Efstathiou 1980).

(ii) UV-on-dust feedback. Also working below M shock are

momentum-driven winds due to radiation pressure on dust grains,

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 368, 2–20

• Gas accretion onto galaxy stalls once halo 
above mass threshold

• origin of bimodality at z<1 ?
• working surface for radio mode AGN: 

suppresses hot gas cooling
• at z>2: cold streams

Birnboim & Dekel 2003, Keres+2005, Dekel & 
Birnboim 2006, Cattaneo+2006, Ocvirk+2008, ...Dekel & Birnboim 2006

MMP

Cosmic Starvation
• not a hydrodynamical effect; tied to DM
• gas accretion onto the halo is reduced, not just 

onto the galaxy
• related to specific accretion rate, not halo mass
• does not shut down SF completely

Halo Quenching

Probably work in combination!
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Morphology of low & interm. mass galaxies at z>2

8 D. Fiacconi et al.

Figure 5. Circular velocity profiles for all the 22 selected galaxies in the redshift range z ∈ (11, 3). For each panel, the curves are colour-coded according
to the redshift and are shown within 20% of the maximum reached virial radius (radii are in physical units). The gray shaded areas correspond to 2 softening
lengths, r = 2ε!.

is a tendency for older objects to have more centrally-peaked cir-
cular velocity curves, a larger value of zform may be a necessary
but not sufficient condition to become “peaked”. Galaxies can be
both “flat” and “peaked” at all redshift zform > 7 and there is a
big scatter in the data. This suggests that the evolution of the circu-
lar velocity profile is not simply dictated by secular evolution and
other processes might be in place.

3.4 The connection between Vc and morphology

The circular velocity profile Vc(r) depends primarily on the mass
distribution within r. Within 10% of rvir, the mass distribution
is dominated by the baryonic (and in particular the stellar) mass.
Therefore, a connection between the central distribution of stars
and the shape of the circular velocity curve is expected. Figure 8
shows the stellar surface density profiles for all the galaxies in our
sample at z ! 3. The profiles are extracted within 10%rvir and
with respect to the cylindrical axes given by the specific angular
momentum of stars inside 3%rvir. In order to give a quantitative
estimate of morphology, we performed a “partial” profile decom-
position on the surface density profiles. Instead of conteporary fit-

ting the superposition of a bulge and a disc profile, we fitted an
exponential profile in the outskirt (r ! 5%rvir) of the stellar dis-
tribution to model a stellar disc, assuming that the eventual bulge
contribution to the surface density at these radii is negligible. Then,
we derived the ratios B/T and B/D comparing the disc mass de-
duced from the fit with the total mass inferred by integrating the
measured surface density profile and assuming that all the central
mass in excess to the disc belongs to a bulge component. We choose
this simplified procedure because many galaxies show complex nu-
clear morphology (with e.g. stellar bars not always well resolved)
that make difficult a full profile decomposition and we only aim
at a single-parameter morphological characterization. Based on the
values of B/T , we also associated the morphological Hubble type
to each galaxy following the parametrization: (i) S0-Sa for galaxies
with B/T " 0.4, (ii) Sb-Sc for galaxies with 0.4 > B/T " 0.2,
and (iii) Sd-Sm for galaxies with B/T < 0.2. Although the exact
B/T values for the subdivisions are somewhat arbitrary, they were
chosen in fair agreement with observations, although typically per-
formed at z = 0 (Scodeggio et al. 2002; Graham & Worley 2008;
Weinzirl et al. 2009).

Comparing Figure 5 and 8 suggests that the most massive and

c© 2014 RAS, MNRAS 000, 1–15
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and (iii) Sd-Sm for galaxies with B/T < 0.2. Although the exact
B/T values for the subdivisions are somewhat arbitrary, they were
chosen in fair agreement with observations, although typically per-
formed at z = 0 (Scodeggio et al. 2002; Graham & Worley 2008;
Weinzirl et al. 2009).

Comparing Figure 5 and 8 suggests that the most massive and
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Figure 5. Circular velocity profiles for all the 22 selected galaxies in the redshift range z ∈ (11, 3). For each panel, the curves are colour-coded according
to the redshift and are shown within 20% of the maximum reached virial radius (radii are in physical units). The gray shaded areas correspond to 2 softening
lengths, r = 2ε!.
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at a single-parameter morphological characterization. Based on the
values of B/T , we also associated the morphological Hubble type
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and (iii) Sd-Sm for galaxies with B/T < 0.2. Although the exact
B/T values for the subdivisions are somewhat arbitrary, they were
chosen in fair agreement with observations, although typically per-
formed at z = 0 (Scodeggio et al. 2002; Graham & Worley 2008;
Weinzirl et al. 2009).

Comparing Figure 5 and 8 suggests that the most massive and

c© 2014 RAS, MNRAS 000, 1–15

• peaked vs flat circular velocity profiles
in halos of the same mass(!)

• “Peakedness” = 
vc(rmax

)

vc(rh)

radius where vc peaks

radius containing half of Mvir

• 22 galaxies at z=3.4 with >10000 star particles



R. Feldmann, UCSC Galaxy Workshop, Aug 2014 15

Simple Disk/Total decomposition

mock obs edge-on

here B/T: includes class. bulge, pseudo-bulge, bar, ...



R. Feldmann, UCSC Galaxy Workshop, Aug 2014 16

Early build-up of the Hubble Sequence 11

Figure 9. Left panel: B/T ratio as a function of the stellar mass M! at z ! 3. Blue dots are the data from our galaxy sample, red squares are the data from
Weinzirl et al. (2009) and green triangles are the data from Fisher & Drory (2011). Right panel: B/T ratio as a function of the ratio Vc(rmax)/Vc(rh) at
z ! 3 for our galaxy sample. Errorbars are derived assuming 10% uncertainty on the determination of both disc and total mass. The blue empty circle denotes
the central galaxy.

Figure 10. Stellar specific angular momentum j! as a function ofM!. Stars
with errorbars are the data from our galaxy sample at z ! 3. Errobars rep-
resent 20% relative uncertainty. All the observational data are taken from
Romanowsky & Fall (2012) and represent Hubble types as explained in the
figure. The upper and lower dotted lines represent the fit to the relation for
late-type (Sb-Sm) spiarl galaxy only and elliptical galaxies only, respec-
tively (Romanowsky & Fall 2012).

On the other hand, the value of Vc(rmax)/Vc(rh) for 8 out
of 13 “peaked” galaxies, which represent ∼ 60% of the “peaked”
subsample and ∼ 36% of our entire sample of galaxies, suddenly
changes from Vc(rmax)/Vc(rh) " 1 to Vc(rmax)/Vc(rh) > 1.25.
This is clearly associated to a burst in star formation that can reach
! 10M! yr−1 in the inner region (few kpc) of the halos. We found
that the triggering episode of this subset of the “peaked” subsample
is always a major merger with mass ratio > 1 : 4 forMvir. This is

clearly demonstrated for the two example galaxies shown in Figure
11, where we plot the evolution of the circular velocity curve during
the merger, the evolution of the star formation rate and the evolution
of the Vc(rmax)/Vc(rh) ratio. In both example, the position of the
Vc peak shifts dramatically from rvir/2 to few softening lengths
just after the merger because of the central starburst triggered by the
merger itself and the rotation velocity curves transform from flat to
centrally peaked. These major mergers occur at different redshifts
and environments: the two galaxies in the first example have a total
mass ratio q " 1 : 2.9 and merge around z " 6.7 moving along
a filament far from the central halo, whereas the second example
involves two galaxies with total mass ratio q " 1 : 3.6 merging
around z ∼ 4.5 at a distance ∼ 2rvir (where rvir here is the virial
radius of the main central halo) from the central galaxy, where the
galaxy density is slightly enhanced by the group environment.

We could not identify a specific episode responsible for the
modification of the Vc(r) profile for the remaining 5 galaxies that
belong to the “peaked” subset (representing∼ 38% of the “peaked”
subsample and ∼ 22% of the total sample). We argue that the
change in the circular velocity curve of those galaxies might be
attributed to various processes that can increase the central bary-
onic density of galaxies. Among these are perturbations by mas-
sive satellites triggering or enhancing non-axisymmetric instabili-
ties such as bars, which in turn drive central gas inflows and star
formation, minor mergers, and temporary increase in the gas accre-
tion rate via cold flows from the cosmic web. Non-axisymmetric
instabilities and minor mergers/satellite interactions indeed occur
frequently in the galaxy sample.

The discussion above is summarized by Figure 12, which
shows the distribution of Vc(rmax)/Vc(rh) for our galaxy sam-
ple. In particular, “peaked” galaxies are divided between “peaked”
galaxies due to major mergers with mass ratio> 1 : 4 and “peaked”
galaxies due to other reasons. Although our sample is small and it
is not possible to derive statistically significant conclusions, Fig-
ure 12 hints that major mergers might be the most effective pro-
cess in shaping (and steepening) the central part of the circular ve-
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Figure 5. Peakedness of the circular velocity profile as function of virial mass Mvir (left panel) and stellar mass (right panel) for the 22 galaxies in our sample.
The peakness is defined as Vc(rmax)/Vc(rh). Here, rmax is the radius at which the circular velocity peaks and rh is the radius containing half the virial mass.
Red squares show the results for z = 5, blue circles for z = 4 and green triangles for z = 3. The virial mass at infall time is used for satellite galaxies. Empty
symbols denotes the central galaxy of the primary halo. The gray shaded area marks the region of “flat” systems, i.e., galaxies with Vc(rmax)/Vc(rh) < 1.25.
The peakedness of the circular velocity profile is strongly correlated with the stellar mass of an intermediate-mass galaxy and only weakly with its halo mass.

Vc(rh) at the radius rh that encloses half of the total mass of the
halo. We then classify a galaxy as “flat” or “peaked” at a given red-
shift if Vc(rmax)/Vc(rh) is below or above the assumed threshold
of 1.25. While the value 1.25 is to some degree arbitrary, our re-
sults are not strongly affected by the specific value that we assume.
Moreover, we decided to use Vc(rh) instead of Vc(rvir) because we
found this definition more robust against the specific way the halo
is identified and against the exact procedure to determine whether
a particle is bound to a halo or not.

Figure 4 suggests that being a “flat” or “peaked” galaxy de-
pends weakly on the virial mass of the host halo. This is pre-
sented explicitly in the left panel of Figure 5, which shows the ratio
Vc(rmax)/Vc(rh) as a function of Mvir at three different redshifts.

We can compute the Spearman’s rank correlation coefficient
to assess more quantitatively the degree of correlation between
Vc(rmax)/Vc(rh) and Mvir. We find values between ∼ 0.3 and
∼ 0.45 from z " 5 to z " 3, implying that the correlation is weak.
This suggests that resolution does not contribute strongly to the dis-
tinction between “flat” and “peaked” galaxies. On the other hand,
the right panel of Figure 5 shows the same plot with M! instead of
Mvir. In this case, the Spearman’s coefficient ranges from ∼ 0.4 to
∼ 0.8 at the different redshifts, supporting the visual feeling that
the ratio Vc(rmax)/Vc(rh) correlates more strongly with M! than
with Mvir.

We can also test whether the shape of the circular velocity
profile depends on the age of the galaxy. In Figure 6 we plot the
maximum over z of the ratio Vc(rmax)/Vc(rh), the “peakedness”
of the circular velocity profile, as a function of the formation red-
shift zform. The latter quantity is defined as the redshift at which the
halo assembled at least fform = 5% of its maximum mass at z ! 3.
The absence of a strong correlation between zform and the peaked-
ness of the circular velocity profile indicates that the shape of the
mass distribution of our simulated galaxies is not merely related to
the age of their parent halos. In other words, a larger value of zform
does not necessary imply that a galaxy is more “peaked”. In partic-

Figure 6. Maximum value of Vc(rmax)/Vc(rh) over the redshift range
z ∈ [11, 3] as a function of the formation redshift zform . Blue circles and
red squares refer to “flat” and “peaked” galaxies, respectively. The empty
symbol denotes the central galaxy. The gray shaded area marks the thresh-
old Vc(rmax)/Vc(rh) = 1.25. The peakedness of the circular velocity
profile is not strongly correlated with formation redshift.

ular, we find both “flat” and “peaked” galaxies with any zform > 6.
Our results do not change qualitatively if we define zform based
on a different value for fform. Our finding suggests that the evolu-
tion of the circular velocity profile is not simply dictated by secular
evolution.

3.4 The connection between Vc and morphology

The circular velocity profile Vc(r) depends primarily on the mass
distribution within r. The mass distribution within 10% of rvir is

c© 2014 RAS, MNRAS 000, 1–16

8 D. Fiacconi et al.

Figure 5. Peakedness of the circular velocity profile as function of virial mass Mvir (left panel) and stellar mass (right panel) for the 22 galaxies in our sample.
The peakness is defined as Vc(rmax)/Vc(rh). Here, rmax is the radius at which the circular velocity peaks and rh is the radius containing half the virial mass.
Red squares show the results for z = 5, blue circles for z = 4 and green triangles for z = 3. The virial mass at infall time is used for satellite galaxies. Empty
symbols denotes the central galaxy of the primary halo. The gray shaded area marks the region of “flat” systems, i.e., galaxies with Vc(rmax)/Vc(rh) < 1.25.
The peakedness of the circular velocity profile is strongly correlated with the stellar mass of an intermediate-mass galaxy and only weakly with its halo mass.

Vc(rh) at the radius rh that encloses half of the total mass of the
halo. We then classify a galaxy as “flat” or “peaked” at a given red-
shift if Vc(rmax)/Vc(rh) is below or above the assumed threshold
of 1.25. While the value 1.25 is to some degree arbitrary, our re-
sults are not strongly affected by the specific value that we assume.
Moreover, we decided to use Vc(rh) instead of Vc(rvir) because we
found this definition more robust against the specific way the halo
is identified and against the exact procedure to determine whether
a particle is bound to a halo or not.

Figure 4 suggests that being a “flat” or “peaked” galaxy de-
pends weakly on the virial mass of the host halo. This is pre-
sented explicitly in the left panel of Figure 5, which shows the ratio
Vc(rmax)/Vc(rh) as a function of Mvir at three different redshifts.

We can compute the Spearman’s rank correlation coefficient
to assess more quantitatively the degree of correlation between
Vc(rmax)/Vc(rh) and Mvir. We find values between ∼ 0.3 and
∼ 0.45 from z " 5 to z " 3, implying that the correlation is weak.
This suggests that resolution does not contribute strongly to the dis-
tinction between “flat” and “peaked” galaxies. On the other hand,
the right panel of Figure 5 shows the same plot with M! instead of
Mvir. In this case, the Spearman’s coefficient ranges from ∼ 0.4 to
∼ 0.8 at the different redshifts, supporting the visual feeling that
the ratio Vc(rmax)/Vc(rh) correlates more strongly with M! than
with Mvir.

We can also test whether the shape of the circular velocity
profile depends on the age of the galaxy. In Figure 6 we plot the
maximum over z of the ratio Vc(rmax)/Vc(rh), the “peakedness”
of the circular velocity profile, as a function of the formation red-
shift zform. The latter quantity is defined as the redshift at which the
halo assembled at least fform = 5% of its maximum mass at z ! 3.
The absence of a strong correlation between zform and the peaked-
ness of the circular velocity profile indicates that the shape of the
mass distribution of our simulated galaxies is not merely related to
the age of their parent halos. In other words, a larger value of zform
does not necessary imply that a galaxy is more “peaked”. In partic-

Figure 6. Maximum value of Vc(rmax)/Vc(rh) over the redshift range
z ∈ [11, 3] as a function of the formation redshift zform . Blue circles and
red squares refer to “flat” and “peaked” galaxies, respectively. The empty
symbol denotes the central galaxy. The gray shaded area marks the thresh-
old Vc(rmax)/Vc(rh) = 1.25. The peakedness of the circular velocity
profile is not strongly correlated with formation redshift.

ular, we find both “flat” and “peaked” galaxies with any zform > 6.
Our results do not change qualitatively if we define zform based
on a different value for fform. Our finding suggests that the evolu-
tion of the circular velocity profile is not simply dictated by secular
evolution.

3.4 The connection between Vc and morphology

The circular velocity profile Vc(r) depends primarily on the mass
distribution within r. The mass distribution within 10% of rvir is

c© 2014 RAS, MNRAS 000, 1–16

8 D. Fiacconi et al.

Figure 5. Peakedness of the circular velocity profile as function of virial mass Mvir (left panel) and stellar mass (right panel) for the 22 galaxies in our sample.
The peakness is defined as Vc(rmax)/Vc(rh). Here, rmax is the radius at which the circular velocity peaks and rh is the radius containing half the virial mass.
Red squares show the results for z = 5, blue circles for z = 4 and green triangles for z = 3. The virial mass at infall time is used for satellite galaxies. Empty
symbols denotes the central galaxy of the primary halo. The gray shaded area marks the region of “flat” systems, i.e., galaxies with Vc(rmax)/Vc(rh) < 1.25.
The peakedness of the circular velocity profile is strongly correlated with the stellar mass of an intermediate-mass galaxy and only weakly with its halo mass.

Vc(rh) at the radius rh that encloses half of the total mass of the
halo. We then classify a galaxy as “flat” or “peaked” at a given red-
shift if Vc(rmax)/Vc(rh) is below or above the assumed threshold
of 1.25. While the value 1.25 is to some degree arbitrary, our re-
sults are not strongly affected by the specific value that we assume.
Moreover, we decided to use Vc(rh) instead of Vc(rvir) because we
found this definition more robust against the specific way the halo
is identified and against the exact procedure to determine whether
a particle is bound to a halo or not.

Figure 4 suggests that being a “flat” or “peaked” galaxy de-
pends weakly on the virial mass of the host halo. This is pre-
sented explicitly in the left panel of Figure 5, which shows the ratio
Vc(rmax)/Vc(rh) as a function of Mvir at three different redshifts.

We can compute the Spearman’s rank correlation coefficient
to assess more quantitatively the degree of correlation between
Vc(rmax)/Vc(rh) and Mvir. We find values between ∼ 0.3 and
∼ 0.45 from z " 5 to z " 3, implying that the correlation is weak.
This suggests that resolution does not contribute strongly to the dis-
tinction between “flat” and “peaked” galaxies. On the other hand,
the right panel of Figure 5 shows the same plot with M! instead of
Mvir. In this case, the Spearman’s coefficient ranges from ∼ 0.4 to
∼ 0.8 at the different redshifts, supporting the visual feeling that
the ratio Vc(rmax)/Vc(rh) correlates more strongly with M! than
with Mvir.

We can also test whether the shape of the circular velocity
profile depends on the age of the galaxy. In Figure 6 we plot the
maximum over z of the ratio Vc(rmax)/Vc(rh), the “peakedness”
of the circular velocity profile, as a function of the formation red-
shift zform. The latter quantity is defined as the redshift at which the
halo assembled at least fform = 5% of its maximum mass at z ! 3.
The absence of a strong correlation between zform and the peaked-
ness of the circular velocity profile indicates that the shape of the
mass distribution of our simulated galaxies is not merely related to
the age of their parent halos. In other words, a larger value of zform
does not necessary imply that a galaxy is more “peaked”. In partic-

Figure 6. Maximum value of Vc(rmax)/Vc(rh) over the redshift range
z ∈ [11, 3] as a function of the formation redshift zform . Blue circles and
red squares refer to “flat” and “peaked” galaxies, respectively. The empty
symbol denotes the central galaxy. The gray shaded area marks the thresh-
old Vc(rmax)/Vc(rh) = 1.25. The peakedness of the circular velocity
profile is not strongly correlated with formation redshift.

ular, we find both “flat” and “peaked” galaxies with any zform > 6.
Our results do not change qualitatively if we define zform based
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tion of the circular velocity profile is not simply dictated by secular
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Figure 12. Histograms of the distributions of the maximum
Vc(rmax)/Vc(rh) over z. Blu bars refers to “flat” galaxies, red and
green bars refer to “peaked” galaxies due to major mergers and “peaked”
galaxies due to other reasons, respectively.

mass does not completely determine morphology (although stellar
mass is more correlated with morphology). McCarthy et al. (2012)
found similar results in terms of circular velocity curves’ shape
and trends, but they attributed them to spurious overcooling ef-
fects above a certain stellar mass. Although we can not completely
exclude some residual overcooling, we are confident that this can
only have a minor impact on our results, because (i) ARGO has a
much higher resolution with respect to the simulation presented in
McCarthy et al. (2012), in particlar our softening is always smaller
than the effective radius of the galaxies that we analyze, (ii) the
most massive galaxies of all, the central, in which overcooling
should be most severe, matches nicely the predictions of abundance
matching (see Figure 14), (iii) we can attribute, at least in most
cases, a physical cause to sudden transformations in the mass dis-
tribution of our galaxies, in particular to the the increase of central
density and associated steepening of the rotation curve. Yet, our
galaxy sample does not reach low-z and is much smaller than that
analyzed by McCarthy et al. (2012).

By analyzing the origin of the dichotomy between “flat”
and “peaked” galaxies we have identified major mergers as the
main evolutionary trigger, with disc instabilities and minor accre-
tion/interactions of satellites likely playing also a role. Note that
this conclusion echoes the finding of Feldmann, Carollo & Mayer
(2011) for the evolution of a galaxy population at much lower red-
shift (z ∼ 0 − 1.5); indeed mergers prior to infall inside the group
potential were identified there as the main culprit behind the trans-
mutation from discs into spheroids. The conclusion is thus two-
fold; (i) galaxy evolution in typical environments at high-z ap-
pears to be surprisingly similar to galaxy evolution at low-z de-
spite the fact that galaxies are inherently more gas-rich and are fed
by the cosmic web at higher gas accretion rates, and (ii) the Hub-
ble Sequence is established very early during galaxy assembly, at
z ∼ 3 − 4, if not even earlier in certain cases (at z ! 5 we suf-
fer from limited resolution in a fraction of the selected galaxies).
The second conclusion is very important and will be testable with
future observations, such as by JWST, in the next few years (hi-res
rest-frame optical/near infrared imaging is required). To quantify
better this statement, Figure 13 shows predictions for the JWST
observability of galaxies such as those of our sample at different

Figure 13. Evolution of the rest-frame B magnitude as a function of z for
the galaxies in our sample. Thick continuous lines show the magnitudes
directly estimated from the simulation, whereas thin dashed lines represent
extrapolations (see the text for details). The grey stripes show an uncertainty
of 0.15 magnitudes. The dotted lines show the predicted JWST sensitivity
for three exposure times (2, 10 and 100 h). The empty circles show the
redshift at which each JWST filter (with λ = 0.7−7.7 µm) would observe
the rest-frame B band. JWST data are from Zackrisson et al. (2011).

redshifts. In particular, we show the evolution of the rest-frame (i.e.
K-corrected), B magnitude (in the AB system):

mB(z) = MB(z) + 25 + 5 log10

„

DL(z)
Mpc

«

, (1)

where:

DL(z) = (1 + z)

Z z

0

c dx
H(x;Ωm,0, ΩΛ,0, H0)

, (2)

is the luminosity distance for the assumed cosmology and MB(z)
is the absolute magnitude of each galaxies as a function of z.
MB(z) is computed in a similar fashion to the realization of Figure
2 and 3: we assign a luminosity in the B band to each star parti-
cle in a galaxy according to the Padova model of stellar evolution
(Marigo et al. 2008; Girardi et al. 2010; Bressan et al. 2012). We
computed the actual value of the absolute magnitude up to z # 3.0
and then we extrapolated the final value down to low redshift ne-
glecting the intrinsic growth of each galaxy but considering only
the cosmological dependece on DL (i.e. MB(z) = MB(3) for
z " 3). We also plotted the limitingB magnitude that JWST is able
to observe for different exposure time (2, 10 and 100 h) associating
to each filter in the near infrared (λ = 0.7−7.7 µm) the redshift at
which it would observe the rest-frame B band and considering the
sensitivity given by Zackrisson et al. (2011). Although we can not
account for dust absorption and we can only extrapolate the magni-
tude at z < 3, we argue that JWST is able to observe the few most
massive galaxies in our sample up to z ∼ 3− 4 within a few hours
exposure. More interestingly, an exposure of order of the one used
for the Hubble Ultra Deep Field (HUDF; Beckwith et al. 2006;
Koekemoer et al. 2013; Illingworth et al. 2013) would be able to
detect the vast majority of the galaxies that belong to our sample
up to z ∼ 4−5, which means that it would be possible, in priciple,
to probe directly the normal galaxy population with JWST up to
that redshift.

Many bulges that arise as a result of mergers and other chan-
nels appear to be exponential pseudobulges by inspection of the
stellar density profiles (although a not negligible contamination in
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Figure 11. This image shows the effects of a major merger on the evolution of the circular velocity curve for two example galaxies (left and right half of the
image refer respectively to the second and the fourth galaxy in the multipanel figures such as Fig. 5). For both example galaxies, the first four rows show the
snapshots of the projected stellar density and the associated Vc(r) curve at four times during the merger. In those plots, continuous, dashed and dotted lines
mark the position of the virial radius rvir, the position of the total-half mass radius rh and the position of the radius rmax corresponding to the peak of Vc.
The last line shows the evolution of the star formation rate in the central kpc region and the evolution with time of Vc(rmax)= Vc(rh). The blue circle, the
green triangle, the magenta diamond and the red square mark the instants corresponding to the four snapshots above.

locity curve (it is worth to point out that the two mergers in the
bin around Vc(rmax) = Vc(rh) = 1: 4 occurred between z = 4 and
z = 3: 5 and they are still ongoing at z ! 3). Given the connection
between Vc and morphology discussed in Section 3.4, this in turn
suggests that major mergers may be a relevant process in assem-
bling bulges with B= T ! 0: 3, in agreement with previous works
(e.g. Naab & Trujillo 2006; Hopkins et al. 2010). This is valid at
least at high redshift (z ! 3), in slightly over-dense, group/proto-
cluster environments and at these mass scales (Mvir " 1011 M!

and M! " 1010 M!), i.e. below the exponential cutoff mass M!

in the stellar mass function at z > 2 (Pérez-González et al. 2008;
Marchesini et al. 2009; Muzzin et al. 2013; Tomczak et al. 2014).

4 DISCUSSION AND CONCLUSIONS

In this paper we investigate the properties of a sample of 22 high-z
galaxies during the assembly of a galaxy group in the ARGO zoom-
in cosmological simulation. We focused on the morphological evo-
lution of this galaxy sample as measured by a variety of (corre-
lated) diagnostics such as stellar surface-density profiles and B= T ,
circular velocity curves’ shape and visual morphological classifica-
tion. Circular velocity curves’ shape appears to be a good proxy of
morphological classification. “Peaked” curves correspond to sys-
tems with more massive bulge components, while “flat” curves
correspond to bulgeless disc galaxies which are more frequent at
low mass. At intermediate mass scales (M! " 109 M! and Mvir

roughly between a few times 1010 M! and 5 × 109 M!) a wide
variety of rotation curves and B= T is present, showing that (halo)
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Figure 11. This image shows the effects of a major merger on the evolution of the circular velocity curve for two example galaxies (left and right half of the
image refer respectively to the second and the fourth galaxy in the multipanel figures such as Fig. 5). For both example galaxies, the first four rows show the
snapshots of the projected stellar density and the associated Vc(r) curve at four times during the merger. In those plots, continuous, dashed and dotted lines
mark the position of the virial radius rvir, the position of the total-half mass radius rh and the position of the radius rmax corresponding to the peak of Vc.
The last line shows the evolution of the star formation rate in the central kpc region and the evolution with time of Vc(rmax)= Vc(rh). The blue circle, the
green triangle, the magenta diamond and the red square mark the instants corresponding to the four snapshots above.
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Origin of the peaked circular velocity curves

Jump in peakedness during merger & associated starburst
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Role of Major Mergers
The Astrophysical Journal, 736:88 (11pp), 2011 August 1 Feldmann, Carollo, & Mayer

Figure 2. Massive (M > 1010M!) galaxies orbiting within the group at z = 0.1. Each composite image shows an edge-on view, i.e., a view along the intermediate
axis of the reduced moment-of-inertia tensor of the stellar component within 10 kpc, of a satellite galaxy. The galaxies are arranged with respect to their color, Sérsic
index, rotational support, star formation rate, and gas fraction. Fundamental galaxy properties are shown at the top right of each panel (v/σ , B − I color, Sérsic index,
stellar mass in M!, SFR in M! yr−1, H i fraction). Galaxies 1, 2, and 6 are classified as normal disk galaxies, 3–5 as gas-poor disks, and 7–13 as elliptical galaxies. A
representative of each class is marked with a colored star. (Red star) This galaxy has a red color, hosts virtually no neutral gas, is almost spherical (sphericity of the
stellar component c/a = 0.77), has a steep surface mass profile, and its kinematics are dominated by velocity dispersion. (Yellow star) The galaxy is a red, gas-poor,
rotating disk galaxy (c/a = 0.38) with an I-band exponential scale length aI = 1.4 kpc. (Blue star) This galaxy hosts ∼109 M! of HI, has a bluer B − I color,
and harbors a rotating stellar disk (c/a = 0.36) with aI = 2.3 kpc. The RGB color channels of the images correspond to the surface brightness in the rest-frame
Bessel B, R, and I filter bands (Bessell 1990), respectively, and range from 16 mag arcsec−2 to 24.5 mag arcsec−2. Green contour lines indicate the column densities
of neutral hydrogen corresponding to 0.1, 1, 10, and 100 M! pc−2, while thin (thick) red contours correspond to column densities of 1 (10) M! pc−2 of bound hot
(T > 2.5 × 105 K) gas. The asymmetric gas contours in the two top left panels reveal the action of ram-pressure as the satellites move through the intragroup medium.
The scale of all images is indicated in the bottom right panel. The green circle at the bottom-left corner of panel 13 has a radius of two gravitational softening lengths
and indicates the resolution limit of the simulation.
(A color version of this figure is available in the online journal.)

disks to almost spherical spheroids, as well as in rotational sup-
port (vrot/σcen ∼ 0.4–1.3), color (B−I = 0.6–1.3 mag), neutral
hydrogen fraction (fgas ∼ 0%–5%), and SFRs. Properties range
from passively evolving galaxies to moderately star-forming
systems, with SFRs that are typical of similar mass z ∼ 0 disks,
i.e., ∼1 M!yr−1.

Bulge to disk decompositions remain challenging even at
the sub-kpc resolution of our simulation. However, based on
standard morphological classification criteria that use global
galactic properties such as the ratio of stream-to-dispersion ve-
locities, and the index of single-component Sérsic fits to the
surface brightness profiles, we identify six group members as

rotationally supported, disk galaxies (vrot/σcen ! 1, nSérsic <
2.5). These galaxies show a range of colors and SFRs that
range from those of normal star-forming spirals to those of
passive spirals/S0 galaxies. Specifically, three of the disk galax-
ies have red colors (B − I ∼ 1.2–1.3), contain no significant
amount of neutral hydrogen (<1%), and have stopped forming
stars (top right in Figure 2). The three other disk galaxies, in-
stead, have bluer colors (B − I ∼ 0.6–0.9), significant neutral
hydrogen fractions ("3%), and SFRs of ∼1 M! yr−1 (top left
in Figure 2). The remaining seven satellites have properties that
are typical of early-type (hereafter “elliptical”) galaxies, i.e.,
nSérsic ! 2.5 and vrot/σcen < 1.

4

Feldmann, Carollo, & Mayer 2011

• difference is the much larger gas fraction (here~10%-80%)
• major mergers of gas-rich galaxies re-build disk (Robertson+06, Hopkins+09)

Major Mergers at z<1
• destroy disks, formation of ellipticals

• binary merger simulations
e.g. Toomre & Toomre 1972, Barnes 1988, 
Naab & Burkert 2003, Hopkins et al. 2013

• cosmological simulations
e.g. Naab+09, Feldmann+10, 11, Oser+10, 12, 

Navarro-Gonzales et al. 2014

Major Mergers at z>2

Hubble sequence in a cosmological simulation

• growth of the bulge
• compaction (?), see talks by Barro, Zolotov, Wellons

• size growth
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Summary

• alternative to the standard (major merger + gas blow out) paradigm
• cosmic starvation reduces gas accretion, SF reduced to below MS
• to completely shut down SF require add. physics, e.g.,

radio mode AGN + hot halo (halo quenching)
• arises naturally from huge variability in halo accretion histories
• add. circumstantial evidence: age matching

Thank you

Quenching of massive z>2 galaxies:

Morphology of low mass z>2 galaxies:
• morphology correlates well with M*, not Mvir

• large B/T ratio primarily acquired in major mergers
• secular processes, minor mergers, flybys secondary importance



R. Feldmann, UCSC Galaxy Workshop, Aug 2014 22

fbaryon

Behroozi+13

z=7 z=5 z=2

HR
MR2
MR1
LR

z=5 z=4

z=3

z=2

z=1

Mhalo [ Msun ]

M
* / 

M
ha

lo

1011 1012 1013

10−2

10−1

Add-on: Global galaxy properties agree with observations

• stellar mass to virial mass ratio in agreement with abundance matching at z≤4
• stellar fraction ~ constant, slight increase (x2) during mergers
• size ~ 1 kpc at z~2; consistent with sizes of massive, quiescent galaxies

109 1010 1011 1012

100

101

z~0
Late Type

z~0
Early Type

z~0
Shen+2003

1.4 < z < 2.5
Bezanson+13
van de Sande+13
Onodera+12
Toft+12
van Dokkum+09
Szomoru+12

HR
MR2
MR1
LR

z=5 z=4

z=3

z=2

M* [ Msun ]

r e, r
h [ 

kp
c 

]


