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ABSTRACT
We use cosmological simulations to study a characteristic evolution pattern of high redshift
galaxies. Early, stream-fed, highly perturbed, gas-rich discs undergo phases of dissipative
contraction into compact, star-forming systems (“blue” nuggets) atz∼4− 2. The peak of gas
compaction marks the onset of central gas depletion and inside-out quenching into compact
ellipticals (red nuggets) byz ∼ 2. These are sometimes surrounded by gas rings or grow
extended dry stellar envelopes. The compaction occurs at a roughly constant specific star-
formation rate (SFR), and the quenching occurs at a constantstellar surface density within the
inner kpc (Σ1). Massive galaxies quench earlier, faster, and at a higherΣ1 than lower-mass
galaxies, which compactify and attempt to quench more than once. This evolution pattern is
consistent with the way galaxies populate the SFR-size-mass space, and with gradients and
scatter across the main sequence. The compaction is triggered by an intense inflow episode,
involving (mostly minor) mergers, counter-rotating streams or recycled gas, and is commonly
associated with violent disc instability. The contractionis dissipative, with the inflow rate
>SFR, and the maximumΣ1 anti-correlated with the initial spin parameter (Dekel & Burkert
2014). The central quenching is triggered by the high SFR andstellar/supernova feedback
(maybe also AGN feedback) due to the high central gas density, while the central inflow
weakens as the disc vanishes. Suppression of fresh gas supply by a hot halo allows the long-
term maintenance of quenching once above a threshold halo mass, inducing the quenching
downsizing.

Key words: cosmology — galaxies: elliptical — galaxies: evolution — galaxies: formation
— galaxies: kinematics and dynamics — galaxies: spiral

1 INTRODUCTION

Observations indicate that a significant fraction
of the massive galaxies at redshiftsz = 2 − 3
are compact ellipticals with suppressed star for-
mation rates (SFR), for which we adopt the nick-
name “red nuggets”1 (Daddi et al. 2005; Trujillo et al.
2006a,b; van Dokkum et al. 2008; Damjanov et al.

⋆ E-mail: zolotov.1@osu.edu
† E-mail: dekel@huji.ac.il
1 The term “nugget” does not imply a small mass; the nuggets aremassive
but small in size, namely compact.

2009; Newman et al. 2010; van Dokkum et al. 2010;
Damjanov et al. 2011; Whitaker et al. 2012; Bruce et al.
2012; van Dokkum et al. 2014). While the massive star-
forming discs of stellar mass∼ 1011M⊙ extend to effective
radii of several kpc (Elmegreen et al. 2007; Genzel et al.
2006, 2008), the quenched spheroids of a similar mass
have effective radii of order 1 kpc (Carollo et al. 2013;
van der Wel et al. 2014).

The sizes of extended discs are roughly consistent with
the theoretical expectations based on gas infall through dark-
matter haloes into rotating discs while conserving angular-
momentum (Fall & Efstathiou 1980; Mo, Mao & White
1998; Bullock et al. 2001; Fall & Romanowsky 2013,
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Danovich et al. 2014). Since stellar systems tend to conserve
energy and angular momentum, further contraction to form
the compact nuggets would require further loss of energy
and angular momentum, which cannot be easily achieved by
stellar systems. Thus, the formation of nuggets is likely to
be a dissipative process, namely associated with gas inflow
into the central regions of the galaxies. We refer to this as a
“wet” process. Gas inflow is naturally expected at high red-
shift, since the gas fraction in discs is high at these early
times (Daddi et al. 2010; Tacconi et al. 2010, 2013).

Indeed, there are indicative observational identifica-
tions of the progenitors of the red nuggets in the form of
“blue nuggets”, which are compact, star-forming galaxies.2

Their masses, kinematics and abundances are consistent with
those of the red nuggets (Barro et al. 2013; Williams et al.
2014a,b; Bruce et al. 2014; Nelson et al. 2014; Barro et al.
2014a,b). The observed abundances of blue nuggets depend
on their lifetimes, which could be rather short, depending on
the galaxy properties and on the actual quenching mecha-
nism (see below).

We thus envision a generic pattern of evolution for high-
redshift galaxies through several characteristic phases.First,
the early formation of a gas-rich, star-forming, highly per-
turbed disc, subject to intense inflows involving multiple
(mostly minor) wet mergers, and developing violent disc in-
stability (VDI). Second, the dissipative, quickcompaction
of the gas disc into a compact, star-forming blue nugget.
Third, immediately following the compaction, is the rather
fastquenchingof star formation into a compact red nugget.
Finally, the gradual growth and expansion of the elliptical
galaxy by dry mergers, and/or the development of a new gas
disc or ring surrounding the red nugget. The origins of the
compaction and the subsequent quenching are the theoreti-
cal challenges addressed in this paper.

In the early disc phase, streams from the cosmic web,
consisting of smooth gas and merging galaxies, continuously
feed galactic discs (Birnboim & Dekel 2003; Kereš et al.
2005; Dekel & Birnboim 2006; Ocvirk, Pichon & Teyssier
2008; Kereš et al. 2009; Dekel et al. 2009; Danovich et al.
2012, 2014). The detailed thermal history of the streams
in the inner halo (Ceverino, Dekel & Bournaud 2010;
Nelson et al. 2013) does not make a difference, as long as the
discs are fed with cold gas at the levels consistent with the
observed high SFR and gas fraction. The high gas fraction
and the high density of the Universe at these high redshifts,
combined with constant triggering by minor mergers, induce
and maintain VDI, which is characterized by turbulence
and perturbations in the form of large transient features
and giant clumps (Noguchi 1998; Immeli et al. 2004b,a;
Genzel et al. 2006; Bournaud, Elmegreen & Elmegreen
2007; Genzel et al. 2008; Dekel, Sari & Ceverino
2009; Agertz, Teyssier & Moore 2009;
Ceverino, Dekel & Bournaud 2010; Ceverino et al. 2012;
Mandelker et al. 2014).

The onset of wet compactionis the first open is-
sue we wish to address here. We can identify sev-
eral potential reasons for the compaction. Gas-rich

2 The “blue” nuggets could actually be quite red due to dust, sowe some-
times refer to them as “blue”, with quotation marks.

mergers tend to drive gas into the galaxy centre (e.g.
Barnes & Hernquist 1991; Mihos & Hernquist 1996;
Hopkins et al. 2006). Counter-rotating streams, low-
angular-momentum recycled gas, and tidal compression
could also generate shrinkage (see§7.1). Finally, intense
gas inflow within the disc is naturally driven by VDI
(Noguchi 1999; Gammie 2001; Dekel, Sari & Ceverino
2009; Krumholz & Burkert 2010; Burkert et al. 2010;
Bournaud et al. 2011b; Forbes, Krumholz & Burkert
2012; Cacciato, Dekel & Genel 2012;
Elmegreen, Zhang & Hunter 2012; Dekel et al. 2013;
Forbes et al. 2014). The timescale for VDI-driven in-
flow has been estimated in several different ways (e.g.,
Dekel, Sari & Ceverino 2009; Dekel et al. 2013) to be
tinf ∼ δ−2td, whereδ is the fraction of “cold” mass (mostly
gas and young stars) within the disc radius with respect
to the total mass (including the bulge and dark matter),
and td is the typical dynamical crossing time of the disc.
It appears that at high redshift more gas is driven into
the bulge by processes that do not involve major mergers
(of a stellar mass ratio larger than 1:3), both based on
observations (e.g. Genzel et al. 2006, 2008; Bournaud et al.
2008; Kaviraj et al. 2013b) and on theory including
simulations (e.g. Neistein & Dekel 2008; Dekel et al.
2009; Bournaud & Elmegreen 2009; Cattaneo et al. 2013;
Dekel et al. 2013). Semi-analytic models that try to include
VDI-driven inflows confirm that it is a major source of
spheroid growth (Porter et al. 2014b,a). In fact, our develop-
ing understanding is that minor mergers, counter-rotation,
recycling and tidal compression stimulate the VDI, and they
actually work in concert (Inoue et al., in preparation.).

Dekel & Burkert (2014, hereafter DB14) addressed the
formation of blue nuggets by wet compaction of VDI discs,
based on the requirement that for the inflow to be intense
and dissipative the characteristic timescale for star forma-
tion, tsfr, should be longer than the timescale for inflow,tinf .
Otherwise, most of the disc mass will turn into stars before it
reaches the bulge, the inflow rate will be suppressed, and the
galaxy will become an extended stellar system. DB14 thus
defined a “wetness” parameterw ≡ tsfr/tinf that should be
greater than unity for a wet inflow. They showed that

w ≡
tsfr
tinf

∼
δ2

ǫ
, (1)

whereǫ is the efficiency of SFR per dynamical time, and
as said aboveδ is the fraction of cold mass with respect
to the total mass within the disc radius. Given that one
expects at high redshiftδ > 0.2 (Dekel, Sari & Ceverino
2009) andǫ 6 0.02 (Krumholz, Dekel & McKee 2012;
Dekel & Mandelker 2014), the value ofw for typical galax-
ies is expected to be larger than unity, and especially so for
galaxies for which the initial spin parameterλ is smaller
than average. DB14 showed that, at a given mass and red-
shift, the distribution ofw values, and the subsequent vari-
ation in evolution path, may be dominated by variations
in contraction factor from the virial radius to the disc ra-
dius, which can be traced back to variations in spin pa-
rameter of the baryons that make the disc. The threshold
w = 1 can be translated to a critical value of spin parameter,
λw=1 ∼ 0.04(fc/0.5)(md/0.04), wherefc is the fraction of
cold mass with respect to the baryonic disc mass, andmd

is the disc to halo mass ratio. The fraction of star-forming
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galaxies that will become blue nuggets then depends on the
value ofλw=1 with respect to the average value of the spin
distribution,〈λ〉 ∼ 0.04 (Bullock et al. 2001), and thus a
larger fraction of blue nuggets is expected at high redshifts,
wherefc is large. Oncew > 1, DB14 argued that com-
paction should continue till the system becomes dispersion
dominated and the VDI phases out. They therefore predicted
that star-forming galaxies should show a bimodality in cen-
tral density, separating the extended and compact galaxies.
While DB14 specifically addressed the compaction of a VDI
disc, the ideas concerning wet compaction are also valid in
the general case, where the compaction is triggered by an
external process.

The way in whichcompaction leads to quenchingis
the second open question to be addressed in this paper.
As discussed in DB14, the internal,bulge quenching, as-
sociated with the compaction, may involve gas starvation
by rapid consumption into stars, the associated gas loss
via outflows driven by stellar feedback (e.g. Dekel & Silk
1986; Murray, Quataert & Thompson 2005) or AGN feed-
back (e.g. Ciotti & Ostriker 2007; Cattaneo et al. 2009, for
a review), and possibly a slowdown of gas supply to the
centre (Feldmann & Mayer 2014). A massive stellar bulge
could also suppress star formation by shutting off disc in-
stability (by increasing the Toomre Q parameter to above
unity), either by the gravitational effect on the rotation
curve (morphological quenching, Martig et al. 2009, 2013;
Genzel et al. 2014a), by the reduced gas surface density in
the disc, or by high feedback-driven velocity dispersion.
These processes typically operate in afast modethat may
be the dominant trigger for quenching at high redshift.

However, observations indicate that compactness is
a necessary, but not sufficient, condition for quenching
(Cheung et al. 2012; Fang et al. 2013; Barro et al. 2013;
Dekel & Burkert 2014; Woo et al. 2013, 2014). Obviously, a
long-term suppression of external gas supply is required for
maintaining quenching. This happens naturally once the halo
mass grows above a threshold mass of order1011.5−12.5M⊙,
either via virial shock heating (Birnboim & Dekel 2003;
Kereš et al. 2005; Dekel & Birnboim 2006; Kereš et al.
2009), by gravitational infall heating (Dekel & Birnboim
2008; Khochfar & Ostriker 2008), or by AGN feedback
coupled to the hot halo gas (Dekel & Birnboim 2006;
Cattaneo et al. 2009; Fabian 2012). These external processes
typically operate in aslow, maintenance modethat is ex-
pected to be dominant at low redshift or at the late stages of
quenching, and their interplay with the internal bulge-driven
quenching is yet to be investigated.

In this paper we address the processes of compaction
and quenching using high-resolution, zoom-in, hydro-
cosmological, Adaptive Mesh Refinement (AMR) simula-
tions of galaxies in the redshift rangez = 7 to z = 1. The
suite of galaxies analyzed here were simulated at a maxi-
mum resolution of∼ 25 pc including supernova and radia-
tive stellar feedback. Atz ∼ 2, the halo masses are in the
rangeMv ∼ 1011−12M⊙ and the stellar masses are in the
rangeMs ∼ 109.1−10.8M⊙.

This paper is organized as follows. In§2 we describe
the simulations. In§3 we address the wetness of bulge for-
mation by measuring the fraction of bulge stars that were
formed in-situ in the bulge, namely after dissipative gas con-

traction . In§5 we study the evolution of the properties of the
whole sample of simulated galaxies, and address in particu-
lar the mass and time dependence of the quenching events.
In §6 we extend the analysis to the dependence of quenching
on halo mass. In§7 we discuss the possible origins of the
compaction and quenching processes. In§8 we summarize
our conclusions and discuss them.

2 SIMULATIONS

2.1 Simulation method and subgrid physics

We use zoom-in hydro-cosmological simulations of 26 mod-
erately massive galaxies with an AMR maximum resolution
that varies between17.5 and 35 pc, all evolved toz = 2
and most reachingz = 1. They utilize the Adaptive Re-
finement Tree (ART) code (Kravtsov, Klypin & Khokhlov
1997; Ceverino & Klypin 2009), which accurately follows
the evolution of a gravitatingN -body system and the Eu-
lerian gas dynamics using an adaptive mesh. Beyond grav-
ity and hydrodynamics, the code incorporates at the sub-
grid level many of the physical processes relevant for galaxy
formation. These include gas cooling by atomic hydro-
gen and helium as well as by metals and molecular hy-
drogen, photoionization heating by the UV background
with partial self-shielding, star formation, stellar massloss,
metal enrichment of the ISM, and stellar feedback. Su-
pernovae and stellar winds are implemented by local in-
jection of thermal energy as in Ceverino & Klypin (2009);
Ceverino, Dekel & Bournaud (2010); Ceverino et al. (2012).
Radiative stellar feedback is implemented at a moderate
level, with no significant infrared trapping (in the spirit of
Dekel & Krumholz 2013), as described in Ceverino et al.
(2014b).

A few relevant details concerning the subgrid physics
are as follows. Cooling and heating rates are tabulated
for a given gas density, temperature, metallicity and
UV background based on the CLOUDY code (version
96b4 Ferland et al. 1998), assuming a slab of thickness 1
kpc. A uniform UV background based on the redshift-
dependent Haardt & Madau (1996) model is assumed, ex-
cept at gas densities higher than0.1 cm−3, where a
substantially suppressed UV background is used (5.9 ×
1026ergs−1cm−2Hz−1) in order to mimic the partial self-
shielding of dense gas. This allows the dense gas to cool
down to temperatures of∼ 300K. The assumed equation of
state is that of an ideal mono-atomic gas. Artificial fragmen-
tation on the cell size is prevented by introducing a pressure
floor, which ensures that the Jeans scale is resolved by at
least 7 cells (see Ceverino, Dekel & Bournaud 2010).

Star formation is assumed to occur at densities above a
threshold of1 cm−3 and at temperatures below104K. More
than 90% of the stars form at temperatures well below103K,
and more than half the stars form at 300 K in cells where
the gas density is higher than10 cm−3. The code imple-
ments a stochastic star-formation model that yields a star-
formation efficiency per free-fall time of∼ 2%.3 At the

3 This is lower by a factor of about 3 compared to the efficiency used in
earlier simulations of somewhat lower resolution (Ceverino & Klypin 2009;
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given resolution, this efficiency roughly mimics the empir-
ical Kennicutt-Schmidt law (Kennicutt 1998). The current
version of the codes uses the stellar initial mass function of
Chabrier (2005).4

The code incorporates a thermal stellar feedback model,
in which the combined energy from stellar winds and super-
nova explosions is released as a constant heating rate over
40Myr following star formation, the typical age of the light-
est star that explodes as a type-II, core-collapse supernova.
The heating rate due to feedback may or may not overcome
the cooling rate, depending on the gas conditions in the star-
forming regions (Dekel & Silk 1986; Ceverino & Klypin
2009). We note that no artificial shutdown of cooling is im-
plemented in these simulations. On the other hand, we in-
clude the effect of runaway stars by applying a velocity kick
of ∼ 10 kms−1 to 30% of the newly formed stellar particles.
The code also includes the later effects of type-Ia supernova
and stellar mass loss, and it follows the metal enrichment
of the ISM. Radiation pressure is incorporated through the
addition of a non-thermal pressure term to the total gas pres-
sure in regions where ionizing photons from massive stars
are produced and may be trapped. This ionizing radiation
injects momentum in the cells neighboring massive star par-
ticles younger than 5 Myr, and whose column density ex-
ceeds1021 cm−2, isotropically pressurizing the star-forming
regions (as described also in Agertz et al. 2013, Appendix
B). More details are provided in Ceverino et al. (2014b).

The initial conditions for the high-resolution, zoom-in,
hydrodynamical simulations that are used in this paper are
based on dark-matter haloes that were drawn from dissi-
pationlessN -body simulations at lower resolution in three
large comoving cosmological boxes. The assumed cosmol-
ogy is the standardΛCDM model with the WMAP5 values
of the cosmological parameters, namelyΩm = 0.27, ΩΛ =
0.73, Ωb = 0.045, h = 0.7 andσ8 = 0.82 (Komatsu et al.
2009). Each halo was selected to have a given virial mass at
z = 1. The only other selection criterion was that they show
no ongoing major merger atz = 1. This eliminates less than
10% of the haloes which tend to be in a dense environment at
z ∼ 1, and it induces only a minor selection effect at higher
redshifts. The target virial masses atz = 1 were selected to
be in the rangeMv = 2× 1011 − 2× 1012M⊙, about a me-
dian of4.6×1011M⊙. If left in isolation, the median mass at
z = 0 was intended to be∼ 1012M⊙, namely comparable to
the Milky Way. In practice, the actual mass range is broader,
with some of the haloes merging into more massive haloes
that eventually host groups atz = 0.

The initial conditions corresponding to each of the se-
lected haloes were filled with gas and refined to a much
higher resolution on an adaptive mesh within a zoom-in La-
grangian volume that encompasses the mass within twice the
virial radius atz = 0.5 − 1, which is roughly a sphere of
comoving radius1Mpc. This was embedded in a comoving
cosmological box of side that ranges from10 to40 h−1Mpc.
Each galaxy has been evolved with the full hydro ART and
subgrid physics on an adaptive comoving mesh refined in the
dense regions to cells of minimum size between17.5 and

Ceverino, Dekel & Bournaud 2010; Ceverino et al. 2012; Dekelet al. 2013;
Mandelker et al. 2014).
4 Replacing the Miller-Scalo IMF used in earlier simulations.

35 pc in physical units at all times.5 This maximum resolu-
tion is valid in particular throughout the cold discs and dense
clumps, allowing cooling to∼ 300K and maximum gas den-
sities of∼ 103 cm−3. The force resolution is two grid cells,
as required for computing the gradient of the gravitational
potential. The dark-matter particle mass is8.3 × 104M⊙,
and the particles representing stars have a minimum mass of
103M⊙. Each AMR cell is split into 8 cells once it contains
a mass in stars and dark matter higher than2.6 × 105M⊙,
equivalent to three dark-matter particles, or once it contains
a gas mass higher than1.5×106M⊙. This quasi-Lagrangian
strategy ends at the highest level of refinement that marks
the minimum cell size at each redshift.

2.2 The sample of galaxies: physical quantities

We start the analysis at the cosmological time corresponding
to expansion factora = 0.125 (redshiftz = 7). At earlier
times, the fixed resolution scale typically corresponds to a
larger fraction of the galaxy size, which may bias some of
the quantities that we wish to study here. Most galaxies reach
a = 0.50 (z = 1). The output of each simulation is analyzed
at output times separated by a constant interval ina, ∆a =
0.01 (which atz = 2 corresponds to about100Myr).

Global properties of the galaxies in our sample are listed
in Table 1. This includes the total virial massMv and virial
radiusRv, the galaxy stellar massMs, and the effective,
half-mass radiusRe, both atz = 2 and at the last avail-
able time for each simulation. The latest time of analysis for
each galaxy in terms of the expansion factor,afin, and red-
shift, zfin, is provided. The virial massMv is the total mass
within a sphere of radiusRv that encompasses an overden-
sity of ∆(z) = (18π2 − 82ΩΛ(z) − 39ΩΛ(z)

2)/Ωm(z),
whereΩΛ(z) andΩm(z) are the cosmological parameters
at z. (Bryan & Norman 1998; Dekel & Birnboim 2006, Ap-
pendix A1).

The stellar mass of the galaxy,Ms, is the instantaneous
mass in stars (after the appropriate mass loss), measured
within a sphere of radius10 kpc about the galaxy center.
The effective radiusRe is the three-dimensional half-mass
radius corresponding to thisMs. Compactness is measured
in terms of the stellar surface density within the effective
radius or within the inner1 kpc, Σe andΣ1 respectively.
In practice, for eitherr = Re or r = 1kpc, we measure
Σr = Ms(r)/(πr

2), whereMs(r) is the stellar mass within
a three-dimensional sphere of radiusr, while observationally
it is measured in two-dimensional projection along a given
line of sight, using the two-dimensional half-mass radius.
The surface density measured using the three-dimensional
quantities turns out to be only a10 − 20% underestimate of
the surface density observed in two dimensions forr=Re.
The value ofΣ1 is thus a10 − 20% underestimate when
Re∼1 kpc, and it is a better approximation whenRe is sig-
nificantly smaller than1 kpc.

The SFR is measured within spheres of radius10 kpc or
1 kpc, as the initial stellar mass (before mass loss) in stars

5 This range is dictated by the fact that the refinement level ischanged
discretely by a factor of two once the Hubble-expanding box has doubled
in size.
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Galaxy Mv Ms Rv Re Mv Ms Rv Re afin zfin
1012M⊙ 1010M⊙ kpc kpc 1012M⊙ 1010M⊙ kpc kpc
(z = 2) (z = 2) (z = 2) (z = 2) (zfin) (zfin) (zfin) (zfin)

V01 0.16 0.22 58.25 1.06 0.48 1.51 123.75 2.18 0.50 1.00
V02 0.13 0.19 54.50 2.19 0.39 0.92 115.25 2.09 0.50 1.00
V03 0.14 0.43 55.50 1.70 0.32 1.00 108.00 1.91 0.50 1.00
V06 0.55 2.16 88.25 1.06 0.75 2.57 108.75 1.13 0.37 1.70
V07 0.90 5.67 104.25 2.78 1.51 7.06 183.00 3.37 0.50 1.00
V08 0.28 0.35 70.50 0.76 1.20 3.37 167.25 3.40 0.50 1.00
V09 0.27 1.06 70.50 1.82 0.80 4.18 121.25 1.47 0.40 1.50
V10 0.13 0.64 55.25 0.53 0.73 2.38 142.25 0.79 0.50 1.00
V11 0.27 0.91 69.50 2.98 0.38 1.55 105.75 3.12 0.46 1.17
V12 0.27 2.03 69.50 1.22 0.28 2.22 93.00 1.32 0.44 1.27
V13 0.31 0.69 72.50 3.21 0.56 2.08 108.50 4.25 0.40 1.50
V14 0.36 1.30 76.50 0.35 0.28 2.78 86.25 0.70 0.41 1.44
V15 0.12 0.56 53.25 1.31 0.35 1.04 111.50 1.95 0.50 1.00
V20 0.53 3.70 87.50 1.81 1.06 6.87 146.25 3.74 0.44 1.27
V21 0.62 4.10 92.25 1.76 0.86 5.74 151.50 3.53 0.50 1.00
V22 0.49 4.45 85.50 1.32 0.62 4.51 136.00 1.92 0.50 1.00
V23 0.15 0.83 57.00 1.38 0.47 2.51 123.00 1.98 0.50 1.00
V24 0.28 0.92 70.25 1.79 0.36 2.15 108.25 1.73 0.48 1.08
V25 0.22 0.73 65.00 0.82 0.32 1.39 108.00 1.11 0.50 1.00
V26 0.36 1.60 76.75 0.76 0.42 2.14 120.00 1.97 0.50 1.00
V27 0.33 0.80 75.50 2.45 0.35 1.86 114.50 3.99 0.50 1.00
V29 0.52 2.34 89.25 1.96 0.90 3.33 152.50 2.78 0.50 1.00
V30 0.31 1.66 73.25 1.56 0.32 1.67 76.25 1.64 0.34 1.94
V32 0.59 2.68 90.50 2.60 0.59 2.68 90.50 2.60 0.33 2.03
V33 0.83 4.80 101.25 1.22 1.46 8.91 143.75 1.63 0.39 1.56
V34 0.52 1.61 86.50 1.90 0.62 1.90 97.00 2.06 0.35 1.86

Table 1. The suite of 26 simulated galaxies. The galaxy name Vxx is short for VELA V2 xx. Quoted are the total mass,Mv, the stellar mass,Ms, the virial
radiusRv and the effective stellar (half-mass) radiusRe both atz = 2 and at the final simulation snapshot,afin = (1 + zfin)

−1.

younger then∆t divided by∆t, for ∆t=60Myr6. In prac-
tice, in order to reduce fluctuations due to a∼ 5Myr dis-
creteness in stellar birth times in the simulation, we aver-
age the SFR as deduced using different∆t values equally
spaced (0.2Myr) in the range∆t = 40−80Myr. The spe-
cific star-formation rate in the corresponding volume is sim-
ply sSFR=SFR/Ms.

2.3 Limitations of the current simulations

These simulations are state-of-the-art in terms of the high-
resolution AMR hydrodynamics and the treatment of key
physical processes at the subgrid level. In particular, they
properly trace the cosmological streams that feed galax-
ies at high redshift, including mergers and smooth flows,
and they resolve the violent disc instability that gov-
erns the high-z disc evolution and the bulge formation
(Ceverino, Dekel & Bournaud 2010; Ceverino et al. 2012,
2014a; Mandelker et al. 2014). AMR codes more accurately
trace some of the high-resolution hydrodynamical processes
involved in galaxy formation than SPH codes that use
the traditional density formulation (e.g. Agertz et al. 2007;
Scannapieco et al. 2012; Bauer & Springel 2012). They are
comparable in accuracy to codes using modern formulations
of SPH (Hopkins 2014; Schaye et al. 2015) or a moving

6 This is a crude proxy for SFR estimates based on Hα measurements,
while UV-based estimates are sensitive to stars younger than ∼100Myr.

unstructured grid (Bauer & Springel 2012), but implemen-
tations of the latter in a cosmological context have not yet
reached the resolution currently achieved with AMR codes.

Like other simulations, the simulations used in this pa-
per are not yet doing the most accurate possible job in treat-
ing the star formation and feedback processes. For example,
while the code now assumes a SFR efficiency per free-fall
time that is more realistic than in earlier versions, it doesnot
yet follow in detail the formation of molecules and the effect
of metallicity on SFR (Krumholz & Dekel 2012). Further-
more, the resolution does not allow the capture of the Sedov-
Taylor adiabatic phase of supernova feedback. The radia-
tive stellar feedback assumed no infrared trapping, in the
spirit of the low trapping advocated by Dekel & Krumholz
(2013) based on Krumholz & Thompson (2013). On the
other hand, other works assume more significant trapping
(Murray, Quataert & Thompson 2010; Krumholz & Dekel
2010; Hopkins et al. 2012), which makes the assumed
strength of the radiative stellar feedback still somewhat ad
hoc. Finally, AGN feedback, and feedback associated with
cosmic rays and magnetic fields, are not yet incorporated.
As shown in Ceverino et al. (2014b), the star formation rates,
gas fractions, outflow rates, and stellar to halo mass fractions
are all in the ballpark of the estimates deduced from obser-
vations, providing a better match to observations than earlier
versions of the ART simulations, but this match is still only
at the semi-quantitative level, with an accuracy at the level
of a factor∼2.

As a result of this non-perfect match, the dramatic
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events in the evolution of galaxies that concern us here may
occur somewhat earlier than in the real Universe. In partic-
ular, we will see that compaction and onset of quenching
occurs in some of our galaxies at very high redshifts, possi-
bly too early. On the other hand, with some of the feedback
mechanisms not yet incorporated (e.g., resolved supernova
feedback and AGN feedback), full quenching to very low
sSFR values is not fully materialized in many cases by the
end of the simulation atz ∼ 1. We adopt the hypothesis that
these inaccuracies are not of a qualitative nature, and assume
that the simulations are accurate enough for acquiring a basic
qualitative understanding of the phenomena of compaction
and quenching and the processes that drive them.

Additional analysis of the same suite of simulations, es-
pecially the properties of giant clumps in VDI discs, are dis-
cussed in Moody et al. (2014) and Snyder et al. (2014).

3 WET BULGE FORMATION

The in-situ star formation in the central bulge is a measure of
the wetness of bulge formation, namely gas contraction into
the bulge at a rate faster than the SFR along the way (DB14).
A large fraction of in-situ star formation in the bulge would
therefore be evidence for wet compaction and a blue-nugget
phase. Given the typically low SFR in galactic spheroids at
moderate and late redshifts, a high fraction of in-situ SFR
in high-z bulges is not at all obvious. We next describe how
we identify the bulge stars at a given redshift. Then we trace
the birthplaces of these stars, and compute the fraction of the
stars that were born in-situ in the bulge of the main progeni-
tor. The remaining stars in the bulge either formed in the disc
and migrated inwards to the bulge or formed ex-situ in other
galaxies that have merged with the main galaxy.

3.1 Kinematic Decomposition

A decomposition of the stellar component in every snapshot
of each galaxy into disc and spheroid has been carried out
based on kinematics (as in Ceverino et al. 2014a). We first
define the spin axis of the galaxy using the stars within a
face-on projected radius of10 kpc. We then assign each stel-
lar particle a ratiojz/jmax, wherejz is the specific angular
momentum with respect to the galaxy centre along the spin
axis, andjmax = rv is the maximum specific angular mo-
mentum the star particle could have with its given energy at
its distancer from the centre and with its given speedv. A
star on a co-rotating circular orbit hasjz/jmax = 1. Disc
stars are selected with a cut ofjz/jmax > 0.7 while the re-
maining stars are assigned to the spheroid. The spheroid is
further divided into a bulge and a halo based on the radial
distance from the galaxy centre, where the bulge radius is
defined as the half-mass radius of the stellar component of
the galaxy,Re.

3.2 In Situ Star Formation in the Bulge

Figure 1 shows the fraction of bulge stars that have formed
in any of three different locations with respect to the main-
progenitor galaxy, namely, (a) in the bulge itself (blue), (b)

Figure 1. Wet bulge formation. Shown are the fractions of bulge stars at
z according to their birth place with respect to the main-progenitor galaxy,
averaged over all the simulated galaxies and snapshots in the sample. The
bulge stars either formed in-situ in the bulge (blue), or formed in the disc
and migrated to the bulge (green), or formed ex-situ outsidethe main-
progenitor galaxy and joined the bulge through a merger – major, minor
or mini-minor (red). Atz ∼ 2 − 3, more than half the bulge stars have
formed in-situ in the bulge, indicating a rather wet bulge formation.

in the disc and migrated into the bulge (green), and (c) in ex-
ternal galaxies and joined the bulge via mergers (red). These
fractions are averaged all simulated galaxies, and are shown
in bins of redshift in the rangez = 5 − 1. One can see that
the fraction of in-situ star formation in the bulge is high – it
gradually declines from 62% atz∼ 5 to 44% atz∼ 1. This
is clear evidence for wet compaction, preferentially at high
redshifts.

We also see in Fig. 1 that the fraction of stars that
formed ex-situ to the galaxy and joined the bulge by merg-
ers is varying about 25%. This reflects the slow evolution
of accretion rate in a growing galaxy (Dekel et al. 2013),
the slow growth of stellar fraction in the total accreted
baryons (Oser et al. 2010), and the evolution of SFR in
the disc and bulge. We also note in passing that the frac-
tion of bulge stars that formed in the disc and migrated
to the bulge, mostly by VDI-driven clump migration (e.g.,
Noguchi 1998; Bournaud, Elmegreen & Elmegreen 2007;
Dekel, Sari & Ceverino 2009), is growing systematically
from 10% at z∼5 to 30% atz∼1.

4 COMPACTION AND QUENCHING: PROTOTYPICAL
CASES

Before we present the results for the entire simulated sam-
ple, we first study in this section the detailed evolution of
eight individual galaxies from our sample. We will show that
these galaxies all undergo phases of dissipative contraction
followed by quenching attempts or full quenching. In the fol-
lowing section we will use the entire sample to show that
these phases are characteristic of the evolutionary pattern of
high redshift galaxies.

c© 2002 RAS, MNRAS000, 1–30



Compaction and Quenching 7

7 8 9 10
log Σe [MO •

/kpc2]

1.0

0.5

0.0

-0.5

-1.0

-1.5

lo
g 

sS
F

R
 [G

yr
-1
]

cQ

cSFdSF

V07

z = 5
z = 4

z = 3

z = 2

z = 1.00

7 8 9 10
log Σ1 [MO •

/kpc2]

 

 

 

 

 

 cQ

cSFdSF

z = 5
z = 4

z = 3

z = 2

z = 1.00

6 5 4 3 2 1
z

V07

5

6

7

8

9

10

11

lo
g 

M
 [M

O •
]

1 kpc

DM
stars
gas
exsitu

SFR
inflow
outflow

5 4 3 2 1
z

10 kpc -1

0

1

2

3

4

lo
g 

M
do

t [
M

O •
/y

r]

7 8 9 10
log Σe [MO •

/kpc2]

1.0

0.5

0.0

-0.5

-1.0

-1.5

lo
g 

sS
F

R
 [G

yr
-1
]

cQ

cSFdSF

V12

z = 5

z = 4

z = 3

z = 2

z = 1.27

7 8 9 10
log Σ1 [MO •

/kpc2]

 

 

 

 

 

 cQ

cSFdSF

z = 5

z = 4

z = 3

z = 2

z = 1.27

6 5 4 3 2 1
z

V12

5

6

7

8

9

10

11

lo
g 

M
 [M

O •
]

1 kpc

DM
stars
gas
exsitu

SFR
inflow
outflow

5 4 3 2 1
z

10 kpc -1

0

1

2

3

4

lo
g 

M
do

t [
M

O •
/y

r]

7 8 9 10
log Σe [MO •

/kpc2]

1.0

0.5

0.0

-0.5

-1.0

-1.5

lo
g 

sS
F

R
 [G

yr
-1
]

cQ

cSFdSF

V14

z = 5

z = 4

z = 3

z = 2

z = 1.43

7 8 9 10
log Σ1 [MO •

/kpc2]

 

 

 

 

 

 cQ

cSFdSF

z = 5

z = 4

z = 3

z = 2

z = 1.43

6 5 4 3 2 1
z

V14

5

6

7

8

9

10

11

lo
g 

M
 [M

O •
]

1 kpc

DM
stars
gas
exsitu

SFR
inflow
outflow

5 4 3 2 1
z

10 kpc -1

0

1

2

3

4

lo
g 

M
do

t [
M

O •
/y

r]

7 8 9 10
log Σe [MO •

/kpc2]

1.0

0.5

0.0

-0.5

-1.0

-1.5

lo
g 

sS
F

R
 [G

yr
-1
]

cQ

cSFdSF

V26

z = 5

z = 4

z = 3

z = 2

z = 1.00

7 8 9 10
log Σ1 [MO •

/kpc2]

 

 

 

 

 

 cQ

cSFdSF

z = 5

z = 4

z = 3

z = 2

z = 1.00

6 5 4 3 2 1
z

V26

5

6

7

8

9

10

11

lo
g 

M
 [M

O •
]

1 kpc

DM
stars
gas
exsitu

SFR
inflow
outflow

5 4 3 2 1
z

10 kpc -1

0

1

2

3

4
lo

g 
M

do
t [

M
O •
/y

r]

Figure 2. Evolution of four galaxies of relatively high stellar masses that compactify at relatively high redshift to a high central surface density and quench
efficiently.Two left panels: Evolution tracks in sSFR and compactness as measured byΣe (left) andΣ1 (second from left). The redshifts fromz = 5 to z = 1
are marked along the tracks by red symbols. Major mergers aremarked by open blue upside-down triangles, and minor mergers by open purple squares.Two
right Panels: Evolution of mass and its rate of change inside a central sphere of radius 1 kpc (second from right) and 10 kpc (right). Shown at the top (scale
along the left axis) are the masses in gas (blue), stars (red), and dark matter (black). Also shown is the mass in ex-situ stars, as a merger indicator (green).
Shown at the bottom (scale along the right axis) are the ratesof change of gas mass due to SFR (purple), gas inflow (cyan), and gas outflow (magenta). Each
of these galaxies shows at least one well-defined compactionphase that is immediately followed by gas depletion and quenching. The onset of gas compaction
in the central 1 kpc and the point of maximum central gas compaction are marked by vertical lines.
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Figure 3. Same as Fig. 2, but for four galaxies of lower masses. The dashed vertical lines mark the onset and peak of earlier compaction events. These galaxies
compactify to lower central densities and make more than onequenching attempt.

4.1 Massive Galaxies

Figures 2 and 3 describe the evolution of 8 example galaxies
from our sample. The first four galaxies shown in Fig. 2 have
relatively high stellar masses and they tend to compactify to
higher densities and then quench rather efficiently, while the

second four, shown in Fig. 3 are of lower masses, lower den-
sity at compaction, and more hesitant quenching that is com-
monly followed by a new compaction phase. The compan-
ion Fig. 4 is a cartoon summarizing the main features char-
acterizing the evolution through compaction and quenching
phases. Figure 5 shows the corresponding evolution of the
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Figure 4. The three successive phases of diffuse galaxies, compaction and quenching in a cartoon based on the examples shown in theright panels of Fig. 2
for the galaxies of high stellar mass (and to some extent alsoin Fig. 3 for the less massive galaxies). Shown is the characteristic evolution of mass and its rate
of change in the central 1 kpc (left) and in the galaxy as a whole (out to 10 kpc, right). After an early phase of gradual mass growth and star formation, there is
a well-defined, relatively short phase of wet compaction in the inner 1 kpc, reaching a peak of central gas density and SFR (a blue nugget). In the central kpc,
this is immediately followed by a longer phase of gas depletion and quenching of SFR caused by a low rate of inflow to the center compared to the sum of
SFR and outflow rate. The result is a compact quenched galaxy (a red nugget), where the central stellar density remains roughly constant from the blue nugget
phase and on. The whole galaxy typically quenches in a slowerpace due to residual star formation in an extended gas ring.

effective radius of these 8 examples. Then Fig. 9 displays
evolution tracks in the plane of effective radius and stellar
mass for 12 galaxies that evolve through a nugget phase (in-
cluding the 8 default examples shown in previous figures).

We first focus on Fig. 2, showing the evolution of
four massive galaxies that compactify to high densities and
quench efficiently. The left panels show the evolution tracks
of these galaxies in diagrams of sSFR (increasing from top
to bottom) versus central compactness. This diagram is a
proxy for diagrams commonly used to present observational
results for samples of galaxies in given redshift bins (e.g.
Barro et al. 2013). In the left-most panel, compactness is
measured by the effective stellar surface densityΣe within
the effective (half-mass) radiusRe. In the second panel from
the left, compactness is measured by the stellar surface den-
sity within the inner 1 kpc,Σ1. One can see in Fig. 5 that the
effective radius is on the order of 1 kpc (to within a factor
of 3) in most of our galaxies and most of the times; it tends
to grow systematically with cosmological time from below 1
kpc to above it, and it typically fluctuates during compaction
events. Therefore, the two left panels of Fig. 2 provide com-
plementary information.

In the selected examples shown in Fig. 2 we see that
the evolution tracks have a characteristic L shape in the
sSFR-Σ plane. At early times, the galaxy is in a diffuse
phase where it forms stars at a low surface density,Σ1 ∼
Σe ∼ 108M⊙ kpc−2. Then there is a rather quick com-
paction to a maximum surface density atΣ1,max ∼ 109.7 and
Σe,max ∼ 1010M⊙ kpc−2. At this point there is a sharp on-
set of quenching, followed by a continuous decline in sSFR
by 1-2 orders of magnitude whileΣ1 remains high. A similar
behavior is seen both forΣe andΣ1, except that during the
quenching phaseΣ1 remains rather constant whileΣe tends
to gradually decline, reflecting the systematic growth ofRe.

We note that the quenching is not always complete in
our simulations. One reason for this is that the simulations
were only run toz ∼ 1, while complete quenching may
be achieved only at a later redshift. The other possibility is

that the quenching efficiency is underestimated in our sim-
ulations, and may not be sufficient for complete, long-term
quenching. This could be due to the missing AGN feedback
or to a possible underestimate of the supernova or radiative
stellar feedback. We therefore consider a partial reduction
in sSFR, say by an order of magnitude from its maximum
value, as an indication of potentially complete quenching.

In all such cases, the decline rate of sSFR is faster than
the overall decline rate of the ridge of the star-forming main
sequence (MS) as defined below in eq. (7), indicating that
this is indeed a real quenching process.

The two right panels of Fig. 2 provide another useful
way to follow the details of the evolution of these four galax-
ies. The right panels show the evolution of massesM and
gas mass rates of changėM , for the central sphere of ra-
dius 1 kpc (the panel second from the right) and for the main
body of the galaxy contained within the sphere of radius 10
kpc (right-most panel). Shown are the gas mass, stellar mass,
and dark-matter mass. Note that the stellar mass within the
inner 1 kpc is a proxy for the surface density in the central
1-kpc region of the galaxy,Σ1. The mass rates of change
shown are the SFR, the gas inflow rate, and the gas outflow
rate. These rates are measured in spherical shells of radii
r = 1 and10 kpc and of width∆r = ±0.1r via

Ṁ =
1

∆r

∑

i

mivr,i , (2)

where the sum is either over all inflowing gas cells in the
shell or over all outflowing cells,mi is the gas mass in cell
i, andvr,i is the radial velocity of the gas in that cell.

In all four galaxies shown in Fig. 2 we identify the
appearance of a characteristic pattern, which occurs in the
different galaxies at different times, and sometimes more
than once in the spanned period of evolution. This pattern
is schematically summarized in the cartoon shown in Fig. 4,
referring to the evolution ofM andṀ as in the right panels
of Fig. 2.

We focus first on the evolution of gas and stellar mass

c© 2002 RAS, MNRAS000, 1–30



10 Zolotov et al.

Figure 5. Evolution of the stellar effective radiusRe for the eight example
galaxies of Fig. 2 (left) and Fig. 3 (right). The effective radius tends to
systematically grow in time from below1 kpc to above it. The peaks of gas
compactness are marked (squares) – they tend to be associated with local
minima inRe.

within 1 kpc. There is an early phase where the gas mass is
constant or growing very slowly, and where the stellar mass
is growing at a slow pace, reflecting continuous star forma-
tion in the central 1 kpc (blue and red curves respectively).
The sSFR is therefore constant or rising slowly. Take, for
example, V14, where the gas mass in Figure 2 is∼ constant
until z = 3, and the stellar mass (red) grows slowly during
this time. One can see that the SFR (purple) is also approxi-
mately constant during this period.

At a certain point in time, one can identify a beginning
of a faster growth rate for the gas mass – this is the on-
set of the gas compaction phase. It is marked by a vertical
grey line for each galaxy in the right panels of Figs. 2 and 3,
where a second line marks the peak of gas compactness. The
gas compaction starts atz ≃ 3.5, 4.5, 3.3, 3.2 for V07, V12,
V14, V26, respectively. Then, the central gas mass grows
quickly by an order of magnitude or more, reaching a peak
at a certain time, after which it begins to continuously drop.
This occurs atz ≃ 3.2, 4.0, 2.1, 2.8 in V07, V12, V14, V26,
respectively. The steep decline in gas mass is associated with
a similar decline in SFR, namely this peak marks the onset
of the central quenching phase, where the central region is
becoming devoid of gas.

The central stellar mass typically shows analogous fea-
tures that occur following the growth of the central gas mass,
with a certain time delay between the two. The stellar com-
paction typically starts a little later than the gas compaction,
and the stellar mass growth during the compaction is typ-
ically slower than the gas mass growth. The stellar com-
paction reaches a maximum density at a slightly later time
than the gas density peak, after which the central stellar mass
within the inner 1 kpc remains rather constant at an asymp-
totic value. The qualitative behavior of the stellar mass com-
pared to the gas mass is naturally expected if the compaction
is driven by gas dissipation and given that the gas contin-
uously turns into stars at a high rate, and more so as the
system becomes more compact. The evolution of effective
radii shown in Fig. 5, where the peaks of gas compactness
are marked, indicates a correlation between maxima in core
gas density and minima in stellar effective radius, though the
correspondence is not always one-to-one.

Before and during compaction, the inflow rate (cyan)

tends to be significantly larger than the SFR (purple). This
indicates that the compaction is wet, as expected.

One can see in these figures that the overall SFR fol-
lows the total gas mass, both in the central 1 kpc and in the
whole galaxy. A local relation between gas density and SFR
is built into the simulations, and we see that it translates to
this global scaling (Silk 1997; Elmegreen 1997; Kennicutt
1998). The peak of gas compaction coincides with a peak
in central SFR, and the subsequent decline of gas mass is
associated with a similar decline in SFR. During the com-
paction phase, the sSFR keeps a roughly constant high level.
Beyond the SFR peak, reflecting the constancy of the central
stellar mass, there is a continuous decline in sSFR, namely
quenching.

In the vicinity of the SFR peak, the rates of inflow and
outflow from the central region also tend to peak, and from
then onwards, throughout the quenching phase, they are all
declining and remain comparable to each other. In particu-
lar, near the onset of quenching and somewhat after it, there
is marginal evidence for certain enhancement of the outflow
rate compared to the inflow rate, but no evidence for a dra-
matic burst of outflow that could serve as the dominant driver
of the quenching. The onset of central quenching is due to
the tilt of the balance from a state where the inflow to the
center is dominant to a state where the inflow rate is insuffi-
cient for balancing the sum of SFR and outflow rate, which
naturally leads to depletion.

We note that during compaction the central region
makes a drastic transition from being dominated by the
dark matter to becoming governed by the self-gravitating
baryons. This can be seen by comparing the red and black
curves in the second-from-right panels of Figs. 2 and 3. The
fact that the quenching occurs in the self-gravitating phase
may be an important clue for the origin of quenching, to be
discussed in§7.

The right-most panels of Fig. 2, referring to the whole
galaxy within 10 kpc, show that the overall SFR also reaches
a peak at the same time as the SFR in the inner 1 kpc, and the
whole galaxy is also gradually quenching from the SFR peak
onward. However, in this post-compaction phase, the overall
SFR quenching rate is slower than the inner quenching, with
the gas mass declining even slower, reflecting the develop-
ment of an extended gaseous ring forming stars around the
quenched bulge (see images in Figs. 6-8). This implies that
the quenching process in the post-compaction phase pro-
gresses inside-out (see a detailed analysis in Tacchella etal.
2015b). This is consistent with preliminary observationalin-
dications forinside-outquenching based on sSFR profiles of
a sample of galaxies atz ∼ 2.2 (Tacchella et al. 2015a).

In the left panels of Fig. 2, major mergers (with stellar
mass ratios larger than1 : 3) and minor mergers (1 : 10 to
1 : 3) are indicated by open blue upside-down triangles and
open purple squares, respectively. These are based on merger
trees described in Tweed et al. (2009) and Tweed et al. (in
preparation). Another merger indicator is provided by jumps
in the evolution of mass in ex-situ stars, those that formed
outside the galaxy, shown in green curves in the right pan-
els, especially within the whole galaxy. The merger times
are identified by the two indicators only in a crude way. The
role of mergers seems to be different in the different galaxies
and at different times. For example, galaxy V07 has a major
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Figure 6. Compaction and quenching in V07. Shown are images of face-onprojected density of the cold component made of gas and starsyounger than
100Myr (top) and of the stellar component (bottom), in a cubic box ofside 40 kpc. The snapshots from left to right correspond to (a) prior to or during the
compaction phase, (b) the blue nugget phase near maximum gascompaction, (c) the “green nugget” phase during the quenching process, and (d) the red nugget
phase after quenching. A BN with a dense core of gas and stars develops via dissipative compaction. It leads to gas depletion in the core while an extended
ring develops. The dense stellar core remains intact from the BN to the RN phase, while in this case an extended stellar envelope develops around the RN core.

merger prior toz ∼ 4, which may or may not be associated
with the onset of compaction atz ∼ 3.5. It then has a minor
merger prior toz ∼ 3, which may be associated with either
the compaction or the quenching. In V12 there is no ma-
jor or minor mergers that could trigger the compaction, but
there is a major merger nearz ∼ 4, which may be associated
with the onset of quenching. Galaxy V14 has a minor merger
nearz ∼ 3 that could trigger its long-term compaction, and
another minor merger just prior toz ∼ 2 that could be as-
sociated with the onset of quenching. Finally, V26 does not
show evidence for major or minor mergers associated with
the compaction or the quenching. It thus seems that the com-
paction and quenching could be triggered by one of differ-
ent mechanisms, including major mergers in a fraction of
the cases, minor mergers in another fraction, and something
else, possibly related to counter-rotating streams or recycled
inflows and possibly associated with VDI in a third fraction
of the cases. We will return to the role of mergers and VDI
in compaction and quenching in§7.

4.2 Less Massive Galaxies

Figure 3 shows the evolution of four galaxies of lower
stellar mass that end their compaction and start their final
quenching at lower central surface densities, nearΣ1 ≃
109M⊙ kpc−2. These galaxies do go through events of com-
paction followed by quenching, similar to the characteris-
tic chain of events seen in the high-Σmax examples shown
in Fig. 2. However, in the low-mass, low-Σmax cases these
events tend to occur at later redshifts, and the L-shape evolu-
tion track is more fluctuative. In particular, the quenchingis

less decisive: the sSFR fluctuates down and up several times
before it eventually quenches beyond the green valley.

An inspection of Fig. 5 indicates that while the mas-
sive galaxies that compactify earlier do so to effective radii
smaller than 1 kpc, the effective radii of the low-mass galax-
ies that compactify later tend not to drop to below 1 kpc.

4.3 Images and Compactness of Blue and Red Nuggets

Figures 6 to 8 show two-dimensional images of the den-
sity of the cold component of gas and stars younger than
100Myr and of the stellar density at 4 snapshots in the his-
tory of three of the massive galaxies, V07, V12 and V26.
The cold component of the disc refers to the mass that is
directly involved in VDI, which is typically roughly twice
the gas mass alone. The cold mass density could serve as a
crude proxy for the density measured from Hα or UV obser-
vations. The projections are face-on in a cubic box of side 40
kpc. The 4 snapshots correspond to (a) prior to or during the
early stages of compaction, (b) the peak blue-nugget phase
near maximum compaction and beginning of quenching, (c)
the green-nugget phase during the quenching process, and
(d) the red-nugget phase after quenching.

The pre-compaction phase is characterized by a clumpy
gas appearance, typically associated with a major merger
(V12), minor mergers (V07), and no mergers (V26).

The blue-nugget phase shows a high gas density associ-
ated with a high stellar density in the inner 1 kpc, with only
low-density gas left at large radii.

The quenching phase is characterized by a massive, cen-
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Figure 7. Same as Fig. 6, but for V12. In this case, a post-compaction gas ring develops, while the RN remains naked and similar to theBN.

Figure 8. Same as Fig. 6, but for V26. Here, mergers do not play an important role. A late diffuse gas disc develops, and the stellar density profile grows both
in amplitude and in extent from the BN to the RN phase.

trally condensed stellar bulge, which may gradually grow
a more diffuse stellar envelope (V07). The gas is gradu-
ally depleted from the central regions while fresh incom-
ing gas may develop an extended unstable gas ring (V07,
V12) or a diffuse disc (V26). We should comment that
these post-quenching phenomena might be suppressed when

stronger feedback is implemented, e.g., when AGN feedback
is added.

To what extent do the simulated blue and red nuggets
match the compactness of observed nuggets? Barro et al.
(2013) defined the locus of compact galaxies in the mass-
radius plane by the threshold line (in log-log)Ms/R

1.5
e >

1010.3M⊙ kpc−1.5. Figure 9 shows evolution tracks of sim-
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Figure 9. Evolution tracks of galaxies in the mass-radius plane, withre-
spect to the line adopted in Barro et al. (2013) to identify compact galax-
ies in observations,Ms/R1.5

e >1010.3M⊙ kpc−1.5. Redshift along each
track is marked by colour. The beginning and end of each trackare marked
by triangles and the galaxy name. The points of maximum gas compactness
are marked by squares, indicating the peak of the blue-nugget phase. The
12 galaxies shown (out of 26) go through a compact, nugget phase during
the given redshift range, consistent with the compactness of observed blue
nuggets.

ulated galaxies in this plane with respect to the observa-
tional threshold line. One can see that each of the 12 galax-
ies shown goes through a compact nugget phase as defined
by the observational threshold. Thus, in terms of compact-
ness, a significant fraction of the simulated nuggets are in
the ball park of the observed nuggets. In other cases, espe-
cially involving low-mass galaxies, a similar wet compaction
process leads to a compact star-forming galaxy that also de-
serves to be termed a “blue nugget”. Thus, the simulated
evolution allows us to define the BN phase as the product of
a wet-compaction process rather than by an absolute thresh-
old for an instantaneous compactness measure. This should
enable us to propose a more physically motivated definition
for BNs based on their observed properties.

4.4 Kinematics of Compacting Galaxies

The process of compaction outlined so far is expected to be
associated with a drastic change in the morphology and the
kinematics of the galaxy. When the galaxy is not resolved
observationally, an interesting observable is the line-width,
for gas or stars, which may reflect either rotation or velocity
dispersion or both. As a proxy for line-width, we compute
σlos, the mass-weighted velocity dispersion along a given
line of sight, through a cylindrical beam of diameter 8 kpc
about the galaxy centre (corresponding to∼ 1”). Figure 10
shows the average and standard deviation ofσlos over 64 ran-
dom directions for the gas and for the stars in the four exam-
ple massive galaxies examined in Fig. 2. The gas and stellar
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Figure 11. The evolution of rotation velocity and radial velocity dispersion,
mass-weighted averaged within the central 4 kpc, for gas andfor stars. The
velocities were averaged across three consecutive snapshots. Vertical lines
mark the onset of gas compaction in the central1 kpc and the time of max-
imum gas density inside this volume. In the compact phase, the stellar rota-
tion velocity and velocity dispersion tend to become comparable, while the
gas tends to be rotation dominated.

σlos roughly evolve together. In the early diffuse phase, the
galaxies all have low values ofσlos ∼ 50 kms−1, slowly
increasing with time in V12 and V26. During the com-
paction phase,σlos rises steeply to peak values of∼ 150 −
200 kms−1. Following the point of maximum gas compact-
ness, theσlos settles to a level of∼ 150 kms−1 that remains
roughly constant during the quenching phase. This velocity
is in the ballpark of the circular velocity in the given poten-
tial well, namely the halo virial velocity. The scatter between
different lines of sight is rather small prior to compaction,
and is only∼ ±25% after the compaction. These results are
consistent with the observed line-widths for galaxies in the
different distinct phases (van Dokkum, Kriek & Franx 2009;
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Barro et al. 2014b; Nelson et al. 2014). We note that in the
post-compaction phase the linewidth of the stars is on aver-
age∼ 30% higher than that of the gas, and it can be almost
a factor of two higher in some cases. This is an indication
for rotational support in the gas, with a significantly higher
rotation-to-dispersion ratio than for the stars, as explained
next.

The line-of-sight velocity dispersion originates both
from systematic rotation and three-dimensional velocity dis-
persion. In the simulations, we can follow separately the evo-
lution of these components of the velocity field, both for gas
and for stars, as shown in Fig. 11. The rotation velocity is
the tangential velocity componentVφ in cylindrical coor-
dinates aligned with the galaxy angular-momentum vector,
mass-weighted averaged over a cylinder of radius4 kpc and
height±2 kpc. The radial velocity dispersionσr about the
average rotation velocity is computed within the same cylin-
drical volume. We find for the stars that the velocity disper-
sion dominates over the rotation velocity during the com-
paction and BN phase, but they become comparable to each
other in the subsequent compact state during the quench-
ing phase; the rotation becomes larger for V07 and V12, but
the dispersion remains larger in V14 and V26. Thus, for the
stars,Vφ/σr ∼ 1. We recall that the model of DB14 for wet
compaction in VDI indeed predicted that the star-forming
compact galaxies should develop a high velocity dispersion,
Vφ/σr62. On the other hand, the post-compaction gas com-
ponent is dominated by rotation, with a post-compaction ra-
tio of Vφ/σr∼2−5.

The similarity betweenσlos for gas and stars seen in
Fig. 10 reflects the validity of radial equilibrium, Jeans equi-
librium for the stars and hydrostatic equilibrium for the gas,

V 2
c ∼ V 2

φ + ασ2
r . (3)

HereV 2
c ≃ GM/R characterizes the same potential for the

gas and the stars;Vc would have been the rotation speed had
the disc been cold, with negligible dispersion. The value of
the parameterα depends on the density profile of the rele-
vant component,α = d ln ρ/d ln r. For an isothermal sphere
or for an exponential disk at the exponential radius,α ≃ 2
(Burkert et al. 2010; Binney & Tremaine 2008). This is valid
for the stars and the gas separately, with a different rotation-
to-dispersion ratio.

Along a line-of-sight (los) with inclinationi, the los ve-
locity dispersion (or line width) can be written as

σ2
los = β (sini Vφ)

2 + σ2
i . (4)

The factorβ represents the projection of the rotation veloc-
ity along the line of sight. For a transparent cylindrical disk
edge onβ = 2/π ≃ 0.64, which serves as an upper limit.
The dispersionσi is the one-dimensional velocity dispersion
along the line of sight. In the face-on viewσi = σz, and
in the edge-on viewσi is an average ofσr andσφ. As the
simplest case one can assume isotropy,σi = σr for everyi.

Denote, separately for gas and for stars,γ ≡
Vφ

σr
. Com-

bining eq. (3) and eq. (4) for a givenγ we obtain

σ2
los

V 2
c

=
1 + β γ2 (sini)2

γ2 + α
. (5)

In the face-on view, only the first term in the numerator con-

tributes, withγ representingσz . The second term, represent-
ing rotation, adds a maximum contribution in the edge-on
view. We can deduce from eq. (5) that in the edge-on view
one expects the gas and stellarσlos to be comparable as long
asβ∼α−1. In the face-on view,

σlos,stars

σlos,gas
=

(γ2
gas + α)1/2

(γ2
stars + α)1/2

, (6)

which can obtain a value in the range 1-2 depending on how
highγgas is. The trend seen in Fig. 10 in the post-compaction
phase, with the gasσlos somewhat lower than the stellarσlos,
is thus an indication for a rotation-dominated gas disk in
this phase, consistent with the images showing extended gas
rings in Figs. 6 to 8, and with the inside-out quenching indi-
cated by comparing the two right panels in Figs. 2 and 3. A
similar feature of a somewhat lowerσlos for gas versus stars
is observed in az∼1.7 green nugget (Barro & et al. 2015).

5 PROPERTIES OF THE EVOLVING SAMPLE

We now turn to the whole sample of galaxies as it evolves
in time, and address relevant galaxy properties and correla-
tions between them, which may shed light on the processes
of compaction and quenching. This allows comparisons to
observations, where one should recall that we are following
here an evolving sample, where the masses systematically
grow in time, while the observed samples may be selected
according to different criteria, e.g., at a fixed mass. The study
of the evolving sample also allows comparisons to the model
predictions by DB14.

5.1 sSFR versus Compactness

Figure 12 shows how the galaxies populate theΣ-sSFR dia-
grams in 4 redshift bins betweenz = 6 andz = 1. All the
outputted snapshots for all the simulated galaxies are shown.
This diagram is a proxy for the similar diagrams commonly
used to present observational results (e.g. Barro et al. 2013),
where the vertical axis is a measure of sSFR (increasing
from top to bottom) and the horizontal axis is a measure
of central compactness. Like in Figs. 2 and 3, here we re-
fer to two such measures,Σ1 andΣe. We distinguish be-
tween diffuse and compact galaxies atΣ = 109M⊙ kpc−2

and between star-forming galaxies and quenched galaxies at
sSFR= 0.3Gyr−1, thus dividing each figure into 4 quad-
rants. The distribution of our simulated galaxies in theΣ-
sSFR plane at the different redshift bins qualitatively resem-
bles the observational results based on the CANDELS sur-
vey atz = 1.4− 3 (Barro et al. 2013, 2014a,b).

We see that atz > 4 all the galaxies are star-forming
galaxies (SFG), with sSFR> 1Gyr−1, and most of them are
diffuse, namely they populate the lower-left quadrant.Σe is
typically larger thanΣ1 becauseRe < 1 kpc. By z = 3,
more of the SFGs have undergone compaction, populating
the lower-right quadrant, while some galaxies have already
started their quenching process to lower sSFR and can be
found near the “green valley”, which we quite arbitrarily
identify with sSFR∼ 0.3Gyr−1. The values ofΣe reach
higher values thanΣ1 sinceRe is still smaller than 1 kpc.
At z = 2 − 3 most of the galaxies in our evolving sample
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Figure 12. Time evolution of the simulated galaxy sample in the plane ofsSFR and compactness. The compactness is measured by the stellar surface density
either within the effective radius (Σe, left) or within 1 kpc (Σ1, right). The snapshots are divided into 4 redshift bins. In each redshift bin, the sample is
divided by mass to 3 subsamples with a third of the galaxies ineach (lowest mass blue, highest mass red). The solid lines crudely distinguish between diffuse
and compact galaxies (vertical line) and between SFGs and quenched galaxies (horizontal line). The horizontal dot-dashed lines mark the ridge of the MS
according to eq. (7), evaluated at the median redshift and mass of the massive galaxies in the given redshift bin (the red points). The evolution is from diffuse
to compact SFGs (“blue” nuggets), and then to compact quenched galaxies (red nuggets). The more massive galaxies evolveearlier.

Figure 13. A universal track of evolution in the sSFR-Σ1 plane. All snapshots of all galaxies, each represented by a point, are put together with the redshift
marked by colour.Left: The raw data from Fig. 12.Middle: The sSFR is scaled, showing the deviation from the ridge of the main sequence as defined in
eq. (7).Right: In addition, the values ofΣ1 for each galaxy are scaled to match all other galaxies at the sameΣ1,max. The galaxies evolve along a universal
L-shape track with a small scatter, first along a horizontal branch corresponding to the star-forming main sequence, andthen, after the blue-nugget phase,
along a vertical, quenching branch. The scatter about the horizontal branch is±0.25 dex, and the scatter about the vertical branch is 0.24 dex and0.08 dex in
the middle and right panels respectively.

are in the blue-nugget quadrant, star forming and compact,
while several of the compact galaxies have already crossed
the green valley in their quenching process.

Finally, at z = 1 − 2, a large fraction of the galax-
ies have quenched, most to compact red nuggets. We note
that there is no one single value ofΣ where quenching oc-
curs — different galaxies in our sample quench at different
densities, spanning a range of∼ 0.8 dex inΣ1 and∼ 1.3
dex inΣe. When usingΣ1 as the measure of compactness,

the top-left quadrant remains empty, as there is almost no
quenching directly from the diffuse stage and no significant
de-compaction during the quenching phase. This is not the
case forΣe, which at late times, whenRe is growing above
1 kpc, refers to a larger and growing volume and therefore
to lower and decreasing densities. Recall that the quenching
in our simulations may be incomplete because of the poten-
tial absence of additional sources of feedback, such as AGN
feedback, so galaxies that have reached sSFR values signifi-
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Figure 14. Probability distributions following Fig. 12, at the same redshift bins and mass bins (blue and red corresponding to the lowest and highest
thirds by mass respectively).Left: Distribution of Σ1 for star-forming galaxies (sSFR> 0.3Gyr−1). Right: Distribution of sSFR for compact galaxies
(Σ1 > 109M⊙ kpc−2). A bimodality is indicated in the distribution ofΣ1 at z > 3. This distribution is gradually shifting in time towards higherΣ1.
Galaxies in the higher mass bin compactify earlier, and quench earlier, while galaxies of the lower mass bin compactify only afterz∼2. The sSFR distribution
of the compact galaxies is shifting towards lower values atz < 3.

Figure 15. Time evolution of fractions of different components, following Fig. 12.Left: Fraction of galaxies in each quadrant, with the compactnessdefined
either byΣ1 (solid) or byΣe (dotted). The fraction of diffuse SFGs (black) is decliningin time, at the expense of the gradual growth of the compact fraction
(blue plus red). The fraction of compact SFGs (blue) is increasing in the rangez = 5− 2.5, and the fraction of compact quenched galaxies (red) is increasing
after z = 3. The fraction of galaxies that quench to the diffuse quadrant (purple) is negligible when defined byΣ1, but not so with respect toΣe. Right:
For each of the high-mass (solid lines) and low-mass (dashedlines) bins, the fractions of compact-SFG and of compact-quenched. The more massive galaxies
become compact-SFG earlier and quench earlier.

cantly below the green valley, say sSFR< 0.16Gyr−1, may
be considered practically quenched.

The distribution of points in Fig. 12, which reflect evo-
lution tracks as in Figs. 2 and 3, seem to trace a character-
istic L-shape, with the star-forming galaxies compactifying
along a horizontal track from left to right, and then quench-
ing along a vertical track. To see this more clearly, we stack
all snapshots of all galaxies in Fig. 13. The left panel shows
the raw quantities. In the middle panel, the sSFR in each

snapshot is scaled by the sSFR of the ridge of the MS at
that stellar mass and redshift. This ridge can be fitted by the
expression

sSFRMS = s Gyr−1 (1 + z)µ
(

Ms

1010M⊙

)β

, (7)

with µ = 2.5 andβ = 0.14. This approximation has been
derived forz > 1 from the cosmological specific accretion
rate (sAR) into haloes, plus the notion that the sSFR roughly
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equals the sAR, both predicted analytically and measured
in simulations (Neistein & Dekel 2008; Dekel et al. 2013;
Dekel & Mandelker 2014).

In order to determine the value of the free normalization
parameters for the current simulated galaxies, we select a
subsample of star-forming galaxies that reside in the main
sequence in two alternative ways; either as all snapshots in
the redshift rangez=3−6, or as all snapshots whereΣ1 6

109M⊙ kpc−2. The scaled quantity of interest is

∆ log sSFR = log sSFR− log sSFRMS . (8)

When determining the best-fit value ofs, we eliminate the
outliers outside the 16% percentiles in both sides (in order
to focus on the±1σ range). We obtain a normalization of
s = 0.0446 ± 0.0015 and0.0476 ± 0.0015Gyr−1 for the
selection based onz and onΣ1 respectively, so we adopt
heres = 0.046Gyr. The scaled quantity∆ log sSFR with
this value ofs is shown along the vertical axis of the middle
and left panels of Fig. 13. We see that with this scaling the
star-forming branch became rather horizontal, with a small
scatter of±0.25 dex for theΣ1 6 109M⊙ kpc−2 sample
(and±0.24 dex for thez = 3− 6 sample).

The scatter of the vertical branch in the left panel, for
log sSFR < −0.5, is 0.35 dex. After scaling the sSFR in
the middle panel, for∆ log sSFR < −0.5, it becomes 0.24
dex. The scatter of the vertical branch is narrowed further by
brute force in the right panel, whereΣ1 for each galaxy is
scaled such that all the galaxies match at the sameΣ1,max.
The quantity shown in the horizontal axis of the right panel
is thus

∆Σ1 = logΣ1 − logΣ1,max . (9)

The resultant scatter is 0.08 dex.
By comparing in Fig. 12 the sSFR of the massive galax-

ies (marked red) with the ridge of the MS from eq. (7)
(dashed line), one can see that in the cases that are consid-
ered quenched by our fixed sSFR threshold criterion, the de-
cline rate of sSFR is faster than the overall decline rate of the
ridge of the MS, indicating that this is indeed a real quench-
ing process (see also Fig. 18 in§6.1 below).

The galaxies in each redshift bin of Fig. 12 were di-
vided into three mass bins of equal numbers in each, marked
by different colors.7 We immediately notice that the more
massive galaxies evolve earlier – they compactify earlier
and quench earlier. They start at higher central densities,
and compactify to higherΣ1 values at which they start and
pursue their decisive quenching process to low sSFR values.
The galaxies of lower masses evolve later through a similar
pattern, with the main difference being that after compaction
they reach smaller maximumΣ1 values, and sometimes at-
tempt to quench at relatively low central densities. In terms
of Σe, many of the low-mass galaxies tend to quench into the
top-left quadrant of Fig. 12. While these galaxies may not be
above theΣ threshold commonly used to define “nuggets”,
they are not qualitatively different, as they also underwent
compaction-triggered quenching.

7 This division by the mass in every redshift bin is similar butnot identical
to implementing mass cuts at the highest redshift bin and following the
galaxies in each of the three initial mass bins as they grow inmass with
time.

The evolution of the distributions of galaxies in the
quadrants of Fig. 12 is quantified in Figs. 14 and 15. Fig-
ure 14 shows in the same redshift bins the probability dis-
tributions of (a)Σ1 (left) in the two SFG phases (lower
quadrants of Fig. 12), and (b) sSFR (right) in the two com-
pact phases (right quadrants of Fig. 12). TheΣ1 distribu-
tion gradually evolves to larger densities, from being diffuse-
dominated atz > 4 to compact-dominated atz < 3, as
observed (Barro et al. 2013, 2014a). The SFGs show a bi-
modality inΣ1 at z > 3, as predicted by DB14. The reason
is that once the pre-compaction galaxy is gas-rich enough,
with a gas surface density above a “wetness” threshold, a
quick compaction occurs before most of the gas turns into
stars andΣ1 becomes higher, evacuating the gap nearΣ1 ∼
108 − 109M⊙ kpc−2. We notice, again, that the more mas-
sive galaxies compactify earlier and to higher densities. The
sSFR distribution shifts to lower values starting atz ∼ 3.

Figure 15 summarizes the time evolution of the fractions
of galaxies in the different quadrants of Fig. 12. We see in the
left panel that the fraction of diffuse SFGs (black) is grad-
ually declining in time. This is compensated by a growth
in the fraction of compact galaxies, both star-forming and
quenched (blue plus red). The fraction of compact SFGs
(blue) is increasing in the rangez = 5 − 2.5 and decreas-
ing afterz = 2.5, while the fraction of compact quenched
galaxies (red) is negligible prior toz = 3 and is increasing
steeply afterz = 3. When compactness is measured byΣe,
the fraction of compact SFGs is rather flat betweenz = 4.5
and 2.5, becauseRe is systematically growing in that period.
The fraction of galaxies that quench to the diffuse quad-
rant (purple) is negligible when defined byΣ1, but not so
with respect toΣe. The right panel of Fig. 15 distinguishes
between the highest and lowest mass bins. For each mass
bin, it shows the evolution of the fractions of compact-SFG
and compact-quenched galaxies. It clearly demonstrates that
the more massive galaxies become compact-SFG earlier and
quench earlier.

5.2 Characteristic Times

Figure 16 shows the characteristic times (and correspond-
ing redshifts8) for compaction and quenching for our sim-
ulated galaxies. In the left panels, the times are based on
the gas density within the central 1 kpc (e.g. the blue line
in the second-from-right panels of Figs. 2 and 3). The three
times refer to (a) the onset of gas compaction,tcom (blue cir-
cles), where the gas density growth rate steepens abruptly,
(b) the peak of gas density,tmax (green squares), where
the gas compaction ends and the quenching starts, and (c)
the quenching timetque (red triangles), when the gas den-
sity has dropped by a factor of 10 from its maximum value.
In the right panels, the times are based on sSFR (e.g. the
left panels of Figs. 2 and 3). The two times refer to (a) the
first crossing of the green valley (green circles), defined at
sSFR= 0.3Gyr−1, and viewed as the first quenching at-
tempt, and (b) the successful quenching (red squares), where
the sSFR drops below0.16Gyr−1. Two galaxies are omitted

8 An approximate translation of time in Gyr to redshift, validin the
Einstein-deSitter regime,z>1, is provided by1+ z=(t/17.5Gyr)−2/3 .
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Figure 16. Characteristic times for compaction and quenching within the inner 1 kpc versus the stellar mass atz = 2 (top) and versus maximum stellar
surface density (bottom)Left: Based on the gas density, the three times refer to (a) the onset of gas compaction,tcom (blue circles), (b) the maximum gas
density where the compaction ends and the quenching starts,tmax (green squares), and (c) the quenching timetque (red triangles), when the gas density has
dropped by a factor of 10 from its maximum.Right: Based on sSFR, the two times refer to (a) the first crossing of the green valley at sSFR= 0.3Gyr−1,
and (b) the successful quenching beyond sSFR= 0.16Gyr−1. Arrows mark lower limits to the quenching time, in the sevencases that have not successfully
quenched by the final snapshot of the simulation.

from the right panels (V34 and V13) because they have not
reached the green valley by their last snapshots (z = 1.86
andz = 1.5). Squares with arrows mark lower limits to the
successful quenching time, in cases that have not success-
fully quenched by the final snapshot of the simulation. Some
of the galaxies have several periods of compaction in the red-
shift range studied, but here we pick only one of these com-
paction events, tending to identify the one where the central
gas density reaches the highest peak value, and favoring the
latest compaction event prior to the last snapshot of the sim-
ulation (which is typicallyz = 1).

The onset of compaction occurs in the ranget = 1−
2.7Gyr (z=5.7−2.5). The compaction typically takes0.5−
1Gyr. The end of compaction and beginning of quenching
typically happens in the ranget= 1.4−3.5Gyr (z = 4.4−
1.9). The first crossing of the green valley occurs in most
cases in the ranget = 2.4− 4.5Gyr (z = 2.8− 1.5), and
successful quenching is achieved aftert=2.8 (z=2.4) and
possibly only aftert∼6Gyr (z∼1). The quenching process
can take anywhere between half a Gyr to several Gyrs. As
a rule of thumb, the typical duration of the comapction and
the quenching events is roughly a constant fraction of the
Hubble time,(0.3−0.4) t.

In Fig. 16, the galaxies are ranked along the vertical axis
either by their stellar mass atz = 2 (top) or by their maxi-
mum central stellar surface densityΣ1,max (bottom), which
characterizes the central density of that galaxy during the
whole quenching process. We see a clear trend of the char-
acteristic times with galaxy mass and withΣ1,max, showing
that more massive galaxies evolve earlier and to higher max-
imum central densities. A similar trend exists with respect
to halo mass (not shown here). Themost massivegalaxies
in our sample typically start compaction att = 1−1.5Gyr
(namely byz=4), and compactify within less than0.5Gyr.
They then immediately start quenching, and most of them
successfully quench byt = 3.7 (z = 1.8). The least mas-
sive in our sample start compaction att = 1.5− 2.7Gyr
(z = 4− 2.5), and compactify within0.5− 1Gyr, some-
times over a longer period. The quenching process of the
least massive galaxies can take between 1 to 3 Gyr. This is
consistent with the less-massive examples shown in Fig. 3,
where the quenching tends to be indecisive. In these galax-
ies the sSFR fluctuaties down and back up, representing sev-
eral quenching attempts, each followed by a recurrent com-
paction and star-formation episode. (This will be discussed
in the context of halo quenching in§6.)
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Figure 17. Properties of galaxies in the pre-compaction phase againstthe maximum value of stellar surface densityΣ1,max that is reached after compaction.
The color refers to stellar mass at the time whenΣ1,max is reached.Left: The spin parameterλ of the cold gas (T< 105K) within the disc radius.Right: The
average sSFR. There is an anti-correlation betweenλ andΣ1,max and betweenλ andMs, and there is a correlation between sSFR andΣ1,max and between
sSFR andMs, as predicted by the model of DB14.

The fact that similar trends are seen as a function of
mass and of maximum central density is a manifestation of
the strong correlation between the two during the SFG phase
(to be discussed in§6). Also worth noting in the bottom pan-
els of Fig. 16 is that the quenching does not occur at a very
specific value ofΣ1 but rather in a range of values, between
109 and1010M⊙ kpc−2 for the given sample, though this
range can possibly be considered as not very broad. This cor-
responds to a comparable range of values forMs at quench-
ing (§6).

5.3 Pre-compaction Spin and sSFR

The model for wet contraction by DB14 suggested an anti-
correlation between the compactness of blue nuggets and the
pre-compaction spin parameter of their gas disc. The idea is
that galaxies with a low initial spin start with a high surface
density gas disc, which implies a high wetness parameter.
This means that the gas is driven into the centre of the galaxy
before it turns into stars, leading to a high central densityin
these galaxies. This is tested in Fig. 17, which shows, for
all of the galaxies in our sample, the pre-compaction spin
parameterλ of the cold gas (T< 105K) within the disc ra-
dius, against the maximum value of stellar surface density
within 1 kpc,Σ1,max. The spin parameter is taken to be the
average over the three consecutive output times prior to the
onset of gas compaction. The latter is identified visually as
the last sharp upturn in the slope of the growth curve for
the gas mass inside1 kpc as a function of time (see Figs. 2
and 3), referring to the latest compaction event that leads
to the maximum stellar densityΣ1,max. Details on how the
spin parameter is computed in a given snapshot are pro-
vided in Danovich et al. (2014). We indeed see a significant
anti-correlation between the two quantities, with a log slope
−0.29 and a correlation coefficientR = −0.81. Also shown,
marked by colour, is the stellar mass at the time whenΣ1,max

is obtained. It shows an anti-correlation betweenλ andMs,
with a similar slope. This is consistent with the tight linear

scaling ofΣ1 with Ms for all the simulated galaxies at all
redshifts, as discussed below in§6.1.

The model of DB14 predicts the mass and redshift
dependence ofλ and Σ1,max, in their equation 15 (with
equations 18 and 22) and equation 29, respectively. From
the bottom-left panel of our Fig. 16, withMs ∝ Σ1,
one can deduce a relation between the redshift and stellar
mass atΣ1,max, approximately1 + z ∝ M0.22

s . Insert-
ing this in the equations of DB14, using the scaling rela-
tions (their equations 18 and 20) in the high-mass regime
(Mv ∼ 1011.5−12.5M⊙), one obtains atΣ1,max the scaling
λw=1 ∝ Σ−0.54

1,max ∝ M−0.67
s . This is qualitatively consis-

tent with the trends seen in Fig. 17, where the differences
in slopes reflects the crudeness of the DB14 toy model and
measurement uncertainties in the simulations.

The DB14 model also implies a correlation between
the central density at maximum compaction and the pre-
quenching sSFR. The idea is that a higher sSFR is associ-
ated with a higher gas surface density, which is associated
with a higher value ofw, and thus a wetter compaction, lead-
ing to a higherΣ1,max. For testing this prediction, Fig. 17
displays the average sSFR during the pre-compaction phase
(as defined above) versusΣ1,max. It shows a correlation be-
tween the two quantities, as expected, with a log slope0.48
and a correlation coefficientR = 0.87. As already noted
based on Fig. 16, the higher values ofΣ1,max, and therefore
the higher values of sSFR, tend to be associated with com-
paction at an earlier redshift. This is consistent with having
a higher gas density at earlier epochs, both because the Uni-
verse was denser and because the gas fraction was systemat-
ically higher.

We can thus characterize the evolutionary tracks of
galaxies during compaction and quenching by a number
of correlated properties: the wetness of the pre-compaction
phase, the duration of the shrinkage, the SFR in this phase,
the central surface density at the peak of compaction, and the
efficiency of the quenching process. The high-mass, high-
Σmax, high-sSFR tracks tend to be associated with high-
redshift compaction (Figs. 12, 14 and 16) and/or with low
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pre-compaction spin parameter (Fig. 17). The low-mass,
low-Σmax, low-sSFR tracks tend to occur at low redshift
(Fig. 16) and/or in high-spin galaxies (Fig. 17). These prop-
erties of the tracks are also correlated with the rate of evolu-
tion along the tracks, where the high-Σmax tracks of massive
galaxies represent afast modeof compaction and quenching,
while the lower-Σmax tracks of lower-mass galaxies repre-
sent aslower modeof evolution through similar stages at
less compact configurations (Fig. 16).

6 STELLAR MASS AND HALO MASS

6.1 Correlations Between Stellar and Halo Mass

In the analysis so far, we have demonstrated correlations be-
tween the characteristic evolution of galaxies through com-
paction and quenching and two galaxy properties – the total
stellar massMs and the central surface densityΣ1, orΣe. We
now examine the correlation between these two variables, as
well as with a third quantity – the total halo virial massMv.
The quantitiesMs andΣ1 are expected to be strongly corre-
lated in a trivial way as long atRe is smaller than or com-
parable to1 kpc, whereΣ1 ∼ Ms/π kpc−2. This is indeed
the case for our galaxies at the high redshift range where
the compaction typically occurs. Somewhat larger deviations
may be expected for massive galaxies at lower redshifts. On
the other hand,Ms andMv are naturally correlated. So one
expects the three variables to be correlated rather tightly.
This makes it hard to identify the actual physical source for
quenching, and in particular to address the potentially dif-
ferent roles played by the (internal) central density and the
(external) halo mass in the quenching process.

Figure 18 shows evolution tracks in sSFR versus stellar
mass and versus halo mass for the eight example galaxies,
the four more-massive galaxies of Fig. 2 in the top two rows,
and the four less-massive galaxies of Fig. 3 in the bottom two
rows. One can see that the characteristic L shape of the evo-
lution tracks in the sSFR-Σ1 plane is translated to tracks of
a similar shape in the sSFR-Ms plane and in the sSFR-Mv

plane, emphasizing in particular the sharp onset of quench-
ing corresponding to the peak of central gas density and SFR
in the blue-nugget phase.

Recall that the sSFR-Ms plane at a given redshift is
where one commonly identifies the basic galaxy bimodality
into a main-sequence of star-forming galaxies (MS) and a
red-sequence of quenched galaxies. Thus, the tracks shown
in Fig. 18 tell how individual galaxies evolve in this plane
(shown upside down), while the zero-point of the MS ridge is
gradually shifting toward smaller sSFR values at later times
according to eq. (7). This evolving ridge is marked by green
horizontal bars in Fig. 18 atz = 5, 4, 3, 2, 1. One can see
that the galaxies tend to lie near the ridge at high redshift.
At the blue-nugget phase, near the onset of the first major
quenching attempt, the positive deviation of sSFR from the
ridge tends to be at a maximum. After quenching across the
green valley (sSFR∼ 0.3Gyr−1), the sSFR tends to be be-
low the ridge line, eventually dropping to much lower values
of sSFR as the quenching proceeds to the red-nugget phase.
We note that the the decline rate of sSFR is indeed faster than
that of the MS, confirming the interpretation of a quench-
ing process away from the MS ridge and toward the red se-

quence. In galaxy V27 the galaxy fluctuates above and be-
low the main-sequence ridge several times, in a sequence of
compaction-driven SFR episodes followed by quenching at-
tempts, before the final quenching occurs. This demonstrates
a tight association of the evolution through compaction and
quenching events and the deviation of the sSFR from the
MS ridge. It may explain the gradients of galaxy properties
across the main sequence, as well as the small scatter about
its ridge (explored in detail in Tacchella et al. 2015c).

The correlation betweenΣ1, Ms, andMv are directly
addressed in Figs. 19 and 20. The left panel of Fig. 19,
which shows all snapshots, demonstrates thatΣ1 andMs are
strongly correlated about the lineΣ1 ∝ Ms, where the upper
envelope is defined byΣ1 6 Ms/π kpc−2. The evolution
tracks of our eight examples, shown in the right panel of
Fig. 19, indicate that these variables grow together in time
as the galaxy evolves along the SFG phases. This is true
in many cases also during the compaction phase, asMs is
growing due to the high SFR and the continuing accretion.
In some cases the track steepens asΣ1 is growing faster than
Ms. Then, at the end of compaction, the evolution track flat-
tens, asMs keeps growing whileΣ1 becomes rather constant
and remains so during the quenching phase. In this phase
the growth ofMs is slow, so the horizontal track segment
is short. We note that the tracks of the less massive galaxies
(when ranked at a given redshift) tend to flatten off at a lower
Ms and a lowerΣ1,max, as indicated in Fig. 16.

Back to the scatter diagram on the left of Fig. 19, the
quenched galaxies naturally populate the upper-right partof
the distribution of points. The slope of theΣ1 −Ms relation
for the quenched galaxies is only somewhat flatter than that
of the SFGs, and its zero point is slowly shifting with time
toward larger masses, qualitatively similar to observations
(Fang et al. 2013; Tacchella et al. 2015a). The star-forming
galaxies show a somewhat steeper relation, with a larger
scatter in the lower-left part of the scatter diagram (see also
Ceverino et al. 2014a).

The examples of Fig. 18 indicate that the stellar mass
and halo mass grow together, as expected. The correla-
tion between stellar mass and halo mass is addressed di-
rectly in Fig. 20. In the range of masses spanned by
our sample in the high redshift range, all the way up
to Mv = 1011.8M⊙, the data is well fit by a power
law, Ms ∝ M1.5

v , with a correlation coefficientR =
0.96. This power law is consistent with the correlation
deduced from observations through abundance matching
(Moster et al. 2010; Behroozi, Wechsler & Conroy 2013).
At larger masses there is a hint for flattening, as expected
from virial shock heating in halos more massive than∼
1011.5−12M⊙ (Dekel & Birnboim 2006).

6.2 Halo Quenching

We know from theory that at late times a halo has to be
above a threshold mass, in the range1011.5−12M⊙, in order
to support a stable virial shock and sustain a hot circum-
galactic medium (CGM) that can suppress cold gas sup-
ply to the galaxy and thus maintain long-term quenching
(Dekel & Birnboim 2006). After establishing the role played
by central density in triggering the quenching process, we
now attempt to identify clues for the role played by a hot
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Figure 18. Evolution tracks in sSFR versus stellar mass (black solid lines) and halo mass (blue dotted lines), for the eight examples shown in previous figures,
the high-mass examples of Fig. 2 (top four panels) and the low-mass examples of Fig. 3 (bottom four panels). The ridge of the MS is marked by green
horizontal bars atz = 5, 4, 3, 2, 1, as evaluated by eq. (7) for the mass of the galaxy at that redshift. The positive deviation of the sSFR from the MS ridge
is maximal during the blue-nugget phase at the onset of the first quenching attempt. The sSFR of galaxies that are identified as quenched by the fixed sSFR
threshold declines faster than the MS ridge, indicating that the galaxy is indeed in the process of quenching.
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Figure 19. Central stellar surface density versus galaxy stellar massand halo mass.Left: All snapshots together.Right: Evolution tracks of the eight example
galaxies shown in previous figures. The central surface density Σ1 is strongly correlated with mass. The galaxies evolve alongthe correlation line in the SFG
phases, and branch out to a short horizontal segment (littlemass growth) during the long quenching phase (many densly packed snapshots), at smallerΣ1 for
lower-mass galaxies.

Figure 20. Stellar mass versus halo virial mass for all galaxies and snap-
shots. Points are coloured by redshift. There is a tight correlation, with the
linear regression (forMv < 1011.8M⊙) shown, and with the slope and
correlation coefficient quoted. The individual galaxy tracks evolve along
the line, and then bend over and flatten as theMs growth is suppressed
during the quenching process.

halo, through the halo mass, in allowing and maintaining the
quenching.

Figure 21 shows the central density (Σ1) and masses
(Ms andMv) of each galaxy at two times that characterize
the quenching process. One time (marked by grey squares)
refers to the first crossing of the green valley, defined by
sSFR= 0.3Gyr−1, which is interpreted as a quenching at-
tempt that may or may not proceed to significantly lower
values of sSFR. The second time (filled circles) refers to the
crossing of sSFR= 0.16Gyr−1, which is interpreted as suc-
cessful quenching. For galaxies that have not successfully
quenched by the final snapshot (z ∼ 1 in most cases) we
interpret the last crossing of the green valley as a lower limit
for the mass and central density at the time of possible later
quenching (solid circles with arrows). Only two of the 26

galaxies in our sample (V34 and V13) have not crossed the
green valley by their last snapshot (z = 1.86 andz = 1.5),
and are therefore omitted from this figure. Seventeen galax-
ies have successfully quenched by the final snapshot, while
7 galaxies provide only lower limits to possible quenching.

The general correlation seen in Fig. 21 between density
and mass at quenching is not surprising given that this cor-
relation holds during the evolution of each galaxy, as seen
in Figs. 19 and 20. We learn from Fig. 21 that quenching
attempts (grey squares) may occur for different galaxies at
different densities and masses, spanning a relatively broad
range, without picking out a special scale. However, suc-
cessful quenching seems to occur when the parameters span
relatively narrow ranges, about 0.9 dex, 0.9 dex and 0.7 dex
for Σ1, Ms andMv respectively. The log of the correspond-
ing medians (in the units used here) and the1σ scatter about
them are roughly9.5+0.3

−0.3, 10.4
+0.3
−0.2, and11.6+0.3

−0.1.
Most interestingly, there seems to be a threshold for suc-

cessful quenching atMv > 1011.4M⊙. If a galaxy attempts
to quench while its halo is below this threshold, its quench-
ing attempt temporarily fails, waiting for the halo mass to
grow above the threshold before it can successfully quench.
Consistent with this threshold, the halo mass at successful
quenching is typically in a relatively narrow range above the
threshold. If we consider the lower limits as detections, we
find that about 70% of the galaxies quench when the halo
mass is in the narrow rangeMv = 1011.4 − 1011.8M⊙.

This is consistent with the basic theoretical understand-
ing of halo quenching, where being above a threshold mass
of ∼ 1011.5−12M⊙ is a necessary condition for the halo to
sustain a stable virial shock. Such a shock is typically trig-
gered by a minor merger event that happens after the halo
grew to above the threshold (Dekel & Birnboim 2006). A
more direct test of halo quenching can be provided by mea-
suring the halo gas temperature and the absence of penetrat-
ing cold inflows, which is deferred to a future study.

The corresponding “thresholds” forMs and Σ1 at
quenching are softer, and the ranges of values above their
minima are somewhat broader, 0.6 dex for 76% of the galax-
ies compared to the 0.4 dex forMv. This is consistent with
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Figure 21. The values at quenching of central surface density,Σ1, versus mass,Ms (left) andMv (right). The 24 grey squares refer to the first green-valley
crossing, where sSFR<0.3Gyr−1 for the first time. The 17 circles with no arrows refer to galaxies that successfully quenched, reaching sSFR< 0.16Gyr−1.
The 7 circles with arrows refer to galaxies that did not successfully quench by the final snapshot, and thus provide a lowerlimit to the mass andΣ1 at possible
later quenching. The color marks the redshift at quenching (or an upper limit for it). Each pair of points that belong to the same galaxy is connected by a
dashed line. Succesful quenching occurs when the halo mass is above a threshold,Mv > 1011.4M⊙, and about 70% of the galaxies quench when the halo is
in the narrow rangeMv = 1011.4 − 1011.8M⊙. At smaller halo masses, the partial quenching attempt triggered by moderate compaction fails. We see no
sharp lower limit forΣ1 or Ms at final quenching. Galaxies that quench earlier tend to do itat a higherΣ1,max and a higherMs, but only at a marginally
higherMv.

the theory-motivated assertion thatMv is more strongly as-
sociated with the cause of quenching, and the narrow but
somewhat broader ranges of values for the stellar quantities
at quenching are induced by their correlations withMv.

The colours of the circles in Fig. 21 mark the redshift at
successful quenching (or an upper limit for it). This shows
that galaxies that quench earlier tend to do so at a higher
Σ1,max and correspondingly at a higher stellar mass, con-
firming the quenching downsizing discussed above in§5 and
below in§7. A similar general trend is also seen for the halo
mass, but here the trend is weaker, indicating a tendency to
quench near a similar characteristic halo mass at the different
redshifts.

7 DISCUSSION: ORIGIN OF COMPACTION &
QUENCHING

7.1 Onset of Compaction

As seen in previous sections, the compaction is wet, in the
sense that it is driven by gas contraction at a rate that is faster
than the SFR. This wet compaction could possibly be associ-
ated with violent disc instability (DB14), and it is likely trig-
gered by an intense episode of gas inflow through gas-rich
mergers or smoother gas streams. We discuss the possible
origin of compaction next.

7.1.1 Mergers

The possible correlation between merger events and the on-
set of compaction and/or quenching can be crudely explored

in our simulations using the green curves in the right pan-
els of Fig. 2 and Fig. 3, which show the mass growth, in
the inner 1 kpc and in the whole galaxy, due to ex-situ stars
that formed outside the galaxy. The addition of a large stellar
mass over a single output timestep, of a typical duration of
150Myr, is an indication for a merger event. In many cases
there are indications for mergers prior to compaction (e.g.
V11, V12, V14). In other cases there is no evidence for a sig-
nificant merger prior to compaction, possibly indicating that
the compaction is associated with VDI (e.g. V26). In most
cases we can see a sequence of mergers prior to compaction
but they do not seem to coincide with the onset of quenching
(e.g., the first snapshot shown for V12 in Fig. 7). The eight
galaxies shown in Figs. 2 and 3, like the other galaxies in
the sample, give the impression that in many cases mergers
are important in triggering the compaction, and are possibly
also involved in the quenching process. These mergers can
be major in some cases, namely with a mass ratios higher
than 1:3, but in most cases they are minor mergers with a
mass ratio between 1:10 and 1:3.

7.1.2 Stimulated VDI

Our developing picture is that the VDI that is very abundant
in high-redshift disc galaxies is different from the secular in-
stability common in late-redshift discs like the Milky Way.
At high redshift, where the gas fraction is higher, the per-
turbations, including the giant clumps, are large and with
non-negligible masses compared to the whole disc, so they
have important dynamical effects that operate on timescales
comparable to the disc dynamical timescale. This refers, for
example, to the formation of in-situ clumps and to their mi-
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gration to the disc centre. Furthermore, the simulations re-
veal that the ToomreQ parameter in most of the disc out-
side the clumps is significantly larger than unity, while the
disc still produces new clumps (Inoue et al., in preparation).
This indicates a non-linear unstable state that is stimulated
by non-linear perturbations. These perturbations may be as-
sociated with the intense instreaming including minor merg-
ers, that at those epochs are rather frequent with respect to
the disc orbital time. The emerging wisdom is that VDI and
mergers are not two distinct phenomena but rather closely
associated with each other. In a gas-rich disc, they seem to
work in concert in driving the intense inflow within the disc,
thus compactifying the system into a blue nugget. This non-
linear disc instability is under investigation (Inoue et al., in
preparation).

7.1.3 Counter-rotating streams

The intense gas streams could naturally drive compaction
if they are counter-rotating with respect to the existing gas
disc. Our simulations demonstrate that this phenomenon is
common in high-redshift galaxies. Danovich et al. (2014)
found that on average about30% of the instreaming gas mass
in the inner halo is counter-rotating with respect to the net
instreaming angular momentum (AM) in the same volume,
carrying a negative contribution with an amplitude that is on
average43% of the positive component, namely75% of the
net total inflowing AM.

In order to evaluate the effect of the counter-rotating
streams on the disc, Danovich et al. (2014) measuredJ−,
the AM component in the direction anti-parallel to the disc
AM, for the instreaming gas at radial distances and veloc-
ities that will bring it to the disc in less than an outer-disc
orbital time. This time is typicallytorb ∼ 250Myr in our
galaxies atz ∼ 2, involving most of the instreaming gas at
0.1 − 0.5Rv. For the galaxies atz = 2 − 3, the median of
J−/Jd (whereJd is the disc AM) is about 10%, but about
20% of the galaxies haveJ−/Jd ∼ 1. Indeed, in a period
of 250Myr, about15 − 20% of the discs flip their orienta-
tions, namely change their spin direction by more than90◦.
We note that this is suspiciously similar to the fraction of
galaxies that start their compaction event in a similar period.

The interaction of a counter-rotating stream with the
rotating disc leads to a cancellation of angular momen-
tum that can drive a significant shrinkage (to be stud-
ied elsewhere). This phenomenon has been studied in
the context of proto-stellar discs. Quach, Dyda & Lovelace
(2015) performed an analytic calculation based on the
work of Lovelace, Turner & Romanova (2009), discussing
the Kelvin-Helmholtz instability between a rotating inner
disc and a counter-rotating outer disc. Dyda et al. (2015) per-
formed idealized simulations of such a two-component disc
as well as a disc and a counter-rotating stream, and found in
both cases a significant shrinkage of the disc (their Fig. 11)
or part of it (Fig. 2).

7.1.4 Low-AM recycled gas

Most of the gas that inflows into galaxies atz ∼ 1 − 3
is likely to be recycled gas that has been ejected from

the galaxy earlier. This has been argued based on the fail-
ure of models based on cosmological accretion alone to
match the high sSFR observed in SFGs at these redshifts
(Dekel & Mandelker 2014), and it has been directly mea-
sured in the simulations used in the current paper (De-
Graf et al., in preparation). The gas is ejected preferen-
tially from the dense central regions that are typically of
low AM. The interaction between the low-AM returning
gas and the high-AM fresh instreaming gas is another nat-
ural way to generate shrinkage. This has been addressed by
Elmegreen, Struck & Hunter (2014), who studied shrinking
galaxy discs by fountain-driven accretion from the halo.

7.1.5 Tidal compression

Tidal interactions are commonly perceived as causing strip-
ping, but in certain circumstances they could actually cause
compaction. In particular, when a satellite galaxy is orbiting
in a core of a host halo, where the density profile is flatter
thanr−1, the tidal forces from all directions are pushing in-
wards, toward the satellite centre (Dekel, Devor & Hetzroni
2003). Thus, a galaxy passing through a cluster core is likely
to compactify subject to tidal compression.

Renaud et al. (2014) measured the compressive tides
during a simulated major merger, and found them to be-
come strong during the merger. They learned that the com-
pressive tides boost the compressive, irrotational mode of
the gas turbulence well above its usual equipartition with the
rotational, solenoidal mode. This compressive mode can in-
duce local collapse. Indeed, it has been argued analytically
that compressive tides reduce the Jeans mass, which makes
clump formation more efficient (Jog 2013, 2014). One may
therefore deduce that compressive tides may stimulate vio-
lent disc instability with giant clumps, and suspect that they
could also induce a central compaction of the galaxy core.

7.1.6 Origin of mass dependence

One wonders what could be the reason for more massive
galaxies to compactify at a higher redshift. The total spe-
cific accretion rate into haloes is only a weak function of
mass,Ṁ/M ∝ M0.14, which could be derived from the
slope of the fluctuation power spectrum on galactic scales
(Neistein, van den Bosch & Dekel 2006; Neistein & Dekel
2008; Dekel et al. 2013). The associated merger rate, for
mergers with a mass ratio above any threshold, is a fixed
fraction of this overall accretion rate (Neistein & Dekel
2008). The resultant specific accretion rate of baryons onto
the galaxy at the halo centre is similar (Dekel et al. 2013),
and the associated galaxy merger rate is expected to crudely
follow. Therefore, unless the fraction of mergers is smaller
in less massive haloes due to more efficient pre-merger dis-
ruption of satellites, we do not expect a mass dependence
of compaction time to arise from a mass dependence in the
accretion or merger rate.

According to DB14 (eq. 29), at a given high redshift,
for haloes in the mass range simulated here, the critical ef-
fective surface density for wet compaction,Σe,w=1, is ex-
pected to be slowly increasing with mass, at a rate compa-
rable to the natural dependence of surface density on mass,
Σ ∝ M1/3, induced by the virial relations (e.g. Dekel et al.
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2013, eq. 15). This, also, does not introduce a strong mass
dependence in the compaction efficiency at a given redshift.
On the other hand, at a given mass,Σe,w=1 is expected to
increase with time as∝ (1 + z)−3/2, while the natural evo-
lution of the effective surface density in galaxies of a given
mass is∝ (1 + z)2, which makes it easier to compactify at
higher redshift but for any galaxy mass. We thus do not see
a compelling theoretical preference for a late compaction in
low-mass galaxies.

An inspection of the histories of our lower-mass simu-
lated galaxies indeed indicates that the apparently late com-
paction of lower-mass galaxies refers only to thelast and
most dramatic compaction event that leads to successful
quenching. These galaxies may undergo earlier compaction
events that do not end up in full quenching. Our tentative
conclusion (as argued in DB14) is that the downsizing refers
to the quenching process, and is possibly associated with the
effect of a threshold halo mass for successful quenching, as
discussed in§6.

7.2 Onset of Quenching at Maximum Compactness

The simulations reveal that the point of maximum gas com-
pactness defines the onset of quenching, in terms of gas de-
pletion in the central regions and the associated decline in
SFR. It would be interesting to find out what makes the gas
compaction stop at a given configuration, and what causes
the onset of quenching at the same time. Clues for the mech-
anisms involved are provided in the second-from-right pan-
els of Figs. 2 and 3 by the curves displaying the evolution
of the central masses of the different components and their
different rates of change.

Since the SFR gradually increases during the com-
paction phase and reaches a maximum near the peak of gas
compactness, the gas consumption into stars itself is likely to
be an important source of quenching. Indeed, the gas deple-
tion time by star formation at the peak compactness is short,
∼ 100Myr. With an average SFR of∼ 10M⊙ yr−1 over a
typical compaction duration of∼0.5Gyr, the gas mass con-
sumed into stars is a few times109M⊙, comparable to the
peak total gas mass within the 1-kpc sphere.

Both the inflow rate and outflow rate through the bound-
ary of the 1-kpc sphere are expected to be correlated with
the SFR, and, indeed, they seem to be comparable to it,
and thus also important in the quenching process. During
the compaction and the early phases of the quenching pro-
cess, part of the inflow is associated with the compaction
process, while additional inflow may be associated with re-
cycling of earlier outflows, which is likely to be substantial
(e.g. Dekel & Mandelker 2014). We do not identify a large
burst of outflows at the onset of quenching, but there is a
broad maximum of outflow rate (and inflow rate) during the
maximum compaction phase, with a mass-loading factor of
order unity with respect to the SFR. This is consistent with
preliminary observations of outflows from blue-nugget can-
didates atz ∼ 3 (Williams et al. 2014b).

The pre-compaction and especially the compaction
phase are characterized by the gas inflow rate into the cen-
tral 1 kpc being higher than the sum of the SFR and the
outflow rate, leading to an overall growth with time of the
central gas density. Immediately after the compaction peaks,

where the SFR and the outflow rate are at their peak, not
much gas is left outside the central compact object so the
inflow is dropping, shifting the balance to a situation where
the SFR plus outflow dominate over the inflow. This leads
to gas depletion from the centre, which in turn reduces the
SFR and leads to gradual quenching. The fact that the inflow,
SFR, and outflow rates remain comparable to each other im-
plies that the inequalitySFR+outflow>inflowremains valid,
which allows the quenching process to continue till comple-
tion. This situation may change only if there is a new episode
of external gas supply that boosts the inflow rate into the
centre. More likely in the post-compaction phase is a slow
buildup of an extended gaseous disc about the quenched cen-
tre, driven by high-AM accretion from the halo, partly in a
hot mode, and certain outflow from the centre. This leads
to a an extended star-forming ring surrounding a quenched
red nugget, which can be interpreted as inside-out quenching
during the post-compaction phase. We comment, again, that
star formation in this ring (as well as in the bulge) could be
impeded by AGN feedback or stronger stellar feedback had
those been included in our simulations.

Dekel & Burkert (2014) considered the process of VDI-
driven wet compaction in the dark-matter dominated regime.
They argued that whenw > 1, as the baryons contract
within a fixed dark-matter halo that dominates the mass, the
compaction leads to an increase inδ = Mcold/Mtot, as
the givenMcold is shrinking to a radius that contains less
halo mass. Based on eq. (1), where the wetness isw ∝ δ2,
the growth ofδ makesw increase, thus leading to a run-
away compaction until it is halted by the growing veloc-
ity dispersion or another process. The central quenching is
helped by the suppression of gas supply to the inner re-
gion, which may result from the suppression of disc in-
stability in any disc that may remain after the shrinkage.
The increase of the ToomreQ parameter to above unity
can be caused either by the depletion of gas surface density
in the disc (Forbes, Krumholz & Burkert 2012; Forbes et al.
2014), by an increase in the turbulent velocity dispersion,
or by the growing contribution of the bulge to the potential
well and therefore to the epicyclic frequencyκ (morphologi-
cal quenching, Martig et al. 2009). In the late stages of com-
paction, when the baryons are self-gravitating with a negli-
gible contribution from the dark matter, the compaction may
actually lead to a decrease inδ. This is because the “hot”
component, made of stars, grows at the expense of the de-
pleting cold-gas component. This makesw decline, which
may suppress the gas inflow in the disc as the SFR becomes
faster than the inflow rate, and thus help the central quench-
ing.

The halo quenching naturally introduces a mass de-
pendence in the quenching process. A halo of mass be-
low a few times1011M⊙ allows efficient cold gas inflow
into the galaxy (Dekel & Birnboim 2006), which builds a
gaseous disc that undergoes VDI. The incoming mergers
and counter-rotating streams trigger compaction events, each
followed by a temporary quenching attempt driven by the
high central gas density with enhanced SFR and the asso-
ciated temporary shortage of gas supply from the disc that
has been diluted by the shrinkage. However, the continuing
cold gas supply from the halo rebuilds a disc that provides
gas mass for a recurrent compaction event, leading to a new
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central star-formation event followed by a new quenching
attempt, and so on. Only when the halo becomes massive
enough to support a stable virial shock and thus sustain a
hot CGM, and when the cosmological time is late enough
such that cold streams do not efficiently penetrate through
the hot CGM, can the quenching attempt be completed. In
such a halo, the disc that has been diluted by compaction
cannot be replenished by fresh external gas supply. The feed-
back from the star-forming centre may help triggering the
hot CGM and suppress gas infall from the halo. The inclu-
sion of AGN feedback may do so even more efficiently and
for a longer period. This may connect the internal quenching
process with the long-term quenching by the hot CGM in the
halo.

7.3 Transition to Self Gravity and Quenching

We noticed that in the pre-compaction phase, while the
galaxy forms stars at a rather constant sSFR, the mass within
Re or 1 kpc is dominated by the dark matter. Then, after
compaction, the baryons become self-gravitating within the
central region, where they dominate the gravitational poten-
tial over the dark matter. This transition may provide an al-
ternative explanation for the onset of quenching at the peak
of central gas density. We already mentioned in the previ-
ous section how such a transition can help the quenching by
modifying the DB14 argument for a runaway shrinkage, and
we now discuss an alternative interpretation of the quench-
ing in the self-gravitating state via a bathtub toy model for
galaxy evolution (e.g., Dekel & Mandelker 2014).

We apply here the bathtub model to the gas mass within
the central regions. The gas mass conservation due to inflow
and star formation plus outflow is expressed as

Ṁg = Ṁin − (1 + ηout)
Mg

τsfr
. (10)

HereṀin is the gas mass inflow rate, andηout is the out-
flow mass loading factor, namely the outflow rate with re-
spect to the SFR. The SFR is assumed to be proportional
to the gas mass and to occur on a characteristic timescale
τsfr. This timescale is assumed to be proportional to the lo-
cal free-fall time in the star-forming cloud, which scales in-
versely with the square root of the local mass density (e.g.,
Krumholz, Dekel & McKee 2012).

In the dark-matter dominated pre-compaction regime,
τsfr at a given cosmological epoch can be assumed to be
roughly proportional to the cosmological time and indepen-
dent of mass. This is because the inner-region density is in a
similar ballpark for all haloes at a given redshift, once ignor-
ing differences associated with variations in the halo con-
centration or the halo-mass growth history (Wechsler et al.
2002). In this case, as long aṡMin andτ = τsfr/(1 + ηout)
vary slowly in time, the approximate solution of eq. (10) is

Mg = Ṁinτ(1 − e−t/τ ) . (11)

Here the gas mass in the inner halo is growing fast at first,
exponentially converging to the quasi-steady-state (QSS)so-
lution Mg = Ṁinτ , which continues to grow slowly with
time till after z ∼ 1 (e.g. Dekel et al. 2013). This is indeed
the behavior seen prior to compaction. The convergence to

the QSS solution is due to the negative sign of the SFR term
in eq. (10) and its linear dependence onMg.

Once the baryons become self-gravitating in the late
compaction and post-compaction phases, the depletion time
may not be independent of gas mass any more. We learn
from the right panels of Figs. 2 and 3 that the depletion time
τsfr = Mg/SFR reaches a minimum whenMg is at its peak,
and it later grows in time asMg declines, namelyτsfr is a
decreasing function ofMg. This is consistent with the free-
fall time being determined by the gas density. If we assume,
for example,τsfr ∝ M

−1/2
gas , the second term in eq. (10) be-

comes∝ M
3/2
gas . In this case the SFR drain term in eq. (10)

dominates over the accretion source term, which makes the
solution forMgas decrease in time rather than approach a
QSS. This is consistent with the gradual decrease ofMg

leading to quenching in the self-gravitating phase.

8 CONCLUSION AND DISCUSSION

Our suite of zoom-in cosmological simulations reveals three
characteristic phases in the evolution of galaxies at high red-
shift: a diffuse phase, a compaction phase, and a subsequent
quenching phase, which in some cases occur more than once
in the lifetime of a galaxy. The main features of this chain of
events are as follows.

• In the diffuse phase the intense accretion though streams,
including mergers, grows a gas-rich, highly perturbed, tur-
bulent, rotating disc, and drives a high sSFR, often associ-
ated with violent disc instability.

• The typical galaxy undergoes a phase (or phases) of dissi-
pative compaction into a compact, gas-rich, star-forming
system, which resembles the observed “blue” nuggets.

• The moment of maximum gas compaction marks the on-
set of gas depletion from the central regions, followed by
gradual central quenching into a compact elliptical that re-
sembles the observed red nuggets.

• In some cases, a post-compaction clumpy ring of gas form-
ing stars develops around the quenched massive compact
bulge, which appears as inside-out quenching in this phase
of the evolution. An extended stellar envelope may gradu-
ally grow by dry accretion.

•
The compaction process is associated with a steep in-

crease in both rotation and velocity dispersion for the stars,
and an even steeper increase in rotation velocity of the
gas. These velocities remain high in the post-compaction
phase, and give rise to high and comparable gas and stellar
linewidths when observed through a broad beam.

• There is downsizing in the sense that more massive galax-
ies tend to quench earlier, faster, and at a higher stel-
lar density. They quench more efficiently and decisively
than their lower-mass counterparts. The latter tend to os-
cillate about the main-sequence ridge between the blue-
nugget and green-nugget phases before they eventually
fully quench.

Other noticeable features of these events are as follows.

• As a galaxy undergoes compaction it maintains a roughly
constant sSFR. When it subsequently quench, the sSFR
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decreases rapidly while the density within the inner1 kpc
stays roughly constant (and the effective surface density
may slowly decrease), consistent with the way observed
galaxies populate the sSFR-Σ plane.

• The compaction is commonly triggered by an intense in-
flow episode. This may include a major merger, multiple
minor mergers, counter-rotating streams, recycled gas, or
tidal-compression, and is sometimes associated with stim-
ulated violent disc instability.

• As predicted by DB14, the compaction process is wet, with
the inflow rate higher than the SFR. The maximum surface
density reached after compaction is indeed anti-correlated
with cosmological time and with the initial spin parameter,
and it is correlated with the sSFR. The simulated popula-
tion of star-forming galaxies atz > 3 shows a bimodality
in central surface density, being either diffuse or compact,
as predicted.

• The central quenching in the current simulations is
driven by gas depletion from star formation and stel-
lar/supernovae feedback, while the gas inflow to the centre
is (at leaset temporarily) suppressed.

• Quenching occurs after the baryons become self-
gravitating in the central kpc, which may be explained in
the context of VDI-driven compaction or via a bathtub toy
model for the evolution of the central region of the galaxy.

• A halo mass above a threshold of1011.4M⊙ is required
for successful quenching, with most galaxies quenching
in the narrow rangeMv = 1011.4−11.8M⊙. This indi-
cates that the halo mass has an important role in allowing
significant quenching and maintaining it, while the cen-
tral density provides the trigger for quenching. The stellar
mass and central surface density at final quenching span a
somewhat broader but also rather narrow range of values,
presumably reflecting their tight correlations with the halo
mass.

The simulation results, which confirm the toy-model
predictions of DB14, are qualitatively consistent with ob-
servational findings concerning high-redshift star-forming
and quenched galaxy populations, the compact “blue”
nuggets and red nuggets, both atz < 1 (Cheung et al.
2012; Kauffmann et al. 2012; Fang et al. 2013) and atz =
1 − 4 (Barro et al. 2013; Kaviraj et al. 2013a,b; Lee et al.
2013; Williams et al. 2014a,b; Bruce et al. 2014; Barro et al.
2014a,b).

DB14 predicted using a toy model for VDI-driven wet
compaction that the “blue” nuggets should be dispersion-
dominated, rotating, star-forming systems, withσ/V > 0.5.
Indeed, we find in our simulations that the compaction is
associated with a steep rise in both rotation velocity and
velocity dispersion (for the stars). The line-of-sight mass-
weighted velocity dispersion tends to rise during the com-
paction from∼50 kms−1 to100−200 kms−1, and to remain
high (or slightly decreasing) during the subsequent quench-
ing to a red nugget. This is consistent with the observed line-
widths for galaxies in the three distinct phases (Barro et al.
2014b). As pointed out by DB14, the “blue” nuggets
could potentially be associated with observed dispersion-
dominated systems (Law et al. 2012; Newman et al. 2013).
We found that the “blue” nuggets could either proceed or
precede a VDI clumpy phase. Low-mass, low-metallicity,

dispersion-dominated galaxies more likely represent the vi-
olent pre-VDI stages of galaxy buildup driven by intense in-
streaming, while the post-compaction dispersion-dominated
“blue” nuggets are expected to include more massive and
more metal rich systems.

Our simulations, and the scenario of DB14, predict that
compact galaxies, following the “blue”-nugget phase, may
be surrounded by an extended disc or ring of low-density
gas and young stars. This ring is gravitationally unstable
showing clumps and is forming stars at a gradually de-
clining rate. There are already possible observational de-
tections of such cases (Elmegreen, Elmegreen & Ferguson
2005; Bournaud et al. 2011a; Genzel et al. 2014a). The high-
z post-compaction quenching is thus from the inside out. We
address this in detail in a companion paper (Tacchella et al.
2015b). It is consistent with preliminary observational indi-
cations for inside-out quenching based on the rising sSFR
profiles of a sample of galaxies atz ∼ 2.2 (Tacchella et al.
2015a).

Our work reveals how the dissipative shrinkage of a
galaxy into a compact bulge leads to quenching. The process
is driven by efficient gas consumption into stars and the as-
sociated feedback-driven gas removal by outflows, while the
inflow to the center is suppressed, first because of the disap-
pearance of the extended gas disc, and then by the shutdown
of fresh gas accretion from the halo. In parallel, the disc in-
stability, which drives star formation and inflow within the
disc, is suppressed by the growth of bulge mass (morpho-
logical quenching Martig et al. 2009, 2013), the increase of
turbulent velocity dispersion, and the decline of gas surface
density. AGN feedback, which is likely to be correlated with
the high SFR in the “blue”-nugget phase (e.g., Barro et al.
2013) but is not included in the current simulations, may
help boosting the quenching process associated with the in-
ternal compactness.

The maintenance of long-term quenching requires a
shutdown of fresh gas supply, which is naturally provided
by virial shock heating of the CGM in the halo, occur-
ring in haloes more massive than a threshold mass that
can vary about a mass scale<∼1012M⊙ and at sufficiently
low redshift where cold streams fail to penetrate deep
into the galaxy (Dekel & Birnboim 2006). This is a slower
quenching mode that is potentially dominant at lower red-
shifts, commonly after the quenching has been triggered
by the internal bulge quenching processes discussed above
(Woo et al. 2013; Dekel & Burkert 2014; Woo et al. 2014).
The lower-mass galaxies in our simulations start as discs
with moderate wetness, and they contract later, more slowly
and to a lower density. Their compaction events trigger un-
successful short-term quenching attempts as long as the halo
mass is below the threshold for virial shock heating. The less
massive galaxies manage to quench significantly only when
the halo becomes massive enough to sustain a hot CGM that
suppresses the cold gas supply.

Once a compact red nugget forms at a high redshift, it
is likely to be subject to further accretion (including merg-
ers), which becomes more and more star-dominated with
time (Oser et al. 2010; Porter et al. 2014b,a), and thus lead
to a dry growth. In some cases, the accretion is slow, leaving
the red nugget naked, with no stellar envelope, untilz ∼ 1.
In cases of substantial dry growth, an extended stellar en-
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velope develops around the red nugget, and the galaxy be-
comes a rotating spheroid compatible with the typical ob-
served ellipticals at low redshift (e.g., van Dokkum et al.
2014). The stellar core itself typically remains dense within
the inner kpc, while the density within the effective ra-
dius can decrease as the effective radius grows. In many
cases, the overall stellar density profile seems to evolve
self-similarly, crudely matching the De Vaucouleurs’ profile
(Tacchella et al. 2015b).

As a word of caution, one should recall that the reli-
ability of cosmological simulations is still limited by the
uncertain treatment of star formation and especially feed-
back. This commonly leads to too-early formation of stars
at redshifts above 3, leaving the galaxies with a gas frac-
tion somewhat lower than observed atz ∼ 2. The simula-
tions used here, with lower SFR efficiency and added ra-
diative feedback compared to earlier simulations in our se-
ries, do better than the earlier versions, but the simulated
gas fractions in massive galaxies atz ∼ 2 may still be
lower than deduced from observations (Daddi et al. 2010;
Tacconi et al. 2013), and the stellar-to-virial mass ratio may
still be higher than deduced from observations (Moster et al.
2010; Behroozi, Wechsler & Conroy 2013), both by factors
of ∼ 2 (Moody et al. 2014). If true, the compaction events
may tend to occur in the simulations at somewhat earlier
epochs than in the real Universe.

Furthermore, because of the potentially insufficient
feedback and in particular the absence of AGN feedback in
the current simulations, the quenching is sometimes incom-
plete. Nevertheless, the simulations do appear to capture the
key features of the compaction and quenching processes and
thus provide at least a qualitative description of these ma-
jor events in the lifetime of a galaxy, pointing to their fre-
quent abundance atz > 2, and to the vital role they play in
the formation of compact massive galaxies, star forming and
quenched ellipticals.

Based on Figs. 12, 13 and 18, we propose that the evo-
lution through the phases of compaction and quenching may
be responsible for variations of galaxy properties across the
MS at a given stellar mass and may be the key for explaining
the small scatter about the main-sequence ridge (addressed
in detail in a companion paper Tacchella et al. 2015c). Ob-
servations, simulations and analytic theory indicate thatthe
average sSFR on the main-sequence at any redshift is a
weak function of stellar mass and its zero point is declining
with time as sSFR∝ (1 + z)2.5 (e.g. Noeske et al. 2007b,a;
Whitaker et al. 2012; Dekel et al. 2013; Dekel & Mandelker
2014). We see in the eight example galaxies shown in
Fig. 18 that each galaxy starts near the main-sequence ridge
with a constant or slightly declining sSFR. During the pre-
compaction phase and especially during the compaction
phase the positive deviation of the sSFR from the ridge is ris-
ing, reaching a maximum at the “blue”-nugget phase. From
then on the sSFR of the quenching galaxy drops faster than
∝ (1 + z)2.5, thus bringing the galaxy to a negative devia-
tion from the ridge before it reaches the green-valley phase.
We thus associate the galaxies that lie “above” the main-
sequence with the “blue”-nugget phase of evolution, and the
galaxies that lie “below” it with the post-compaction green-
valley phase, on the way to quenching. The simulations in-
dicate that the “blue”-nugget phase is associated with a min-

imum in the depletion time and a maximum in the gas frac-
tion during the short-term history of the galaxy. This pre-
dicts gradients in these quantities orthogonal to the main se-
quence, as observed (Genzel et al. 2014b). Furthermore, the
onset of quenching at the peak of central gas density, based
on the balance between the rates of inflow and the sum of
SFR and outflow, as argued above, may explain the upper
bound for the sSFR deviation from the main-sequence ridge.
In turn, the lower bound can possibly be explained by a tem-
porary recovery of the inflow rate that triggers a new episode
of compaction and rising sSFR, till the final rapid drop of the
sSFR toward the red sequence.

We conclude that compaction and subsequent quench-
ing, assisted by a hot massive halo, combine to a chain of
events of major importance in the history of massive galax-
ies. In particular, the high-redshift “blue” nuggets represent
a key phase in galaxy evolution.
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