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ABSTRACT

Using cosmological simulations, we address the properties of high-redshift star-forming galax-

ies (SFGs) across their main sequence (MS) in the plane of star formation rate (SFR) versus

stellar mass. We relate them to the evolution of galaxies through phases of gas compaction,

depletion, possible replenishment, and eventual quenching. We find that the high-SFR galax-

ies in the upper envelope of the MS are compact, with high gas fractions and short depletion

times (‘blue nuggets’), while the lower SFR galaxies in the lower envelope have lower cen-

tral gas densities, lower gas fractions, and longer depletion times, consistent with observed

gradients across the MS. Stellar-structure gradients are negligible. The SFGs oscillate about

the MS ridge on time-scales ∼0.4tHubble (∼1 Gyr at z ∼ 3). The propagation upwards is due

to gas compaction, triggered, e.g. by mergers, counter-rotating streams, and/or violent disc

instabilities. The downturn at the upper envelope is due to central gas depletion by peak star

formation and outflows while inflow from the shrunken gas disc is suppressed. An upturn at

the lower envelope can occur once the extended disc has been replenished by fresh gas and

a new compaction can be triggered, namely as long as the replenishment time is shorter than

the depletion time. The mechanisms of gas compaction, depletion, and replenishment confine

the SFGs to the narrow (±0.3 dex) MS. Full quenching occurs in massive haloes (Mvir >

1011.5 M⊙) and/or at low redshifts (z < 3), where the replenishment time is long compared to

the depletion time, explaining the observed bending down of the MS at the massive end.

Key words: galaxies: evolution – galaxies: formation – galaxies: fundamental parameters.

1 IN T RO D U C T I O N

Observations of the galaxy population spanning the last 12.5 billion

years of cosmic time have revealed a picture in which the majority of

star-forming galaxies (SFGs) follow a relatively tight, almost linear

relation between star formation rate (SFR) and stellar mass (M⋆),

also known as the ‘main sequence’ (MS) of SFGs (e.g. Brinchmann

et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske et al.

2007a,b; Salim et al. 2007; Whitaker et al. 2012; Speagle et al.

2014; Pannella et al. 2015). The SFR increases with M⋆ as a power

law (SFR ∝ Mα
⋆ with α ∼ 1) over at least two orders of magnitude

(∼109–1011 M⊙). Several studies have found that the SFR towards

the highest masses (M⋆ � 1011 M⊙) falls systematically below the

⋆E-mail: sandro.tacchella@phys.ethz.ch

value expected for a simple power-law relation, effectively lowering

the high mass slope of the SFR–M⋆ relation towards lower redshifts

(Rodighiero et al. 2010; Elbaz et al. 2011; Whitaker et al. 2012,

2014; Magnelli et al. 2014; Schreiber et al. 2015). The most no-

ticeable feature is that the MS relation at any given redshift shows

a rather small scatter of σ MS ∼ 0.2–0.3 dex (Noeske et al. 2007a;

Whitaker et al. 2012; Speagle et al. 2014).

It is now well established that there is a strong evolution in the

normalization of the MS with redshift. The characteristic specific

star formation rates (sSFR = SFR/M⋆) of the MS population evolve

strongly with redshift, decreasing by a factor of ∼20 from z = 2 to

today (e.g. Schreiber et al. 2015). All, hydrodynamic simulations

of galaxies (e.g. Davé, Oppenheimer & Finlator 2011; Dekel et al.

2013; Torrey et al. 2014; Sparre et al. 2015), semi-analytical mod-

els (e.g. Dutton, van den Bosch & Dekel 2010; Davé, Finlator &

Oppenheimer 2012; Mitchell et al. 2014), and analytical models
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(e.g. Bouché et al. 2010; Dekel et al. 2013; Lilly et al. 2013; Dekel

& Mandelker 2014; Forbes et al. 2014), naturally reproduce a cor-

relation between SFR and M⋆. These studies show that a natural

way to understand the decline of the sSFR with time is provided by

the predicted decline of gas accretion rate on to the galaxies, which

itself is closely related to the evolution of the cosmological specific

accretion rate into dark matter haloes, which scales as ∝(1 + z)2.5

at a fixed mass in the Einstein–deSitter regime, valid at z > 1 (Neis-

tein, van den Bosch & Dekel 2006; Birnboim, Dekel & Neistein

2007; Neistein & Dekel 2008; Fakhouri & Ma 2009; Bouché et al.

2010; Dutton et al. 2010; Genel et al. 2010; Dekel et al. 2013; Lilly

et al. 2013; Tacchella, Trenti & Carollo 2013).

As SFGs grow in mass, they seem to propagate along the MS,

typically not deviating by more than ±0.3 dex from the MS ridge,1

whose sSFR amplitude steadily declines in time. What is the mech-

anism that keeps the evolving galaxy so tightly confined to the

vicinity of the MS ridge until it quenches and falls below the MS?

From the cosmological paradigm, dark matter haloes, and hence

the central galaxies occupying them, form hierarchically —- large

haloes are built from mergers of smaller haloes. One would there-

fore expect that mergers between galaxies would frequently trig-

ger starbursts that would generate larger excursions about the MS

ridge. However, the small scatter in the MS at multiple redshifts

has indicated that most galaxies are not in fact experiencing the

expected dramatic effects of major mergers (Noeske et al. 2007a,b;

Rodighiero et al. 2011), and most stars form in ‘normal’ galaxies

lying along this relation. The SFRs of MS galaxies seem to be sus-

tained for extended periods of time in a quasi-steady state of gas

inflow, gas outflow, and gas consumption (Bouché et al. 2010; Daddi

et al. 2010; Genzel et al. 2010; Tacconi et al. 2010; Davé, Finlator

& Oppenheimer 2012; Dayal, Ferrara & Dunlop 2013; Dekel et al.

2013; Lilly et al. 2013; Feldmann 2015).

Observations indicate that the gas fraction and depletion time tend

to vary as a function of sSFR across the MS: high sSFR is correlated

with high gas fraction and short depletion time (Magdis et al. 2012;

Huang & Kauffmann 2014; Sargent et al. 2014; Genzel et al. 2015;

Scoville et al. 2015; Silverman et al. 2015). These gradients may

provide a clue for understanding the MS width. Therefore, in this

paper, we focus on galaxy properties as a function of sSFR with

respect to the MS ridge, rather than the absolute value of sSFR.

We define the universal MS to be the sSFR with respect to the

sSFR of the MS ridge. The main questions that we address in this

paper are (i) What is the mechanism that confines the MS to a small

scatter? (ii) What drives the gradients of galaxy properties across

the universal MS?

Dutton et al. (2010) used a semi-analytical model for disc galax-

ies to explore the origin of the time evolution and scatter of the MS.

They find a significant but small scatter in their model MS arising

from variation in halo concentration, which in turn causes differ-

ences in the mass accretion histories between different galaxies of

the same halo mass (Wechsler et al. 2002). Forbes et al. (2014)

presented a toy model in which the scatter ultimately arises from

the intrinsic scatter in the accretion rate, but may be substantially

reduced depending on the time-scale on which the accretion varies

compared to the time-scale on which the galaxy loses gas mass.

1 The ridge is generally the line connecting the medians of the sSFR at a

given stellar mass, or the points of maximum number density of galaxies at

the given mass. These two definitions roughly coincide as the distribution

about the ridge is roughly symmetric (and log-normal). A detailed definition

of the MS ridge is provided by Renzini & Peng (2015).

They show that observational constraints on the scatter in galaxy

scaling relations can be translated into constraints on the galaxy-to-

galaxy variation in the outflow mass loading factor at fixed mass,

and the time-scales and magnitude of a stochastic component of

accretion on to the SFGs.

The key question is which time-scale is encoded in the MS scatter,

i.e. does the MS scatter arise because galaxies change their SFR on

short time-scales (∼107 yr), intermediate time-scales (∼108–9 yr), or

long time-scales (∼1010 yr; Abramson et al. 2015; Muñoz & Peeples

2015). If the MS scatter arises due to short-term fluctuations in the

star formation history, similar mass SFGs mostly grow-up together

(e.g. Peng et al. 2010; Behroozi, Wechsler & Conroy 2013). On the

other hand, if the MS scatter arises due to long-term fluctuations,

similar massive SFGs do not grow-up together and key physics lies

in what diversifies star formation histories (e.g. Gladders et al. 2013;

Kelson 2014).

How SFGs grow their mass during their life on the MS is also

crucial to understand the build-up of the quenched population, and

the evolution of its median size. Carollo et al. (2013) argue indeed

for a straight mass-dependent quenching process (Peng et al. 2010)

of M* disc galaxies from the MS to the quenched population (with

dry mergers playing a major role in building the ≫M* quenched

population, whose properties point at a dissipationless process as

their last step in their assembly histories). A test of this picture is to

explore how SFGs grow in mass and size on the MS, and compare

the properties of the massive systems that transition to the quenched

population at the end of their active lives.

We argue here that the confining mechanism and the gradients

across the MS can be understood in terms of the gas regulation, i.e.

the balance between inflow rate, SFR, and outflow rate, of SFGs

at high redshift. We emphasize the importance of internal physi-

cal process, likely driven by external events, in addition to global

processes (such as gas accretion history). Zolotov et al. (2015),

analysing cosmological zoom-in simulations, have shown that the

processes of gas compaction and subsequent central depletion and

quenching are frequent in high-z galaxies and are the major events

in their history. They find that stream-fed, highly perturbed, gas-rich

discs undergo phases of dissipative contraction into compact, star-

forming systems (‘blue nuggets’2) at z ∼ 4–2. The compaction is

triggered by an intense inflow episode, involving mergers, counter-

rotating streams or recycled gas (Dekel & Burkert 2014), and can

be associated with violent disc instability (VDI; Noguchi 1999;

Gammie 2001; Bournaud, Elmegreen & Elmegreen 2007; Dekel,

Sari & Ceverino 2009b; Burkert et al. 2010; Bournaud et al. 2012;

Cacciato, Dekel & Genel 2012). The peak of gas compaction marks

the onset of central gas depletion and inside-out quenching.

Here, we try to learn how this characteristic chain of events

predicts the gradients across the MS and explains the confinement

mechanism. We do this by utilizing the same high-resolution, zoom-

in, hydrocosmological, adaptive mesh refinement (AMR) simula-

tions as Zolotov et al. (2015), of galaxies in the redshift range

z = 7–1. The suite of 26 galaxies analysed here were simulated at

a maximum resolution of ∼25 pc including supernova and radia-

tive stellar feedback. At z ∼ 2, the halo masses are in the range

Mvir ∼ 1011–12 M⊙ and the stellar masses are in the range M⋆ ∼
109.3–10.8 M⊙. With these simulations, we focus on the global phys-

ical properties of galaxies on the MS.

2 In this paper, we refer to compact SFGs as a blue nuggets. Such galaxies

have a high density in their cores, both in stellar mass and gas density. Note

that blue nuggets could actually be quiet red due to dust.
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This paper is organized as follows. In Section 2, we give a brief

overview of the simulations. In Section 3, we investigate the gas

content of the simulated galaxies. In Section 4, we define the MS,

and in Section 5, we determine galaxy properties across the MS. The

core of this paper is Section 6, where we explain the confinement

mechanism of the MS. We discuss implications from our MS paper

for the cessation of star formation in galaxies and we highlight

several caveats of our analysis in Section 7. We summarize our

results in Section 8.

2 SI M U L AT I O N S

We use zoom-in hydrocosmological simulations of 26 moderately

massive galaxies, a subset of the 35-galaxy VELA simulation suite.

The details the VELA simulations are presented in Ceverino et al.

(2014) and Zolotov et al. (2015). Zolotov et al. (2015) and Tac-

chella et al. (2015c) used the same sample of 26 simulations and

investigated similar questions concerning compaction and quench-

ing. Zolotov et al. (2015) focused on the evolution of the global

properties of the galaxies and their cores as they go through the

compaction and quenching phases, and Tacchella et al. (2015c) ad-

dresses the evolution of surface density profile of these galaxies

during these phases. Additional analysis of the same suite of sim-

ulations is discussed in Moody et al. (2014), Snyder et al. (2015),

and Ceverino, Primack & Dekel (2015b). In this section, we give

an overview of the key aspects of the simulations.

2.1 Cosmological simulations

The VELA simulations utilize the Adaptive Refinement Tree

(ART) code (Kravtsov, Klypin & Khokhlov 1997; Kravtsov 2003;

Ceverino & Klypin 2009), which accurately follows the evolution

of a gravitating N-body system and the Eulerian gas dynamics. All

the simulations were evolved to redshifts z � 2, and several of them

were evolved to redshift z = 1, with an AMR maximum resolution

of 17–35 pc at all times, which is achieved at densities of ∼10−4–

103 cm−3. In the circumgalactic medium (at the virial radius of

the dark matter halo), the median resolution amounts to ∼500 pc.

Beyond gravity and hydrodynamics, the code incorporates the

physics of gas and metal cooling, ultraviolet (UV) background pho-

toionization, stochastic star formation, gas recycling, and metal en-

richment, and thermal feedback from supernovae (Ceverino, Dekel

& Bournaud 2010; Ceverino et al. 2012), plus a new implementation

of feedback from radiation pressure (Ceverino et al. 2014).

We use the CLOUDY code (Ferland et al. 1998) to calculate the cool-

ing and heating rates for a given gas density, temperature, metallic-

ity, and UV background, assuming a slab of thickness 1 kpc. We as-

sume a uniform UV background, following the redshift-dependent

Haardt & Madau (1996) model. An exception is at gas densities

higher than 0.1 cm−3. At these densities, we use a substantially sup-

pressed UV background (5.9 × 106 erg s−1 cm−2 Hz−1) in order to

mimic the partial self-shielding of dense gas, allowing dense gas

to cool down to temperatures of ∼300 K. The equation of state is

assumed to be that of an ideal monoatomic 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 seven cells

(see Ceverino et al. 2010).

We assume that star formation occurs at densities above a

threshold of 1 cm−3 and at temperatures below 104 K. Most stars

(>90 per cent) form at temperatures well below 103 K, and more

than half of the stars form at 300 K in cells where the gas density

is higher than 10 cm−3. We use a stochastic star formation model,

where star formation occurs in time steps of dtSF = 5 Myr. The

probability to form a stellar particle in a given time step is

P = min

(

0.2,

√

ρgas

1000 cm−3

)

. (1)

The single stellar particle has a mass equal to

m⋆ = mgas

dtSF

τ
≈ 0.42mgas, (2)

where mgas is the mass of gas in the cell where the particle is

being formed and τ is 12 Myr. We assume a Chabrier (2003) initial

mass function. This stochastic star formation model yields a star

formation efficiency per free-fall time of ∼2 per cent. At the given

resolution, this efficiency roughly mimics the empirical Kennicutt–

Schmidt law (Kennicutt 1998). As a result of the universal local SFR

law adopted, the global SFR follows the global gas mass (see figs 2

and 3 in Zolotov et al. 2015). Observationally, a universal, local

SFR law in which the star formation rate is simply ∼1 per cent of

the molecular gas mass per local free-fall time fits galactic clouds,

nearby galaxies, and high-redshift galaxies (Krumholz, Dekel &

McKee 2012).

The thermal stellar feedback model releases energy from stellar

winds and supernova explosions as a constant heating rate over

40 Myr following star formation. 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). Note that no artificial shutdown of cooling is

implemented in these simulations. The effect of runaway stars is

included by applying a velocity kick of ∼10 km s−1 to 30 per cent

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 interstellar medium (ISM).

Radiation pressure is incorporated through the addition of a non-

thermal pressure term to the total gas pressure in regions where ion-

izing photons from massive stars are produced and may be trapped.

This ionizing radiation injects momentum around massive stars,

pressurizing star-forming regions, as described in appendix B of

Agertz et al. (2013). We assume an isotropic radiation field within

a given cell and that the radiation pressure is proportional Ŵ m⋆,

where m⋆ is the mass of stars and Ŵ is the luminosity of ionizing

photons per unit stellar mass. The value of Ŵ is taken from the stellar

population synthesis code, STARBURST99 (Leitherer et al. 1999). We

use a value of Ŵ = 1036 erg s−1 M−1

⊙ , which corresponds to the time-

averaged luminosity per unit mass of the ionizing radiation during

the first 5 Myr of evolution of a single stellar population. After

5 Myr, the number high-mass stars and ionizing photons declines

significantly. Furthermore, the significance of radiation pressure

also depends on the optical depth of the gas within a cell. We use

a hydrogen column density threshold, N = 1021 cm−2, above which

ionizing radiation is effectively trapped and radiation pressure is

added to the total gas pressure. This value corresponds to the typi-

cal column density of cold neutral clouds, which host optically thick

column densities of neutral hydrogen (Thompson, Quataert & Mur-

ray 2005). Summarizing, our current implementation of radiation

pressure adds radiation pressure to the total gas pressure in the cells

(and their closest neighbours) that contain stellar particles younger

than 5 Myr and whose column density exceeds 1021 cm−2.

2.2 Limitation of the current simulations

The cosmological simulations used in this paper are state-of-the-art

in terms of high-resolution AMR hydrodynamics and the treatment

MNRAS 457, 2790–2813 (2016)
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Evolution about the main sequence ridge 2793

of key physical processes at the subgrid level, highlighted above.

Specifically, these simulations trace the cosmological streams that

feed galaxies at high redshift, including mergers and smooth flows,

and they resolve the VDI that governs high-z disc evolution and

bulge formation (Ceverino et al. 2010, 2012, 2015a; Mandelker

et al. 2014).

Like other simulations, the current simulations are not yet do-

ing the best possible job treating the star formation and feedback

processes. As mentioned above, the code assumes a SFR efficiency

per free fall time that is rather realistic, but it does not yet follow

in detail the formation of molecules and the effect of metallicity on

SFR (Krumholz & Dekel 2012). Additionally, the resolution does

not allow the capture of Sedov–Taylor adiabatic phase of supernova

feedback. The radiative stellar feedback assumed no infrared trap-

ping, in the spirit of low trapping advocated by Dekel & Krumholz

(2013) based on Krumholz & Thompson (2012). Other works as-

sume more significant trapping (Krumholz & Dekel 2010; Murray,

Quataert & Thompson 2010; Hopkins et al. 2012), which makes the

assumed strength of the radiative stellar feedback here lower than

in other simulations. Finally, active galactic nuclei (AGN) feed-

back and feedback associated with cosmic rays and magnetic fields

are not yet incorporated. Nevertheless, as shown in Ceverino et al.

(2014), the star formation rates, gas fractions, and stellar-to-halo

mass fractions are all in the ballpark of the estimates deduced from

abundance matching, providing a better match to observations than

earlier simulations.

The uncertainties and any possible remaining mismatches be-

tween simulations and observations by a factor of order 2 are

comparable to the observational uncertainties. For example, the

stellar-to-halo mass fraction is not well constrained observation-

ally at z ∼ 2. Recent estimates by Burkert et al. (2015) (see their

fig. 5) based on the observed kinematics of z ∼ 0.6–2.8 SFGs reveal

significantly larger ratios than the estimates based on abundance

matching (Conroy & Wechsler 2009; Behroozi, Conroy & Wech-

sler 2010; Moster et al. 2010; Behroozi et al. 2013; Moster, Naab

& White 2013) at Mvir < 1012 M⊙. In Appendix A, we present

a detailed comparison of the stellar-to-halo mass relation of our

simulations and the observational data (Fig. A1). We conclude that

our simulations produce stellar-to-halo mass ratios that are in the

ballpark of the values estimated from observations, and within the

observational uncertainties, thus, indicating that our feedback model

is adequate.

It seems that in the current simulations, the compaction and the

subsequent onset of quenching occur at cosmological times that are

consistent with observations (see fig. 12 of Zolotov et al. 2015 and

fig. 2 of Barro et al. 2013). With some of the feedback mechanisms

not yet incorporated (e.g. AGN feedback), full quenching to very

low sSFR values may not be fully reached in many galaxies by

the end of the simulations at z ∼ 1. In this work, we adopt the

hypothesis that the simulations grasp the qualitative features of the

main physical processes that govern galaxy evolution.

2.3 Galaxy sample and properties

The initial conditions for the simulations are based on dark matter

haloes that were drawn from dissipationless N-body simulations at

lower resolution in three comoving cosmological boxes (box sizes

of 10, 20, and 40 Mpc h−1). The assumed cosmology is the stan-

dard � cold dark matter (�CDM) model with the 5-year Wilkinson

Microwave Anisotropy Probe (WMAP5) values of the cosmological

parameters, namely 	m = 0.27, 	� = 0.73, 	b = 0.045, h = 0.7,

and σ 8 = 0.82 (Komatsu et al. 2009). Each halo was selected to

have a given virial mass at z = 1 and no ongoing major merger at

z = 1. This latter criterion eliminates less than 10 per cent of the

haloes, which tend to be in a dense protocluster environment at

z ∼ 1. The target virial masses at z = 1 were selected in the range

Mvir = 2 × 1011–2 × 1012 M⊙, about a median of 4.6 × 1011 M⊙.

If left in isolation, the median mass at z = 0 was intended to be

∼1012 M⊙. In practice, the actual mass range is broader, with some

of the haloes merging into more massive haloes that eventually host

groups at z = 0.

From the suite of 35 galaxies, we have excluded three low-mass

galaxies that have a quenching attempt that brings them consider-

ably below the MS (>0.8 dex) for a short period before they recover

back to the MS. This is probably a feature limited to very low mass

galaxies, and we do not address it any further here. Furthermore,

we have excluded six galaxies which have not been simulated down

to z = 2.0. Therefore, our final sample consists of 26 galaxies.

The virial and stellar properties are listed in Table 1. This includes

the total virial mass Mvir, the galaxy stellar mass M⋆, the gas mass

Mgas, the SFR, the sSFR, the virial radius Rvir, and the effective, and

half-mass radius RM, all at z = 2. The latest time of analysis for

each galaxy in terms of the expansion factor, afin, or redshift, zfin, is

provided.

The virial mass Mvir is the total mass within a sphere of radius

Rvir that encompasses an overdensity of 
(z) = (18π
2-82	�(z) −

39	�(z)2)/	m(z), where 	�(z) and 	m(z) are the cosmological

parameters at z (Bryan & Norman 1998; Dekel & Birnboim 2006).

The stellar mass of the galaxy, M⋆, is the instantaneous mass in stars

(after the appropriate mass loss), measured within a sphere of radius

0.2 × Rvir about the galaxy centre. The gas mass, Mgas, is the cold

gas mass within the same sphere, i.e. the gas with a temperature

below 104 K. Measuring these global quantities within different

radii (0.1–0.3 × Rvir or even fixing it to 10 kpc) does not change the

main findings of this paper. Throughout this paper, all the quoted

gas properties refer to the cold gas component. The effective radius

RM is the three-dimensional half-mass radius corresponding to M⋆.

The SFR is obtained by SFR = 〈M⋆(tage < tmax)/tmax〉tmax
, where

M⋆(tage < tmax) is the mass in stars younger than tmax within a sphere

of radius 0.2 × Rvir about the galaxy centre. The average 〈·〉tmax
is

obtained for tmax in the interval [40, 80] Myr in steps of 0.2 Myr in

order to reduce fluctuations due to a ∼5 Myr discreteness in stellar

birth times in the simulation. The tmax in this range are long enough

to ensure good statistics.

We start the analysis at the cosmological time corresponding

to expansion factor a = 0.125 (redshift z = 7). At earlier times,

the fixed resolution scale typically corresponds to a larger frac-

tion of the galaxy size, so the detailed galaxy properties may be

less accurate. As visible in Table 1, most galaxies reach a = 0.50

(z = 1). Each galaxy is analysed at output times separated by a con-

stant interval in a, 
a = 0.01, corresponding at z = 2 to ∼100 Myr

(roughly half the orbital time at the disc edge). For six galaxies,

namely 11, 12, 14, 25, 26, and 27, ∼20 times higher resolution

snapshots are available, for which the output times separated by


a = 0.0005–0.0007. In Appendix B, we show that our standard

snapshots are tracing the main evolutionary pattern, and the high

temporal resolution snapshots confirm our main findings.

3 G A S C O N T E N T IN SI M U L AT E D G A L A X I E S

As mentioned before, the star formation in the simulations is driven

by the content of dense and cold gas in the galaxies. It is therefore

important to investigate the gas properties of our simulated galaxies,

MNRAS 457, 2790–2813 (2016)
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2794 S. Tacchella et al.

Table 1. Quoted are the total virial mass, Mvir, the stellar mass, M⋆, the gas mass, Mgas, the star formation rate, SFR, the specific star formation rate, sSFR,

the virial radius, Rvir, the effective stellar (half-mass) radius, RM, all at z = 2, and the final simulation snapshot, afin, and redshift, zfin. The M⋆, Mg, SFR, and

sSFR are measured within a radius of 0.2 Rvir.

Galaxy Mvir M⋆ Mgas SFR sSFR Rvir RM afin zfin

(1012 M⊙) (1010 M⊙) (1010 M⊙) (M⊙ yr−1) (Gyr−1) (kpc) (kpc)

(z = 2) (z = 2) (z = 2) (z = 2) (z = 2) (z = 2) (z = 2)

The suite of 26 simulated galaxies

01 0.16 0.22 0.12 2.65 1.20 58.25 1.06 0.50 1.00

02 0.13 0.19 0.16 1.84 0.94 54.50 2.19 0.50 1.00

03 0.14 0.43 0.10 3.76 0.87 55.50 1.7 0.50 1.00

06 0.55 2.22 0.33 20.72 0.93 88.25 1.06 0.37 1.70

07 0.90 6.37 1.42 26.75 0.42 104.25 2.78 0.50 1.00

08 0.28 0.36 0.19 5.76 1.58 70.50 0.76 0.50 1.00

09 0.27 1.07 0.31 3.97 0.37 70.50 1.82 0.39 1.56

10 0.13 0.64 0.11 3.27 0.51 55.25 0.53 0.50 1.00

11 0.27 1.02 0.58 17.33 1.69 69.50 2.98 0.46 1.17

12 0.27 2.06 0.19 2.91 0.14 69.50 1.22 0.39 1.56

13 0.31 0.96 0.98 21.23 2.21 72.50 3.21 0.39 1.56

14 0.36 1.40 0.59 27.61 1.97 76.50 0.35 0.42 1.38

15 0.12 0.56 0.14 1.71 0.30 53.25 1.31 0.50 1.00

20 0.53 3.92 0.48 7.27 0.19 87.50 1.81 0.44 1.27

21 0.62 4.28 0.57 9.76 0.23 92.25 1.76 0.50 1.00

22 0.49 4.57 0.21 12.05 0.26 85.50 1.32 0.50 1.00

23 0.15 0.84 0.19 3.32 0.39 57.00 1.38 0.50 1.00

24 0.28 0.95 0.28 4.39 0.46 70.25 1.79 0.48 1.08

25 0.22 0.76 0.08 2.35 0.31 65.00 0.82 0.50 1.00

26 0.36 1.63 0.25 9.76 0.60 76.75 0.76 0.50 1.00

27 0.33 0.90 0.52 8.75 0.97 75.50 2.45 0.50 1.00

29 0.52 2.67 0.39 18.74 0.70 89.25 1.96 0.50 1.00

30 0.31 1.71 0.41 3.84 0.22 73.25 1.56 0.34 1.94

32 0.59 2.74 0.37 15.04 0.55 90.50 2.6 0.33 2.03

33 0.83 5.17 0.45 33.01 0.64 101.25 1.22 0.39 1.56

34 0.52 1.73 0.42 14.79 0.85 86.50 1.9 0.35 1.86

before analysing the evolution and shape of the MS. Fig. 1 shows the

gas fraction, fgas = Mgas/(Mgas + M⋆), as a function of sSFR. The

individual points refer to the individual snapshots, ranging from

z = 6 to 1 as indicated by the colour coding. The high-redshift

(z > 3) galaxies of typical masses below ∼109.5 M⊙ and sSFR ≈
2 Gyr−1 tend to have a high gas fraction, fgas > 0.4. Towards lower

redshifts (z ∼ 1–3), when the galaxies in our sample also grow

to higher masses, the fgas and the sSFR continuously decline with

increasing cosmic time. At z ∼ 2, our simulated 1010 M⊙ galaxies

have fgas = 0.20+0.14
−0.09 (see below).

The quantities fgas and sSFR are related through

fgas =
Mgas

Mgas + M⋆

=
1

1 + (tdep sSFR)−1
, (3)

where tdep = Mgas/SFR is the depletion time.3 From Fig. 1, we

can estimate a global tdep by fitting all our simulated galaxies at all

redshifts together. We find tdep = 400 ± 10 Myr in the simulations.

Considering only galaxies at z ≤ 2.5, we find tdep = 480 ± 10 Myr.

As a by-product to our current analysis, from the fact that this time-

scale is much shorter than the Hubble time for all SFGs between

z = 1 and 4, we can conclude that fresh gas must be supplied with

a fairly high duty cycle over several billion years.

3 The depletion time (sometimes also called the gas consumption time) can

be written as tdep = Mgas/SFR = tff/εff, where εff is the SFR efficiency and

tff is the free-fall time in the star-forming regions. The SFR efficiency can be

argued to be constant in all star-forming environments, εff ∼ 0.01, such that

the variation in tdep mostly reflects variations in tff (Krumholz et al. 2012).

Figure 1. Gas fraction versus sSFR. The circles correspond to all the snap-

shots of all the galaxies in the simulated sample. The colour coding corre-

sponds to redshift according to the colour bar. We see that fgas and sSFR are

systematically decreasing with cosmic time. The simulations are compared

to the observations of Tacconi et al. (2013), marked by stars. The error bar

indicates the uncertainty in the observations. The simulated and observed

galaxies span a similar locus in this plane, despite the fact that the simula-

tions somewhat underestimate both the gas fraction and the sSFR (see text).

The black solid line indicates the best-fitting depletion time at z ≤ 2.5 of the

simulations (tdep = 480 ± 10 Myr), which is shorter than the observational

estimate of tdep = 700 ± 200 Myr shown as a black dashed line.
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Evolution about the main sequence ridge 2795

We compare the simulations with measurements of Tacconi et al.

(2013) who present a CO 3–2 survey of molecular gas properties

in massive galaxies at z ∼ 1–3. They provided 52 CO detections

in galaxies with log10M⋆/ M⊙ > 10.4 and log10 SFR/( M⊙ yr−1)

> 1.5. The galaxies were selected to sample the complete range of

star formation rates within the aforementioned stellar mass limit,

ensuring a relatively uniform sampling of the MS. They infer av-

erage gas fractions of fgas ∼ 0.33 at z ∼ 1.2 and ∼0.47 at z ∼ 2.2

for the given masses, and an overall drop in fgas with M⋆ at a given

redshift.

Both the observed and the simulated galaxy sample are incom-

plete and the comparison between the two has to be interpreted

with caution. Comparing the Tacconi et al. (2013) measurements

with our simulations, we find that galaxies in the simulations have

an average gas deficit at a given stellar mass of 20–40 per cent in

comparison with the observations. However, at a given sSFR, we

find good agreement between observations and simulations (Fig. 1).

Tacconi et al. (2013) inferred an average depletion time tdep = 700

± 200 Myr at z = 1–3, which may be slightly larger than our es-

timate of ∼480 Myr from the simulations. The good agreement is

found because at a given M⋆, the SFR in the simulations is also

underestimated by a similar multiplicative factor as the gas density.

We conclude that although the simulated galaxies may evolve a bit

ahead of cosmic time, they nevertheless reproduce the qualitative

trends seen in the observations.

4 THE STAR-FORMING MAIN-SEQU ENCE

In this section, we identify the MS in the simulations and determine

the strong systematic time evolution of its ridge and its weak mass

dependence, sSFRMS(M⋆, z). We are motivated by the hypothesis

that the sSFRMS(M⋆, z) roughly follows the average specific accre-

tion rate of mass into dark matter haloes, and test this hypothesis.

After obtaining the best-fitting MS in the simulations, we compare

it with observations.

4.1 Definition of the MS in the simulations

The average specific accretion rate of mass into haloes of mass Mh

at z can be approximated by an expression of the form

Ṁh

Mh

≃ sh M
β

12 (1 + z)μ , (4)

where M12 = Mh/1012 M⊙. In the �CDM cosmology in the

Einstein–deSitter regime (valid at z > 1), simple theoretical ar-

guments show that μ → 5/2 (see Dekel et al. 2013). Neistein &

Dekel (2008) showed that, for the �CDM power spectrum slope on

galactic scales, β is small, β ≃ 0.14. An appropriate value for the

normalization factor sh provides a match better than 5 per cent at

z > 1 to the average evolution in cosmological N-body simulations

(Dekel et al. 2013).

To constrain the evolution of the MS ridge with cosmic time, we

adopt for the sSFR the same functional form as in equation (4),

sSFRMS(M⋆, z) = sb

(

M⋆

1010 M⊙

)β

(1 + z)μ Gyr−1. (5)

The three free parameters (sb, β, and μ) are not independent of each

other. In particular, the time evolution of galaxies is characterized

by both β (stellar mass dependence) and μ (redshift evolution).

We therefore assume β = 0.14 and μ = 5/2, i.e. the values of

the specific halo mass accretion rate. This choice of β and μ is

motivated by our data. Fitting β in bins of redshift (bins of 0.5 in

the range z = 6–3), we find as best-fitting β = 0.12 ± 0.06. Using

β = 0.12 and fitting μ, we find μ = 2.5 ± 0.6.

Since we adopt β = 0.14 and μ = 5/2, the only free parameter in

the MS scaling is the overall normalization which we parametrize

with sb. We determine sb by a least-square fit to log10sSFR using

all the snapshots in the redshift range 6–3 for all the galaxies in

our sample, excluding all galaxies that are below the 16 per cent-

percentile or above the 84 per cent-percentile at a given redshift,

thus focusing on the inner ±1σ about the median. The choice of

this redshift range is motivated by the fact that all of our galaxies

in the range z = 6–3 are star forming. We find sb = 0.046 ± 0.002.

Alternatively, if we replace the redshift cut by a cut in stellar surface

density within the inner 1 kpc, 
M⋆,1 kpc < 109 M⊙, as in Zolotov

et al. (2015), we obtain a value of sb that is consistent within the

uncertainty with the above value, which we adopt here.

Fig. 2 shows the evolution of the best-fitting MS ridge in the

simulations. The left-hand panel shows the MS ridge with solid

lines at redshifts z = [1.0, 2.0, 3.0, 4.0, 5.0, 6.0], indicated by the

different colours following the colour bar. The individual points

refer to all the snapshots of all the sample galaxies at redshifts 1 ≤ z

≤ 6. The right-hand panel of Fig. 2 shows the universal MS, namely

all snapshots after scaling the sSFR according to the scaling of the

MS ridge. The figure thus shows the distance of each galaxy from

the MS ridge, 
MS = log10(sSFR/sSFRMS). The grey shaded area

indicates a scatter of ±0.3 dex, indicative of the scatter of the MS.

Two low-mass galaxies become sub-MS at z ∼ 4–3 and then

return to the MS (galaxies 10 and 24). These galaxies live through

a short (<200 Myr) phase of nearly no accretion of gas that reduces

their SFR significantly. This quenching attempt is terminated by a

sudden accretion of fresh gas, usually initiated by a merger. This

brings the galaxy back into the MS within less than 400 Myr. Such

episodes of quenching attempts seem to occur more frequently in

low-mass galaxies at high-z, but they are rare above the mass thresh-

old adopted for the sample analysed in this paper (Section 2.3).

At later epochs (z � 2), for several galaxies, the quenching pro-

cess is continuous over several 100 Myr up to several Gyr, indicat-

ing a successful quenching as opposed to a short-term quenching

attempt at high-z. Only three galaxies fall 1 dex below the MS by

z = 1, i.e. quench their star formation substantially. When these

galaxies fall below the MS, their stellar mass roughly stays constant.

As mentioned in Section 2.2, full quenching to very low sSFR is not

reached because the feedback may still be underestimated (e.g. the

adiabatic phase of supernova feedback is not resolved, and AGN

feedback is not yet incorporated). However, 12 out of our 26 galax-

ies drop to more than 1σ below the MS ridge by z = 1, and all are

continuously moving downward in 
MS for the last several Gyr,

indicating that they are in a long-term quenching process.

4.2 Comparison of the MS in the simulations with

observations

Fig. 3 compares the sSFR amplitude of the MS ridge from the sim-

ulations with the one deduced from observations (Lilly et al. 2013;

Speagle et al. 2014; Schreiber et al. 2015) for two different stellar

masses. Our simulations, the red curves, show the best-fitting MS

introduced above (equation 5), extrapolated to masses and redshifts

beyond what we actually have in the simulations (e.g. we do not

have any 1011 M⊙ galaxies at z > 2 in the simulations). The Lilly

et al. (2013) line is based on best fit to the cumulated data of Noeske

et al. (2007a), Elbaz et al. (2007), Daddi et al. (2007), Pannella et al.

(2009), and Stark et al. (2013). The line of Speagle et al. (2014) uses

a compilation of 25 observational studies from the literature out to

MNRAS 457, 2790–2813 (2016)
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2796 S. Tacchella et al.

Figure 2. Evolution of the MS in the simulations and the universal MS. The colour refers to redshift according to the colour bar. Left-hand panel: sSFR as a

function of stellar mass M⋆. The individual points show the galaxies from the simulations at different redshifts (z = 6–1). The solid lines show the evolution

of the MS ridge sSFRMS (equation 5). Right-hand panel: the universal MS, i.e. the distance from the MS ridge, 
MS ≡ log10(sSFR/sSFRMS), as a function of

M⋆ and z. The solid line marks the MS ridge and the grey shaded region indicates the ±0.3 dex scatter of the MS. The simulations recover the confinement to

a narrow MS, with a bending down at the massive end at late times.

Figure 3. Comparison of the sSFR in the MS ridge from the simulations

with observations for galaxies at two mass bins (log10M⋆/ M⊙ ≃ 10.5 in

the left- and extrapolated to 11.5 in the right-hand panel). The red solid

line shows the MS ridge from our simulations, i.e. the best-fitting sSFRMS

(equation 5). The blue dashed–dotted, green dashed, and purple dotted lines

show the best-fitting MS ridges of the observations by Lilly et al. (2013),

Speagle et al. (2014), and Schreiber et al. (2015), respectively. The shade

regions enclosing the lines of the observations with a 0.3 dex width show the

approximate observational uncertainties. At z ∼ 2, the simulations match

the observations in the high-mass end, but they are an underestimate by

0.3 dex for the lower masses.

z ∼ 6. After converting all observations to a common set of calibra-

tions, they find a remarkable consensus among MS ridge observa-

tions, with ∼0.1 dex for the 1σ interpublication scatter. Schreiber

et al. (2015) presented an analysis of the deepest Herschel images

obtained within the GOODS-Herschel and CANDELS-Herschel

key programs. This allowed them to measure SFR based on di-

rect ultraviolet and far-infrared ultraviolet-reprocessed light and to

determine the evolution of the MS at z = 0–4.

In Fig. 3, at high masses (right-hand panel), the MS from observa-

tions and our simulations are consistent, especially at intermediate

redshifts, z ∼ 1–3. The differences at higher redshifts may reach the

levels of ∼0.3 dex, i.e. of the same level as potential systemic errors

in both SFR and M⋆ deduced from observations, and comparable to

the difference between the different compilations of observations.

At lower masses (left-hand panel), the MS of the simulations is in

less good agreement with observations, especially at z = 1–3, where

the simulations lie 0.2–0.4 dex below the observational estimates.

The larger difference towards lower stellar masses between the

MS of the simulations and the observations can be partly explained

by a difference in the logarithmic slope of the mass dependence:

β = 0.14 for our simulations (and the dark matter haloes; e.g.

Neistein & Dekel 2008), where βobs ∼ −0.1 to 0.0 in the obser-

vations (e.g. Schreiber et al. 2015). This small difference may be

relevant for some physical processes (e.g. Bouché et al. 2010), but

for our purpose, given the rather limited mass range in our simulated

sample, it does not make a difference for the nature of the evolution

about the MS. Despite these differences between observed and sim-

ulated MS, we hypothesize that a qualitative study of the physical

processes governing the evolution of galaxies with respect to the

MS ridge can be meaningful once treated self-consistently using the

MS as defined in the simulations above.

As noted before, the cosmological rates of evolution of the aver-

age observed and simulated sSFR are consistent with the average

specific accretion rate of mass into haloes as expressed in equa-

tion (4) (Bouché et al. 2010; Dekel et al. 2013; Lilly et al. 2013).

However, there are certain differences between these two quanti-

ties. The sSFR (with sb ≈ 0.046 Gyr−1) appears to be somewhat

higher than the specific halo mass accretion rate (sAR, with sh ≈
0.03 Gyr−1, as measured from another set of simulations in Dekel

et al. 2013) over a wide range of redshifts, indicating a factor of

∼1.5 shorter e-folding time for the build-up of stars compared with

that of the dark matter haloes. This is consistent with predictions

from a bathtub toy model by Lilly et al. (2013) and Dekel & Man-

delker (2014) that predict sSFR ∼ 1/fstar sAR ∼ 1.5 sAR at high z,

where fstar is the mass fraction retained in long-lived stars after stel-

lar mass loss. Furthermore, Lilly et al. (2013) pointed out that the

difference in β between the sAR and the sSFR could be a result of
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Evolution about the main sequence ridge 2797

the curvature in the fstar(M⋆) relation that can itself be traced to the

curvature in the mass–metallicity relation. Nevertheless, the mass

dependence is rather weak either way, and it has only a secondary

effect on our current study.

4.3 Scatter of the MS

Observations typically reveal a MS scatter of σ MS ≃ 0.3 dex (e.g.

Noeske et al. 2007a; Rodighiero et al. 2011; Whitaker et al. 2012;

Schreiber et al. 2015). Clearly, the measured scatter depends on the

exact selection criteria for the SFGs as well as on the uncertainties

in the stellar mass and SFR indicators.

As discussed by Speagle et al. (2014), each MS observation is

measured within a predefined redshift window. Because of this, the

observed scatter about the MS, σ MS, is actually the intrinsic scatter

about the MS convolved with the MS’s evolution within the given

time interval. The σ MS measured from the observations are therefore

overestimates. Speagle et al. (2014) deconvolved the observed scat-

ter by using their best fits to approximate the MS evolution within

each time interval, and subtracted this evolution from the observed

scatter. Furthermore, the observation-induced scatter is also taken

into account. They find that the true, observation-corrected scatter

is estimated to be ∼0.2–0.3 dex, respectively. They find the scatter

to be roughly constant with cosmic time.

In the simulations, we can directly measure the true scatter about

the MS. We measure a scatter of σ MS = 0.27 ± 0.01 dex for z

= 3–6 (error obtained from bootstrapping), i.e. consistent with the

observational estimates. We find a weak trend with cosmic time: the

scatter increases from 0.25+0.02
−0.01 dex at z ∼ 5 to 0.31 ± 0.01 dex at

z ∼ 3. This may reflect more contamination by quenching galaxies

at lower redshifts, leading to a bend of the MS downwards at the

massive end.

5 G ALAXY PROPERTI ES AC RO SS THE MS

In this section, we measure galaxy properties in the simulations as

they evolve along and across the MS. We attempt to correlate the

galaxy migration above and below the MS ridge with the major

events of compaction, depletion, and quenching during the galaxy’s

evolution. We first look at a few galaxies individually. Afterwards,

we determine gradients across the MS from all galaxies in the

simulations and compare them with recent observations by Genzel

et al. (2015). Finally, we investigate the time-scale for the oscillation

along the MS ridge by conducting a Fourier analysis.

5.1 Individual galaxies

In Figs 4–6, we show the evolution of gas density within the central

1 kpc (ρgas, 1), the overall gas to stellar mass ratio within the galaxy

(fgs = Mgas/M⋆), and the depletion time (tdep; equation 3), for eight

galaxies along the MS. In the three figures, we plot the distance

from the MS, 
MS = log10(sSFR/sSFRMS), as a function of stellar

mass, M⋆. The grey vertical line indicates the stellar mass when

the galaxy’s halo reaches Mvir = 1011.5 M⊙, argued to mark the

threshold halo mass for virial shock heating and thus long-term

quenching (Dekel & Birnboim 2006; Zolotov et al. 2015).

Figure 4. Evolution of galaxy properties along and across the MS for eight simulated galaxies. Each panel shows the distance from the MS 
MS =
log10(sSFR/sSFRMS) as a function of M⋆. The number in the upper left-hand corner shows the identification number of the galaxy (see Table 1). The upper

panels show four examples of low-mass galaxies, while the lower panels show examples of high-mass galaxies. The stars mark the redshifts z = 6, 4, and 2

from left to right. The colour coding corresponds to the gas density within the central 1 kpc, ρgas, 1, corrected for the systematic dependence on z and M⋆ using

f(z) = ξ + ζ log10(1 + z) and g(M⋆) = η + γ (log10(M⋆) − 10.5), see Section 5.2 and Appendix C. The grey vertical line indicates the stellar mass at the time

when the galaxy’s halo mass has reached Mvir = 3 × 1011 M⊙, above which quenching is expected to be more likely. Galaxies at the top of the MS have about

an order of magnitude higher ρgas, 1 than at the bottom of the MS.

MNRAS 457, 2790–2813 (2016)
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2798 S. Tacchella et al.

Figure 5. Same as Fig. 4, but the colour coding indicates the gas to stellar mass ratio fgs corrected to take out the overall z evolution and M⋆ dependence (f(z)

and g(M⋆)). Galaxies at the top of MS tend to be more gas rich, whereas galaxies at the bottom are typically gas poor.

Figure 6. Same as Fig. 4, but the symbol size indicates the depletion time (tdep = Mgas/SFR) corrected to take out the overall z evolution and M⋆ dependence

(f(z) and g(M⋆)). Galaxies at below the MS ridge tend to have longer depletion times than galaxies above it.
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Evolution about the main sequence ridge 2799

Table 2. List of best-fitting parameters for the gradients across the MS (Figs 7 and 8) in comparison with the values of observations. Last column shows the

Pearson’s correlation coefficient rPearson.

z-dependence M⋆-dependence 
MS-dependence rPearson

f(z) = ξ + ζ log10(1 + z) g(M⋆) = η + γ (log10M⋆ − 10.5) Q = α + δ 
MS

ξ ζ η γ α δ

This work

ρgas, 1 +7.28 ± 0.12 +0.30 ± 0.21 +0.31 ± 0.05 +0.36 ± 0.04 −0.06 ± 0.02 +0.83 ± 0.04 0.57 ± 0.02

Mgas +10.21 ± 0.09 −1.71 ± 0.15 +0.28 ± 0.03 +0.32 ± 0.03 +0.00 ± 0.01 +0.48 ± 0.03 0.53 ± 0.02

fgs −1.31 ± 0.06 +1.63 ± 0.10 −0.13 ± 0.02 −0.15 ± 0.02 +0.02 ± 0.01 +0.54 ± 0.02 0.70 ± 0.02

tdep −0.19 ± 0.07 −0.39 ± 0.11 −0.17 ± 0.02 −0.19 ± 0.02 +0.02 ± 0.01 −0.43 ± 0.02 −0.51 ± 0.03


M⋆,1 +10.26 ± 0.13 −2.73 ± 0.22 +0.43 ± 0.04 +0.49 ± 0.04 −0.06 ± 0.01 −0.12 ± 0.04 −0.12 ± 0.02

Re +0.70 ± 0.06 −1.03 ± 0.10 −0.03 ± 0.02 −0.04 ± 0.02 +0.04 ± 0.01 +0.03 ± 0.02 0.05 ± 0.02

n +0.75 ± 0.09 −0.57 ± 0.14 +0.12 ± 0.03 −0.12 ± 0.03 +0.17 ± 0.01 +0.16 ± 0.03 0.17 ± 0.02

Observationsa

fgs +2.68 ± 0.05 −0.37 ± 0.04 +0.49 ± 0.03

tdep −0.34 ± 0.05 +0.01 ± 0.03 −0.49 ± 0.02

Note. aData taken from tables 3 and 4 (global fits) of Genzel et al. (2015).

Since we wish to quantify the gradients of ρgas, 1, fgs, and tdep

across the universal MS, we have to correct for their intrinsic cosmic

time evolution. For example, we saw in Section 3 that the gas content

of a galaxy is a strong function of redshift and stellar mass. Since

we follow a galaxy sample through cosmic time, the time evolution

is naturally associated with growth of stellar mass. We quantify this

evolution with cosmic time and stellar mass in detail in Section 5.2

and in Appendix C. Briefly, we determine the average evolution

by the functions f(z) = ξ + ζ log10(1 + z) and g(M⋆) = η +
γ (log10(M⋆) − 10.5) deduced for the quantity of interest from all

galaxies that lie close to the MS ridge (|
MS| < 0.15), assuming

that f(z) and g(M⋆) are independent from each other. The best-fitting

parameters can be found in Table 2. We then divide all individual

measurements by f(z) and g(M⋆).

The eight example galaxies shown in Figs 4–6 are prototypical

for two mass bins at z = 2: the upper four galaxies (11, 14, 25, 27)

belong to the low-mass bin (log10M⋆/ M⊙ < 10.2), while the lower

four (07, 12, 26, 29) are from the high-mass bin (log10M⋆/ M⊙
> 10.2). We caution that the galaxies which are in a certain mass

bin at z = 2 are not necessarily in the same mass bin at all times.

We make this division in order to differentiate more evolved versus

less evolved galaxies at a certain epoch, motivated by the finding

of Zolotov et al. (2015) that more massive galaxies at z = 2 tend to

quench earlier and more decisively.

The first insight from these plots is that the individual galax-

ies tend not to be super-MS or sub-MS at all times; they evolve

through super-MS and sub-MS phases. Most galaxies actually os-

cillate around the MS on time-scales of ∼0.4tH, where tH is the

Hubble time at that epoch. This corresponds to ∼0.6–1.3 Gyr at

z = 4–2. The more evolved galaxies, of higher masses at a given

redshift, show fewer oscillations, one or two major compaction

events followed by a decisive quenching. We investigate this fur-

ther by performing a Fourier analysis in Section 5.5. Furthermore,

we explore in Appendix B how the results based on a higher tem-

poral resolution of snapshots compare with the results based on our

standard resolution in Appendix B. In Fig. B1, we plot the evolution

of six simulated galaxies (11, 12, 14, 25, 26, and 27) along the MS

with high (upper panels) and standard (lower panels) temporal res-

olution. This figure confirms that the standard temporal resolution

(steps of 100 Myr) traces the main features as well as the short-term

fluctuations.

All galaxies evolve through certain sub-MS phases. At high

redshifts, when the galaxy lives in a halo of relatively low mass

(Mvir < 1011 M⊙), these are only quenching attempts, i.e. the galaxy

depletes some of its gas content and remains below the MS ridge

for some time, but it quickly regains its position near or even above

the MS ridge. This can be explained by fresh gas that flows through

the halo into the galaxy, replenishing the gas in the disc, leading

to a new compaction event and renewed star formation. Only after

the galaxy’s halo reaches a critical virial mass of Mvir � 1011.5 M⊙,

and at late enough redshifts, the quenching process may continue for

many 100 Myr up to several Gyr, allowing a successful quenching

as opposed to a short-term quenching attempt at high-z.

Focusing first on the colour gradients in Fig. 4, we find that all

eight galaxies show a strong positive correlation between 
MS and

ρgas, 1. Galaxies on the upper envelope of the MS have about an

order of magnitude higher central densities than galaxies below the

MS, i.e. they are star forming, compact blue nuggets, in which the

central stellar density is soon to reach its peak value. Fig. 5 shows

that galaxies on the upper envelope of the MS tend to have a higher

gas to stellar mass ratio than galaxies at the lower envelope. In

Fig. 6, we see that galaxies at the top of the MS typically have a

short tdep of ∼300 Myr. On the other hand, galaxies at the bottom

of the MS tend to have a longer tdep of up to ∼1 Gyr. Quenching

galaxies all have low values of ρgas, 1 (<106 M⊙/kpc3), low values

of fgs (<0.1), and long depletion times tdep (>2 Gyr).

5.2 Overall population

5.2.1 Gas-related gradients

The trends in Figs 4–6 are studied more quantitatively in this section.

We extend the focus from a few galaxies to all the 26 simulated

galaxies of this study. Fig. 7 shows from top to bottom the central

gas density within 1 kpc (ρgas, 1), the total gas mass (Mgas), gas to

stellar mass ratio (fgs), and depletion time (tdep), corrected for the

z-dependence and M⋆-evolution, as a function of the distance from

the MS ridge (
MS) for all galaxies at z = 1–6.

We have corrected for the systematic time evolution of galaxies

near the MS ridge because these key quantities may also evolve

with cosmic time. In the simulations, we follow individual galaxies

through cosmic time. This leads to a degeneracy between the redshift

MNRAS 457, 2790–2813 (2016)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/4
5
7
/3

/2
7
9
0
/2

5
8
8
9
1
7
 b

y
 U

ls
a
n
 N

a
tl In

s
t o

f S
c
ie

n
c
e
 &

 T
e
c
h
n
o
lo

g
y
 u

s
e
r o

n
 1

9
 J

u
ly

 2
0
2
1



2800 S. Tacchella et al.

Figure 7. Gas-related galaxy properties across the MS. Shown from top to

bottom are the gas mass within 1 kpc, total gas mass, gas mass to stellar

mass ratio, and depletion time as a function of the distance from the MS


MS. The quantities are corrected for the systematic dependence on z and

M⋆. Linear regression lines are shown (green lines), and the correlation

coefficients are quoted. The colour coding corresponds to stellar mass. The

red dashed line and the shaded region show the best fit and its uncertainty of

the observations by Genzel et al. (2015), indicating an excellent agreement

with the gradients in the simulations. For the uncorrected quantities as well

as the systematic dependence on redshift and stellar mass see Fig. C1.

and the mass evolution, since all galaxies increase their mass with

decreasing redshift. To correct for the cosmic time evolution, we

first fit the z-evolution of the galaxies that are near the MS ridge,

|
MS| < 0.15. Varying the threshold for |
MS| between 0.05 and

0.20 dex has no noticeable effect on the fits. After correcting for the

z-evolution, we fit the M⋆-dependence. In this procedure, we assume

that the cross-terms between z-evolution and M⋆-dependence are

negligible, i.e. we can practically determine them independently of

each other.

In Appendix C, Fig. C1, we show a more extended version of

Fig. 7. In the left-hand panels, we show the uncorrected quantities.

In the middle left-hand and middle right-hand panels, we show the

z-dependence and M⋆-dependence, respectively. The most right-

hand panels show the corrected quantities, i.e. the same as shown

in Fig. 7. We find a steep redshift evolution (f(z) = ξ + ζ log10

(1 + z)) for Mgas and fgs with ζ = −171 ± 0.14 and +1.63 ± 0.17,

respectively. For ρgas, 1 and tdep, the z-evolution is much shallower

with ζ = +0.30 ± 0.26 and −0.39 ± 0.19, respectively. Table 2

lists the best-fitting values. Following the z-correction, we fit the

M⋆-dependence with the relation g(M⋆) = η + γ (log10(M⋆) − 10.5).

We find γ = +0.36 ± 0.05, +0.32 ± 0.03, −0.15 ± 0.03, and −0.19

± 0.03 for ρgas, 1, Mgas, Mgas/ M⊙, and tdep, respectively (Table 2).

In Fig. 7, we fit each of the corrected quantities Q with Q = α +
δ 
MS, which is shown as a green line. We find δ = +0.83 ± 0.03,

+0.48 ± 0.02, +0.54 ± 0.02, and −0.43 ± 0.02 for ρgas, 1, Mgas, fgs,

and tdep, respectively (Table 2). Interestingly, the gradient of ρgas, 1

across the MS is the steepest, and the correlation is strongly positive

(Pearson’s correlation coefficient r = 0.57). This demonstrates that

galaxies above the MS ridge have a significantly higher central gas

density than galaxies below it: going from 
MS = 0.5 dex below

the MS ridge to 0.5 dex above it, we find that ρgas, 1 increases by

nearly an order of magnitude. The gradients across the MS for the

other quantities are very similar to each other (a slope of ∼0.5) with

|r| ∼ 0.5–0.7.

Putting it all together, as seen by comparing Fig. 4 to Figs 5

and 6, the gradients across the MS are intimately related to the

galaxy evolutionary phases of compaction to a blue nugget followed

by central gas depletion and quenching. Galaxies above the MS

are compact, gas-rich systems with high SFRs and short depletion

times, whereas galaxies below are either more diffuse or depleted

from central gas, of lower SFR and longer depletion times.

5.2.2 Stellar-structure gradients

In this section, we investigate stellar-structure gradients across the

MS. We follow the approach used before for the gas-related gra-

dients. Fig. 8 shows from top to bottom the central stellar mass

surface density within 1 kpc (
M⋆,1), the half-mass radius (Re), and

the Sérsic index (n), corrected for their systematic variations with

redshift and with stellar mass, as a function of distance from the MS

ridge (
MS) for all galaxies and snapshots at z = 6–1. As before,

we show in Appendix C, Fig. C2, a more extended version of Fig. 8,

including the uncorrected quantities, and how we gradually account

for the z-evolution and then the M⋆-dependence. The best-fitting

values for the dependences on z and on M⋆, as well as the gradients

across the MS, are listed in Table 2.

In Fig. 8, the green lines show the linear regressions of the cor-

rected quantities. They are much flatter in comparison with the gas-

related gradients from above. We find δ = −0.12 ± 0.04, +0.03

± 0.02, and +0.16 ± 0.03 for 
M⋆,1, Re, and n, respectively. Fur-

thermore, all three stellar structure quantities are not significantly
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Figure 8. Stellar-structure properties across the MS. Shown from top to

bottom are the surface mass density within 1 kpc (
M⋆,1), the half-mass

radius (Re), and the Sérsic index (n), corrected for their systematic depen-

dence on redshift and stellar mass, versus the deviation from the MS ridge

(
MS). Linear regression lines are shown (green lines), and the correlation

coefficients are quoted. The colour coding corresponds to stellar mass. We

see no significant systematic gradients across the MS. For the uncorrected

quantities as well as the systematic dependence on redshift and stellar mass

see Fig. C2.

correlated with the distance from the MS: the Pearson’s correlation

coefficient is |r| < 0.20.

5.3 Gradients across the MS in observations

Genzel et al. (2015, hereafter G15) present CO-based and Herschel

dust-based scaling relations of tdep and of fgs as a function of redshift,


MS and M⋆, for each of ∼500 SFGs between z ∼ 0 and 3. The

best-fitting relations are spelled out in Table 2.

Focusing first on fgs, we find a very similar scaling with z and

M⋆ in the simulations: G15 finds as best fit for the z-dependence,

combining CO and dust data,4 ζ = +2.68 ± 0.05 (+2.71 for the

CO data and +2.32 for the dust data, respectively), which is slightly

larger than our value of ζ = +1.63 ± 0.10. For the M⋆-dependence,

G15 find γ = −0.37 ± 0.04 (−0.35 for the CO data and −0.40

for the dust data, respectively), also slightly larger than our value

of γ = −0.15 ± 0.02. However, despite these different scalings

with z and M⋆, the obtained gradient across the MS is in very good

agreement: G15 determined the gradient of fgs to be δ = 0.49 ± 0.03

(0.53 for the CO data and 0.36 for the dust data, respectively), while

we measure a value of δ = 0.54 ± 0.02. In Fig. 7, the best-fitting

line of G15 and its uncertainty are indicated as a red dashed line

and as a red shaded area.

Focusing now on tdep, we find an even better agreement between

the z-dependence and M⋆-dependence of G15 and ours. For the

z-dependence, G15 find ζ = −0.34 ± 0.05 (−0.20 CO, −0.77

dust), while we find ζ = −0.39 ± 0.11. For the M⋆-dependence,

G15 find γ = +0.01 ± 0.03 (−0.01, 0.00), while we find γ =
−0.19 ± 0.02. For the tdep gradient across the MS, G15 deter-

mines δ = −0.49 ± 0.02 (−0.43, −0.59), while we find δ =
−0.43 ± 0.02, i.e. our values are consistent within the systematic

uncertainty.

Wuyts et al. (2011) analyse the dependence of galaxy structure

(size and Sérsic index) on the position of the galaxies with respect

to the MS ridge at z = 0–2. They performed the structural mea-

surements on the light at the longest wavelength, high-resolution

imaging, i.e. on z850, I814, and H160, which are rest-frame UV to

optical at z ∼ 2. At z ∼ 2, they find no significant gradient of

galaxy size across the MS (
MS = −1.0 to 1.0). When galaxies lie

more than two orders of magnitudes below the MS, i.e. quiescent

galaxies, the sizes decrease by ∼0.2 dex. The Sérsic index also

tends to be roughly the same, n ∼ 1, between 
MS = −1.0 and

1.0, i.e. there is no significant gradient of n across the MS. Again,

when the galaxies are two orders of magnitude below the MS ridge,

the Sérsic index increases to n ≈ 4.0. Our simulations show the

same null gradients in size and Sérsic index about the MS ridge.

As shown in Tacchella et al. (2015c), for simulated galaxies that

evolve along the MS ridge, the Sérsic index increases from n ∼ 1–2

at early times and low stellar masses (z � 2.5, M⋆ < 1010 M⊙) to

n ∼ 4 at later times and higher masses. Massive galaxies that leave

the MS have typically a high Sérsic index of n ∼ 4. In comparison

to observations, where also the most massive galaxies on the MS

have n ∼ 2–3, it is important to consider that these measurements

were performed on the UV and optical light, i.e. not on the mass

as done in the simulations. Light-based profiles are indeed shal-

lower, i.e. have a lower Sérsic index, as the mass-based profiles,

largely due to star-forming clumps in in the outskirts (Carollo et al.

2014; Tacchella et al. 2015a). Furthermore, since we do not trace

many galaxies well below the MS, we cannot address here totally

quenched galaxies.

Overall, we find excellent agreement between observations and

our simulations for the gradients across the MS, despite the different

gas fraction estimates for a given M⋆ (as discussed in Section 3).

This indicates that the overall trends across the MS are robust, and

that the intimate connection with the evolution through compaction,

4 For the global combined CO+dust fit, G15 first added 0.1 dex to all CO

values, and likewise subtracted 0.1 dex for all dust values before carrying

out the global fit, in order to bring the two data sets to the same zero-point.

The values which we quote in the brackets are for the individual fits to the

CO and dust data.
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2802 S. Tacchella et al.

depletion, and quenching, and through phases of blue nuggets, is

qualitatively solid.

5.4 Driver of the MS gradients

To understand the aforementioned gradients across the MS, we

study the gas flow in the galaxies in more detail. In particular, we

focus on the balance between the gas inflow rate (input term) and

SFR plus gas outflow rate (drainage term). We expect galaxies that

move upward on the MS, i.e. towards the blue nugget phase, are

in an episode of compaction, where the central gas mass increases

due to a high inflow rate and low outflow rate. On the other hand,

in the post-compaction phase, we expect the opposite, namely, that

the inflow rate is outweighed by SFR plus outflow rate.

We investigate in Fig. 9 the relation between the rate of change of

distance from the MS, 
̇MS, and the balance between the input term

and drainage terms of gas in the central 5 kpc, namely log10B5 kpc =
log10[inflowrate/(SFR + outflow rate)]. Varying the radius consid-

ered between 3 and 10 kpc does not change the result significantly.

We have chosen 5 kpc as our fiducial scale since it best captures

what happens within the galaxies towards their centres. A too large

radius would only capture the gas exchange between the halo and

the galaxy, and a too small radius would not capture whole extend of

the inflow towards the galaxies’ centres. In Tacchella et al. (2015c),

where we focus on the evolution of the surface density profiles,

we find that the gas cusp of the compaction phase can reach out to

2–3 kpc. We have therefore chosen a slightly larger radius. Fig. D1

in Appendix D we split the balance term log10(B5 kpc) into inflow

rate, outflow rate, and SFR, each measured within the central 5 kpc.

Figure 9. In the main, large panel, we plot the rate of change of the dis-

tance from the MS, 
̇MS, as a function of the balance of gas input and

drainage within 5 kpc, log10(B5 kpc) = log10(inflowrate/(SFR + outflow

rate)). The colour coding corresponds to the position on the MS, 
MS. We

see a significant correlation between 
̇MS and log10B5 kpc with rPearson =
0.54. The solid line shows the best fit with 
̇MS = (0.00 ± 0.07) + (5.5 ±
0.3) log10(B5 kpc). This shows that galaxies that are moving up towards the

upper edge of the MS are inflow dominated (compaction phase) whereas

galaxies that are moving down towards the lower edge of the MS are de-

pleted due to star formation and outflows while the inflow is suppressed

(central quenching phase). In Fig. D1 in Appendix D we split the balance

term log10(B5 kpc) into inflow rate, outflow rate, and SFR.

During ∼70 per cent of the time, this quantity is close to

0 (|log10B5 kpc| < 0.3), i.e. inflow rate ≈ SFR + outflow rate.

However, there are episodes (lasting about 20 per cent of the time)

which are inflow dominated (log10 B5 kpc � 0.3 dex). The central

gas density ρgas, 1 increases quickly (<300 Myr) from 107 M⊙ to a

few times 108 M⊙, i.e. this corresponds to dissipative, quick com-

paction phases of the galaxy gas into a compact, star-forming blue

nugget (Zolotov et al. 2015). Dekel & Burkert (2014) addressed the

formation of blue nuggets by wet compaction using as an example

the contraction associated with VDI. They applied the requirement

that for the inflow to be dissipative and therefore intense, the char-

acteristic time-scale for star formation should be longer than the

time-scale for inflow, namely corresponding to log10B5 kpc > 0. Oth-

erwise, 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.

In the inflow-dominated phase, when the inflow rate is outweigh-

ing the SFR plus outflow rate in the centre, the rate of change of

the distance from the MS, 
̇MS, is positive, i.e. galaxies are mov-

ing up in the 
MS–M⋆ plane of the universal MS (Fig. 2). Most of

these galaxies are below or just on the MS (
MS � 0). There are a

few snapshots (<3 per cent) which are inflow dominated, but where


̇MS < 0. In these cases, the galaxies are on the upper envelope of

the MS (
MS ∼ 0.3), i.e. they have reached the peak in the universal

MS plane and are starting to move downwards.

The inflow-dominated phases are followed by phases where

log10 B5 kpc � −0.3 dex, where the high SFR and the strong out-

flows, driven by the high SFR and stellar feedback, outweigh the

inflow. This sudden suppression of the inflow at the end of the

compaction process happens when the gas disc has shrunk and has

not yet been replenished. This is the onset of a central depletion

and therefore quenching phase, where the galaxies fall below the

MS ridge (
̇MS < 0). As mentioned before, in low-mass haloes at

sufficiently high redshifts, these are only quenching attempts, since

gas quickly replenishes the disc. This gas is then available to be

triggered into a new episode of compaction and high SFR, which

causes a subsequent quenching event, and so on. Full quenching of

up to several Gyr into low sSFR significantly below the MS can

be achieved preferentially at late redshifts, when the replenishment

time is longer than the depletion time, and in particular after the

galaxy’s halo reaches a critical virial mass of Mvir � 1011.5 M⊙,

corresponding to a stellar mass of ∼109.5 M⊙.

Overall, we find that the gas input and drainage within 5 kpc is

strongly correlated with the rate of change of the distance from the

MS (rPearson = 0.54). From Fig. D1 in Appendix D, we see that the

individual rates are correlated to a lesser degree than the combined

balance term B5 kpc. The outflow rate and SFR are moderately cor-

related with 
̇MS (rPearson = −0.32), while the inflow rate is not

correlated with 
̇MS.

5.5 Oscillation time-scale

As discussed before, galaxies oscillate about the MS ridge. To esti-

mate the characteristic time-scales for these oscillations more quan-

titatively, we define the Fourier transform of the displacement from

the MS ridge for each of the galaxies individually:

A
MSk
=

2

n

n−1
∑

m=0


MSm
exp

(

−2πi
mk

n

)

, (6)

where n is the total number of snapshots available for a given galaxy

in the redshift range z = 7–3.
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Evolution about the main sequence ridge 2803

Figure 10. Fourier spectrum of the time for oscillations about the MS.

The black line shows the median Fourier spectrum of all simulated galaxies

and the shaded area marks the 16 and 84 percentiles. The blue and orange

dashed lines refer to the low- and high-mass subsamples. The green dashed

line refers to the six galaxies for which we have thin time steps available.

The x-axis at the bottom is in units of inverse scale factor a−1, whereas the

top axis is in units of cosmic time. The broad, global peak indicates that

the time-scale for the dominant oscillation is ∼0.2–0.5tH. The peak for the

low-mass galaxies at 0.43tH is narrower.

The median of the resulting Fourier spectrum over all galaxies is

shown in Fig. 10 as a black solid line. Also shown as dashed blue

and orange lines that are low- and high-mass galaxies, respectively.

We find that the main period is ∼0.2–0.5tH for a full oscillation

for galaxies evolving along the MS. The low-mass galaxies show

a clear, narrow peak at ∼0.43tH. This corresponds to ∼0.4 Gyr at

z = 6, and to ∼0.9 Gyr at z = 3. The spectrum for the high-mass

galaxies is broader with a robust peak in the range 0.2–0.5tH.

The green dashed line in Fig. 10 shows the Fourier spectrum for

the high temporal resolution. We see that there is more power on

small time-scale fluctuations, as expected, but the peak at ∼0.2–

0.5tH is confirmed. This is much longer than the dynamical time of

the galaxy which is of the order of 30 Myr, i.e. the star formation

recipe or the feedback prescription used in these simulations do not

drive the evolution about the MS ridge.

6 T H E O R I G I N O F C O N F I N E M E N T O F T H E

MAIN SEQU ENCE

In this section, we explore the mechanisms responsible for confin-

ing the MS to a narrow strip about the MS ridge, connecting the

characteristic evolution pattern of high-z galaxies with the evolution

along the MS. We apply a toy model understanding for estimating

the time-scales that are encoded into the MS.

6.1 Galaxy properties across the universal MS

We have seen in Sections 5.1 and 5.2 that differences in the position

about the MS (i.e. in sSFR) at constant z and M⋆ are associated

with variations both in gas to stellar mass ratio (fgs ∝ 
0.54
MS ) and

in depletion time-scale (tdep ∝ 
−0.43
MS ), in agreement with observa-

tional works by Magdis et al. (2012), Sargent et al. (2014), Huang &

Kauffmann (2014), Silverman et al. (2015), Scoville et al. (2015),

and G15. Galaxies above the MS ridge have larger gas fractions and

smaller depletion times than galaxies at or below the MS ridge.

The position about the MS has an even stronger dependence

on the central gas density (ρgas,1 ∝ 
0.83
MS ), i.e. on how the gas is

distributed within the galaxies. This may indicate that the central

gas density is the key factor involved in determining the MS width,

i.e. an internal property has an important role in the confinement of

the MS (though it may be stimulated externally, e.g. by a merger).

The high central gas densities in more compact SFGs at the top of the

MS lead to a decrease in the free-fall time tff, which itself leads to a

shorter depletion time (tdep ≈ tff/εff) even for a fixed total gas mass.

Already Elbaz et al. (2011), Wuyts et al. (2011), Lada et al. (2012),

and Sargent et al. (2014) put forward the idea that the decrease in

tdep above the MS may be associated with internal parameters such

as the central gas density. Furthermore, such compact SFGs (i.e.

the blue nuggets) have been observationally detected (Barro et al.

2013, 2014; Bruce et al. 2014; Nelson et al. 2014; Williams et al.

2014, 2015).

6.2 Turnaround at the upper and lower edge of the MS

As highlighted in Section 5, galaxies oscillate around the MS equi-

librium on time-scales of 0.4tH. Fig. 11 sketches the evolution of a

typical MS galaxy that eventually quenches its star formation at a

late time in the massive end. During the oscillating evolution along

the MS, a galaxy reaches minima and maxima in the distance from

the MS (
MS). The massive galaxies (as measured at a given time,

say z = 2) typically have one maximum, while less massive galaxies

can have more than one.

As shown before, the climb of a galaxy towards the top of the MS

is due to a wet gas compaction, during which the gas inflow rate to

the centre is faster than the SFR (Dekel & Burkert 2014). This leads

to high SFR in a compact SFG (blue nugget), with high gas fraction

and short depletion time. The turnaround at the top of the MS is

a natural result of more efficient gas depletion (shorter depletion

time) by the high SFR and the associated feedback-driven outflows,

as observed by Cicone, Maiolino & Marconi (2016), combined

with the suppression of gas inflow into the centre because the gas

disc has shrunk and (at least temporarily) disappeared, or became

gravitationally stable (morphological quenching; Martig et al. 2009;

Genzel et al. 2014; Tacchella et al. 2015a).

However, not all galaxies fully deplete and quench after the first

turnaround at the top of the MS. In galaxies of relatively low stellar

mass, the low-mass halo allows rapid replenishment of the disc by

fresh gas, with the replenishment time being shorter than the deple-

tion time (trep < tdep). This sets the condition for another wet gas

compaction, which can be triggered by mergers, counter-rotating

streams, or recycled gas, and can be associated with VDIs. The

galaxies, now at the lower envelope of the MS after the quenching

attempt, turn around towards a new compact blue nugget phase with

high SFR at the top of the MS. Once the replenishment becomes

inefficient compared to the depletion (trep > tdep), typically at late

redshifts and when the halo mass is above the threshold for virial

shock heating, the conditions for wet compaction are not recovered.

This allows the galaxy to quench inside-out all the way and thus

drop below the MS.

Self-regulation is the emerging feature that explains the small

scatter about the MS ridge. Galaxies are not able to shoot above the

MS ridge more than a few tenths of dex because the blue nugget

phase naturally triggers central depletion, as the gas supply from the

disc has been suppressed and the central gas is rapidly consumed

MNRAS 457, 2790–2813 (2016)
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2804 S. Tacchella et al.

Figure 11. Sketch of the self-regulated evolution along the MS. SFGs are confined to a narrow MS before they quench. During this evolution, the galaxy lives

through one or more blue nugget phases during which a minimum in gas depletion time and a maximum in gas fraction are reached. The blue nugget phases

are followed by gas depletion inside-out. This quenching attempts fail for low halo masses and at high redshifts since the recovered inflow rate triggers a new

episode of compaction and high star formation. At high halo masses (hot halo), the inflow rate cannot recover and the galaxies ceases its star formation activity.

by SFR and outflows. On the other hand, at the lower envelope of

the MS, the gas inflow quickly recovers, especially at high redshifts

and in low halo masses, giving rise to a new compaction episode

and an increase in star formation. Furthermore, the depletion and

quenching at late cosmic times (z < 2) and above a critical mass,

with no push-back upwards through compaction, explains the down-

ward slope of the MS at the high-mass end (e.g. Elbaz et al. 2007;

Whitaker et al. 2014; Schreiber et al. 2015).

6.3 Time-scales for the evolution on the MS

The goal of this section is to estimate the time-scales that are key to

understand the evolution of galaxies along the MS and the confine-

ment to it, namely the depletion time (tdep) and the replenishment

time (trep).

6.3.1 Depletion time

As discussed in Section 5.2 and shown in Fig. C1, in the simulations

near the ridge of the MS, we measure an average depletion time of

tdep = 0.44 (1 + z)−0.39

(

M⋆

1010.5 M⊙

)−0.19

Gyr. (7)

This value and its dependence on cosmic time are consistent with

observational estimates at z = 1–3 (Tacconi et al. 2010, 2013; G15).

The weak dependence of tdep on redshift, which is rather surpris-

ing at a first glance given the general growth of galactic dynamical

times as (1 + z)−3/2, may be qualitatively understood by the com-

paction events as follows. As mentioned in Section 3, with a constant

SFR efficiency εff, the variation in tdep mostly reflects variations in

tff (Krumholz et al. 2012). In the Toomre regime, valid at high red-

shift, star formation occurs mostly in giant clumps. In these clumps,

for a constant spin parameter for haloes and galaxies (in mass and

redshift), one expects a systematic growth of tdep with cosmic time:

tdep ∝ tff ∝ td ∝ tH ∝ (1 + z)−3/2, (8)

where td is the galaxy dynamical crossing time. This is in contrast

with the slow growth of tdep in the simulations and observations.

At low redshifts, as argued in Krumholz et al. (2012), there is a

transition to the giant molecular cloud regime, where the surface

density is constant. Then, the growth of tff with time is suppressed,

and one expects a similar effect on tdep. However, it turns out that

the predicted slowdown in the growth rate of tdep occurs too late and

is insufficient for explaining the indicated slow growth of tdep.

Another possibility is that the sequence of wet compaction events

may provide a clue for the suppressed growth of tdep. Each such event

causes a decrease in the dynamical time of the galaxy, and thus a

MNRAS 457, 2790–2813 (2016)
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Evolution about the main sequence ridge 2805

corresponding decrease in tdep, balancing the natural systematic

increase in time based on equation (3). This can be addressed in

conjunction with the oscillations in the MS. When passing through

the ridge on the way up (increasing 
MS) at a later time, at the

early stages of a compaction process, the system is still extended,

so tdep ∝ td is still relatively long, roughly following equation (8).

However, when passing through the MS ridge on the way down

(decreasing 
MS), during the early stages of the post-compaction

quenching process, the system is still gas rich, with a short tdep ∝ td.

The compaction causes a decrease in td, which balances the natural

increase in time from equation (8). At high-z, there are galaxies

moving both up and down the MS. However, at later z, more galaxies

are at their post-blue-nugget phase, moving down at the MS ridge,

allowing the compaction-driven decline of td to balance the natural

cosmological growth of td. Since more massive galaxies quench

earlier, and to higher densities, we expect their tdep at the MS ridge

to become shorter, and at earlier times, as seen in the simulations.

Our attempt to address the origins of the time evolution of tdep is

only a qualitative preliminary step. What matters for the arguments

below concerning the confinement of the MS is the general evolution

of tdep with cosmic time and mass.

6.3.2 Replenishment time

After the central depletion started at the blue nugget phase, it can

either bounce back at the lower edge of the MS into a new com-

paction phase, or it can continue to quench to well below the MS

(Fig. 11). The critical times to be compared to the depletion time are

the time for replenishment of the gas disc, and the time for the next

intense accretion episode, e.g. a merger, that can trigger a new com-

paction event. As long as the halo is not massive and hot enough to

suppress the streaming of cold gas through it, these two time-scales

can be approximated by the time-scale for mass accretion into the

galaxy, the inverse of the specific accretion rate given in equation

(4), namely,

trep ∼ 25s−1
0.04(1 + z)−2.5 Gyr ≃

⎧

⎪

⎨

⎪

⎩

1.60 Gyr z = 2,

0.78 Gyr z = 3,

0.45 Gyr z = 4,

(9)

where s0.04 = sh/0.04 ≈ 1.

The replenishment time can become much longer if the halo is

more massive than a threshold mass, Mvir ∼ Mshock ∼ 1011.5 M⊙,

such that it can support a stable virial shock that keeps the circum-

galactic medium at the virial temperature, and when cold streams

are suppressed at late redshifts (Birnboim & Dekel 2003; Dekel &

Birnboim 2006).

6.3.3 Quenching attempt versus full quenching

As mentioned before, full quenching is achieved when the replen-

ishment time is longer than the depletion time. In Fig. 12, we show

a very rough estimate of the quenching efficiency, defined as the

ratio of the estimated replenishment time trep (equation 9) and the

estimated depletion time tdep (equation 7), in the plane of the halo

mass Mvir and redshift z. The red line indicates the boundary where

trep = tdep. We caution the reader that at z < 1, equation (9) gives

only a very crude estimate of the replenishment time trep.

While being above the red line where trep ∼ tdep indicates that the

quenching process can possibly proceed, the actual value of trep/tdep

where full, long-term quenching is achieved may be larger, on the

order of a few. For one thing, the newly accreted gas might not be

Figure 12. Sketch of expected quenching efficiency in the plane of halo

mass Mvir and redshift z. Colour coding and contours correspond to the ex-

pected quenching efficiency, which is given by the ratio of the replenishment

time trep (equation 9) and the depletion time tdep (equation 7). The horizon-

tal line at Mvir = 1011.7 M⊙ crudely marks the threshold mass for a stable

shock based on spherical infall analysis (Dekel & Birnboim 2006), which in

practice stretches over an order of magnitude in mass. Below this curve the

flows are predicted to be predominantly cold and above it a shock-heated

medium is expected to extend out to the halo virial radius. The inclined

dashed curve is the conjectured upper limit for cold streams in hot haloes,

valid at redshifts higher than zcrit ∼ 2.

available immediately for star formation, which can cause a delay.

This delay might be larger for galaxies towards lower redshifts and

it could also depend on stellar mass. Thus, in Fig. 12, long-term

quenching can be crudely expected in the red area above trep/tdep ∼
10.

In the regime of Mvir < Mshock ≈ 1011.7, comparing equation (7)

with equation (9), we see that, for a galaxy with a stellar mass

of a few times 1010 M⊙, the condition for full quenching is valid

for z < 2.5. For massive galaxies, the condition is valid earlier

(z < 3.0), whereas for lower mass galaxies, the condition is valid

later (z < 2.0). This may explain the decisive quenching of massive

galaxies at high-z, even before halo quenching dominates. In addi-

tion, the hot medium in haloes of Mvir > Mshock at z > zcrit ∼ 2 is

predicted to host penetrating cold streams, while haloes of a similar

mass at z < zcrit are expected to be all hot, shutting off most of the

gas supply to the inner galaxy. Therefore, once Mvir > Mshock, the

hot halo can make trep much longer, so the condition trep > tdep is

more easily fulfilled even at high redshifts (see also fig. 7 of Dekel

& Birnboim 2006).

6.4 Further estimates

First, we estimate the time-scale for compaction and check whether

it is consistent with the Fourier analysis of the MS oscillations

presented in Section 5.5. Secondly, we calculate the width of the

MS based on several simple assumptions. We caution the reader that

both the estimate for the compaction time-scale and the calculation

of the width of the MS are rather crude and should be regarded as

consistency checks.

6.4.1 Compaction time

Galaxies do not remain ‘sub-’ or ‘super-’ MS galaxies, but they

rather oscillate about the MS ridge. In the simulations, e.g. fig. 16

MNRAS 457, 2790–2813 (2016)
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2806 S. Tacchella et al.

of Zolotov et al. (2015), the duration of the compaction phase from

the onset of compaction to the blue nugget is on average about

tcom ∼ (0.3-0.4)tH ≃

⎧

⎪

⎨

⎪

⎩

1.00 Gyr z = 2,

0.66 Gyr z = 3,

0.50 Gyr z = 4,

(10)

where tH is the Hubble time at the blue nugget phase.

We can very crudely estimate the expected ballpark of tcom in the

following two ways. If the compaction phase is driven by a minor

merger event, we expect tcom to be comparable to the duration of

a minor merger, from the first close passage to coalescence. This

is in the ball park of the halo crossing time, tvir ∼ 0.2tH (based

on spherical collapse), which is not far from what we see in the

simulations.

Alternatively, assuming VDI-driven wet inflow (Dekel et al.

2009a,b; Dekel & Burkert 2014), we can evaluate tcom by the evac-

uation time of the disc,

tcom ∼ α−1tmig ∼ 50td ∼ 2tvir ∼ 0.4tH, (11)

assuming α ∼ 0.2 for the fraction of cold disc mass in clumps. The

time-scale tmig is the migration time of the clumps, and td is the disc

crossing time, which can be estimated by td ∼ λtvir with the spin

parameter λ ∼ 0.04. This estimate recovers again the ballpark of

tcom from the simulations.

6.4.2 Oscillation time-scale

In Section 5.5, we measured the time-scale for a full oscillation

at z = 3–6 based on a Fourier analysis to be about 0.2–0.5tH. We

can now estimate this oscillation time-scale from the derived time-

scales for compaction and replenishment. From equations (9) and

(10), we obtain for the oscillation time-scale tosc ≈ tcom + trep ≈
(0.3 + 0.3)tH ∼ 0.6tH, which is roughly consistent with the Fourier

analysis.

6.4.3 The width of the MS

In Section 4, we determined σ MS = 0.27 at z = 3–6, which is in

good agreement with observations. Based on the physical picture

above, we can attempt to estimate the expected scatter of the MS

from the estimated time-scales.

Consider a galaxy that moves from the upper to the lower edge of

the MS over trep ∼ tdep. Assume that during this phase, the gas mass

is about half its peak value at the blue nugget point on average, so

the SFR is about half its peak value (by the Kennicutt law). Since

there is not much inflow in this phase, the baryon mass is roughly

constant. Therefore, if the gas mass is half what it was at the peak,

the stellar mass is roughly twice what it was. This means that the

sSFR has dropped by more than a factor of 4. During the quenching

episode, say between z = 4 and 3, the sSFR MS ridge has dropped

by a factor of ∼1.6. This gives σMS � log10(
√

4/1.6) ≈ 0.20 dex,

similar to the observed and simulated width of the MS.

Next, consider a galaxy during its compaction phase, from the

lower to the upper edge of the MS. During this phase, on average,

the gas density in the centre increases by a factor of order 10, while

the total gas mass is changing by a much smaller factor. Based on

equation (3), the SFR increases by a factor of
√

10 ≈ 3.2. The stel-

lar mass may be doubling its value from the green to the blue nugget

point. Therefore, the sSFR increases by a factor of ∼1.6. As before,

the sSFR MS ridge has dropped during the compaction phase by a

factor of ∼1.6. This gives σMS � log10(
√

1.6 × 1.6) ≈ 0.20 dex,

again in the ball park of the observed and simulated width of

the MS.

7 D I SCUSSI ON

In this section, we discuss the implications of the picture of the

MS as discussed above for the quenching of galaxies. Furthermore,

we highlight how the outlined picture of the MS can be confirmed

in observations. Finally, we highlight some caveats of the analysis

presented here and how one can improve in future work.

7.1 Implications for quenching

There is solid observational evidence that the cessation of star for-

mation in some galaxies, which results in the emergence of quies-

cent galaxies, correlates with both galaxy mass and environment

(e.g. Dressler 1980; Balogh et al. 2004; Baldry et al. 2006; Kimm

et al. 2009; Peng et al. 2010; Knobel et al. 2013; Woo et al. 2013;

Kovač et al. 2014). Furthermore, quenching has been observed to

correlate strongly with morphology and galaxy structure in the local

universe (Kauffmann et al. 2003; Franx et al. 2008; Cibinel et al.

2013; Fang et al. 2013; Bluck et al. 2014; Schawinski et al. 2014;

Woo et al. 2015) and at high-z (Wuyts et al. 2011, 2012; Bell et al.

2012; Cheung et al. 2012; Szomoru, Franx & van Dokkum 2012;

Barro et al. 2013; Lang et al. 2014; Tacchella et al. 2015b). On the

other hand, quenched disc galaxies have also been observed (Mc-

Grath et al. 2008; van Dokkum et al. 2008; Bundy et al. 2010; Bruce

et al. 2012; Salim et al. 2012; Carollo et al. 2014).

The physical nature of quenching, and its link to morphology, is a

central issue in galaxy evolution. From theory, it has been proposed

that galaxies starve out of gas by rapid gas consumption into stars,

in combination with the associated outflows driven by stellar feed-

back (e.g. Dekel & Silk 1986; Murray, Quataert & Thompson 2005)

or supermassive black hole (e.g. Di Matteo, Springel & Hernquist

2005; Croton et al. 2006; Ciotti & Ostriker 2007; Cattaneo et al.

2009), and/or by a slowdown of gas supply into the galaxy (e.g.

Rees & Ostriker 1977; Dekel & Birnboim 2006; Hearin & Wat-

son 2013; Feldmann & Mayer 2015). Another possibility includes

morphological quenching, which argues that the growth of a cen-

tral mass concentration, i.e. a massive bulge, stabilizes a gas disc

against fragmentation (Martig et al. 2009).

Using observations alone, it is difficult to constrain the physical

nature of quenching because a correlation between quenching and

a certain galaxy property does not necessarily imply a direct causal

relation or the direction of such a causality (e.g. Carollo et al. 2014).

For example the observed correlation between central stellar density

and quenching could either arise because high stellar density causes

quenching, or because another property that is associated with high

stellar density causes quenching, or because quenching leads to

high stellar density. The other property may be, for example, central

gas density, AGN feedback, or halo mass. As an example, Lilly &

Carollo (in preparation) show that a central surface density threshold

for quenching could in principle be the result of a hierarchical

accretion of mass in galaxies, in which galaxies that quench earlier

are denser.

Tacchella et al. (2015a) mapped out the M⋆ and SFR distribution

on scales of 1 kpc in z ∼ 2 SFGs. They found that the ∼1011 M⊙
galaxies quench inside-out, where the star formation in the centre

ceases within �200 Myr after z ∼ 2, whereas the outskirts still form

stars for 1–3 Gyr. In our simulations, we find a similar inside-out

quenching signature where the depletion starts from the centre in

the post-blue-nugget phase (see also Tacchella et al. 2015c, for a

MNRAS 457, 2790–2813 (2016)
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Evolution about the main sequence ridge 2807

detailed analysis of the evolution for the M⋆ and SFR profiles in

the simulations). As shown above, our simulated galaxies are able

to deplete and quench rapidly at z ∼ 1–3, forming galaxies that re-

semble today’s typical ∼1011 M⊙ galaxies, which show features of

a gas-rich, dissipative formation process (e.g. Bender, Doebereiner

& Moellenhoff 1988; Carollo, Danziger & Buson 1993; Faber et al.

1997; Cappellari et al. 2007).

From the analysis of the simulations presented here, we can now

make a step forward in understanding the physical nature of quench-

ing. Our simulations show that the interplay between the gas and

the stellar components together with the dark matter halo is able

to explain quenching of galaxies. Our analysis highlighted the key

role of halo mass, which directly translates to the gas replenish-

ment time of the galaxy’s disc (see Section 6.3.3). We have seen

that galaxies depleted their centres first, i.e. quenching progresses

inside-out. These observational signatures have been found also in

observations of z ∼ 2 galaxies. Furthermore, the observation that

the central stellar mass density (bulge mass) is a good indicator for

quiescence (Kauffmann et al. 2003; Franx et al. 2008; Cheung et al.

2012; Fang et al. 2013; Bluck et al. 2014; Lang et al. 2014; Barro

et al. 2015; Woo et al. 2015) is in good agreement with the thoughts

presented here. If a compaction with a nuclear ‘starburst’ precedes

quenching, one expects a high central stellar mass density to have

built up. Similarly, due to the key role of halo mass in our picture,

and the correlation of stellar mass with halo mass, we would also

expect that total stellar mass is a good measure for quiescence (e.g.

Peng et al. 2010; Carollo et al. 2013).

7.2 Observational consequences

As demonstrated above, our simulations reveal gradients of gas

fraction and depletion time across the MS that are consistent with

the observed gradients by G15, and explain the phenomena by the

evolution through compaction, depletion, and quenching events.

Our additional key prediction is a strong gradient of the core gas

density, e.g. ρgas, 1. Future observations that will resolve the gas dis-

tribution within individual galaxies should be able to confirm this.

Furthermore, star formation is expected to occur centrally concen-

trated at the top of the MS, whereas it is predicted to be ring-like

distributed in massive systems at the lower envelope of the MS

proceeding the blue nugget phase before quenching. Indications for

this have already been seen in Genzel et al. (2014) and Tacchella

et al. (2015a).

7.3 Caveats

We have mentioned several limitations of the simulations used here

in Section 2.2. For example, our simulations do not include AGN

feedback and feedback associated with cosmic rays and magnetic

field. Nevertheless, Ceverino et al. (2014) have shown that our sim-

ulations match basic observations, such as SFRs, gas fractions, and

stellar-to-halo mass fractions, at least at least within observational

uncertainties. If the SFR at very high redshifts is still overestimated,

the dramatic events in the evolution of galaxies that concern us here

may occur somewhat earlier than in the real universe. However, it

seems that in the current simulations these events, the compaction

and the subsequent onset of quenching, do occur at cosmological

times that are consistent with observations.

The number of simulated galaxies analysed in this work is limited

to 26, outputted in ∼900 snapshots from z = 6 to 1. Clearly, a larger

number of simulated galaxies would have been better for studying

the average properties of galaxies as a function of time and mass,

and the scatter about them, but the number of galaxies is limited

being computationally expensive. However, the key aspect of this

work is that we resolve the gas physics of high-density star-forming

regions at ∼25 pc scales in a cosmological context, which allows us

to capture the evolution of galaxies along and about the MS. This

is key to understand the evolution of galaxies on the MS.

8 C O N C L U S I O N

Our zoom-in cosmological simulations of relatively massive galax-

ies at z > 1 reveal that the SFGs are confined to a universal MS as

they evolve through gas compaction, depletion, and replenishment.

They reproduce the observed properties of the MS and allow us to

present a simple understanding for the evolution and the scatter of

the MS.

In the simulations, in the redshift range z = 6–1, the MS ridge

of sSFR declines in time, sSFRMS ∝ (1 + z)2.5, with only a weak

mass dependence. This follows closely the predicted decline of the

specific halo-mass accretion rate in the Einstien–deSitter phase of

the expanding universe. We find that galaxies oscillate about this

MS ridge on time-scales of ∼0.2–0.5tH, which corresponds to 0.2–

0.9 Gyr at z = 6–3. The SFGs are confined to a narrow MS of

width ±0.27 dex. The simulated evolution with redshift, the MS

width, and the bending of the MS at high masses are consistent with

observations.

The simulations reveal that the high-SFR galaxies at the upper

envelope of the MS tend to be compact blue nuggets with high

gas fractions and short depletion times. The lower SFR galaxies

at the lower envelope of the MS typically get there after partial

central gas depletion that is naturally triggered at the blue nugget

phase, and they have lower gas fractions and longer depletion times.

The measured gradients of gas fraction and depletion times across

the MS are in agreement with observations. The steepest gradient

across the MS is predicted for the central gas density, ρgas, 1, which

indicates that the main mechanism responsible for the width of the

MS involves an internal property of the galaxy, though it may be

determined by an external process. On the other hand, we do not

find any significant gradients across the MS for stellar structure

properties, namely central stellar mass surface density, size, and

Sérsic index.

Propagation up towards the upper envelope of the MS (blue

nugget phase) is associated with gas compaction of the gas disc,

triggered by a minor merger or counter-rotating streams through

violent disc instability, where the inflow rate is higher than the SFR.

The blue nugget phase marks the onset of gas depletion, during

which the central gas is exhausted due to SFR and outflow, while

the inflow from the disc that has shrunk is suppressed. In the post-

compaction phase the galaxies show the signature of inside-out

quenching, where the SFR first reduces in the centre. After reach-

ing the bottom of the MS, an upturn can occur if the extended disc

has been replenished by fresh gas and a new compaction event is

triggered prior to total gas depletion, namely, if trep < tdep. The self-

regulated nature of these mechanisms can explain the confinement

of SFGs into a MS narrower than ±0.3 dex.

Full quenching with a departure from the MS occurs in massive

haloes or at low redshifts, where the disc replenishment is slow

compared to the depletion time, which we find to be 0.2–1.0 Gyr,

declining with mass and increasing with cosmic time, consistent

with observations. The requirement for full quenching, tdep < trep,

tends to be fulfilled at redshifts z≤ 3, and possibly at higher redshifts

for more massive galaxies. A halo above the critical mass for virial
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shock heating, ∼1011.5 M⊙, helps suppressing the replenishment

and causing long-term quenching.
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APPENDI X A : STELLAR-TO -HALO MAS S

R E L AT I O N

One of the key quantity for simulations to match is the stellar mass

made within a given dark matter halo. In this section, we com-

pare the stellar-to-halo mass (M⋆–Mvir) relation of the simulations

with results from abundance matching (Conroy & Wechsler 2009;

Behroozi et al. 2010, 2013; Moster et al. 2010, 2013) and observed

kinematics (Burkert et al. 2015). We have already presented a sim-

ilar comparison in our companion paper (Tacchella et al. 2015c).

Specifically, we compare our simulations with data from

Behroozi et al. (2013) and Burkert et al. (2015). Behroozi et al.

(2013) derive the M⋆–Mvir relation by first assuming a general form

of this relation, and then obtains the parameters by simultaneously

performing abundance matching of the mass functions at different

redshifts and comparing the consequent information on star forma-

tion with a variety of observational data, such as the evolution of

the MS and the global SFR density of the Universe. Burkert et al.

(2015) derive dark matter halo masses from recent observations

of the Hα kinematics of z ∼ 0.8–2.6 galaxies, i.e. these estimates

are totally independent of abundance matching. To derive the halo

mass, they assume implicitly that the specific angular momentum

of the baryons on the scale of the dark halo is the same as that of the

dark matter component. Hence, their results depend on the angu-

lar momentum distribution on the halo scale (of both baryons and

dark matter), as well as on any redistribution of angular momentum

between different baryonic components (e.g. inner and outer disc,

outflow, bulge).

Fig. A1 shows the ratio of stellar mass to halo mass as a function of

halo mass for our simulations and the estimates from observational

Figure A1. Ratio of stellar mass to halo mass as a function of halo mass.

The red, green, and blue point show our simulations at z = 2, 1.5, and

1.0, respectively. The large symbols show the median (at its 1σ scatter) at

these three redshifts. The horizontal black dashed line shows the cosmic

baryon fraction of the Universe. The solid lines show the Behroozi et al.

(2013) relations. Our simulations lie a factor of 2–6 above the Behroozi et al.

(2013) relation at z ∼ 1–2, but are in agreement with recent observations of

SFGs at 0.5 � z � 2.6 (Burkert et al. 2015), which are shown as stars and

their median as dashed line.
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data (Behroozi et al. 2013; Burkert et al. 2015). At z = 1, the

simulated galaxies have a median halo mass of log10Mvir = 11.7 ±
0.3 and a stellar to halo mass ratio of log10M⋆/Mvir = −1.3 ± 0.2.

Burkert et al. (2015) found log10M⋆/Mvir = −1.5 ± 0.3 at log10Mvir

= 11.7, which is consistent with our simulations, while Behroozi

et al. (2013) found log10M⋆/Mvir = −1.8 ± 0.2 via abundance

matching, which is a factor of 3 lower than our simulated estimate.

At z = 2, we find only little evolution in the halo-to-stellar mass

ratio: our simulated galaxies have a median halo mass of log10Mvir

= 11.5 ± 0.3 and a stellar to halo mass ratio of log10M⋆/Mvir =
−1.4 ± 0.2. Via abundance matching, Behroozi et al. (2013) found

log10M⋆/Mvir = −2.3 ± 0.2 at log10Mvir = 11.5, but Burkert et al.

(2015) found log10M⋆/Mvir = −1.6 ± 0.3, which is again consistent

with our simulations.

We conclude that our simulations produce stellar to halo mass

ratios that are in the ballpark of the values estimated from obser-

vations, and within the observational uncertainties. Therefore, it

is sensible and adequate to use our simulations with the adopted

feedback prescription, while bearing in mind the factor of 2

uncertainties.

APP ENDIX B: A NA LY SIS O F THIN TIME

STEPS

For six galaxies (11, 12, 14, 25, 26, and 27), there are thinner time

steps available for the analysis. Our standard temporal resolution

is 
a = 0.01), which corresponds to ∼100 Myr between each

snapshot. This is roughly half the orbital time at the disc edge,

and therefore it should be short enough to trace galaxy internal

processes.

We nevertheless compare our obtained results with this standard

temporal resolution with the high resolution. The thinner time steps

are separated by 
a = 0.0005–0.0007, they have a ∼20 times higher

resolution. In Fig. B1, we plot the evolution along the MS (distance

from the MS versus total stellar mass) for the higher (upper panels)

and standard (bottom panels) resolution time steps. We find that

the standard resolution tracks the higher resolution very well: all

the main features over long (∼1 Gyr) as well as short (∼100 Myr)

are there. Only the very short term fluctuations (<100 Myr) are

underestimated, leading to a deficit of power of short-term changes

(see also Section 5.5).

APPENDI X C : G RADI ENTS AC RO SS THE MS

One of the main goals of this paper is to determine the galaxy

properties across the MS. As discussed in Section 5, if we want to

determine these MS gradients, we have to take into account that

galaxy properties may also evolve with cosmic time. We therefore

have to correct for the systemic time evolution of galaxies near the

MS ridge.

C1 Gas-related gradients

Fig. C1 is a more extended version of Fig. 7. We again investigate the

following four key quantities are investigated from top to bottom:

the central gas density within 1 kpc (ρgas, 1), the total gas mass

(Mgas), gas to stellar mass ratio (fgs), and depletion time (tdep).

The left-hand column shows these (uncorrected) quantities as a

function of the distance from the MS ridge (
MS) for all galaxies

at z = 1–6. The colour coding of the points corresponds to redshift.

We confirm the trends found in Section 5.2: ρgas, 1 increases system-

atically by about one order of magnitude from below to above the

main sequence, i.e. as 
MS varies from −0.5 to +0.5 dex. The trend

for the total Mgas is weaker, partly contaminated by high-redshift

galaxies with low gas mass near the MS ridge. fgs shows not only

a correlation with 
MS, but also a clear redshift evolution which

has been highlighted also in Fig. 1. The depletion time tdep shows a

negative correlation with 
MS, with several outliers with high tdep

at z > 3. Those points indicate the quenching attempts which were

not successful, due to the high redshift and a too low halo mass (see

Section 6.3.3).

The best fits for the z-dependence (f(z) = ξ + ζ log10(1 + z))

are shown in the middle left-hand panels of Fig. C1 with the colour

coding corresponding to stellar mass M⋆. We find a steep redshift

evolution for Mgas and fgs with ζ = −1.71 ± 0.15 and +1.63 ± 0.10,

respectively. For ρgas, 1 and tdep, the z-evolution is much shallower

with ζ = +0.30 ± 0.21 and −0.39 ± 0.11, respectively (Table 2).

Figure B1. Evolutionary tracks about the universal MS comparing short and standard time steps between snapshots. We compare for six galaxies the higher

resolution time steps (top panels, snapshots separated by 
a ≈ 0.0006) with the standard resolution time steps (bottom panels, 
a ≈ 0.01). We find that the

standard resolution tracks the main features of the evolution along the MS rather well.

MNRAS 457, 2790–2813 (2016)
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Evolution about the main sequence ridge 2811

Figure C1. Galaxy properties across the MS. Shown from top to bottom are the gas mass within 1 kpc, total gas mass, gas mass to stellar mass ratio, and

depletion time. In the left-hand panels, we plot these quantities as a function of the distance from the MS, 
MS. The redshift dependence is colour coded. The

middle left-hand panels show the intrinsic redshift dependencies, colour coded by stellar mass. The green line indicates the best-fitting redshift dependence

f(z). The middle right-hand panels show the redshift-corrected quantities as a function of stellar mass. The green line indicates the best-fitting mass dependence

g(z). The right-hand panels display the quantities corrected for redshift and mass (same as Fig. 7). The green line indicates the best fit, while the red dashed

line shows the best fit of the observations by G15.

In a second step, we correct for the stellar mass dependence,

which is shown in the middle right-hand panels of Fig. 7. All four

quantities depend on M⋆, largely due to the strong correlation be-

tween gas fraction fgas and M⋆ (see Section 3 and Fig. 1). We fit

the M⋆-dependence of the z-corrected quantities with the following

relation: g(M⋆) = η + γ (log10(M⋆) − 10.5). We find γ = +0.36

± 0.04, +0.32 ± 0.04, −0.15 ± 0.02, and −0.19 ± 0.02 for ρgas, 1,

Mgas, Mgas/ M⊙, and tdep, respectively (Table 2).

The right-hand panels of Fig. C1 show the key quantities (ρgas, 1,

Mgas, fgs, and tdep) corrected for their systematic z-evolution f(z) and

M⋆-dependence g(M⋆) (same as Fig. 7). By construction, we find

for all key quantities a tighter correlation than before the correction.

Fitting these corrected quantities with Q = α + δ 
MS, we find δ =
+0.83 ± 0.04, +0.48 ± 0.03, +0.54 ± 0.02, and −0.43 ± 0.02 for

ρgas, 1, Mgas, fgs, and tdep, respectively (Table 2). Interestingly, the

gradient of ρgas, 1 across the MS is the steepest. This demonstrates

that galaxies above the MS ridge have a significantly higher central

gas density than galaxies below it: going from 
MS = 0.5 dex below

the MS ridge to 0.5 dex above it, we find that the ρgas, 1 increases

by nearly an order of magnitude.

C2 Stellar-structure gradients

Following the same approach as before for the gas-related gradients

across the MS, we focus here on the stellar-structure gradients.

Fig. C2 is a more extended version of Fig. 8, showing the central

stellar mass density within 1 kpc (
M⋆,1, the half-mass radius (Re),

and the Sérsic index (n)). From the left to the right, we show the

uncorrected quantities, the z-dependence, the M⋆-dependence, and

the corrected quantities. The best-fitting values are given in Table 2.
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2812 S. Tacchella et al.

Figure C2. Same as Fig. C1, but for the stellar structure quantities central stellar mass density within 1 kpc (
M⋆,1, half-mass radius (Re), and Sérsic

index (n)).

The main difference to the gas-related gradients is that there is no

correlation between the stellar-structure quantities and the distance

to the MS, and the inferred gradients are much shallower.

APP ENDIX D : INFLOW R ATE, OUTFLOW

R AT E A N D S TA R F O R M AT I O N R AT E A L O N G

T H E M S

In Section 5.4 we discuss the driver of the MS gradients, focusing

on the balance between the gas inflow rate (input term) and SFR

plus gas outflow rate (drainage term). Fig. 9 shows the relation

between the rate of change of distance from the MS, 
̇MS, and

the balance between the input term and drainage terms of gas in

the central 5 kpc, namely log10B5 kpc = log10[inflow rate/(SFR +
outflow rate)]. Here, we split the balance term log10B5 kpc into its

constituents, namely inflow rate, outflow rate, and SFR.

Fig. D1 shows the change of the distance from the MS, 
̇MS, as a

function of inflow rate, outflow rate, and SFR, each measured within

the central 5 kpc. We find that the individual rate are correlated to

a lesser degree than the combined balance term B5 kpc. The outflow

rate and SFR are moderately correlated with 
̇MS (rPearson = −0.32),

while the inflow rate is not correlated with 
̇MS.
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Evolution about the main sequence ridge 2813

Figure D1. The origin of the evolution across the MS. The three panels show 
̇MS as a function of the inflow rate, outflow rate, and SFR from left to right,

i.e. we have split the balance term log10B5 kpc of Fig. 9. The colour coding corresponds to the position on the MS, 
MS. We find that the outflow rate and SFR

are moderately correlated with 
̇MS, whereas the inflow rate is not correlated with 
̇MS.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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