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Figure 2. Mock galactic map, similar to Fig. 1, but as seen from within the galaxy, for m12i (top) and m12f (bottom). We ray-trace a Galactic (Aitoff)
projection, as seen from a random star ⇠ 10kpc from the galactic center. Individual, filamentary giant molecular cloud (GMC) complexes and young star
clusters are visible, and both galaxies have a clear thin disk plus bulge morphology.

(Martin 1999, 2006; Heckman et al. 2000; Newman et al. 2012;
Sato et al. 2009; Chen et al. 2010; Steidel et al. 2010; Coil et al.
2011).

Until recently, numerical simulations treated stellar feedback
in highly-simplified fashion and have had difficulty reproducing
these observations. This is especially true of models which in-
voke only energetic feedback (thermal injection) via supernovae
(SNe), which typically find the energy is efficiently radiated away
(Katz 1992; Guo et al. 2010; Powell et al. 2011; Brook et al. 2011;
Nagamine 2010; Bournaud et al. 2011). By “turning off cooling”
for some adjusted duration, as in Stinson et al. (2006); Governato
et al. (2010); Macciò et al. (2012); Teyssier et al. (2013); Stin-

son et al. (2013); Crain et al. (2015), or directly putting in winds
“by hand” as in Springel & Hernquist (2003a); Davé et al. (2006);
Anglés-Alcázar et al. (2014); Vogelsberger et al. (2014), it is pos-
sible to reproduce some of the observed galaxy properties. But this
obviously does not demonstrate that known stellar feedback mech-
anisms actually act in this way, nor can it correctly predict many
ISM and CGM-scale properties that depend explicitly on e.g. the
phase-structure of feedback-driven outflows (see Hummels et al.
2013).

Accurate treatment of star formation and galactic winds ul-
timately requires realistic treatment of the stellar feedback pro-
cesses that maintain the multi-phase ISM. Observationally, many
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Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk

“Observations from all redshifts and 
from across the electromagnetic 
spectrum indicate that CGM gas has 
a key role in galaxy evolution”

Tumlinson, Peeples, and Werk 2017, 
ARA&A, 55, 389 

! From a modeling point of  
view, can we study galaxy mass 
assembly making explicit 
connection to CGM gas flows 
and baryon cycle processes?
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Figure 3. The fraction of accreted stellar mass (with respect to the total)
for galaxies at z D 0, shown as a function of stellar mass M∗. The solid,
dashed, and dotted black lines show the median results from the Illustris
simulation carried out at different resolutions, with Illustris-1 being the
highest resolution one. The grey shaded region represents the range between
the 16th and 84th percentiles, or 1σ , while the different symbols show the ex
situ stellar mass fraction as obtained in other theoretical models, both semi-
analytic and hydrodynamic. The Illustris results here, as in the remainder
of the paper unless otherwise stated, are obtained by adopting the stellar
particle classification technique presented in Section 2.3. This figure shows
that our determination of the ex situ stellar mass fraction is well converged
with resolution and also reduces the apparent tension among predictions
from different theoretical models.

histories and halo formation times that are naturally produced by
a cosmological simulation, as we will explicitly demonstrate in
Section 4.2.

The Illustris predictions at different resolutions are in excellent
agreement with each other, which demonstrates that our classifica-
tion scheme for ex situ particles, as well as the underlying physics
that determines the stellar mass assembly of galaxies, are well con-
verged with numerical resolution. The different symbols in Fig. 3
show predictions from previous theoretical works, both from SAMs
of galaxy formation (Lee & Yi 2013) and from hydrodynamic zoom-
in simulations (Oser et al. 2010; Lackner et al. 2012; Dubois et al.
2013; Hirschmann et al. 2015; Pillepich et al. 2015; Zhu et al., in
preparation). The error bars from Oser et al. (2010) and Lackner
et al. (2012) show interquartile ranges divided into three stellar mass
bins. The data points from Hirschmann et al. (2015) indicate the
median and 1σ scatter of the 10 galaxies considered in their study,
showing results from their model both with strong galactic winds
(magenta) and without them (blue). Similarly, the data points from
Dubois et al. (2013) show the median and 1σ scatter of their six
simulated galaxies, including results from their model both with
AGN feedback (cyan) and without it (grey). We find that the ex situ
stellar mass fraction in the Illustris simulation lies close to the ‘me-
dian’ prediction from all the other studies, reducing the apparent
tension among them.

We caution, however, that a direct comparison among the differ-
ent studies shown in Fig. 3 is not a priori fully consistent, given

the possibly different operational definitions adopted for the ex situ
classification (e.g. including or excluding satellites) and for the
galaxy stellar mass itself. For example, the results from Pillepich
et al. (2015) are reported by excluding the contribution from satel-
lites to the total ex situ fraction (i.e. by applying a correction to
their nominal ex situ fraction based on information provided in the
same paper), while we note that the results by Oser et al. (2010)
and Dubois et al. (2013) are given as a function of the stellar mass
measured within 0.1 Rvir and are not corrected here. It is worthwhile
to note that, if in Illustris we measured the ex situ fraction not across
the whole SUBFIND halo (as done throughout) but within a sphere of
twice the stellar half-mass radius, the ex situ fractions would be
lower at all masses, by about 5 per cent at the high-mass end and
by ∼30–40 per cent for less massive galaxies.

In Fig. 4, we further expand on various techniques to measure the
ex situ fraction and on the origin of the accreted stars. The top-left
panel of Fig. 4 compares different ways of calculating the ex situ
stellar mass fraction: the solid black line, obtained with the stellar
particle classification scheme described in Section 2.3 and already
shown in Fig. 3, is compared to the dotted curves corresponding
to calculations carried out with the merger trees alone. In the latter
case, the ex situ stellar mass is obtained by finding all the mergers a
given galaxy has ever had and adding up the stellar masses of the so-
identified secondary progenitors. There is some freedom of choice
regarding the stage of the merger at which the progenitor masses
are measured: the dotted blue, dotted red, and dotted green lines
show the effects from taking the progenitor masses at tmax (when
the maximum stellar mass is reached), at infall4 (right before the
progenitor joins the same parent FoF group as the main progenitor),
and right before the merger, respectively.

In previous work (Rodriguez-Gomez et al. 2015, fig. 5), we
showed that the maximum stellar mass of galaxies is usually reached
after infall. Indeed, for satellites merging with central galaxies
at z D 0, we found that tmax and tinfall typically happen 2–3 Gyr
and ∼6 Gyr before the time of the merger, respectively. In the same
study we recommended measuring merger stellar mass ratios at
tmax, and indeed here we find this definition to be the one that gets
closer to the more refined method of classifying stellar particles
individually. However, even with this definition, the calculation
is neglecting the contribution from stars that were stripped from
surviving galaxies, which cannot be taken into account using the
merger trees alone. However, if this missing component is included
by adopting information from the stellar particle classification tech-
nique (dashed blue), the calculation becomes fully consistent with
the more complete estimate given by the solid black line.

The other two definitions – measuring progenitor masses at infall
(dotted red) or right before the merger (dotted green) – tend to un-
derestimate the ex situ stellar mass fraction, although for different
physical reasons. If the stellar mass of a progenitor is measured at
infall, then the corresponding ex situ stellar mass cannot include the
contribution from stars formed in galaxies after infall. This results
in an underestimate of the ex situ stellar mass by ∼50 per cent,
with some galaxy-to-galaxy variation, suggesting that a significant
amount of stellar mass can form in satellites also while they are
orbiting the gravitational potential of a more massive companion.
On the other hand, if the stellar mass of a progenitor is taken right
before the moment of the final coalescence, the measurement cannot
take into account the stellar material that has already been stripped

4 If the secondary progenitor itself undergoes additional mergers with other
objects after infall, we also include the stellar masses at infall of such objects.
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analytic and hydrodynamic. The Illustris results here, as in the remainder
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from different theoretical models.
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tension among them.
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by ∼30–40 per cent for less massive galaxies.
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ex situ fraction and on the origin of the accreted stars. The top-left
panel of Fig. 4 compares different ways of calculating the ex situ
stellar mass fraction: the solid black line, obtained with the stellar
particle classification scheme described in Section 2.3 and already
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show the effects from taking the progenitor masses at tmax (when
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and ∼6 Gyr before the time of the merger, respectively. In the same
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tmax, and indeed here we find this definition to be the one that gets
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is neglecting the contribution from stars that were stripped from
surviving galaxies, which cannot be taken into account using the
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infall, then the corresponding ex situ stellar mass cannot include the
contribution from stars formed in galaxies after infall. This results
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with some galaxy-to-galaxy variation, suggesting that a significant
amount of stellar mass can form in satellites also while they are
orbiting the gravitational potential of a more massive companion.
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! Cold mode:
accretion of  gas (thru filaments) that
never shock heats to virial temperature

VS 

! Hot mode:
gas shock heated to virial temperature
before cooling and condensing to form stars

Birnboim & Dekel 2003, Keres+2005,2009, 
Brooks+2009, Dekel+2009, 
Oppenheimer+2010, Faucher-Giguere+2011, 
van de Voort+2011, Nelson+2013,… 
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Figure 6. Like Fig. 5, but using the parent halo mass in place of the galaxy baryonic mass.

Figure 7. Contribution of cold and hot accretion to total galaxy masses at z D 3, 2, 1 and 0. Points show the cold-mode fraction of each galaxy, i.e. the fraction
of its mass with T max < 2.5 × 105 K, as a function of the baryonic mass. The solid line is the median cold-mode fraction, while the dashed line is the median
hot-mode fraction; by definition, the two fractions sum to one.

larger at high redshifts, an effect that is even more pronounced if
we associate galaxies with FOF haloes instead of SO haloes. The
transition halo mass at which cold and hot modes are equally im-
portant is M halo ∼ 1011: 4 M⊙ (slightly higher at z D 3), which is
the value one would expect given our transition baryonic mass of
M gal ∼ 1010: 3 M⊙ if approximately two-thirds of the available halo
baryons typically end up in the central galaxy. The 1011: 4 M⊙ tran-

sition mass is approximately a factor of 2–3 higher than the value
found by Birnboim & Dekel (2003) based on one-dimensional (1D)
numerical experiments, a good level of agreement given the radi-
cally different calculational methods. We will return to this point in
Section 6.2.

Fig. 7 characterizes the overall contributions of cold accretion
to the simulated galaxy population by plotting the fraction of the

C⃝ 2005 RAS, MNRAS 363, 2–28
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Figure 1. Entropy, velocity and inward  ux of cold streams pouring through hot haloes. The

maps refer to a thin slice through one of our � ducial galaxies of Mv = 1012M⊙ at z = 2: 5. The

arrows describe the velocity � eld, scaled such that the distance between the tails is 260 km s−1.

The circle marks the halo virial radius Rv. The entropy, log K = log(T = ρ2= 3), in units of the

virial quantities, highlights (in red) the high-entropy medium � lling the halo out to the virial

shock outside Rv. It exhibits (in blue) three, radial, low-entropy streams that penetrate into the

inner disk, seen edge-on. The radial  ux per solid angle is _m=r2ρ vr, in M⊙ yr−1rad−2, where ρ

is the gas density and vr the radial velocity.

Dekel+2009
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! Wind mode:
gas previously ejected in galactic winds
and re-accreted back to form stars. 
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Figure 4. The fractional stellar mass of central galaxies assembled via the
different modes as a function of halo mass. Coloured lines are medians
of the fractional stellar mass growth corresponding to each mode. Cold
mode dominates the nw simulation (top panel) at all halo masses, always
exceeding 75 per cent of the total mass growth. Cold mode exceeds hot mode
in every feedback model (bottom three panels), but wind mode becomes the
dominant growth mode at high Mh in every case. We indicate the relation
between halo and stellar mass by grey vertical lines indicating the median
Mh for the given Ms listed next to each grey line.

1010: 5 M⊙) to having a bump above Ms D 1011 M⊙ including all
accretion. The result is a poor fit everywhere. Adding wind mode to
the sw model flattens the GSMF the most between Ms D 109: 9 and
1010: 9 M⊙, from α D −2.18 to −1.11. The more gradual increase
of the wind mode with mass changes the vzw faint-end slope from
α D −1.92 to −1.45 over Ms D 109: 5–1010: 5 M⊙ and provides the
best match to the observations at Ms ≤ 5 × 1010 M⊙. Excluding
wind mode yields acceptable agreement at the highest masses for
the sw and vzw models, but it spoils the agreement at lower masses.
We discuss the relative shapes of the various GSMFs further in
Section 4.2.

To better characterize the impact of winds and wind recycling
on galaxy masses, we rank order the galaxies in each simulation
by stellar mass and then compare the properties of galaxies of

the same rank in the different simulations. In a statistical sense,
this procedure picks out the directly comparable galaxies between
pairs of simulations. Fig. 6 plots the suppression factor, f supp D
Mnw = Mwind, relative to the stellar mass in the nw simulation, Mnw.
A value f supp D 1 (grey line in the figure) means that the rank-
ordered masses between simulations with and without feedback are
identical, i.e. feedback has had no effect. The solid black curve
shows the value of f supp required to obtain the mass of observed
galaxies with the same comoving space density according to Bell
et al. (2003); this is the quantity referred to as f corr in K09b (their
fig. 1). The nw simulation produces galaxies that are too massive
by a factor of ∼2.5 at Mnw ∼ 1011 M⊙, rising to a factor of 5–10
at the ends of the range plotted, similar to the findings of K09b.
The vzw model traces this curve up to Mnw ∼ 7 × 1010 M⊙, just as
it agrees with the observed GSMF up to this mass scale in Fig. 5.
However, none of our models follows the black curve over the full
mass range, just as no model reproduces the observed GSMF at all
masses.

To compare the wind models to each other, we first consider
the thin lines in Fig. 6, which show f supp when wind recycling is
explicitly removed – i.e. any particle that was ever in a wind is
not counted when computing the galaxies’ z D 0 masses. The mass
suppression in the cw and sw models is considerably larger than
the naively expected factor of 1 C η D 3 (dotted grey line), for
the reasons that will be discussed in Section 4.1 – the difference
partly reflects the impact of mass recycling from evolved stars,
but the dominant effect is that winds heat the surrounding gas and
suppress accretion, providing preventive feedback in addition to
ejective feedback. The suppression in these models is relatively
independent of mass, compared to the steadily dropping f supp in the
vzw model owing to the η ∝ σ−1 scaling of the wind mass loading.

Including recycled wind mode (as our simulations do by default)
changes the picture radically, as shown by the thick curves in Fig. 6.
For the cw and sw models, wind recycling has no impact on galaxies
with masses below a threshold Mnw. For the slow winds of the sw
model, f supp approaches one above Mnw ≈ 1011 M⊙. The cw model
shows a similar behaviour at an approximately eight times higher
mass, but these faster winds suppress the masses of even the largest
galaxies by a factor of 2. The transition between the low- and high-
mass regimes occurs at approximately the scale where trec ≈ tH in
Fig. 2. f supp in the vzw model also approaches one above Mnw ≈
2 × 1011 M⊙, but it continues to rise all the way to small masses
unlike the cw models, which flatten towards the smallest masses.

The full f supp curves show a much stronger mass dependence
and much larger differences from model to model than the curves
without the wind mode. We conclude that it is the mass dependence
of the recycled wind mode, what we have called differential recy-
cling, that plays the strongest role in determining the shape of the
GSMF in our simulations. In all the models, wind recycling leads
to excessive stellar masses and SFRs in massive galaxies compared
to those observed. However, simply suppressing all wind recycling
does not lead to an agreement with the observed GSMF. A model
that resembled vzw, including recycling, up to Ms ∼ 1011 M⊙, but
suppressed wind recycling with increasing effectiveness at higher
masses would better match observations.

4 D ISCUSSION

4.1 How feedback suppresses star formation

As noted in our discussion of Fig. 6, in the absence of wind re-
cycling, stellar mass suppression in the sw and cw models is

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2325–2338
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Figure 1. Hierarchy of processes used throughout the paper to dissect the origin of the gas and stellar components of galaxies. Particles (gas or star) inside of
the central galaxy at z = z0 are classified into di↵erent components based on their history prior to first accretion at z > z0. We first identify material preprocessed
in another galaxy. Externally processed material is further decomposed into mergers and intergalactic transfer. The particle type at first accretion (gas or star)
determines additional classifications into merger-stellar, merger-ISM, stellar stripping, and gas transfer. Non-externally processed material contains fresh gas
accretion and stars from unresolved star formation events and mergers. Gas ejected from the ISM of the central galaxy and recycled back before z = z0 is
further classified as wind recycling. Connections with previous definitions (in situ versus ex situ star formation and smooth accretion versus mergers) are
indicated for each component. Growth modes shown in Figures 3 and 4 are highlighted using the same colour scheme.

star particles; this resolution limit is imposed for all galaxy pro-
genitors. Global galaxy properties (e.g. stellar mass) are computed
based on the particles that belong to the corresponding skid group
and that are within a radial distance to its centre r 6 2⇥Re↵ , where
the e↵ective radius Re↵ is defined as the aperture containing 50 %
of the total stellar mass of the skid group4. We define the CGM as
the gas outside of the central galaxy but within the virial radius,
while the IGM refers to gas outside the virial radius of dark matter
halos.

Our particle tracking analysis begins by identifying every gas
and star particle that belongs to the main progenitor galaxy at any
redshift, using ⇠ 440 data snapshots per galaxy. We track the full
particle list over time (consisting of ⇠ 4 ⇥ 105–2 ⇥ 106 particles
for di↵erent simulations), compiling information about their mass,
position, velocity, and host galaxy/halo membership. This is used to
define the state of particles relative to the main progenitor galaxy

4 The stellar mass within 2 ⇥ Re↵ is on average & 80 % of the total stellar
mass of the skid group. Imposing a threshold in radial distance from the
centre helps reduce noise owing to material loosely bound to the galaxy and
close galaxy fly-bys misidentified by skid, but our results are insensitive to
the exact galaxy definition used.

at all times, starting from the redshift at which the galaxy is first
resolved down to z = 0, as well as to identify accretion and wind
ejection events:

• Galactic wind ejection events are defined for gas particles that
transition from being inside of the main galaxy to being outside of
it from one redshift snapshot to the next. There is no radial distance
requirement in addition to the transition in skid group membership,
but wind particles are required to have a radial velocity vout > 2⇥Vc

by the time the ejection event is first identified, where Vc is the max-
imum circular velocity of the galaxy. Additionally, wind particles
must be outside of any other galaxy by the snapshot following the
wind ejection event, thus removing possible contamination from
any close galaxy fly-by that may be miss-identified by skid. The
last ejection event of gas particles (if any) is of particular interest
to quantify the amount of mass loss in large scale winds.
• Galaxy accretion events are defined for gas and star particles

that transition from being outside of the main galaxy to being in-
side of it from one redshift snapshot to the next. For gas particles
after the first accretion event, we select only the subsequent accre-
tion events (if any) that are preceded by a wind ejection event. This
removes artificial accretion from gas loosely bound to the galaxy
or due to small scale galactic fountains that could overestimate the
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FIRE-2: Numerics vs. Physics 5

Figure 2. Mock galactic map, similar to Fig. 1, but as seen from within the galaxy, for m12i (top) and m12f (bottom). We ray-trace a Galactic (Aitoff)
projection, as seen from a random star ⇠ 10kpc from the galactic center. Individual, filamentary giant molecular cloud (GMC) complexes and young star
clusters are visible, and both galaxies have a clear thin disk plus bulge morphology.

(Martin 1999, 2006; Heckman et al. 2000; Newman et al. 2012;
Sato et al. 2009; Chen et al. 2010; Steidel et al. 2010; Coil et al.
2011).

Until recently, numerical simulations treated stellar feedback
in highly-simplified fashion and have had difficulty reproducing
these observations. This is especially true of models which in-
voke only energetic feedback (thermal injection) via supernovae
(SNe), which typically find the energy is efficiently radiated away
(Katz 1992; Guo et al. 2010; Powell et al. 2011; Brook et al. 2011;
Nagamine 2010; Bournaud et al. 2011). By “turning off cooling”
for some adjusted duration, as in Stinson et al. (2006); Governato
et al. (2010); Macciò et al. (2012); Teyssier et al. (2013); Stin-

son et al. (2013); Crain et al. (2015), or directly putting in winds
“by hand” as in Springel & Hernquist (2003a); Davé et al. (2006);
Anglés-Alcázar et al. (2014); Vogelsberger et al. (2014), it is pos-
sible to reproduce some of the observed galaxy properties. But this
obviously does not demonstrate that known stellar feedback mech-
anisms actually act in this way, nor can it correctly predict many
ISM and CGM-scale properties that depend explicitly on e.g. the
phase-structure of feedback-driven outflows (see Hummels et al.
2013).

Accurate treatment of star formation and galactic winds ul-
timately requires realistic treatment of the stellar feedback pro-
cesses that maintain the multi-phase ISM. Observationally, many

c� 0000 RAS, MNRAS 000, 000–000

FIRE “zoomFIRE “zoom-FIRE “zoom-in” simulations
! Mass, momentum, energy, and metal feedback from supernovae, stellar winds 
and radiation implemented at the scale of star forming regions

Mock galactic projection seen at 10 kpc from the center of  “Latte” (Wetzel+16)

Hopkins et al. 2018 (arXiv:1702.06148)

Hopkins et al. 2014, 2018

Talks by Faucher-Giguère, Keres, Hummels



Total stellar mass

log MHALO (z=0)  =  12 

! Fresh gas accretion dominates first but wind recycling takes over
! Stars + gas from major merger at z=2, but look at intergalactic transfer!
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Stellar mass !

ISM gas mass !

SFR !

Accretion rate 
onto the ISM !

log MHALO (z=0)  =  12 
Baryon cycling and galaxy assembly on FIRE 4705

Figure 3. Top panels: contribution of different processes to the evolution of galaxies m11 (left), m12i (middle) and m13 (right) from early times down to z D
0. Total stellar mass (M∗), ISM gas mass (Mgas), SFR (Ṁ∗) and gas accretion rate on to the galaxy (Ṁacc) are indicated by the thick grey lines for each galaxy
(from top to bottom). Lines of different colours show the contributions from fresh accretion (purple), NEP wind recycling (blue), intergalactic transfer of gas
(green) and galaxy mergers (ISM gas: orange; stars: red). The different contributions to M∗ and Ṁ∗ represent the history of gas particle progenitors that form
the stars. All quantities represent average values over a time-scale of ∼200 Myr. Bottom panels: fraction of M∗, Mgas and Ṁacc contributed by each process as
a function of redshift. Fractions are represented in terms of ranges, so that the contribution of each component at any redshift is given by the vertical extent of
the corresponding colour at that redshift.

recycling begins to dominate gas accretion. The contribution of
recycled gas to in situ star formation increases further as the ISM
cycles through periods of gas ejection and re-accretion. Periods of
intense star formation (Ṁ∗ ∼ 1 M⊙ yr−1) occur simultaneously

with the presence of a large reservoir of gas, driving powerful
outflows that sweep up a large fraction of gas in the ISM. Wind
recycling restitutes a substantial fraction of the ejected gas (Section
3.4.1), producing distinct cycles in Mgas, Ṁ∗ and Ṁacc. This effect
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a function of redshift. Fractions are represented in terms of ranges, so that the contribution of each component at any redshift is given by the vertical extent of
the corresponding colour at that redshift.

recycling begins to dominate gas accretion. The contribution of
recycled gas to in situ star formation increases further as the ISM
cycles through periods of gas ejection and re-accretion. Periods of
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a function of redshift. Fractions are represented in terms of ranges, so that the contribution of each component at any redshift is given by the vertical extent of
the corresponding colour at that redshift.

recycling begins to dominate gas accretion. The contribution of
recycled gas to in situ star formation increases further as the ISM
cycles through periods of gas ejection and re-accretion. Periods of
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Fresh accretionMvir = 10^11 M! at z=0
z = 4 " 0
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Baryon cycling and galaxy assembly on FIRE 4713

Figure 14. The top left panel illustrates the intergalactic transfer of gas from dwarf satellites on to galaxy m12i [Mhalo(z D 0) ≈ 1.2 × 1012 M⊙] at z D 0.65,
where the green lines show the future trajectory of gas removed from the ISM of each satellite as it smoothly accretes on to the central galaxy. Orange star
symbols represent the stellar distribution and black dashed lines show the virial radius of identified (sub-)haloes. Thumbnails show a representative portion
of the evolution of the four individual satellites numbered in the top left panel, each representing a [50 kpc]3 volume (physical) centred on the satellite. The
grey-scale shows projected gas surface density distributions (logarithmically scaled). Green circles indicate the location of transfer gas particles in the vicinity
of each satellite, with their colour gradually vanishing after being removed from the source galaxy for a time ∼200 Myr. The star symbol indicates the centre
of the satellite galaxy and the black dashed line indicates 0.5 Rvir of the corresponding sub-halo at each redshift. Satellites experience multiple bursts of star
formation as they orbit around the central galaxy, driving quasi-spherical outflows that dominate the intergalactic transfer component.

4.4 Wind loading and mass-loss

The FIRE simulations predict that the efficiency of stellar feed-
back at driving large-scale winds depends strongly on galaxy mass
(Muratov et al. 2015). Phenomenological wind models used in sim-
ulations that do not self-consistently predict wind properties typi-
cally use mass loading factors that follow momentum-conserving
(η ∝ V −1

c ; e.g. Oppenheimer et al. 2010; Anglés-Alcázar et al.
2014) or energy-conserving (η ∝ V −2

c ; e.g. Ford et al. 2013;
Vogelsberger et al. 2014) scalings relative to the circular velocity
Vc. Christensen et al. (2016) finds η ∝ V −2

c based on the analysis of

zoom-in simulations including blastwave SN feedback, while the
FIRE simulations predict a rough transition η ∝ V −3

c → η ∝ V −1
c

at Vc > 60 km s−1 (Muratov et al. 2015). At z D 0, the cumula-
tive wind loading factor decreases from ηc ∼ 100 → 1 across the
halo mass range Mhalo ∼ 1010 M⊙ → 1013 M⊙. This is consis-
tent with the range of mass loading factors found in Muratov et al.
(2015). However, note that here we consider the cumulative gas
mass ejected from the ISM of the galaxy with velocity vout > 2 Vc,
while Muratov et al. (2015) computed instantaneous mass fluxes
(vout > 0) across a radial boundary at 0.25 Rvir. In principle, the

MNRAS 470, 4698–4719 (2017)

Intergalactic Transfer

From small satellites onto a 
Milky-Way mass galaxy

! Quasi-spherical outflows 
unbind ISM gas from satellites

! Satellite winds/CGM easily 
stripped by ram pressure



Intergalactic Transfer

From small satellites onto a 
Milky-Way mass galaxy

Orbiting satellites 
experience bursts of star 
formation driving quasi-
spherical outflows that 
accrete onto the central 
galaxy
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Intergalactic Transfer

! Connections with MW halo
and satellites?

Talks by Putman, Besla, Fox, Barger

! LMC’s mass loading ~20! 
(Barger+2016, Lehner+2007)

!Role of  winds removing gas 
from satellites?
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CGM evolves very mildly  
over 11 billion years

Pseudo-evolution of Dark  
Matter halo

Self-Similar in mass and time 
when scaled with rs

Diemer, More, Kravtsov 2013; Churchill et al. 2013; Liang et al. 2016;  

Across 4 decades of stellar mass 
from dwarf to L* galaxies!

CGM is self-similar across mass and time
When compare profiles in a single epoch, using Rvir is fine, 

when compare across different epochs, rs is better. 

rs is the scale radius of NFW profile 
where the logarithmic slope is -2

! Slide from Liang’s talk!
(see also Ford+2014)



! Characteristic recycling zone around galaxies that scales with the size of  the    
inner halo and the galaxy’s stellar component. 

Wind recycling distance

Anglés-Alcázar+2017, MNRAS 470, 4698

Baryon cycling and galaxy assembly on FIRE 4711

Figure 12. Normalized cumulative distribution of wind recycling time (left) and distance (in units of Rvir at the time of ejection; right) for all recycling events
occurring from z D 3 down to z D 0. Different colours indicate galaxies m13 (red), m12q, m12i, m12v (green), m11 (blue) and m10 (purple), where only the
average distribution is shown for the three m12 haloes. Median recycling time and distance are indicated for each galaxy.

Figure 13. Recycling distance as a function of redshift at ejection, ex-
pressed in units of the virial radius (Rvir; top), the halo scale radius (Rs;
middle) and the galaxy stellar effective radius (Reff; bottom) at the time
of ejection. Black solid lines show median values within equally spaced
redshift bins, including recycling events from all simulated galaxies. Grey
shaded areas indicate the 25–75 per cent and 5–95 per cent percentile ranges.

gas that will recycle typically remains close to the central galaxy
after ejection. Despite the large scatter, we find a typical recycling
distance RREC ∼ Rs ∼ 5 Reff roughly independent of halo mass and
redshift, suggesting a characteristic recycling zone around galaxies
that scales with the size of the inner halo and the galaxy’s stellar
component.

4 DISCUSSION

4.1 Milky Way mass galaxies

We begin by summarizing the relative importance of different pro-
cesses for the present day stellar content of Milky Way mass galax-
ies, which we obtain by averaging over our three m12 galaxies. The
non-externally processed contribution represents ∼50 per cent of
the stellar mass of Milky Way mass galaxies at z D 0; this represents
the portion of galaxy growth occurring in isolation, from material
unaffected by other galaxies. Star formation fuelled by fresh accre-
tion accounts for ∼20 per cent of the stellar mass of Milky Way
size galaxies at z D 0, while the remaining ∼30 per cent of non-
externally processed material corresponds to recycling of their own
wind ejecta.

The remaining ∼50 per cent of the stellar mass originates from
externally processed material, i.e. gas and stars that belonged to
a different galaxy at earlier times. Mergers represent a small con-
tribution to the growth of Milky Way mass galaxies, providing
∼10 per cent of the z D 0 stellar mass, where !5 per cent corre-
sponds to direct contribution in stars while the remaining mass is
provided in the form of ISM gas that fuels star formation. The ex-
ternally processed contribution is dominated by intergalactic trans-
fer, which may represent up to ∼40 per cent of the stellar mass
at z D 0.

Regardless of the original source of gas (i.e. externally pro-
cessed or not), Milky Way mass galaxies eject in winds and recycle
∼50 per cent of the gas that makes up their stellar content at z D 0.
Considering also the gas transferred from other galaxies via winds,
"70 per cent of the stellar mass of Milky Way size galaxies today
may have been in the form of galactic winds in the past. Meanwhile,
Milky Way mass galaxies deposit as much gas in their CGM and
the IGM via winds as their present day stellar content.

MNRAS 470, 4698–4719 (2017)

! Plausible definition of  CGM?



2 D. Anglés-Alcázar et al.

Figure 1. Left: Evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 . 100 pc, and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: Projected mass-weighted gas temperature maps at z = 2.3 on di�erent scales centered on the main BH. The white dashed line indicates
Rvir (left) and the black circle (right) corresponds to the central 100 pc. Bottom right: Projected gas surface density (from purple to red) overlaid on top of
the stellar mass surface density (background gray scale); we show redshift evolution from z = 6 ! 1. The white circles indicate the central 100 pc. Length
scales indicated on the panels are in physical units. At early times, ⌃gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating
gas within the accretion radius; ṀBH can reach the Eddington rate but only intermitently during . 1 Myr phases. More sustained BH growth begins at z ⇠ 4,
when the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

disk based on resolved galaxy properties on scales .100 pc. Specif-
ically, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential.

2 SIMULATIONS

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four halos from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo for-
mation histories for halo mass Mhalo ⇡ 1012.5 M� at z = 2.
Our new simulations use the updated FIRE-2 code (Hopkins et al.
2017), including the meshless finite mass (MFM) hydrodynamics
solver and improvements to the accuracy of stellar feedback cou-
pling algorithms, described therein. We assume a standard ⇤CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve halos down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 ⇥ 104 M� and
mDM = 1.7⇥105 M� and force softenings ✏gas = 0.7 pc, ✏? = 7 pc,
✏BH = 7 pc, and ✏DM = 57 pc, where ✏gas is the minimum adaptive

2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html

force softening for gas (identical to the kernel smoothing scale) and
✏?, ✏BH, and ✏DM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte
simulation suite (Wetzel et al. 2016) at three di�erent resolution
levels (mb = [7, 56, 450]⇥103 M�) for numerical convergence tests
(these runs do not include BHs).

We treat BHs as individual collisionless particles that grow
through accretion and mergers (Springel et al. 2005). We model
accretion as ṀBH = (1 � ⌘) ṀTorque, where ⌘ = 0.1, ṀTorque /
✏T f 5/2

d Md R�3/2
0 M1/6

BH (Hopkins & Quataert 2011, eq. 65), and
fd and Md are the mass fraction and total mass of the disk (stars
and gas) within a radial aperture R0 enclosing 256 gas elements.
An upper limit of 140 pc (physical) is imposed on R0 to avoid
accreting distant gas. The ✏T pre-factor encapsulates uncertainties
in processes that a�ect gas transport on unresolved scales (e.g. BH
feedback). We set ✏T = 2.5 to match the observed normalization
of the MBH–Mbulge relation at late times but ✏T could in principle
vary in di�erent regimes. We refer to Anglés-Alcázar et al. (2017)
for details of the numerical implementation, including the on-the-
fly bulge-disk decomposition. BHs can exceed the Eddington rate
(Ṁedd) by up to a factor of 10, consistent with recent simulations of
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Figure 1. Left: Evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 . 100 pc, and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: Projected mass-weighted gas temperature maps at z = 2.3 on di�erent scales centered on the main BH. The white dashed line indicates
Rvir (left) and the black circle (right) corresponds to the central 100 pc. Bottom right: Projected gas surface density (from purple to red) overlaid on top of
the stellar mass surface density (background gray scale); we show redshift evolution from z = 6 ! 1. The white circles indicate the central 100 pc. Length
scales indicated on the panels are in physical units. At early times, ⌃gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating
gas within the accretion radius; ṀBH can reach the Eddington rate but only intermitently during . 1 Myr phases. More sustained BH growth begins at z ⇠ 4,
when the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

disk based on resolved galaxy properties on scales .100 pc. Specif-
ically, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential.

2 SIMULATIONS

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four halos from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo for-
mation histories for halo mass Mhalo ⇡ 1012.5 M� at z = 2.
Our new simulations use the updated FIRE-2 code (Hopkins et al.
2017), including the meshless finite mass (MFM) hydrodynamics
solver and improvements to the accuracy of stellar feedback cou-
pling algorithms, described therein. We assume a standard ⇤CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve halos down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 ⇥ 104 M� and
mDM = 1.7⇥105 M� and force softenings ✏gas = 0.7 pc, ✏? = 7 pc,
✏BH = 7 pc, and ✏DM = 57 pc, where ✏gas is the minimum adaptive

2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
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Figure 1. Left: evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 ! 100 pc and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: projected mass-weighted gas temperature maps at z D 2.3 on different scales centred on the main BH. The white dashed line indicates Rvir
(left) and the black circle (right) corresponds to the central 100 pc. Bottom right: projected gas surface density (from purple to red) overlaid on top of the
stellar mass surface density (background grey-scale); we show redshift evolution from z D 6 → 1. The white circles indicate the central 100 pc. Length scales
indicated on the panels are in physical units. At early times, !gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating gas
within the accretion radius; ṀBH can reach the Eddington rate but only intermittently during !1 Myr phases. More sustained BH growth begins at z ∼ 4, when
the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

an ideal setting to investigate the evolution of massive BHs. By
implementing stellar feedback processes on the scale of star-
forming regions directly following stellar population synthesis mod-
els, the FIRE simulations reproduce a variety of galaxy (Hopkins
et al. 2014; Ma et al. 2016; Feldmann et al. 2017) and CGM
(Faucher-Giguère et al. 2015, 2016; Muratov et al. 2015; Hafen
et al. 2017) observables. Here, we use high-resolution cosmolog-
ical hydrodynamic simulations of quasar-mass haloes (Mhalo ≈
1012.5 M⊙ at z D 2; e.g. White et al. 2012) from early times down
to z D 1 to study the impact of stellar feedback on massive BH
growth. Our simulations model the inhomogeneous, dynamic inter-
stellar medium in the nuclear regions of galaxies (!100 pc) while
self-consistently capturing mass transport from cosmological gas
infall down to galactic nuclei (Fig. 1, top right). We build on results
from nuclear-scale simulations (Hopkins & Quataert 2010, 2011;
Hopkins et al. 2016) to estimate the feeding rate of the BH accre-
tion disc based on resolved galaxy properties on scales !100 pc.
Crucially, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential,
which represents a significant improvement over models based on
Bondi accretion.

2 SIM UL ATIO NS

We use the N-bodyC hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four haloes from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo forma-
tion histories for halo mass Mhalo ≈ 1012.5 M⊙ at z D 2. Our new
simulations use the updated FIRE-2 code (Hopkins et al. 2017),
including the meshless finite mass (MFM) hydrodynamics solver
and improvements to the accuracy of stellar feedback coupling
algorithms, described therein. We assume a standard "CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve haloes down to z D 1 with
baryonic and dark matter particle masses mb D 3.3 × 104 M⊙ and
mDM D 1.7 × 105 M⊙ and force softenings ϵgas D 0.7 pc, ϵ⋆ D 7 pc,
ϵBH D 7 pc, and ϵDM D 57 pc, where ϵgas is the minimum adaptive
force softening for gas (identical to the kernel smoothing scale) and
ϵ⋆, ϵBH and ϵDM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte

2 http://www.tapir.caltech.edu/phopkins/Site/GIZMO.html
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Figure 1. Left: evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 ! 100 pc and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: projected mass-weighted gas temperature maps at z D 2.3 on different scales centred on the main BH. The white dashed line indicates Rvir
(left) and the black circle (right) corresponds to the central 100 pc. Bottom right: projected gas surface density (from purple to red) overlaid on top of the
stellar mass surface density (background grey-scale); we show redshift evolution from z D 6 → 1. The white circles indicate the central 100 pc. Length scales
indicated on the panels are in physical units. At early times, !gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating gas
within the accretion radius; ṀBH can reach the Eddington rate but only intermittently during !1 Myr phases. More sustained BH growth begins at z ∼ 4, when
the stars dominate the gravitational potential and the nuclear gas content becomes more steady.
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implementing stellar feedback processes on the scale of star-
forming regions directly following stellar population synthesis mod-
els, the FIRE simulations reproduce a variety of galaxy (Hopkins
et al. 2014; Ma et al. 2016; Feldmann et al. 2017) and CGM
(Faucher-Giguère et al. 2015, 2016; Muratov et al. 2015; Hafen
et al. 2017) observables. Here, we use high-resolution cosmolog-
ical hydrodynamic simulations of quasar-mass haloes (Mhalo ≈
1012.5 M⊙ at z D 2; e.g. White et al. 2012) from early times down
to z D 1 to study the impact of stellar feedback on massive BH
growth. Our simulations model the inhomogeneous, dynamic inter-
stellar medium in the nuclear regions of galaxies (!100 pc) while
self-consistently capturing mass transport from cosmological gas
infall down to galactic nuclei (Fig. 1, top right). We build on results
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Hopkins et al. 2016) to estimate the feeding rate of the BH accre-
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BH physics. This set of simulations covers a range of halo forma-
tion histories for halo mass Mhalo ≈ 1012.5 M⊙ at z D 2. Our new
simulations use the updated FIRE-2 code (Hopkins et al. 2017),
including the meshless finite mass (MFM) hydrodynamics solver
and improvements to the accuracy of stellar feedback coupling
algorithms, described therein. We assume a standard "CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve haloes down to z D 1 with
baryonic and dark matter particle masses mb D 3.3 × 104 M⊙ and
mDM D 1.7 × 105 M⊙ and force softenings ϵgas D 0.7 pc, ϵ⋆ D 7 pc,
ϵBH D 7 pc, and ϵDM D 57 pc, where ϵgas is the minimum adaptive
force softening for gas (identical to the kernel smoothing scale) and
ϵ⋆, ϵBH and ϵDM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte
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1) Connecting explicitly CGM gas flows and
galaxy mass assembly

2)  Particle tracking is powerful! 
! net mass loss rate, recycling distance,… 
! Zach’s talk in a moment!

3) Intergalactic transfer of gas between galaxies      
via winds can compete with fresh accretion
and standard wind recycling 

Baryon cycling and galaxy assembly on FIRE 4711

Figure 12. Normalized cumulative distribution of wind recycling time (left) and distance (in units of Rvir at the time of ejection; right) for all recycling events
occurring from z D 3 down to z D 0. Different colours indicate galaxies m13 (red), m12q, m12i, m12v (green), m11 (blue) and m10 (purple), where only the
average distribution is shown for the three m12 haloes. Median recycling time and distance are indicated for each galaxy.

Figure 13. Recycling distance as a function of redshift at ejection, ex-
pressed in units of the virial radius (Rvir; top), the halo scale radius (Rs;
middle) and the galaxy stellar effective radius (Reff; bottom) at the time
of ejection. Black solid lines show median values within equally spaced
redshift bins, including recycling events from all simulated galaxies. Grey
shaded areas indicate the 25–75 per cent and 5–95 per cent percentile ranges.

gas that will recycle typically remains close to the central galaxy
after ejection. Despite the large scatter, we find a typical recycling
distance RREC ∼ Rs ∼ 5 Reff roughly independent of halo mass and
redshift, suggesting a characteristic recycling zone around galaxies
that scales with the size of the inner halo and the galaxy’s stellar
component.

4 DISCUSSION

4.1 Milky Way mass galaxies

We begin by summarizing the relative importance of different pro-
cesses for the present day stellar content of Milky Way mass galax-
ies, which we obtain by averaging over our three m12 galaxies. The
non-externally processed contribution represents ∼50 per cent of
the stellar mass of Milky Way mass galaxies at z D 0; this represents
the portion of galaxy growth occurring in isolation, from material
unaffected by other galaxies. Star formation fuelled by fresh accre-
tion accounts for ∼20 per cent of the stellar mass of Milky Way
size galaxies at z D 0, while the remaining ∼30 per cent of non-
externally processed material corresponds to recycling of their own
wind ejecta.

The remaining ∼50 per cent of the stellar mass originates from
externally processed material, i.e. gas and stars that belonged to
a different galaxy at earlier times. Mergers represent a small con-
tribution to the growth of Milky Way mass galaxies, providing
∼10 per cent of the z D 0 stellar mass, where !5 per cent corre-
sponds to direct contribution in stars while the remaining mass is
provided in the form of ISM gas that fuels star formation. The ex-
ternally processed contribution is dominated by intergalactic trans-
fer, which may represent up to ∼40 per cent of the stellar mass
at z D 0.

Regardless of the original source of gas (i.e. externally pro-
cessed or not), Milky Way mass galaxies eject in winds and recycle
∼50 per cent of the gas that makes up their stellar content at z D 0.
Considering also the gas transferred from other galaxies via winds,
"70 per cent of the stellar mass of Milky Way size galaxies today
may have been in the form of galactic winds in the past. Meanwhile,
Milky Way mass galaxies deposit as much gas in their CGM and
the IGM via winds as their present day stellar content.
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