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Premise 
ª Given a hydrodynamic code that 

produces galaxies with reasonably 
realistic properties, using a physically-
motivated, tuned model for stellar 
feedback, let’s back out information 
about outflow properties as a function 
of halo mass 
ª  Amount of ejection and recycling 
ª  Source of gas 
ª  Metallicity of gas 
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Code: Gasoline 
ª  SPH code (Wadsley+ 2004)  

ª  Cosmic UV background radiation 
ª  H & He ionization; non-equilibrium H2 (Christensen+ 

2012)  

ª  Metal line cooling and metal diffusion. O and Fe 
abundances tracked. (Shen+ 2010) 

ª  Probabilistic star formation based on free-fall 
time and H2 abundance (essentially, dust 
shielded fraction), c* = 0.1 (Christensen+ 2012)  

ª  Supernovae feedback (blastwave, ESN=1051 ergs)  
(Stinson+  2006) 

ª  Cooling is disabled for the period of time equal to 
the momentum-conserving (snowplow) phase of the 
blastwave  

ª  function of E, P and ρ (McKee and Ostriker 1977) 

 

(Wadsley+ 2004) 



Simulations 

•  20 central galaxies from zoom-in, 
cosmological  simulations. 

•  Virial masses at z = 0 from 5x109 – 1012 M¤ 

•   Gas particle masses: 3300M¤ or 25,000M¤ 
•  Softening lengths: 87 or 170 pc, 

smoothing lengths > 0.1 softening 



Observed relations 
of global 

properties at z = 0 
(1st order galaxy formation) 

Stellar Mass-Metallicity Relation 

Baryonic Tully-Fisher 
Stellar Mass-Halo Mass Relation 

Stellar Tully-Fisher 

Also: realistic sizes, gas fractions, 
and velocity dispersions 

Christensen et al, 2015 



Matter Distribution within Galaxy 

Governato+ 2012 Brooks and Zolotov 2014 

Christensen+ 2014 

Cored Profiles 

Appropriately 
Shaped Bulges 

Circular Velocity of Satellites 

For discussion on outflows 
changing central density, 
see Governato+ ‘10, 
Guedes+ ‘11, Brook+ ‘11, 
Pontzen+ ‘12, Teyssier+ 
’13, Anglés-Alcázar+ ’13, 
Christensen+ ’13 
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Halo preventative feedback 
Disk preventative feedback 

Ejective feedback 
Global SF efficiency 



Relative efficiency at suppressing SF  

Christensen et al, 2016 

•  Halo preventative feedback dominates at small masses 
•  Disk preventative feedback similar over all mass range studied 
•  Global star formation efficiency and ejective feedback are 

 similarly effective across mass range 



Particle Tracking 

ª  Outflowing gas: 
ª  Must have once been in the disk 
ª  Ejected from disk: 

ª  Outflowing gas which has kinetic energy                                                          
greater than potential energy from the disk 

ª  Expelled: 
ª  Outflowing gas which reaches                                                               

beyond the virial radius 

ª  100 Myr time resolution 
ª  Start at z = 3 



Spread of outflow material 
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Mass Loading Factor for Ejected Material 

Exponent ~ -1.85  
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ηejected α vcirc
-2.2, close to energy driven 

No redshift evolution 
 



For what is η measured?  
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Vcirc [km/s] 

Gas Mass Expelled 
Gas Mass Ejected (unbound from disk) 
Gas Mass Ejected beyond 0.2 Rvir 
Gas Heated by SN 

Christensen et al, 2015 

We want a way to compare outflows across models 
We need a more comprehensive picture of outflows 
 



Velocity of outflows 
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Gas mass expelled from halo 
Gas mass ejected (unbound from disk) 

Christensen et al, 2016 



Velocity of outflows 

15 

Gas mass expelled from halo 
Gas mass ejected (unbound from disk) 

Christensen et al, 2016 



Number of Times a Particle is Reaccreted 

Never Reaccreted  Reaccreted once  Reaccreted twice . . .. . . 
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594 B. D. Oppenheimer and R. Davé

Figure 11. The percentage of all SPH particles recycled Nrec times by z =
0 in the 32h−1 Mpc 2 × 2563 simulation is shown by the black histogram

(left-hand scale). Nrec = 0 means a wind particle is launched only once.

The red line shows the cumulative sum of wind particles launched per bin

(right-hand scale, normalized to 100 per cent) and is the sum of (Nrec + 1)

multiplied by the black histogram added from the left-hand to the right-hand

side. 50 per cent of winds are particles that have been or will be recycled

three or more times indicating that wind recycling plays a significant if not

dominant role in feedback.

45.7 per cent of the total number of SPH particles. Wind recycling

dominates over winds being launched from galaxies for the first

time– the average wind particle across time is more likely to have

already been launched in a wind! The most important aspect is that

wind material, once launched, cannot be assumed to be lost from the

galaxy forever and remaining in the IGM. This is true despite the

fact that, in our momentum-driven wind prescription, outflows are

always ejected at speeds exceeding the escape velocity of its parent

galaxy. Gravitational infall and hydrodynamic effects both conspire

to slow down outflows and facilitate wind recycling.

Fig. 11 displays histograms of the number of times the same wind

particle is recycled, Nrec, in the l32n256 simulation. Only 17 per cent

of all winds are particles ejected one time and therefore never re-

cycled (i.e. Nrec = 0); this corresponds to 7.9 per cent of all SPH

particles. The record-holder is a particle recycled an astonishing

30 times indicating that probably in this case the term halo foun-

tain may be more appropriate than galactic superwind. Perhaps the

most-telling statistic is that half of the wind particles have been re-

cycled three or more times. The continuous range in the number of

recycling times blurs the distinction between a galactic superwind

and a halo fountain, and suggests instead that there is a continuum.

The concept of recycling is not unexpected, and has been pre-

dicted by Bertone et al. (2007) from semi-analytical models. DO07

showed that metals move from mean cosmic density at z = 2 to an

overdensity of 100 by z = 0 as baryons migrate into larger struc-

tures as part of cosmic structural growth. This means that most of

the metals in the diffuse IGM at z ∼ 2 are in galactic haloes at

z ∼ 0. Metals blown out from early galaxies to low overdensities

are later reaccreted in the formation of larger structures, and blown

out again. Still, the commonality of wind particles being recycled

is surprising, especially since momentum-driven winds are almost

always ejected at velocities well in excess of the escape velocity

of the galaxy. It is in fact more appropriate to talk about how long

it takes a wind particle to be recycled instead of whether it will be

recycled. Metals injected by galactic superwinds cannot be assumed

to remain permanently in the IGM; metals continuously cycle be-

tween galaxies and the IGM. In an upcoming paper, we will quantify

the ages of metals observed at different absorption lines tracing dif-

ferent regions of the IGM. For now we note that the average ages

of the metals in the IGM are typically much shorter than the age of

the Universe.

Do wind particles generally return to their parent galaxy, or do

they jump from galaxy to galaxy? The answer is the former; in the

vast majority of cases a wind particle returns to either its parent

galaxy or the result of a merger involving the parent galaxy. 95

per cent of recycled wind particles are re-launched from a galaxy

of similar or more mass than the previous recycling. Of course

galaxies grow anyway under the hierarchical growth scenario, so

a wind particle could join a different galaxy that has itself grown

larger than its parent. By considering wind particles recycled within

10 per cent of the Hubble time, we can diminish the bias of galaxy

growth and explore whether winds are travelling from massive cen-

tral galaxies to surrounding satellite galaxies possibly affecting their

dynamics and enrichment histories. With this time limit, 97 per cent

of winds return to more massive galaxies indicating that this is a

less likely trend. The number jumps to 99 per cent when consid-

ering winds launched from Mgal > 1011 M⊙, indicating that it is

harder to escape from a more massive galaxy. Furthermore, a wind

particle is rarely relaunched more than 1 comoving h−1 Mpc apart

in a 16 h−1 Mpc test simulation; the minority case usually involves

wind particles following the position of a fast-moving parent galaxy.

Winds rarely escape forever their parent halo, and winds from large

central galaxies do not appear to disrupt satellite galaxies.

Another way to quantify wind recycling is using the summed

amount of material injected into winds. We introduce the quantity

!wind, which is the mass injected in winds, including recycled gas.

Owing to recycling, there is no limit to how large this can be. Using

our l32n256 run, we find that !wind = 0.39!b – that is, an equivalent

of 39 per cent of the baryonic mass has been blown out in a galactic

superwind by z = 0.3 This is significantly larger than !∗ = 0.097

due to mass loading factors greater than 1 as well as recycling.

The other σ -derived wind runs to z = 0 give different values:

!wind = 0.59!b for the 8 h−1 Mpc box with 1283 SPH particles, and

!wind = 0.23!b for the 32 h−1 Mpc box also with 1283 particles.

!wind increases by 160 per cent when mass resolution changes by

64 times. This jump is primarily due to a 70 per cent increase in !∗,

but still leaves another 50 per cent likely due the varying treatment

of recycling at different resolutions. This lack of resolution conver-

gence raises the question of whether the amount of recycling is set

by numerics, perhaps arising from the poor treatment of SPH trying

to model outflow processes occurring at resolutions below the limit

of our simulations.

The discontinuity in recycling rates between resolutions stems

from how long and how far a particle reaches once it has been

launched. Wind particles in the 32 h−1 Mpc 2 × 2563 box with typ-

ical masses of 3.2 × 107 M⊙ are shot at hundreds of km s−1 – a

huge bundle that may be more accurately thought of as a flying

wind ‘bullet’. An actual wind should form a bow shock resulting

3 Although the total number of wind launches equals 45.7 per cent of all

SPH particles, the typical wind particle is less massive than the average SPH

particle, because one half of a full SPH particle remains when a star particle

is spawned, and wind particles are more likely to arise from these remaining

SPH particles.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 387, 577–600

Oppenheimer & Dave, 2008 

Reaccretion is important to galaxy evolution 
However, fraction reaccreted is highly dependent on  

•  feedback model 
•  selection of outflows 

 



Amount of Time Before Reaccretion 

Ejection Expulsion 

Christensen et al, 2016 

Very little mass-dependency in reaccretion time: α Mhalo
-0.1 

Similar to previous models at high mass, much lower at low mass 
 



Source of ejected material/location of 
Reaccreted material 

Ejected gas 
originates from 
approximately 
the same area 
as star 
formation 

Christensen et al, 2016 

Gas ejected 
Gas Reaccreted 
Star Formation 

[M¤] 

Outflows originate where stars form 
Low-mass galaxies eject from slightly broader region 
Reaccreted at systematically higher radii 
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Feedback-limited bulge growth? 

Brooks & Christensen, 2015 
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Feedback-limited bulge growth? 

Brooks & Christensen, 2015 

M
a

ss
 a

t 
c

e
n

te
r  

[M
¤

]  
R

a
te

  [
M

¤
 

yr
-1

]  

Star formation 
In situ SF 
Outflow 

Dark Matter 
Stars 
Cold Gas 

3.8 x 1010 M¤ 



Feedback-limited bulge growth? 
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Outflows are able 
to prevent bulge 
growth during 
mergers for 
galaxies with about 
M <  109.5 M¤. 
 
Result of higher 
mass loading in 
low-mass galaxies. 
 
Can help explain 
mass-dependency 
of bulge fraction 
 



23 

St
a

rs
 

G
a

s 
c

o
lo

re
d

 b
y 

m
e

ta
lli

c
ity

 

Credit: Fabio Governato 



Log Metallicity of Gas (slice through center of galaxy) 

Metal Surface Density 

Mass 

1.5 x 1010 M¤  3.8 x 1010 M¤  1.9 x 1011 M¤  6.8 x 1011 M¤  



Metal 
Enrichment 
of Outflows 

Top: ��������������������������Ǥ��������������������������������������������������
��������ǯ���������������������������������������������������ȋ�����������ȌǤ�	������-

Metallicity of ejected material 
Gas metallicity at z = 0 

Outflows are 
metal-enhanced 
compared to 
source ISM by a 
factor of ~1.6 to 3. 
 
Less metal 
enhancement for 
dwarfs – because 
of greater mass 
loading? 



Eventual Location of Metals 
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Eventual Location of Metals 
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5% O in disk gas, 1% in stars 
(McQuinn+ 2015) 



Eventual Location of Metals 
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�����������������������������������������������ϐ����ǲ� ����������Ǥǳ���������������������������������������������������Leo P: M* = 5.7 x 105  M¤ 

5% O in disk gas, 1% in stars 
(McQuinn+ 2015) 

M* ≥ 109.3  M¤: 15 – 30 % of metals 
 remain in disk gas or stars 
(Peeples+ 2014) 

AGN 
needed? 



Summary 
ª  Ejective feedback comparable to global SF efficiency in 

regulating SF 
ª  Find mass loading consistent with energy driven analytic 

scaling 
ª  Feedback preferentially removes matter from center; 

capable of limiting bulge growth 
ª  Metals extremely efficiently removed from galaxies 
 
ª  η?(z?): tension between models at high gas surface densities 
ª  Feedback model sensitive to amount and time scale of 

recycling 
ª  Need for comprehensive model of winds and a way to 

compare between models 
ª  CGM and ISM may be way to distinguish between FB models 

(see Agertz . . .) 29 


