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Feedback In Realistic Environments

F RE model for star formation + feedback-2
Hopkins, Wetzel et al 2018

goals 
model dense multi-phase ISM in 
cosmological setting 
model single stellar populations:  
star (sub)clusters 

high resolution 
MW/M31-mass simulations: 3500-7100 Msun 

LMC-mass simulations: 900-7100 Msun

star-forming regions

gas cooling via atoms, molecules, and 9 metals down to 10 K 
star formation in dense self-gravitating molecular clouds  
       nSF > 1000 atoms / cm3
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model for stellar evolution + feedback

Galaxy evolution: interplay 
between infall and outflows

-Outflow of material from galaxies regulate their growth. Outflows are easy to 
see observationally (at least at high-z)!

low-z (emission) high-z (absorption)

Steidel+2010
(see also Rubin+’10 ,Weiner+’09)

NASA (HST, Chandra, Spitzer)

Stacked spectrum of LBGs at z~2.5
M82 starburst

stellar scale

galaxy scale

Hopkins, Wetzel et al 2018
explicitly model 3 feedback channels 
supernovae 

core-collapse (prompt) 
type Ia (delayed) 

stellar radiation 
radiation pressure 
photoionization heating (HII regions) 
photoelectric heating (via dust) 

stellar winds 
massive O & B stars (prompt) 
AGB stars (delayed) 

redshift-dependent spatially uniform 
metagalactic UV background  
Faucher-Giguere et al 2009

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE-2



simulation suite of MW-mass systems

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE-2
Latte suite:   8 isolated MW-mass systems 
ELVIS suite:  3 LG-like pairs (6 halos)
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Benincasa, Loebman, Wetzel et al in prep

resolving (massive) GMCs
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GMC lifetimes in FIRE simulations
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6 S. Garrison-Kimmel et al.

Figure 2. Galaxy stellar mass functions. The panels indicate the satellite population (left; host distance rhost < 300 kpc), the non-satellite population around
each host (center; rhost = 300 - 1000 kpc, and distance to the paired host rother > 300 kpc where applicable), and (right) the Local Field (distance from either
host reither < 1 Mpc but distance from both hosts rboth > 300 kpc). Thin lines indicate the isolated m12 sample, which are sorted in the legend by host
virial mass. The satellite stellar mass functions are broadly consistent with that of the MW and M31, though even our richest satellite populations slightly
(by a factor of ⇠ 1.2 at 105M�) under-produces that of M31, possibly because our highest mass host is only 1.45⇥ 1012M�. Similarly, the non-satellite
populations around each host are in reasonable agreement with that of the MW and M31, with considerable scatter. The simulated Local Field populations
are also generally consistent with observations, particularly for M⇤ & 5⇥ 105M�; below that, Romeo & Juliet displays a steep upturn relative the LG.
Thelma & Louise, meanwhile, slightly overproduces the Local Field SMF at all masses. We predict a median of 2.5 additional (i.e. undetected) non-satellite
galaxies with M⇤ � 105M� and rMW = 300 - 1000 kpc, along with 4 additional MW satellites with M⇤ = 105 - 3⇥105M�.

0.37⇥1012M�. Naively scaling the two values by one another (i.e.
scatter in Nsats(M� � 105M�)/ scatter in host Mvir) yields nearly
identical values, such that our results are consistent with the FIRE
simulations predicting the same degree of scatter in the number of
luminous satellites as DMO simulations.

The FIRE satellite populations also provide a good match
to the MW satellite SMF, particularly below the masses of the
LMC and SMC,7 though the agreement is not perfect: the simu-
lated galaxies host a median of 15.5 satellites with M⇤ � 105M�,
compared with the 12 such known MW satellites, and we typically
predict a SMF that continues to rise between the relatively bright
classical dSphs (M⇤ & 3 ⇥ 105M�) and the ultra-faints dwarfs
(M⇤ . 3⇥104M�) identified in deep surveys such as SEGUE (Be-
lokurov et al. 2009) and DES (Drlica-Wagner et al. 2015). The dif-
ference is small relative to the order-of-magnitude difference re-
ferred to by the missing satellites problem – we predict a median of
4 satellites with M⇤ = 105 - 3⇥ 105M� – but it may suggest addi-
tional, relatively luminous, undetected satellites (also see Tollerud
et al. 2008). Rather than a sign of observational incompleteness, the
flattening of the MW SMF may instead reflect a feature from reion-
ization (see Bose et al. 2018); if so, our simulations do not capture
such a feature overall.

In contrast to the relative agreement with the MW SMF, all
of the simulated satellite SMFs lie slightly below that of M31. Our
hosts have, on average, 54% as many satellites with M⇤ � 105M�
as are already known around M31. The offset in the mean counts
relative to M31 is roughly constant for M⇤ . 107M� (at which
point the mean difference becomes even larger), indicating that
M31 contains systematically more satellites at fixed stellar mass
than our simulated hosts. For comparison, the mean offset between

7 The worse agreement at the high-mass end is not particularly unexpected:
none of our hosts were selected to contain an LMC-mass satellite, and a ran-
domly selected MW/M31-mass halo is statistically unlikely to have LMC
or M33-mass satellites (Busha et al. 2011; Tollerud et al. 2011).

the simulated satellite populations and that of the MW is ⇠ 2% at
the mass of CVnI (3⇥ 105M�) and remains under 20% over two
orders of magnitude (up to the mass of Fornax, 2.4⇥107M�). The
difference in satellite counts is clear, but not extreme: our host with
the largest number of satellites (m12m, with Mvir = 1.45⇥1012M�)
contains 73% as many galaxies above 105M� with an average of
74% from 105 – 3⇥ 107. As we show in Appendix B, this result
is only marginally sensitive to the radial cut used to separate satel-
lites from non-satellites. It is also qualitatively independent of the
assumed mass-to-light ratio for the observed dwarf galaxies: even
adopting a stellar mass-to-light ratio of unity for the galaxies not in-
cluded in Woo et al. (2008) yields a mean of 61% as many satellites
as M31 with M⇤ = 105M�.

The abundance of dwarf galaxies around M31 (relative both
to the MW and to our simulated hosts) may point towards a higher
M31 halo mass. Large-scale estimates for the mass of M31 typ-
ically suggest Mvir,M31 & 1.5⇥ 1012M�; for example, Diaz et al.
2014 used the net momentum of the LG to estimate Mvir,M31 =
1.7± 0.3⇥ 1012M�. However, Kafle et al. (2018) recently argued
for Mvir,M31 = 0.8± 0.1⇥ 1012M� by applying a Bayesian frame-
work to high-velocity planetary nebulae. Figure 3 shows the num-
ber of dwarf galaxies near each host, as a function of host virial
mass. Though the trends with mass are weak (e.g. our lowest mass
host contains the fifth most satellites), our results suggest that it is
difficult to match both the SMF of the MW and of M31 without a
higher virial mass for M31.

Broadly speaking, the non-satellite SMFs in Figure 2 (rhost =
300 - 1000 kpc, and excluding satellites of the paired host if ap-
plicable) generally agree with counts in the fields around the
MW/M31. However, there are again hints of undetected galaxies
with M⇤ & 105M�: we predict a median of 14.5 galaxies with
M⇤ � 105M�, compared to the 12 known around the MW. Fur-
thermore, increasing the mass of our M31 analogue may result
in even more predicted dwarfs; our predictions in the Local Field
may be a lower limit. If ultra-diffuse galaxies (UDGs) are preva-
lent in the field (as predicted by Di Cintio et al. 2017 and Chan

MNRAS 000, 1–19 (2018)

Garrison-Kimmel, Hopkins, Wetzel et al 2019
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10 S. Garrison-Kimmel et al.

Figure 5. Identical to Figure 4, but here plotting Vcirc curves from the hydrodynamic simulations. Including baryonic physics using the FIRE models eliminates
TBTF around the MW and M31. The dotted lines in the Local Field panel show the persistence of several “failures” unaccounted for by current data, but these
are quite different from the massive failures in the DMO runs: they have rotation curves similar to the typical observed LG and Local Field systems (there are
simply ⇠ 10 more of them). The mis-match may therefore be a result of observational incompleteness at M⇤ . 106M�. The simulations here do not produce
any galaxies with densities as high as those of the baryon-dominated compact dEs around M31 (or Tucana/NGC 6822), with Vcirc & 35km s-1 at r < 1kpc.

their satellite populations with the satellites of the MW. Though we
only directly plot Juliet and Louise against the MW satellites,
we list the number of massive failures (and, in parentheses, strong
massive failures) in the final column of Table 1: in the DMO simu-
lations, all of our hosts contain at least two strong massive failures.

5.3 Results: FIRE simulations

Figure 5 is analogous to Figure 4, but it plots Vcirc curves of the
luminous galaxies in the FIRE simulations (i.e. including baryons).
Because we color the lines by stellar mass, we separate massive
failures and halos that are matched with observed dwarfs via line-
style: massive failures are plotted with dashed lines and the halos
assigned to host galaxies with solid lines. The addition of baryonic
physics to the simulations eliminates the TBTF problem around
the MW and M31. In particular there are neither ‘strong massive
failures’ nor ‘massive failures’ within the virial radius of either host
according to the definitions applied to the DMO simulations above.
While the M31 population looks good in comparison to the TBTF
problem, our hosts do not contain quite as many satellites as M31
overall: matching the stellar mass function may result in additional
galaxies that cannot be matched one-to-one with observed systems.

There do remain a number of “failures,” according to our for-

mal definition in the Local Field population (dotted lines), all with
stellar masses < 106M�. However, we emphasize their circular ve-
locities are still much lower than in the DMO simulations; in fact,
they have profiles quite similar to the typical observed systems in
both the MW, M31, and Local Field. Given that the completeness
of the Local Field out to ⇠Mpc at these masses is rather uncer-
tain, one possibility is that there is a population of ⇠ 10 undetected
dwarf galaxies in this region, with stellar masses M⇤ = 105-6M�
and dark matter densities similar to those of known dwarf galax-
ies (e.g. And XVIII).10 However, we also note that this tension,
like that in the Local Field stellar mass function, can be reduced
(decreasing the number of discrepant halos by a few), without in-
troducing significant tension in the comparison with TBTF around
M31, if we use a larger radial cut as in Appendix B to associate
galaxies with M31 and the MW.

Note that the relative impact of supernovae feedback is such
that more massive dwarfs (M⇤ ⇠ 108M�) almost universally have
lower central masses than their less luminous counterparts (M⇤ .
106M�), particularly in the Local Field. Measuring dynamical

10 Specifically, there are 17 (7) of these missing systems in the Local Field
of Romeo & Juliet (Thelma & Louise) with M⇤ > 105M� and 7 (6)
with M⇤ > 3⇥105M�.

MNRAS 000, 1–19 (2018)

Garrison-Kimmel, Hopkins, Wetzel et al 2019

internal velocity (density) profile of dwarf

FIRE simulations form too few dense dwarf galaxies
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MORE RIGOROUS TEST

WHAT ABOUT SPATIAL 
DISTRIBUTION OF SATELLITES?

Jenna Samuel 
(grad student @ UC Davis) Erik Tollerud
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observed distances of satellite dwarf galaxies
Samuel, Wetzel, Tollerud et al 2019

Mstar > 105 Msun



images of dark matter in
baryonic simulation

100 kpc Garrison-Kimmel, Wetzel et al 2017

DM-only simulation

central galaxy destroys subhalos

too much satellite tidal destruction?
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FIRE simulations broadly 
agree with MW + M31 
down to d <~ 50 kpc

Samuel, Wetzel, 
Tollerud et al 2019 distance from host [kpc]
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FIRE simulations broadly agree with SAGA survey
Samuel, Wetzel, Tollerud et al 2019
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satellite destruction depends on host galaxy mass
Samuel, Wetzel, Tollerud et al 2019



Andrew Wetzel

MW satellites are unusually (?) concentrated
see also Yniguez et al 2014

Samuel, Wetzel, Tollerud et al 2019

Mstar > 105 Msun
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MW satellites are unusually (?) concentrated

Samuel, Wetzel, 
Tollerud et al 
2019

no simulated host (even across time) is as concentrated as MW 
predict ~4 more ‘classical’ dwarf galaxies around MW
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WHAT ABOUT (ULTRA-FAINT) 
SATELLITES OF THE LMC?

Ethan Jahn 
(grad student @ UC Riverside)

Laura Sales
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LMC-mass host 
galaxies: little 
tidal destruction 
of satellites MW-mass hosts

LMC-mass hosts

Jahn, Sales, Wetzel  
et al 2019
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satellites of LMC-mass hosts in FIRE simulations
Jahn, Sales, Wetzel et al 2019

also Pardy et al 2019
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