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perspective on baryons + dark matter
• we cannot convince ourselves that an alternative DM 

model is viable/preferred unless we do so in the 
context of baryonic effects 

• the last few decades have taught us that the effect of 
baryons on small scales is important - (nearly) all 
tensions that have arisen have plausible explanations 
via baryonic effects 

• assertion: anyone working on DM models in galaxies 
should spend at least ~half of their time thinking about 
baryonic physics (that can cause similar effects)
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caveats and scope for this talk
• cosmological baryonic simulations is an insanely broad topic 
• I will not discuss too much implementations of SIDM in such 

simulations (see many other talks during this workshop) 
• I will focus on the effects of baryons to help contextualize 

the effects of SIDM 
• I will focus on low-mass (faint) galaxies, and subhalos 

around MW-mass galaxies, in cosmological zoom-in 
simulations 

• I will be fairly opinionated and selective of what to discuss 
• So I encourage you to interrupt and disagree with me!



Andrew Wetzel

a note on terminology
• I refer to these as ‘baryonic’ rather than 

‘hydrodynamic’ simulations 
• While they do accurately model 

hydrodynamics, there is so much more to 
these simulations than hydrodynamics 

• Almost all of the ongoing work/development/
debate regarding such simulations focuses 
on star formation and feedback
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cosmological baryonic simulations

• expensive: millions of core-hours on supercomputer 
• ~100x more expensive than DM-only 

• requires complex, multi-physics, parallel codes, large 
collaborations, often using someone else’s ‘established’ code 

• difficult to explore parameter space 
• ‘we do not understand anything about stellar feedback!’ 
• ‘all the relevant physics is sub-grid (unresolved)!’ 
• ‘different codes give completely different predictions!’

why bother?
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advantages of cosmological baryonic simulations

• self-consistently model all/most key 
physical processes at play (cosmology, 
dark matter, hydrodynamics, star 
formation, stellar evolution, stellar 
feedback) 

• as a result, can compare directly with 
observables in gas or stars (especially 
via synthetic observations)
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one of my big worries about our field is that 
(cosmological) simulations have become sufficiently 
complex and multi-physics that everyone outside of 
the simulation community (and even some folks 
within it) treats them as ‘black boxes’, with only 
superficial understanding of what goes into them

what goes into a baryonic simulation?



Andrew Wetzel

what goes into a baryonic simulation?
• gravity 
• dark matter model: CDM, SIDM, fuzzy, atomic, etc 
• (magneto)hydrodynamics 

• details secondary to uncertainties in stars + feedback, 
especially for low-mass galaxies 

• gas cooling: ISM model 
• two types of approaches 

• impose smooth ISM (Illustris, Auriga, EAGLE, APOSTLE) 
• allow cold/dense multi-phase ISM (FIRE, NIHAO, 

Gasoline/ChaNGa, EDGE, Vintergatan, SMUGGLE)
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what goes into a baryonic simulation?
• star formation 
• stellar evolution + feedback 

• input: get models from stellar community 
• implementation 

• which feedback process to include 
• method of coupling to gas 

• example: injection of thermal energy v 
momentum 

• black holes + AGN
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supernovae 
core-collape (prompt) 
white-dwarf (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) 

cosmic rays (recent development) 
supernovae, AGN

stellar feedback: it’s not a single thing!

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
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possibly counterintuitive result

• including more feedback processes generally leads to 
less ‘violent’ feedback, with smoother (less bursty) 
star formation 

• core-collapse (prompt) supernovae have maximal 
temporal/spatial coherence —> bursty feedback 

• most other feedback processes occur over longer 
timescales and with less thermal heating of gas
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‘we do not understand anything about feedback’

• we understand a lot about how stars form, 
evolve, and interact with the gas around them 
• for example, supernovae 

• however, factors of several in uncertainty persist 
in many cases 

• not modeling the effects gas, stars, and 
feedback at all is (almost always) 
overwhelmingly more unphysical/wrong
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• ‘sub-grid’ is not a dirty word! 
• sub-grid = cannot (spatially) resolve a process 

• models for star formation and stellar (+ AGN) 
feedback in a cosmological setting (within my 
lifetime) need to rely on ‘sub-grid’ components 

• recent cosmological simulations of low-mass 
galaxies (start to) directly resolve key processes of 
stars and their feedback 

• the key: be clear on what physical processes a given 
simulation resolves versus has to model via sub-grid

‘your simulation relies on sub-grid physics’
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Figure 5. Convergence of “sub-grid” implementations of SNe feedback (§ 2.3). We explode a single SN (ejecta mass = 10.4M�, kinetic energy = 1051 erg,
yields in Paper I Appendix A) in a box of uniform density and metallicity (n = 1cm�3, Z = Z�), with the same cooling physics as our standard FIRE-2
simulations, using varying gas particle mass resolution, across mi = 0.1� 106 M�, as shown on the x-axis. Once the blastwave is well into the momentum-
conserving stage, we measure the terminal gas momentum pt . We compare: (1) Analytic: the analytic result for pt (Eq. 29). (2) FIRE Sub-Grid: Our default
implementation. This couples SN mass, metals, energy, and momentum, in a manifestly conservative, statistically isotropic manner, with the coupled mo-
mentum following Eq. 32. (3) Thermal (+Ejecta): The coupling algorithm is the same, but the coupled momentum is only the original ejecta momentum (no
PdV work is accounted for) and the energy is always the initial 1051 erg at coupling (no un-resolved radiation assumed). At low resolution this means the
energy coupled is almost entirely thermal. (4) Fully-Kinetic: We couple 100% of the 1051 erg as kinetic energy (all in momentum), regardless of resolution.
(5) Thermal Only: We couple 100% of the 1051 erg as thermal energy (none in momentum). At mi ⌧ 10M�, the ejecta free-expansion phase is resolved and
all methods produce an identical, well-resolved Sedov Taylor phase and terminal momentum in excellent agreement with the analytic value. At mi & 100M�,
the cooling radius becomes un-resolved. At this low resolution, “Thermal (+Ejecta)” (“Fully-Thermal”) under-estimates the terminal momentum by a factor
⇠ 15 (⇠ 60), because the PdV work done in the energy-conserving phase is missed (“Thermal (+Ejecta)” simply returns the original ejecta momentum;
“Fully-Thermal” produces a small residual). At low resolution “Fully-Kinetic” over-estimates the terminal momentum by a factor ⇠ 100(mi/105 M�)1/2,
because it assumes that PdV work continues well after the remnant should cool. Our FIRE sub-grid model, by construction, agrees within ⇠ 10% with the
exact/high-resolution solution, independent of resolution.

in several MW-mass halos studied in Paper I). Note that the for-
mation history and mass profile are not dramatically different in
the two runs, so what has “gone wrong” in the non-conservative
case? The problem is, as noted in § 2.2.4, the momentum conser-
vation error in the non-conservative algorithm is zeroth-order – it
depends only on the spatial distribution of and number of neighbor
gas elements within the kernel, not on the absolute mass/spatial
scale of that kernel. Because we keep the number of neighbors
seen by the SN fixed with changing mass resolution, this means
that the fractional errors (i.e. the net linear momentum error de-
posited per SN) does not converge away. Meanwhile, the individ-
ual gas element masses get smaller at high resolution – so the
net linear velocity “kick” becomes larger. The “worst-case” er-
ror for a single SN would be an order-unity fractional violation
of momentum conservation, implying a kick |�verr| ⇠ pt/ma ⇠
100kms�1 (7000/mi,1000); at low and intermediate resolution even
this worst-case gives |�verr| . 10kms�1 (comparable to the thin-
disk velocity dispersion) so this is not a serious issue. But at our
highest resolution, the non-conservative “worst case scenario” oc-
curs where in some star-forming regions, net momentum is co-
herently deposited all in one direction owing to a pathological lo-
cal particle distribution: the cloud then coherently “self-ejects” or

“bootstraps” itself out of the disk. The thin disk is destroyed in
the process, and the most extreme examples of this are visibly evi-
dent as “streaks” of stars from self-ejected clumps flying out of the
galaxy center!

We also re-ran a “non-conservative” simulation of m12i at
high resolution (mi,1000 = 7.0) with a crude “cap” or upper limit
arbitrarily imposed for the fraction of the momentum allowed to
couple to any one particle, and to the maximum velocity change
per event (of 50kms�1). This is presented in Appendix B. In that
case, the system does indeed form a thin, extended disk, similar to
our default coupling. This confirms that the “self-destruction” of
the disk is driven by rare cases with large momentum errors, rather
than small errors in “typical” cases.

As noted above, our older FIRE-1 algorithm used the “non-
conservative” formulation. The MW-mass simulations published
with that algorithm were all lower-resolution, where |�verr| .
10kms�1, so these errors were not obvious (at dwarf masses, the
lower metallicities and densities meant the cooling radii of blast-
waves were explicitly resolved, so as Fig. 3 shows, the effects were
even smaller, and their irregular morphologies meant perturbations
to thin disks were not possible). However, running that algorithm in
MW-mass halos at higher resolution led to similar errors as shown

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty674/4935189
by University of California, Davis - Library user
on 04 April 2018

Hopkins, Wetzel et al 2018

at sufficient resolution, different feedback methods converge, 
because hydrodynamics resolves them (no longer ‘sub-grid’)

single supernova explosion in idealized ISM with 
different feedback models
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cosmological simulations of low-mass galaxies to z = 0 
now reach 0.5 - 30 Msun resolution

a few examples:  
Wheeler et al 2019 (FIRE) 
Gutcke et al 2021 (LYRA) 
Lahen et al 2025 (GRIFFIN) 
Andersson et al 2025 (EDGE)
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presence of central galaxy
additional gravitational tidal force on satellites/
subhalos 

meta-galactic ultraviolet background
regulates gas content of low-mass halos 

stellar feedback (supernovae)
bursty star formation —> gas outflows/inflows —> 
heat dark matter —> reduce inner density (form cores)

MOST IMPORTANT EFFECTS OF BARYONIC PHYSICS 
ON LOW-MASS GALAXIES AND SUBHALOS



images of cold dark matter in
baryonic simulation

100 kpc Garrison-Kimmel, Wetzel et al 2017

dark-matter-only simulation

MW galaxy potential tidally strips subhalos
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gravitational tidal stripping from the MW galaxy

dark-matter subhalos
Samuel, Wetzel et al 2020

this is not a subtle effect! (but easy to model)
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Chan et al 2015

stellar feedback can generate dark-matter 
cores in low-mass galaxies
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Figure 1. DM density profiles of haloes at z = 0. Black dashed lines represent collisionless DM-only simulations; red solid lines represent simulations with
baryons and stellar feedback. The Power radius rPow, within which N-body relaxation effects can become important, is shown with vertical black dashed lines.
The halo masses are shown in the brackets. Baryonic feedback reduces the central DM density, especially at around Mh ∼ 1011 M⊙.

We focus on z≤ 2 when profiles of haloes start to stabilize as rapid
halo growth subsides. At z = 0, the simulated haloes show a clear
tendency to form shallow central profiles at Mh ∼ 1010–1011 M⊙.
All of the profiles in this range are significantly shallower than the
NFW profile. More accurate estimate of the halo mass and stellar
mass ranges where feedback flattens central slopes will require a
larger number of simulations as our statistic are currently limited.
When profiles are measured at even smaller radii, 0.5–1 per cent of
Rvir, profiles are typically even more shallow. At z = 2 we see that
the scaling with mass shows much larger dispersion, which owes
to very bursty SF and central halo regions that are just coming out
of the fast growth stage. We later show that in intermediate mass
haloes at a fixed physical radius, DM profiles get shallower with
time.

It is interesting to notice that low-mass dwarfs with
Mh ≪ 1010 M⊙ do not develop density cores even at 1 per cent
of Rvir (which is typically only several hundreds of parsecs). As we

discuss later, only a small fraction of baryons are converted to stars
in these haloes, owing to efficient feedback and effects of the UV
background. The energy available from a small number of SNe is
not sufficient to dramatically modify the DM distribution. Around
Mh = 1010 M⊙, the slope of the inner density profile increases
rapidly with mass, indicating the development of DM cores. This
seems to be a ‘threshold’ halo mass needed to develop large cores.
As discussed in Oñorbe et al. (2015), small differences in SF his-
tories in haloes close to this threshold can result in the substantial
difference in central slopes of the DM distribution.

Finally, in haloes with mass comparable to the Milky Way (m12v
and m12i) profiles steepen again and are only slightly shallower
than NFW. These haloes have deep potential wells that can retain
a large fraction of available baryons and convert them into stars.
Baryons are actually expected to steepen the DM profiles to α < −1
owing to adiabatic contraction of DM. However, bursty feedback
largely cancels and in some cases even overcomes this expected

MNRAS 454, 2981–3001 (2015)
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Mstar=5x104 Msun Mstar=109 Msun

too few stars just right
also, Navarro et al 1996, Read & Gilmore 2005, Stinson et al 2007, Ceverino & 
Klypin 2009, Governato et al 2010, Pontzen & Governato 2012, Teyssier et al 
2013, Madau et al 2014, Tollet et al 2015, Read et al 2015, and many others!

baryonic 
contraction

Mstar=5x1010 Msun
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El-Badry, Wetzel et al 2016

time

low-mass galaxies have bursty star formation and form dark-
matter cores in nearly all cosmological simulations that model 

dense multi-phase ISM at high resolution
also, Navarro et al 1996, Read & Gilmore 2005, Stinson et al 2007, Ceverino & 
Klypin 2009, Governato et al 2010, Pontzen & Governato 2012, Teyssier et al 
2013, Madau et al 2014, Tollet et al 2015, Read et al 2015, and many others!
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Pontzen & Governato 2012

8 El-Badry et al.

Figure 4. Changes in the distribution of stars and dark matter in
m10.6 across the same starburst episode shown in Figure 3. Top:
Specific star formation rate (sSFR) averaged over timescales of
10 (cyan) and 100 (black) Myr. Middle: Mean radial migration
of stars relative to their formation radius. h�ri (purple) shows
the net radial migration, while h|�r|i shows the absolute radial
distance. Migration correlates strongly and inversely with sSFR.
During this outflow episode, the half-mass radius increases from
2.5 to > 5 kpc within ⇡ 200 Myr. Bottom: Central slope ↵ of the
dark matter density profile (⇢DM / r↵) . ↵ correlates with mean
stellar migration, since star and dark matter particles feel the same
time-varying gravitational potential.

over such short times. That is, short-timescale migra-
tion is limited to temporary outward/inward burst cycles.
However, over su�ciently long (& 1Gyr) timescales,
stars show systematic and coherent outward migration
that continues to increase with stellar age. This long-
term behavior is caused by the repeated semi-periodic
oscillations of the potential that gradually heat the or-
bits of stars over time (for example, Pontzen & Governato
2012), such that the oldest stars, which have undergone
the most outflow episodes, have migrated outward the
most. Indeed, the oldest stars (> 8Gyr) have migrated
outward an average of ⇠ 4 kpc, or 2Re(z = 0), from the
radius where they formed.

3.4. Impact of Radial Migration on Populations
Gradients

Our simulated galaxies develop significant radial popu-
lation gradients by z = 0, with the youngest, most metal-
rich stars concentrated near the galactic center and the
outskirts dominated by old, metal-poor stars. These gra-
dients are similar to those observed in low-mass galaxies
in the local Universe (for example, Mateo 1998; Kirby
et al. 2012; Vargas et al. 2014). Galactic archeology
studies, which attempt to infer the formation-history of a
galaxy base on its properties at z ⇠ 0, commonly assume

Figure 5. Distribution of radial migration distances of stars since
their formation as a function of their stellar age in m10.6. Top:
� r, the di↵erence between a star particle’s radius when it is at
a given age and its radius when it formed. Positive (negative)
values correspond to stars that have migrated outward (inward)
since formation. Bottom: Same, but for |� r|, the absolute ra-
dial migration distance. Inset shows stars younger than 1 Gyr,
highlighting short timescales. After . 200Myr, stars move an av-
erage absolute radial distance of 1 kpc. As the top panel shows,
the average coherent (net) migration is weak over this timescale,
but over longer timescales (& 1Gyr), stars show strong systematic
outward migration via repeated inflow-outflow episodes that drive
stellar orbits to larger radii. Thus, older stars have experienced
systematically stronger outward radial migration.

that one can translate population gradients observed at
z ⇠ 0 to radial star formation and/or chemical enrich-
ment histories. For example, Zhang et al. (2012) con-
cluded that the star-forming regions of most nearby low-
mass have been shrinking because the observed average
stellar age increases with radius.
This common assumption is valid if the radial distribu-

tion of stars at z = 0 accurately reflects the distribution
of stars at the time of their formation. However, dynam-
ical heating can can mix di↵erent stellar populations and
thus alter radial population gradients, and radial migra-
tion can preferentially a↵ect old stars (Governato et al.
2015; Brooks & Teyssier 2015; Gonzalez-Samaniego et al.
2015). The significant radial migration which we present
above suggests that, in low-mass galaxies, SFHs that are
calculated from population gradients at z = 0 may be
contaminated significantly by migration. We now inves-
tigate this possibility in m10.6.
Figure 6 shows the SFH of m10.6 as a joint function

of both lookback time and radius. In both versions, the
right projection shows SFR versus time, while the left
projection shows the azimuthally integrated SFR (den-
sity) versus radius.
The left panel shows the SFH if we use the radial dis-
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inevitable diversity
gas mass, stellar 
size, and dark-
matter coring vary 
during each burst 
cycle 
more burst cycles 
(more extended star 
formation) leads to 
more coring on 
average
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• almost all cosmological baryonic 
simulations that model dense multi-
phase ISM at high resolution agree that 
baryons can cause diverse DM profiles, 
including DM cores 

• but they disagree on the range of sizes 
of cores and the minimum halo mass to 
form a core

summary of baryonic coring of DM
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2022
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ongoing challenge: diversity of rotation curves

Oman et al 2015, Sales, Wetzel, Fattahi et al 2022
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success of baryonic core formation 
observed low-mass galaxies with more extended 
star-formation histories have stronger DM cores

Read et al 2019
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Santos-Santos 
et al 2020

rapidly rising 
(cuspy)

slowly rising 
(cored)

baryon dominant

failure of baryonic core formation 
shape of rotation curve correlates more tightly with baryonic 

mass than observed

baryon poor
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• observational modeling of atomic hydrogen 
to get rotation curves (Vcirc profiles) is 
nontrivial! 

• need to model (possible) non-circular 
motions in gas 

• we probably just should compare observed 
v predicted velocity maps (data cubes)

caveat to observed diversity

Strigari et al 2017, Genina et al 2015, Harvey et al 2018, Oman et al 2019, etc



predictions for low-mass subhalos around the Milky Way

PhD student
Megan Barry
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Megan Barry

predicting low-mass subhalos 
around the Milky Way

• goal: quantify the subhalos most likely to 
cause perturbations on stellar streams 

• instantaneous (bound) dark-matter 
mass: >1e6, >1e7, >1e8 Msun 

• distance from MW: 0 - 60 kpc

Barry, Wetzel et al 2023
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KEY QUESTIONS

What is the population of low-mass (dark) subhalos 
near MW-mass galaxies?

How did the population vary across cosmic time?

What is their velocity distribution?

Is the Milky Way special in any way?
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predictions for subhalos at z = 0

DM-only

baryonic

distance from MW [kpc]

Barry, Wetzel et al 2023
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evolution of subhalo population 
6-10x reduction since z ~ 1 (~8 Gyr)

Barry, Wetzel et al 2023
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predictions for subhalo velocity distributions

• DM-only simulations predict radially biased orbits 
• tidal stripping from MW galaxy more strongly affects 

subhalos with low angular momentum 
• baryonic simulations predict ~isotropic orbits

Barry, Wetzel et al 2023
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yes! ~2 x more subhalos with an LMC analog

Does the presence (recent infall) of the LMC affect 
the current subhalo population?

LMC 
analog 
infall

Barry, Wetzel et al 2023
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KEY QUESTIONS
What is the population of low-mass (dark) subhalos near MW-mass 
galaxies? 
number density is ~flat with distance to ~60 kpc,  
~5x fewer subhalos than in DM-only

How did the population vary across cosmic time? 
6-10x reduction since z ~ 1 (~8 Gyr ago)

What is their velocity distribution? 
~isotropic (not radially biased as in DM-only simulations)

Is the Milky Way special in any way? 
presence of LMC boosts subhalo population by ~2x
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public data release 2

DR1: Wetzel et al 2023, ApJS 
DR2: a few weeks away

flathub.flatironinstitute.org/fire 

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

Feedback In Realistic Environments
F RE-2

46 simulations, up to 600 snapshots across z = 0 - 99 
physics variations: core, MHD, cosmic rays, dark-matter only 

galaxy/halo catalogs and merger trees across all snapshots
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x
‘ΛCDMB (ΛSIDMB) predicts…’

‘ΛCDM (ΛSIDM) predicts…’

TAKE-AWAY MESSAGE
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86 Mpc
6 Mpc

Mvir=1e12 Msun

cosmological zoom-in simulation 
to achieve ultra-high resolution
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impact of UV background on star formation in low-mass galaxies
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Figure 36. Effects of different stellar feedback physics on cosmological galaxy formation histories, as Fig. 4. We compare a dwarf (m10q) and MW-mass
galaxy (m12i), both run with our default, higher-order accurate hydrodynamic solver (MFM; left); but we also show a set of simulations of m12i with the
same physics variations using the smoothed-particle hydrodynamics (SPH; right) method, to demonstrate that even though the hydrodynamic solvers produce
differences in massive galaxies, the qualitative effects of different feedback mechanisms are identical (independent of the hydrodynamic method). (1) Default:
Our default models include all standard stellar evolution processes. (2) No OB/AGB mass-loss: Removing continuous stellar mass loss (both OB and AGB-star
winds) produces slightly lower metallicities (owing to the lack of recycling) and significantly lower late-time SFRs – it appears the primary role of stellar
mass-loss is to provide an additional source of gas fueling late-time SF in both dwarfs and MW-mass systems. (3) No Radiative feedback: This removes all
radiative feedback (radiation pressure as well as photo-ionization and photo-electric heating by local particles and the meta-galactic background). In dwarfs
(even with Vmax ⇠ 40kms�1, shown here), removing the photo-ionization heating (dominated by the UVB) produces ⇠ 10⇥ larger SFRs and stellar masses
(producing large bursts that make a core and lower Vc). In massive galaxies, the effects are weaker but removing radiation pressure produces significantly
higher central densities (more strongly-peaked rotation curves in the central ⇠ 5kpc). (4) No Supernovae: SNe clearly dominate on cosmological scales, as
removing them produces orders-of-magnitude higher SFRs at early times, giving rise to runaway collapse to extremely high densities until the gas is depleted.

methods themselves produce significant differences. Likewise, we
have checked the comparisons above are independent of resolution,
star formation prescription, and details of the cooling functions.

9.3 The Role of Different Feedback Mechanisms:
Self-Regulation Within Galaxies and the
Kennicutt-Schmidt Relation

In Fig. 37 we repeat the experiment from Fig. 36 turning on and off
different feedback mechanisms, but in restarts of the z ⇠ 0 MW-
mass galaxy as Fig. 10. This allows us to separate non-linear, long-

timescale cosmological effects on the SFR (e.g. galactic wind gen-
eration and recycling), from the instantaneous self-regulation of
star formation within a galaxy.

As expected, removing SNe produces a systematically higher
SFR. Removing OB/AGB winds leads, initially, to higher SFRs,
as the additional feedback (gas heating via shocked winds) is no
longer present (but the gas mass of the disk is still essentially fixed
at its initial value); however the SFR then declines as the miss-
ing mass-loss is unable to “re-supply” gas lost to star formation.
Most interesting, without radiative feedback, the SFR systemati-

c� 0000 RAS, MNRAS 000, 000–000

Hopkins, Wetzel et al 2018 Mhalo=1010 Msun

standard feedback model

no feedback

no UV background



Andrew Wetzel

FIRE
Garrison-Kimmel  
et al 2019

Simulated Milky Way Satellites 5

photo ionization and heating from the Haardt & Madau
(2005) UV background and Compton cooling in a tempera-
ture range from 10 to 109 K.

2.2 Star Formation and Feedback

The simulation employ the star formation recipe as de-
scribed in Stinson et al. (2006) which is summarized be-
low. Gas is eligible to form stars when it is dense (nth >
10.3cm�3) and cold (T < 15, 000K) such that the Kennicutt-
Schmidt Law is reproduced. The threshold number density
nth of gas is set to the maximum density at which gravita-
tional instabilities can be resolved in the simulation: nth =
50mgas/✏

3
gas = 10.3 cm�3, where mgas denotes the gas parti-

cle mass and ✏gas the gravitational softening of the gas and
the value of 50 denotes the number of neighboring particles.

Two modes of stellar feedback are implemented as de-
scribed in Stinson et al. (2013). The first mode models the
energy input from stellar winds and photo ionization from
luminous young stars. This mode happens before any super-
novae explode and consists of the total stellar flux, 2⇥ 1050

erg of thermal energy per M� of the entire stellar popula-
tion. The e�ciency parameter for coupling the energy input
is set to ✏ESF = 13% (Wang et al. 2015).

The second mode models the energy input via super-
novae and starts 4 Myr after the formation of the star parti-
cle. It is implemented using the blastwave formalism as de-
scribed in Stinson et al. (2006) and applies a delayed cooling
formalism for particles inside the blast region. The reason for
this is that in the simulations the interstellar gas surround-
ing the region of the supernovae explosions is dense and thus
it would quickly radiate away the received energy due to its
e�cient cooling. See Stinson et al. (2013) for further infor-
mation and an extended feedback parameter search.

3 HOST GALAXIES AND THEIR
SUB-HALOES

3.1 Host galaxy selection and properties

For this work the virial mass, M200, of each isolated halo is
defined as the mass of all particles within a sphere contain-
ing � = 200 times the cosmic critical matter density, ⇢crit.
The virial radius, R200, is defined accordingly as the radius
of this sphere. The haloes in the zoom-in simulations were
identified using the MPI+OpenMP hybrid halo finder AHF2
(Knollmann & Knebe 2009; Gill et al. 2004). The masses for
sub-haloes and satellite galaxies are defined as the sum o↵
all gravitationally bound particles belonging to these haloes
and are denoted with Mhalo. They are calculated by AHF2
via an iterative unbinding procedure (for more details see
e.g. Knebe et al. 2011b).

The four galaxies used for this work have stellar masses
between 2.0⇥1010M� and 1.59⇥1011M�. Galaxy g2.79e12,
g8.26e11 and g7.08e11 are disc galaxies as can be seen from
the most right panels of figure 1. The stellar disc of galaxy
g2.79e12 has a scale length of Rd ⇠ 5 kpc and a scale height

2 This figure is mainly to demonstrate the separation into the
three populations thus we do not include the two satellites not
appearing in the redshift z = 0 halo catalogue here.

Figure 2. Radial profiles of satellites and nearby and field galax-
ies in the simulations. The colored lines show the profiles for the
three simulations where red color denotes the satellites within
the virial radius2, orange color the nearby galaxies in the region
1R200 < R < 2.5R200 and cyan color marks the field galaxies
with distances between 2.5R200 < R < 3 Mpc from the host.

Figure 3. Satellite stellar mass function for the three simula-
tions (thick red lines) and the observations of Milky Way satel-
lites (black dotted line) as well as M31 satellites (gray dashed
line) within 300 kpc from the host. Two of our simulations per-
fectly match the observed mass function of Milky Way and M31,
except for the most massive satellites, like e.g. LMC, M32 or Tri-
angulum which are known to be rare in cosmological simulations
(Boylan-Kolchin et al. 2011).

of Hz ⇠ 750 pc. The corresponding parameters for galaxy
g8.26e11 are Rd ⇠ 5.5 kpc and a scale height of Hz ⇠ 500 pc
and galaxy g7.08e11 has a disc scale length of Rd ⇠ 3.7 kpc
and a scale height of Hz ⇠ 600. Detailed parameters like the
total virial mass, virial radius, gas and stellar mass as well
as the number of satellites can be taken from table 2.

3.2 Sub halo selection

We are interested in the satellite system and the dwarf galax-
ies around the host galaxies. In order to keep a clean sample
we only select dark matter halos with at least 10 stellar
particles for our luminous galaxy. Given our stellar parti-
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Figure 2. Cumulative distributions of satellite galaxy properties for systems within 300 kpc of each simulated host. Left: Ensemble
of cumulative distributions of satellite V band absolute magnitudes, MV . The light red envelope encloses the individual cumulative
distributions of all 30 systems in our simulated sample. The dark red envelope encloses the central-most two thirds of these distributions.
The cumulative distributions of satellite galaxies within 300 kpc of the MW and M31 are also shown, calculated with data from
McConnachie (2012). Middle: Ensemble of cumulative distributions of satellite stellar masses. Satellite stellar masses are taken to be the
total stellar mass within 2⇥ r1/2. Shaded regions have the same meaning as the left panel and data for the MW and M31 are also shown.
Right: Ensemble of cumulative distributions of satellite subhalo masses. The satellite subhalo masses are taken to be the total subhalo
mass returned by SUBFIND for each system. The red contours enclose the cumulative distribution of all subhaloes with a stellar mass
greater than 5 ⇥ 105 M�, which is approximately the mass of 10 star particles. The grey contours enclose the cumulative distributions
of all subhaloes, including subhaloes without stellar particles.

Figure 3. H I masses of subhaloes within 1 Mpc versus subhalo
stellar mass at z = 0 for quenched subhaloes (black points) and
unquenched subhaloes (magenta points). Measured H I masses
of Local Group systems within 1 Mpc of either the MW or M31
from McConnachie (2012) are also shown (cyan diamonds).

in Figure 4, especially for subhaloes with stellar masses be-
low 108 M�. This is consistent with the overall environmen-
tal trend found for the H I content of MW and M31 satellites
(Grcevich & Putman 2009). It does appear, however, that
our estimate of H I mass is a factor of a few greater than
in observed H I rich systems at the same stellar mass. It
is possible that this overestimate is due to unaccounted for
ionizing sources (such as massive stars within the subhaloes
themselves) or limitations of our ISM subgrid model.

Despite these limitations, our estimates of the H I con-
tent do appear to be robust enough to examine general
trends. We separate subhaloes into two groups: ‘H I rich’

systems that have an H I mass greater than 105 M� and
‘H I poor’ systems that have an H I mass less than 105 M�.
Most of the H I poor systems in fact have little to no gas
mass associated with them. Figure 4 shows the fraction of
H I poor systems across the sample. For systems with stellar
masses below 107 M�, roughly the stellar mass of the For-
nax satellite galaxy, over 80% are H I poor within 300 kpc
of the host. There appears to be a sharp drop in the fraction
of H I poor systems around 500 kpc. Beyond 500 kpc, less
than 40% of systems below 107 in stellar mass are H I poor.

In all distance bins, there is a strong stellar mass depen-
dence for the H I content. Very few systems with a stellar
masses above 108 M� (roughly the stellar mass of the SMC)
are H I poor. The stellar mass at which virtually no system
is H I poor drops for larger distance bins; for example, sys-
tems that are more than 600 kpc from the host are mostly
H I rich down to a stellar mass of 107 M�.

3.3 Star-formation properties

The stellar mass and environmental trends seen in the H I
content of subhaloes are also seen in the star-forming prop-
erties of subhaloes. Figure 5 shows these trends, with regards
to the fraction of quenched subhaloes. Here, and in subse-
quent analysis, we define a ‘quenched’ subhalo as being one
whose youngest star particle is more than 100 Myr old and
whose z = 0 star formation rate (SFR) is zero. A subhalo’s
SFR is computed as the sum of the SFRs of individual gas
cells linked to the system by the SUBFIND algorithm.

Across the entire sample, no subhalo with a stellar mass
of 109 M� or greater is quenched, regardless of environ-
ment, and most subhaloes with a stellar mass above 108

M� are also unquenched. The majority of low-mass systems
(Mstar < 107 M�) are quenched. At these masses, the frac-
tion of quenched systems tends to be higher than the frac-
tion of H I poor systems. At a stellar mass of 106 M�, the
fraction of quenched systems is over 70% regardless of dis-
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Figure 3. Stellar mass functions from 12 APOSTLE simulations at resolution L2 compared to observations. In the left and centre, shaded regions show the mass
functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local Group galaxies from each simulation volume,
while lines show the observed stellar mass function within 300 kpc of M31 (left) and the MW (centre). In the right, the shaded region shows all galaxies within
2 Mpc of the Local Group barycentre in the simulations, while the line is the stellar mass function of all known galaxies within the same region. On each
panel, the dark colour-shaded areas bound the 16th and 84th percentiles; light shaded areas indicate the full range among our 12 Local Group realizations. For
comparison, the grey area on each panel corresponds to the mass function of all dark matter haloes. All observational data are taken from the latest compilation
by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 105 M⊙, the count of satellites of the MW and the total count
within 2 Mpc should be considered as lower limits to the true numbers due to the limited sky coverage of local galaxy surveys and the low surface brightness
of dwarf galaxies. See Fig. A1 for numerical convergence.

colours rendered using a spectrophotometric model (Trayford et al.
2015). A variety of disc and spheroid morphologies, luminosities,
colours, and sizes are clearly visible, reminiscent of the diversity of
observed LG galaxies.

3.3 No missing satellites

Fig. 3 shows the galaxy stellar mass functions in the simulations,
using data from all 12 of the APOSTLE volumes at resolution L2.
Results are plotted both within 300 kpc from each of the two main
galaxies per volume (labelled ‘primary’ and ‘secondary’ in order of
halo mass), as well as within 2 Mpc from the LG barycentre, which
includes both central and satellite galaxies.

The primary and secondary galaxies have 20+10
−6 and 18+8

−5 satel-
lites more massive than M∗ = 105 M⊙ inside 300 kpc, respectively,
where the errors indicate the scatter equivalent to 1σ about the me-
dian values. This is in good agreement with the observed number of
MW and M31 satellites. Within 2 Mpc of the LG barycentre, there
are ∼60 galaxies with M∗ > 105 M⊙ presently known; our sim-
ulations produce 90+20

−15. The modest number of luminous galaxies
is in stark contrast to the very large number of dark matter haloes
found within the same volume, indicated by the grey shaded area in
Fig. 3. While feedback from supernovae and stellar winds regulates
star formation in those haloes where a dwarf galaxy has formed,
re-ionization has left most of the low-mass haloes completely dark.
The observed stellar mass function of the LG and those of the MW
and M31 satellites are within the 1σ scatter of the average stellar
mass function in our re-simulations over most of the stellar mass
range. The relative scatter is larger for the satellite galaxies, reflect-
ing the larger relative sampling error, and the fact that the relative
variation in single-halo mass among the different APOSTLE volumes
is larger than that of the total LG mass.

Excluding substructures, the stellar masses of the MW and M31
analogues in our simulations lie in the range 1.5–5.5 × 1010 M⊙,
on the low end compared to the observational estimates for the MW

[5 × 1010 M⊙ (Flynn et al. 2006; Bovy & Rix 2013)] but lower than
those for M31 [1011 M⊙ (Tamm et al. 2012)]. As noted by Schaye
et al. (2015), the subgrid physics used in the Reference model of the
EAGLE code, which we have adopted in this work, generally results in
slightly low stellar masses in haloes of around 1012 M⊙ compared
to abundance matching expectations (e.g. Guo et al. 2010), while
the MW and M31 both appear to lie above the average stellar-to-
halo mass relation. While the predicted abundance of satellites and
dwarf galaxies within the LG depends on its total mass, as discussed
in Section 2.2, and in more detail by Fattahi et al. (2015), we have
selected our LG analogues based on their dynamical properties in a
pure dark matter simulation, and independently of the stellar mass
in the primaries, which may be affected by the limitations of subgrid
physics model.

That the simulations reproduce the stellar mass function of galax-
ies and satellites in the LG over all resolved mass scales is remark-
able, given that these simulations use the very same EAGLE model
that matches the shape and normalization of the galaxy stellar mass
function in large cosmological volumes. Not only are our simula-
tions free of the ‘missing satellites’ problem, but they indicate that
the observed stellar mass functions of the LG volume and of the
MW and M31 satellites are entirely consistent with "CDM.

3.4 The baryon bailout

We next consider the ‘too-big-to-fail’ problem (Boylan-Kolchin
et al. 2011; Parry et al. 2012). As demonstrated by Strigari, Frenk
& White (2010) using the AQUARIUS DMO simulations (Springel
et al. 2008), a MW mass halo in "CDM typically contains at least
one satellite substructure that matches the velocity dispersion pro-
files measured for each of the five MW dwarf spheroidal satellites
for which high-quality kinematic data are available. However, that
work addressed neither the question of whether those haloes which
match the kinematics of a particular satellite would actually host
a comparable galaxy, nor whether an observed satellite galaxy can

MNRAS 457, 1931–1943 (2016)
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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
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Figure 3. The cumulative subhalo mass function of the Milky
Way within 280 kpc of the Galactic centre (blue). The names of
the individual galaxies that contribute to the mass function are
marked on the plot. The blue dashed lines mark the 68% con-
fidence intervals that include both the uncertainty on M200 for
each individual galaxy and the error in the hSFRi�M200 relation
itself. The green lines show the same but including the sample
of ultra-faint dwarfs from McConnachie (2012). This is a lower

bound on the total number of ultra-faints since we have not in-
cluded the recent DES discoveries, nor accounted for their volume
incompleteness within 280 kpc (see §3). The grey shaded region
shows the spread in N(< M200) of ten pure-dark matter Milky
Way zoom simulations in ⇤CDM (see §4). The red shaded region
shows the same, but including a model for the stellar disc of the
Milky Way. In both cases, the subhalo masses, M200, are defined
to be their peak mass before infall. Notice that the agreement
between our empirically measured mass function, and predictions
in ⇤CDM is excellent above M200 ⇠ 109 M�.

we have an independent estimate of its pre-infall halo mass
from its tidal tails (Gibbons et al. 2017), we showed that this
di↵erence between Mdyn

200
and Mabund

200 owes to tidal stripping
and shocking lowering its mass after infall. This may also ex-
plain the di↵erence between Mdyn

200
and Mabund

200 for Fornax.
The ultra-faint dSphs (blue data points) have very large un-
certainties on Mdyn

200
. As a result, most are consistent with

our Mabund

200 estimates. However, CVnI, Leo IV, Leo V and
Hercules all have Mdyn

200
< Mabund

200 at 68% confidence. This
may indicate that, like Sagittarius and Fornax, these galax-
ies have had their masses lowered by tidal forces after infall
to the Milky Way. We will explore this further in future
work.

6.3 Surely abundance matching was always going
to work?

The cynical reader may take the view that there are so many
dark matter halos predicted in ⇤CDM that, given an appro-
priate mapping between light and dark, abundance match-
ing can always be made to work. Indeed, there are many
studies that have shown that such mappings can be found,

Figure 4. A comparison of Mabund

200
derived in this paper with

dynamical masses derived using the mass estimator from Errani
et al. (2018). The Milky Way classical dSphs are marked in black,
while the ultra-faint dwarfs are marked in blue.

arguing that there is then no missing satellites problem af-
ter all (e.g. Madau et al. 2008; Boylan-Kolchin et al. 2012;
Brook et al. 2014; Kim et al. 2017). However, what is dif-
ferent here is that we have not set out to solve the missing
satellites problem. Rather, we have set out simply to improve
abundance matching for quenched galaxies. We introduced a
simple new idea that the hSFRi should correlate better with
M200 for satellites than M⇤. We showed empirically that this
is the case for a sample of 21 nearby dwarf galaxies (Figure
2). We then applied this idea to a volume complete sam-
ple of bright Milky Way satellites within 280 kpc to measure
the cumulative mass function of bright Milky Way satellites.
From this, we showed that there is no missing satellites prob-
lem, at least above M200

>⇠ 109 M�. We had no free knobs
to push or dials to turn and no part of our analysis was fine-
tuned. There is, therefore, nothing trivial about the fact that
our derived cumulative mass function is in good agreement
with expectations in ⇤CDM.

6.4 What about ‘Too Big to Fail’?

Our abundance matching with the hSFRi can be thought of
as providing an empirical justification for painting the MW
satellites on to the most massive subhalos before infall. Such
a mapping has been studied previously in detail and so we
know that it produces the correct radial and orbit distribu-
tion for the MW classical dSphs (Diemand et al. 2007; Lux
et al. 2010), though it may be that the orbits are overly tan-
gential (Lux et al. 2010; Cautun & Frenk 2017). However,
a key problem remains. It has long been known that such
a mapping predicts central stellar velocity dispersions that
are too high to be consistent with the MW classical dSphs
(Read et al. 2006b). Boylan-Kolchin et al. (2011) showed
that this problem persists for any reasonable mapping be-
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• reionization at z ~ 8 not only removes ~all 
gas from low-mass halos (Mhalo <~ 1e8 Msun) 

• by lowering the total halo mass by ~20% and 
shallowing the gravitational potential at z ~ 8, 
this reduces future DM accretion into the 
halo

underappreciated effect of rezioniation
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FIRE-2 simulations agree 
with MW + M31 
in radial distance 

distribution of satellite 
galaxies 

Samuel, Wetzel et al 2020

distance from host [kpc]
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Samuel, Wetzel et al 2021

MW-like thin planes of satellites are  
rare (~1%) in LCDM cosmological simulations

(for example, Pawlowski 2021)

<— more planar

MW satellites
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thin plane of satellites is 4-8 x more common 
in presence of an LMC-mass satellite

<— more planar
Samuel, Wetzel et al 2021

MWLatte FIRE simulation  
with LMC satellite

1%
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Sales, Wetzel, Fattahi et al 2022

challenge: diversity of sizes of low-mass galaxies
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challenge: sizes of ultra-faint galaxies


