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The Big Question:
HOW DO WE GO FROM BIG BANG TO MILKY WAY?



~1010 pc
Our work:

Hubble volume GalaxyClusters, Large-scale structure

Molecular clouds,  
Star-Forming Regions

Cores, clusters,  
Supernovae blastwaves

Stars, protostellar disks

~107-108 pc ~104-5 pc

~101-102 pc~10-2-100 pc~10-5 pc



Add some fluid dynamics  
and chemistry, and go!



Problem:
WHY SO FEW GALAXIES & STARS?

(plus, all the stars are in  
globular clusters and  

weigh 10x Jupiter)



~1010 pc
… Nature hates theorists

Hubble volume GalaxyClusters, Large-scale structure

Molecular clouds,  
Star-Forming Regions

Cores, clusters,  
Supernovae blastwavesStars, protostellar disks

~107-108 pc ~104-5 pc

~101-102 pc~10-2-100 pc
~10-5 pc



Feedback is Hard, the ISM Is Messy….
YET THERE IS SHOCKING REGULARITY

DM Halos?!

Correlation functions, SFRs (Kennicutt-Schmidt),  
Scaling laws (Tully-Fisher)



Is this an accident?

STRUCTURE FORMATION STAR FORMATION

Guszejnov 15,16, 17  
Grudic 16, 17



The IMF & Sub-Cloud Scales



An idea from cosmology?

Ø Press & Schechter ‘74:
Ø Something generates “random”  

   density fluctuations

Ø Gravity is our “filter”
Ø Picks out regions to collapse



Fluctuations + Gravity = Hierarchical Structure
“FRAGMENTATION” = “STRUCTURE FORMATION”

Turbulence:

Gravity:

Chandrasekhar ’51
Zeldovich ’70

Toomre ‘77

Lognormal

(broader at higher Mach number)



Cores: “Smallest Structures” (Before IMF)
SALPETER SLOPE UNTIL NON-SCALE-FREE

Guszejnov ‘15
(Hennebelle & Chabrier, 

Padoan & Nordlund, 
PFH)

Salpeter (self-similar)



Time

“Fragmentation Cascade”:

Cores to Stars
HOW TO STOP FRAGMENTATION?

Guszejnov+ ’16, 17

To opacity limit!
(all stars ~10 MJupiter)

Isothermal fragmentation:



With Feedback Without Feedback 

Bate+ ‘09

Guszejnov+ ’17

Mass [solar]

IMF

Feedback vs. Gravity

• (Multiplicity [same refs])

See also: 
  Bate+ ’09, ’12 
  Offner+ ’09, ’14 
  Krumholz+ ’12 
  Guszejnov+ ’16, 17

Time

Guszejnov, Hopkins, & Krumholz 2015



IMF Evolution?
WEAK, OR VERY WEAK?



Feedback  
(IR heating by protostars) No Feedback 

Bate+ ‘09

See also: 
Bate+ ’09, ’12 
Offner+ ’09, ’14 
Krumholz+ ’12 
Guszejnov+ ’16, 17

Mass [solar]

IMF

BUT, can’t ignore FB
Guszejnov, Hopkins, & Krumholz  
  2015, 2016, 2017

Guszejnov: IMF with  
resolution ~10 MEarth

EVERY VARIABLE-IMF  
MODEL USED  

EXTRA-GALACTICALLY  
IS WRONG

(arXiv:1702.04431)



Universal
(Guszejnov: 1707.05799): 

Stars
Cores
Clumps
GMCs
Star clusters
Galaxies
}

Why Is Star Formation Clustered?
INEVITABLE IN GRAVITATIONAL COLLAPSE

Guszejnov: arXiv:1610.00772 (+PFH ’12)



GMC & Star Cluster Scales



Analytic  
theory

Cosmological simulations: Guszejnov (arXiv:1702.04431)

GMCs: Turbulence+Gravity
RESOLVING “TOP SCALE” OF FRAGMENTATION

Guszejnov+ ’17, Grudic+ ‘17



Supernovae 
+ Winds  

+ Radiation Pressure 
(+ Jets + Photo-heating  

+ Cosmic-rays) 

see Matzner ’08,10

What Determines Cloud Star Formation Efficiencies?
FEEDBACK VS. GRAVITY



What Determines Cloud Star Formation Efficiencies?
FEEDBACK VS. GRAVITY

Mike Grudic 
(arXiv: 

1612.05635)

vs.

(Resolution ~0.1 Msun)



Mike Grudic 
(arXiv: 

1612.05635)

What Determines Cloud Star Formation Efficiencies?
FEEDBACK VS. GRAVITY

(also RT method: LEBRON, M1, FLD;  
non-ideal MHD; conduction+viscosity)



What Determines Cloud Star Formation Efficiencies?
FEEDBACK VS. GRAVITY = SURFACE DENSITY

Mike Grudic 
(arXiv: 

1612.05635)

Escape Velocity (3D) Density

SizeMass

Surface Density



Hopkins, Murray, Quataert, & Thompson 2010

Feedback Fails

Where Does Feedback Fail?
GRUDIC ’17 (prep): PREDICT AN “UPPER LIMIT” 



Hopkins, Murray, Quataert, & Thompson 2010

Where Does Feedback Fail?
GRUDIC ’17 (prep): PREDICT AN “UPPER LIMIT” 



Andrew Wetzel
(arXiv:1602.05957) “Triple Latte” (A. Wetzel): Cosmological MW with ~800 Msun , sub-pc resolution

Resolving Globulars in Cosmological Simulations



Ji-Hoon Kim 
(arXiv:

1704.02988)

Resolving Globulars in Cosmological Simulations
(KIM ’17 + GRUDIC ’17)

Most form 
open clusters

Except long-lived 
population, around critical 



Mike Grudic 
(in prep)

Size-mass relation 
+ mass profile shapes

Mass functions (~M-2) 
 vs. environment

Correlation functions
“universal

slope”(2
D

)

Size-mass relation 
+ mass profile shapes



~kpc Scales: Kennicutt-Schmidt



Yellow: hot (>106 K)     Pink: warm (ionized, ~104K)     Blue: cold (neutral <10-8000 K)

The FIRE Project
Feedback In Realistic Environments

• Resolution ~pc 
Cooling & Chemistry ~10 - 1010 K  
 

• Feedback:
• SNe (II & Ia)
• Stellar Winds (O/B & AGB)
• Photoionization (HII regions)  

    & Photo-electric (dust)
• Radiation Pressure (IR & UV)

 
 

• now with…
• Magnetic fields
• Anisotropic  

  conduction & viscosity
• Cosmic rays



Matt Orr (1701.01788)
Agertz+14 , PFH+ 11,12,14

Shetty & Ostriker ’08.11, Kim & Ostriker  ’11,13

No
Feedback

KS Law Emerges Naturally
FEEDBACK VS. GRAVITY

Observed



The KS Law: Different Information on Different Scales 

All Gas Molecular

Redshift-independent, weakly metallicity-dependent

Different “resolved” laws:

Matt Orr (1701.01788)
+ ’17 (in prep)

no dependence on “numerical” SF law!!!

Denser Tracers 
(in prep)

Log[LCO(1-0)]



(Galactic) Star Formation Rates are INDEPENDENT of how stars form!

How dense gas
   turns into stars

Cooling &  
 chemistry

ResolutionFeedback

Orr (1701.01788)
Saitoh+ 11

Hopkins+ 11,12,14
Agertz+14



Efficiency (SF per tdyn) in dense gas

Identical
galactic SFR!

Dense Gas Does Change
SELF-REGULATES TO “NEEDED” SFR LEVEL

(molecular gas)

Matt Orr (1701.01788)
Hopkins+ 11,12,14

Shetty+ 14
Narayanan+ 13



No dependence on MHD, conduction, viscosity, etc.
ONLY SEE IF FEEDBACK IS ARTIFICIALLY WEAK

MHD on/off

MHD + Conduction 
+ Viscosity +  

turbulent “eddy diffusion”

Kung-Yi Su
(arXiv:

1607.05274)



Galactic/Cosmological SFRs:
Driving Winds



Remember Stellar Clustering?
THIS MATTERS, A LOT!

Walch et al.

Martizzi+ ’16 
Walch+, Kimm+,  

many others

Insert Winds “By Hand” (Sub-Grid)

SNe Clustered & Off-Peak
(radiative feedback/pre-processing)

SNe Explode in Density Peaks
(no radiative feedback)

Winds “by hand” ~SFR

Explicit ISM/Feedback

IGM Temperature (proto-MW, ~Mpc)



Gas:Stars (Hubble image):
 Blue: Young star clusters 
 Red: Dust extinction

Magenta: cold 
Green: warm (ionized) 
Red: hot

(movies at fire.northwestern.edu)

10 kpc



             PFH et al.  
(arXiv:1311.2073)

This Works (More or Less) if You Resolve Key Scales
GAS IS BLOWN OUT, INSTEAD OF TURNING INTO STARS

No Feedback (all baryons in stars)

correlation 
function

(data: Zehavi ’03, SDSS) 
(line: universal slope)



Kung-Yi Su
(arXiv:

1607.05274)

Fluid Microphysics… Don’t Do Much
MHD, Spitzer-Braginskii conduction & viscosity, micro-eddy diffusion …

MHD on/off

MHD + Conduction 
+ Viscosity +  

turbulent “eddy diffusion”



Insert Winds “By Hand” (Sub-Grid) Following Feedback/ISM Explicitly

Proto-Milky Way: Gas Temperature:

Recycling: D. Anglés-Alcázar+17  
Burstiness: M. Sparre ‘15

10 kpc lighter=hotter

No feedback

Sub-grid 
  winds

Resolved  
   Feedback

Clustering in Time & Space Matters
(NOW ON GALAXY SCALES)



4 Hopkins et al.

Figure 1. Mock HST images of two Milky Way (MW)-mass FIRE-2 simulated galaxies at z = 0 (m12i and m12f). Each is a u/g/r composite image, using
STARBURST99 to determine the SED of each star based on its age and metallicity and ray-tracing following Hopkins et al. (2005) with attenuation using
a MW-like reddening curve with a dust-to-metals ratio = 0.4. Surface brightness is shown with a logarithmic stretch. We show face-on (top) and edge-on
(bottom) images. Both form thin disks, with clear spiral structure. Note the clear dust lanes and visibly resolved star-forming regions. Properties of each galaxy
(and a complete list) are in Table 1.

whether the instantaneous star formation rate in the galaxy is “fast”
or “slow” (White & Frenk 1991; Kereš et al. 2009).

However, the observed Kennicutt-Schmidt (KS) relation im-
plies that gas consumption timescales are long (⇠ 50 dynamical
times; Kennicutt 1998, and GMCs appear to turn just a few per-
cent of their mass into stars before they are disrupted (Zuckerman
& Evans 1974; Williams & McKee 1997; Evans 1999; Evans et al.
2009). Observed galaxy mass functions and the halo mass-galaxy
mass relation require that galaxies incorporate or retain only a small

fraction of the universal baryon fraction in stars and the ISM (Con-
roy et al. 2006; Behroozi et al. 2010; Moster et al. 2010). Ob-
servations of the intergalactic medium (IGM) and circum-galactic
medium (CGM) require that many of those baryons must have
been accreted into galaxies, enriched, and then expelled in galac-
tic super-winds with mass loading Ṁwind many times larger than
the galaxy SFR (Aguirre et al. 2001; Pettini et al. 2003; Songaila
2005; Martin et al. 2010; Oppenheimer & Davé 2006), and indeed
such winds are ubiquitously observed (Martin 1999, 2006; Heck-

c� 0000 RAS, MNRAS 000, 000–000

Thin Disks
Shea Garrison-Kimmel (prep)

Galaxy Scaling Relations
FEEDBACK VS. GRAVITY (WHEN STARS FORM)

Xiangcheng Ma 
(arXiv:1504.02097)

Mass-Metallicity Relation

SF “Main Sequence”

M. Sparre  
arxiv:1510.03869 

Abundance Matching

R. Feldmann
(arXiv:1601.04704)

Tully-Fisher Relation

Kareem El-Badry 
(arXiv:1705.10321)
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Failures No More
FEEDBACK SUPPRESSES STAR FORMATION AND DENSITIES

“Missing Satellites”
Garrison-Kimmel & Wetzel & Escala, in prep

Stellar Halos
Robyn Sanderson (prep)
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Dwarf SFHs:

Fitts et al.
(arXiv:1611.02281)

FIRE Dwarf

TK Chan 
(prep)Ultra-Diffuse Galaxies

Onorbe et al.
(arXiv:1502.02036)
Chan et al.
(arXiv:1507.02282)

“Cusp-Core” 
& “Too Big to Fail”

DM 

0

2.5

Distance to nearest L* galaxy
100 kpc 1400 kpc

SMC

What Makes dSph?

Coral Wheeler 
(arXiv:1504.02466)

Kareem El-Badry 
(arXiv:1512.01235)

Bursty vs. Calm SF is Important
MORESO THAN MOST “EXOTIC DM”



Xiangcheng Ma
(arXiv:1610.03498)

[Z/H]

R [kpc] R [kpc]

Galaxy Metallicity Gradients 7

Figure 3. Top: face-on metallicity map for the three example galaxies in Figure 1. Bottom: Metallicity profile. The grey points show individual pixels, while
the red points and errorbars show the median and 1� dispersion of metallicity in 0.25–1R90. The blue lines show the best linear fit log(Z/Z�) = ↵R+�,
where ↵ gives the metallicity gradient in the disk (if there is one). In chaotic systems, excluding the central 0.25R90 makes little difference on measuring
the slope of metallicity gradient, since the metals are uniformly distributed within the galaxy. On the other hand, disk galaxies in the simulated sample show
rapidly rising metallicity profile toward the center due to heavy metal enrichment from bulge stars.

Figure 4. Left: Metallicity gradient vs stellar mass. Right: Metallicity gradient vs sSFR. The shaded regions show the 2� linear fit to the simulations. The blue
dashed lines show the linear fit to a compilation of observations given by Stott et al. (2014). There is weak dependence of metallicity gradient on both stellar
mass and sSFR, albeit both correlations are within 2� of being flat. Galaxies of low mass or high sSFR tend to have flat metallicity gradient, likely due to the
fact that feedback is more efficient in these galaxies.

2.3 Metallicity Gradient

In Figure 3, we present the face-on metallicity map (top panels) for
the three example galaxies in Figure 1. We use the mass-weighted
metallicity of all gas particles in each pixel. In the bottom panels,
we plot the metallicity as a function of projected radius for indi-
vidual pixels (grey points). Only pixels where the gas surface den-
sity is above ⌃g > 10M� pc�2 are considered. This surface density
threshold is motivated by the fact that it is about the threshold for

star formation to occur in these simulations (M. Orr et al., in prepa-
ration), so these pixels are likely to have observationally detectable
nebular emission lines. We then extract the metallicity profile in the
range of 0.25–1R90 by measuring the median metallicity and its 1�
dispersion at each radius (red points and errorbars in Figure 3). We
fit the metallicity profile by a linear function

log(Z/Z�) = ↵R+� (2)

c� 0000 RAS, MNRAS 000, 1–12
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ration), so these pixels are likely to have observationally detectable
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range of 0.25–1R90 by measuring the median metallicity and its 1�
dispersion at each radius (red points and errorbars in Figure 3). We
fit the metallicity profile by a linear function

log(Z/Z�) = ↵R+� (2)

c� 0000 RAS, MNRAS 000, 1–12

“gravity-dominated” phase“feedback-dominated” phase

Transition from Feedback-Dominated to “Calm” (Gravity-Dominated)
BUILDUP OF METALLICITY GRADIENTS

[Z/H]



Xiangcheng Ma
(arXiv:1608.04133)

Transition from Feedback-Dominated to “Calm” (Gravity-Dominated)
THICK -> THIN DISK

Stars Today:

At formation:

Vertical + Radial
Abundance & Kinematics
of thin/thick populations

Ana Bonaca
(arXiv:1704.05463)

FIRE Simulation



Li, Murray, CAFG, PFH+ (in prep)

R  /  Rvir R  /  Rvir

1000

100

10

FIRE 
COS Dwarfs 
Liang & Chen

•  Resolutions are good (~30 - 7000 Msun): appears converged

Metals in the CGM at Dwarf Masses
RELATED TO BURSTY STAR FORMATION



Cameron  
Hummels 
(in prep)

Metals in the CGM at L*: Resolution Matters
MASS DOES TOO

1e14
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0 200100 0 200100
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Bottom To Top: Example



Simulating
First Light  
(Re-ionization):

(Animation: T. Abel)



Problem:
STARS FORM IN DENSE, COLD CLOUDS

• Naively: form the stars, calculate where the light goes
Xiangcheng Ma

(arXiv:1503.07880)

Star-forming cloud:

x
x

x

x
x

• Nothing escapes!



• Actually: 
• Stars destroy the cloud
• Stars get “flung around” (“runaway stars”)

Xiangcheng Ma
(arXiv:1503.07880)

If stars were passive  
(“no feedback”)

Realistic 
(stellar winds & radiation included)

Star-forming 
cloud:

Problem:
STARS FORM IN DENSE, COLD CLOUDS



Xiangcheng Ma
(arXiv:1503.07880)

Ionizing photon production rate: 
(from a stellar population)

Time  [Millions of years]

Cloud 
Destroyed

Light 
Escapes

• Invariant to:
• Resolution
• Strength of feedback
• Numerical methods
• Star formation rates
• IMF shape/sampling
• Runaway stars

It’s Not Enough!
TAKES TOO LONG TO DESTROY THE CLOUDS

Ph
ot

on
s 

pe
r s

ec
on

d

Stars  
Die

Simulation: only ~1% escape!

peak 
rate

1% 
peak

0.01% 
peak

(also Wise et al., Kimm & Cen 2015)



unexpectedly massive black hole mergers

LIGO collaboration

Other Mysteries?
SOME PHYSICS IS MISSING HERE

the spectra are wrong…

Steidel et al. (arXiv:1605.07186)  
Strom et al. (arXiv:1608.02587)

“mass-gainers”: (stars more massive & longer-lived than they should be)

QuintupletArches

standard model

de Mink et al. (arXiv:1312.3650)
Schneider et al. (arXiv:1312.0607)



Binary Stars:
“FEEDING”  
   MASSIVE STARS

“mass-gainers”: (stars more massive & longer-lived than they should be)

QuintupletArches

standard model

de Mink et al. (arXiv:1312.3650)
Schneider et al. (arXiv:1312.0607)

binary transfer



Time  [Millions of years]

Ph
ot

on
s 

pe
r s

ec
on

d

peak 
rate

1% 
peak

0.01% 
peak

Including 
binaries

No 
binaries

Cloud 
Destroyed

Light 
Escapes

Stars  
Die Slow

Simulation: ~20% escape!

Binary Stars:
THE ORIGIN OF THE “MISSING PHOTONS”

Xiangcheng Ma
(arXiv:1601.07559)

with binaries
no binaries



(Animation: J. Wise)

Xiangcheng Ma
(arXiv:1706.06605)

EoR & JWST Predictions:
PUTTING IT ALL TOGETHER



Observed Starlight Molecular (CO) X-Rays Dust

Ø IMF: Feedback or Galaxy-Scale Models are Wrong (Guszejnov+ 17)  

Ø Stellar clustering is Universal (Guszejnov+ 17)  

Ø Clusters: Cloud surface density determines properties (Grudic+ 17)  

Ø Globulars resolved(?) (Kim+ 17)  

Ø KS=feedback: dense laws different from galaxy-scale (Orr+17)  

Ø Weak dependence on MHD, etc (Su+ 17)  

Ø Bursty SF important to galaxy structure (El-Badry+ 16, Ma+16)  

Ask me about:
•  Dust (instabilities) 
•  AGN (+feedback) 
•  Galaxy structure/ 

    morphologies 
•  Alternative DM 
•  Radiation pressure 
•  Numerical methods 

    (DM & Hydro & FB) 
•  SMBH formation 
•  GW populations



What About AGN?



D. Angles-Alcazar
arXiv:1707.03832

Lumpiness + SNe 
  Need big seeds  
   or “anchors”

Temperature Gas Density

Stars Stars

200 kpc 20 kpc



Ṁlaunch(0.1 pc) = 0.5 ṀBH

vlaunch(0.1 pc) = 10, 000 km/s

No BAL Winds With BAL Winds

Torrey et al.
in prepAccretion Disk Winds:   0.01-10,000 pc

Observed BALs:
Arav, Mo et al: outflows at ~10kpc

Galaxy-Scale



Torrey et al.
in prep

Accretion Disk Winds:   0.01-10,000 pc

                  Mrk 231  
(+all other warm ULIRGs)

gas at >1000 km/s:


