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! Energy/Mass/Metal Injection:
! SNe (II & Ia)!
! Stellar Winds (O & AGB)!
! Photoionization (HII)  !

    & Photoelectric

! Momentum Flux:
! Radiation Pressure!

! SNe!

! Stellar Winds
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ṖSNe ⇠ ĖSNe v
�1
ejecta

ṖW ⇠ Ṁ vwind

Stellar Feedback: How Can We Do Better?

! High-resolution (~1-10 pc), 
  molecular/metal cooling (~10 K), 
  SF at nH > 100 cm-3

! (also MHD, anisotropic conduction, diffusion)



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

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



The Kennicutt Law Emerges!
INDEPENDENT OF SMALL-SCALE SF LAW

PFH et al. (arXiv:1311.2073)

No!
Feedback

(also Agertz+ 1404.2613)



How Efficient Are Galactic Super-Winds?!
WHAT MECHANISMS DRIVE THEM?

S. Muratov et al., in prep

“energy”  
scaling

“momentum”  
scaling



How Efficient Are Galactic Super-Winds?!
WHAT MECHANISMS DRIVE THEM?

S. Muratov et al., in prep

and not one-to-one!

depends  
on where you 
measure it!



Does Stellar Feedback Explain the Mass Function?!
HOW EFFICIENT ARE GALACTIC WINDS?
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You Can Have Feedback & Thin Disks!
RESOLVED MULTI-PHASE PHYSICS KEY

van de Voort et al., in prep



standard no multiple-scattering

But Feedback Does Matter!
DETAILS & MULTIPLE MECHANISMS IMPORTANT

Denise !
  Schmitz, !
  van de !
  Voort+
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Weak Numerical Dependence!
“ALGORITHMIC” CHOICES NOT DOMINANT
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Keres et al., !
       in prep
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Modern 
SPH

old-fashioned SPH

Weak Numerical Dependence!
“ALGORITHMIC” CHOICES NOT DOMINANT

Keres et al., !
       in prep



Pressure-Entropy Formulation
(GIZMO)

Density Formulation
(“Old” GADGET)

Gravitational Heating & Mixing!
NOT AS MANY CLUMPS THESE DAYS!

Cooling from hot halo is sensitive to numerics

Keres et al.,!
(newer picture)!



Insert Winds “By Hand” (Sub-Grid) Following Full Feedback

Proto-MW: Gas Temperature:

Sub-Grid Is Not Enough!
WE NEED TO DO BETTER!

Faucher-Giguere, in prep



Feedback Determines the Halo Gas Properties!
ABSORBERS FALL OUT NATURALLY… EXCEPT

Faucher-Giguere, in prep
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Figure B1. Top: HI maps for our m12i simulation with full stellar feedback at z = 2, 3, and 4. Bottom: Simulation from the same
initial conditions but with a sub-resolution ISM model and no galactic winds. Lyman limit systems (NHI > 1017.2 cm�2) are indicated
by solid contours and damped Lyman�↵ absorbers (NHI > 2⇥ 1020 cm�2) are indicated by dotted contours. Stellar feedback increases
the HI covering fractions in galaxy halos both by directly ejecting cool gas from galaxies and through the interaction of galactic winds
with cosmological inflows. At z = 2, LLSs and DLAs in this example are almost exclusively restricted to galaxies and their immediate
vicinity but with stellar feedback areas covered by LLSs and DLAs are greatly enhanced owing to galactic winds.
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Hopkins P. F., Kereš D., Murray N., Quataert E., Hernquist
L., 2012, MNRAS, 427, 968

Hopkins P. F., Quataert E., Murray N., 2011, MNRAS,
417, 950

Hopkins P. F., Quataert E., Murray N., 2012a, MNRAS,
421, 3522

Hopkins P. F., Quataert E., Murray N., 2012b, MNRAS,

c
� 0000 RAS, MNRAS 000, 000–000

16 Faucher-Giguère et al.

Figure B1. Top: HI maps for our m12i simulation with full stellar feedback at z = 2, 3, and 4. Bottom: Simulation from the same
initial conditions but with a sub-resolution ISM model and no galactic winds. Lyman limit systems (NHI > 1017.2 cm�2) are indicated
by solid contours and damped Lyman�↵ absorbers (NHI > 2⇥ 1020 cm�2) are indicated by dotted contours. Stellar feedback increases
the HI covering fractions in galaxy halos both by directly ejecting cool gas from galaxies and through the interaction of galactic winds
with cosmological inflows. At z = 2, LLSs and DLAs in this example are almost exclusively restricted to galaxies and their immediate
vicinity but with stellar feedback areas covered by LLSs and DLAs are greatly enhanced owing to galactic winds.

Ford A. B., Oppenheimer B. D., Davé R., Katz N.,
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No feedback Feedback



Feedback Determines the Halo Gas Properties!
ABSORBERS FALL OUT NATURALLY… EXCEPT QUASAR SYSTEMS

Faucher-Giguere, in prep

No feedback FeedbackNo feedbackNo feedback Feedback



Mass-Metallicity Relation is Sensitive to Feedback!
DETAILS MATTER

Illustris sims
Oppenheimer/Dave sims

SAMs
“Bathtub Models”

! Outflows suppress “new” infall of pristine material?!
! Metal-rich gas preferentially re-accretes in fountains?

Xiancheng!
           Ma



Constraints on the Origins of R-Process Elements?!
CAN THEY COME FROM NEUTRON-STAR MERGERS?

Observed

 Freeke!
 van de!
  Voort



Cusp or core?

T.-K. Chan et al., in preparation!

Overall in FIRE, cores form only in a limited range of halos masses: 
~1010-1011Msun (halos hosting galaxies with M*~106-109 Msun). !

!
~MW mass halos are also affected: very little or no adiabatic contraction!



Escape fractions of ionizing photons!
ISM PHASE STRUCTURE MATTERS

Xiancheng!
           Ma

resolution ~ 0.1 pc, ~

4 dex!



Stars

Gas

Stars

GasGas

Stellar Feedback, AGN Accretion, & Obscuration 3

10 pc

Stellar FB Only (no_BAL) Face-On

10 pc

Edge-On

10 pc

Cylindrical

10 pc

Stellar + Quasar FB (v5000)

10 pc 10 pc

Figure 1. Morphology of the gas in a standard simulation, in face-on (x,y; left), side-on (x, z; middle), and cylindrical (R, z; right) projections. The time
(⇡ 3Myr since the beginning of the simulation) is ⇡ 150 (8) orbital periods at 1pc (10 pc). Brightness encodes projected gas density (increasing with density;
logarithmically scaled with a ⇡ 6dex stretch); color encodes gas temperature with blue material being T . 1000K molecular gas, pink ⇠ 104 � 105 K warm
ionized gas, and yellow & 106 K hot gas. Top: Simulation with stellar, but no AGN feedback (no_BAL in Table 1). A multiphase disk forms; it is mostly
molecular inside the central ⇠ 200pc, with heating by HII regions very localized to small ionized “bubbles” and heating by SNe restricted to low-density
regions where it can vent vertically. The central ⇠ 10 pc develops a stellar+gas accretion disk dominated by m = 1 modes. Bottom: Same, with broad-
absorption line winds (v5000). The winds blow out a polar cavity and generate an expanding shell in-plane, with occasional self-gravitating clumps sinking
through to the center. Feedback is eventually evacuates the entire nuclear region.

We consider a BH (initial MBH = 3 ⇥ 107 M�) in a Hern-
quist (1990) stellar bulge (Mbulge = 1010 M�, isotropic orbits and
scale-length a = 1.7kpc) and halo (Mhalo = 2 ⇥ 1012 M�, with
virial radius, concentration, and velocity appropriate at z = 0). The
BH is surrounded by an exponential nuclear disk of gas and stars
(scale-lengths hg = 25pc and h⇤ = 10pc, Mg = 8⇥ 107 M� and
M⇤ = 2.6⇥ 107 M�, respectively; stellar disk with vertical sech2

profile and dispersions such that Q = 1, gas disk initially ther-
mally supported with h/R = 0.2). We use ⇡ 0.6⇥107 gas particles
(⇡ 20M� masses) with force softening ✏= 0.02pc.

The initial gas disk contains ⇡ 0.6⇥ 107 particles; the initial
gas particle mass is ⇡ 20M� (we consider a limited resolution
comparison in Appendix D). The force softening for the BH, gas,
and star particles is set to ✏= 0.02 pc, with minimum SPH smooth-
ing length = 0.1 times this. We note that all simulations employ
the more sophisticated formulation of artificial viscosity described
in Morris & Monaghan (1997), which greatly reduces numerical
dissipation away from shocks relative to earlier implementations
(see e.g. Rosswog et al. 2000; Price 2008).

2.2 Cooling, Star Formation, & Stellar Feedback

Gas follows an atomic cooling curve with additional fine-structure
cooling to 10 K, allowing for the photo-ionizing background com-
puted in Faucher-Giguère et al. (2008) and gas self-shielding.
Metal-line cooling is followed species-by-species for 11 tracked

species as in Wiersma et al. (2009a,b). The enrichment for each
species is followed with the appropriate time dependence with the
metal flux directly attached to the mass, momentum and energy
flux from stellar winds and SNe Types Ia & II. Star formation is
allowed only in dense, molecular, self-gravitating regions above
n > 104 cm�3. We follow Krumholz & Gnedin (2011) to calculate
the molecular fraction fH2 in dense gas as a function of local col-
umn density and metallicity, and allow SF only from molecular gas.
Gas which is locally self-gravitating, i.e. has ↵ ⌘ �v2 �r/Gmgas(<
�r)< 1 on the smallest available scale (�r being our force softening
or smoothing length) forms stars at a rate ⇢̇⇤ = ⇢mol/tff (i.e. 100%
efficiency per free-fall time); non-self gravitating material does not
form stars.

When stars form, stellar feedback is included from a variety
of mechanisms. These include: (1) Local momentum flux from ra-
diation pressure, supernovae, and stellar winds (the direct momen-
tum in these mechanisms is coupled locally, tabulated directly for
a single SSP for each star particle as a function of age and metal-
licity, with flux directed from the stellar center; the radiation pres-
sure includes local re-scattering of IR re-emitted photons). (2) Su-
pernovae shock-heating, associated with individual time-resolved
SNe that occur in a given timestep according the age & metallicity-
dependent rates of Type-I and Type-II SNe (the appropriate me-
chanical luminosity of the ejecta is added to the neighboring parti-
cles; the expansion phases of SNe are usually resolved). (3) Gas re-

c� 0000 RAS, MNRAS 000, 000–000
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Paul Torrey

Revisiting Accretion!
INCLUDING:!
      RESOLUTION = 0.01 pc, 10 Msun!
      STELLAR FEEDBACK!
      COOLING (10K - 1e10 K)!
      COMPTON HEATING!
      PHOTOIONIZATION FROM BH+STARS!
      RADIATION PRESSURE!
      ACCRETION DISK WINDS



Gravitational Torques!
vs.!

Bondi!

in cosmological sims

0.005 ṀbulgeAngles-Alcazar et al. 2013



Quenching: Non-AGN Mechanisms FAIL!
MORE THAN GRAVITY, COOLING, STARS, & MHD

log (M
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! Morphology? (are bulge-dominated)

! Clumps/Gravity? (resolution ~10^4 Msunsun)!

! MHD/Conduction? (new runs included)!
!

! !

! Stars? (late-time AGB/SNIa included)!
!

! !
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(more to come, !
  Robert Feldmann)



Can Stars Do It?!
SNIa, AGB (Conroy+, Ostriker, Novak)





Quenching: Don’t Trust Models that Don’t Do Stars Right!
SMALL GALAXIES BECOME BIG GALAXIES

“Decoupled Winds” (Sub-Grid) Following Explicit FeedbackFollowing Explicit



Totally Metal Stars?!
(PFH, arXiv:1406.5509)

! Dust is not Gas!
! Instabilities segregate gas and dust!
! Large core-to-core fluctuations in species !

  in big grains (C,O)!
  !



! Star formation is Feedback-Regulated: independent of small-scale SF!
!
! Cosmologically: Accretion does not regulate star formation!

! Winds determine IGM enrichment, temperature, & subsequent inflow!
! Resolved feedback      sub-grid feedback!!

! Mass-metallicity, SFHs, morphology not the same!!
! New Physics (AGN?) needed to “quench”: Stars enhance overcooling!
!

! Lots of work in progress! (stay tuned)

6=
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GIZMO: A New, Public Gravity+Hydro Code!
(to appear very soon)

! You choose:!
! ‘Traditional’ SPH!
! ‘Modern’ P-SPH!
! Meshless Finite Volume!
! Finite-Mass Galerkin!
! Moving-Mesh (ongoing)!

!
! 100% compatible!

   with GADGET ICs/snaps!



Cartesian Grid Meshless Finite Volume

GIZMO: A New, Public Gravity+Hydro Code!
(to appear very soon)







Noh  
Implosion

Sedov 
Explosion



Comparing methods in GIZMO: Angular Momentum


