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Outline

• Regulation of star formation within galaxies!

➡ feedback origin of the galaxy-averaged                 relation (K-S law)!

➡ test with dependence of SF efficiency on gas mass fraction !

➡ GMC formation as rate limiting step

⌃̇? � ⌃g

• Circum-galactic medium of FIRE galaxies!

➡ HI around z~2-3 Lyman break galaxies!

➡ Metallicity bi-modality of Lyman limit systems at z<1



On what scale is SF regulated (inside galaxies)?

Star-forming clouds

Krumholz & McKee 05, !
Krumholz, Dekel & McKee 12, Federrath 13, …

“Supersonic turbulence” !
universal εff~0.01 models
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Global hydrostatic balance explains high-Σg K-S law

model prediction
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For Q~1, model predicts that εffgal scales with fg

model prediction

✏gal↵ ⇠ fgvc
P?/m?



CAFG, Quataert, & Hopkins 13

in tension with "supersonic turbulence"!
models that predict universal εff~0.01

For Q~1, model predicts that εffgal scales with fg

model prediction

✏gal↵ ⇠ fgvc
P?/m?



CAFG, Quataert, & Hopkins 13

Also: cT ~ fg vc / 2 ⇒ high cT in ULIRGs, high-z SFGs

in tension with "supersonic turbulence"!
models that predict universal εff~0.01

For Q~1, model predicts that εffgal scales with fg

model prediction

✏gal↵ ⇠ fgvc
P?/m?
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Stars form in giant molecular clouds

No. 2, 2010 MASSIVE STAR-FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY 1105
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Figure 1. WMAP free–free foreground emission map with the target sources indicated with black ellipses. The Galactic center region, which has been excluded from
this work, is indicated in red. The map is described in Paper I.
(A color version of this figure is available in the online journal.)

Table 1
WMAP Source List

Name l b smaj smin P.A. Sff Luminosity Notes
(deg) (deg) (deg) (deg) (deg) (Jy) Rank

G10 10.4 −0.3 0.61 0.44 −21.2 86 12 W31
G24 24.5 0 1.96 0.83 −7.2 1377 10, 11 W41, W42
G30 30.5 0 2.27 0.95 2.7 1585 3, 8 W43
G34 34.7 −0.2 0.92 0.57 6.1 285 6 . . .

G37 37.6 0 0.8 0.71 −59.9 244 13 W47
G49 49.3 −0.3 0.99 0.55 −13.5 458 9 W51
G283 283.9 −0.6 1.37 0.78 −32.1 848 15 NGC 3199, RCW49, Partial GLIMPSE Coverage
G291 291.2 −0.7 1.04 0.75 −31.1 688 14 NGC 3603, NGC 3576, No GLIMPSE Coverage
G298 298.4 −0.4 0.91 0.73 −37.3 313 5 . . .

G311 311.6 0.1 1.72 0.93 6.5 766 16 . . .

G327 327.5 −0.2 1.55 0.83 −10.7 943 17 . . .

G332 332.9 −0.3 1.56 0.93 −3.3 1787 7 . . .

G337 337.3 −0.1 2.58 1.2 −8.9 2239 2, 4 . . .

. . . 359.9 −0.1 1.2 0.51 −3 1105 1 Galactic center region, excluded from analysis

Notes. The luminosity rank indicates the ranking of the source with respect to the ionizing luminosity produced, with multiple ranks
indicating sources that were divided in Paper I. The free–free flux is measured in the W band at 90 GHz from the WMAP free–free
foreground emission map (Bennett et al. 2003b).

stars in the Galactic disk, quantify the relationship between the
8 µm and free–free emission, discuss the expansion of the SFCs
as a turbulent driving mechanism of the Galaxy’s molecular
gas, and comment on the three-dimensional geometry of ob-
served bubble structures. Finally, we summarize our results in
Section 6.

2. DATA ANALYSIS

In Paper I, we divided the total flux of the WMAP regions
along a given line of sight based on various distance determi-
nations (radio recombination lines, molecular absorption lines,
and stellar distances). Using this division, one-third of the Galac-
tic free–free emission arises from 14 discrete WMAP sources.
These sources contain more than one-third of the O star popu-
lation of the Galaxy.

Here, we investigate in more detail, using additional radial
velocities, the 13 most luminous free–free sources in the Galaxy
from Paper I (we exclude the Galactic center region since it is
so well studied already).

A number of well-known massive star-forming regions are not
included in our sample, including the Carina region, NGC 6357,
and Cygnus OB2. These regions, identified in Paper I, have
lower ionizing luminosities than the regions we investigate in
this study. The WMAP sources are highly confused, so not
every complex identified in this paper will be home to a super
star cluster, but we expect that each of the WMAP sources we

consider will contain at least one complex that may be home
to a super star cluster with a mass greater than those found in
Carina, NGC 6357, and Cygnus OB2.

Each of the WMAP sources are fit by ellipses, with major
axes between ∼2◦ and 5◦; sizes, positions, and fluxes are given
in Table 1. These sources are confused (contain multiple SFCs)
as a result of the large beam size of the WMAP satellite. The
WMAP free–free map is presented in Figure 1, indicating the
location of each of the 13 sources.

We use published radial velocity measurements together with
GLIMPSE 8 µm images to better resolve and classify these
SFCs. This improves on our use of the catalog of Russeil (2003)
in Paper I. In other words, we classify SFCs on the basis of
kinematic distances (as determined through radial velocities
toward known H ii regions) and morphology seen in the 8 µm
bands.

We carried out a SIMBAD search for H ii regions within each
of the WMAP sources and compiled the associated hydrogen
recombination line velocities.

Our morphological analysis was primarily conducted using
the 3.◦1×2.◦4 Band 4 mosaic images from GLIMPSE (Benjamin
et al. 2003). In many cases, these mosaics were insufficiently
large to encompass the entire WMAP sources from Paper I. In
these cases, adjacent images were mosaicked together using the
Montage package. In cases where the sources were outside the
GLIMPSE coverage, we substituted Band A mosaics from MSX
(Price et al. 2001).

~Ionizing radiation in Milky Way (Rahman & Murray 10)

• In Milky Way, 1/3 of current star formation occurs in 33 GMCs
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Figure 1. WMAP free–free foreground emission map with the target sources indicated with black ellipses. The Galactic center region, which has been excluded from
this work, is indicated in red. The map is described in Paper I.
(A color version of this figure is available in the online journal.)
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stars in the Galactic disk, quantify the relationship between the
8 µm and free–free emission, discuss the expansion of the SFCs
as a turbulent driving mechanism of the Galaxy’s molecular
gas, and comment on the three-dimensional geometry of ob-
served bubble structures. Finally, we summarize our results in
Section 6.

2. DATA ANALYSIS

In Paper I, we divided the total flux of the WMAP regions
along a given line of sight based on various distance determi-
nations (radio recombination lines, molecular absorption lines,
and stellar distances). Using this division, one-third of the Galac-
tic free–free emission arises from 14 discrete WMAP sources.
These sources contain more than one-third of the O star popu-
lation of the Galaxy.

Here, we investigate in more detail, using additional radial
velocities, the 13 most luminous free–free sources in the Galaxy
from Paper I (we exclude the Galactic center region since it is
so well studied already).

A number of well-known massive star-forming regions are not
included in our sample, including the Carina region, NGC 6357,
and Cygnus OB2. These regions, identified in Paper I, have
lower ionizing luminosities than the regions we investigate in
this study. The WMAP sources are highly confused, so not
every complex identified in this paper will be home to a super
star cluster, but we expect that each of the WMAP sources we

consider will contain at least one complex that may be home
to a super star cluster with a mass greater than those found in
Carina, NGC 6357, and Cygnus OB2.

Each of the WMAP sources are fit by ellipses, with major
axes between ∼2◦ and 5◦; sizes, positions, and fluxes are given
in Table 1. These sources are confused (contain multiple SFCs)
as a result of the large beam size of the WMAP satellite. The
WMAP free–free map is presented in Figure 1, indicating the
location of each of the 13 sources.

We use published radial velocity measurements together with
GLIMPSE 8 µm images to better resolve and classify these
SFCs. This improves on our use of the catalog of Russeil (2003)
in Paper I. In other words, we classify SFCs on the basis of
kinematic distances (as determined through radial velocities
toward known H ii regions) and morphology seen in the 8 µm
bands.

We carried out a SIMBAD search for H ii regions within each
of the WMAP sources and compiled the associated hydrogen
recombination line velocities.

Our morphological analysis was primarily conducted using
the 3.◦1×2.◦4 Band 4 mosaic images from GLIMPSE (Benjamin
et al. 2003). In many cases, these mosaics were insufficiently
large to encompass the entire WMAP sources from Paper I. In
these cases, adjacent images were mosaicked together using the
Montage package. In cases where the sources were outside the
GLIMPSE coverage, we substituted Band A mosaics from MSX
(Price et al. 2001).

~Ionizing radiation in Milky Way (Rahman & Murray 10)

• In Milky Way, 1/3 of current star formation occurs in 33 GMCs

• Gravitational instability forms GMCs and sets their mass MT~h2 Σg!

➡ ~106 Msun in Milky Way!

➡ ~109 Msun in gas-rich z~2 star-forming galaxies (e.g., Genzel+11)
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• Feedback-driven turbulence keeps disk marginally grav. stable, 

throttles formation rate of GMCs and thus galaxy star formation rate
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formation and model stellar feedback

• Feedback-driven turbulence keeps disk marginally grav. stable, 

throttles formation rate of GMCs and thus galaxy star formation rate
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GMC formation is rate limiting step for SF

• Galaxy SFR weakly dependent on SF prescription on scales ≪ GMCs
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FIRE: Feedback In Realistic Environments

• Cosmological zoom-ins resolving GMCs at all redshifts

• Stellar feedback (SNe, photoion, 

stellar winds, rad. P) based on SB99

w/ Hopkins, Kereš, Quataert, Murray, Muratov…

• Metal and molecular line cooling to 

T~10 K; SF in mol., self-grav. gas

Gas, Mh=1012 Msun at z=0

• No parameter tuning!!

➡ K-S law, outflows, etc. emerge 
from the calculation

more at FIRE.northwestern.edu

http://fire.northwestern.edu
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• P-SPH+Gadget-3 gravity!

➡ resolves historical 

discrepancies between 

SPH and grid-based codes!

• No hydro decoupling or gas 

cooling suppression!

• High-res. MW analog sim:!

➡ mgas=5×103 Msun, εgas=10 pc!

• Track 11 elements+r-process!

Multiphase gas in FIRE
Gadget-2 SPHP-SPH

z=0 gas disk + halo Kereš+, in prep.

Hopkins+, arXiv:1311.2073
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Figure 4. Galaxy stellar mass-halo mass relation at z = 0. Top: M⇤(Mhalo).
Bottom: M⇤ relative to the Universal baryon budget of the halo ( fb Mhalo).
Each simulation (points) from Table 1 is shown; large point denotes the
most massive halo in each box. We compare the relation if all baryons be-
came stars (M⇤ = fb Mhalo; dotted) and the observed relationship as deter-
mined in Behroozi et al. (2012, magenta) and Moster et al. (2013, cyan)
(dashed lines denote extrapolation beyond the observed range). The agree-
ment with observations is excellent at Mhalo . 1013 M�, including dwarf
though MW-mass galaxies. We stress there are zero adjusted parameters
here: stellar feedback, with known mechanisms taken from stellar popula-
tion models, is sufficient to explain galaxy stellar masses at/below ⇠ L⇤.

3.3 Stellar Feedback

Once stars form, their feedback effects are included from several
sources. Every star particle is treated as a single stellar popula-
tion, with a known age, metallicity, and mass. Then all feedback
quantities (the stellar luminosity, spectral shape, SNe rates, stellar
wind mechanical luminosities, metal yields, etc.) are tabulated as
a function of time directly from the stellar population models in
STARBURST99, assuming a Kroupa (2002) IMF.

(1) Radiation Pressure: Gas illuminated by stars feels a
momentum flux Ṗrad ⇡ (1 � exp(�⌧UV/optical))(1 + ⌧IR)Lincident/c
along the optical depth gradient, where 1+ ⌧IR = 1+⌃gas IR ac-
counts for the absorption of the initial UV/optical flux and multiple
scatterings of the re-emitted IR flux if the region between star and

gas particle is optically thick in the IR (assuming the opacities scale
linearly with gas metallicity).5

(2) Supernovae: We tabulate the SNe Type-I and Type-II rates
from Mannucci et al. (2006) and STARBURST99, respectively, as
a function of age and metallicity for all star particles and stochasti-
cally determine at each timestep if a SNe occurs. If so, the appro-
priate mechanical luminosity and ejecta momentum is injected as
thermal energy and radial momentum in the gas within a smoothing
length of the star particle, along with the relevant mass and metal
yield (for all followed species).

(3) Stellar Winds: Similarly, stellar winds are assumed to
shock locally and so we inject the appropriate tabulated mechan-
ical power L(t, Z), wind momentum, mass, and metal yields, as a
continuous function of age and metallicity into the gas within a
smoothing length of the star particles. The integrated mass fraction
recycled is ⇠ 0.3.

(4) Photo-Ionization and Photo-Electric Heating: Knowing
the ionizing photon flux from each star particle, we ionize each
neighboring neutral gas particle (provided there are sufficient pho-
tons, given the gas density, metallicity, and prior ionization state),
moving outwards until the photon budget is exhausted; this alters
the heating and cooling rates appropriately. The UV fluxes are also
used to determine photo-electric heating rates following Wolfire
et al. (1995).

Extensive numerical tests of the feedback models are pre-
sented in Paper II.

4 SIMULATION NUMERICAL DETAILS

All simulations are run using a heavily modified version of the
TreeSPH code GADGET (Springel 2005) which we refer to as “P-
GADGET.” This adopts the Lagrangian “pressure-entropy” formu-
lation of the SPH equations developed in Hopkins (2013); this elim-
inates nearly all major differences between SPH, moving mesh,
and grid (adaptive mesh) codes, and resolves the well-known issues
with fluid mixing instabilities in previously-used forms of SPH. As
well, the code includes substantial improvements in the artificial
viscosity, entropy diffusion, adaptive timestepping, smoothing ker-
nel, and gravitational softening algorithm, as compared to the “pre-
vious generation” in GADGET-3. These are all described in detail in
Appendix B.

We emphasize that our version of SPH has been tested exten-
sively and found to give good agreement with analytic solutions as
well as well-tested grid codes on a broad suite of test problems.
Many of these are presented in Hopkins (2013). This includes Sod
shock tubes; Sedov blastwaves; wind tunnel tests (radiative and
adiabatic, up to Mach ⇠ 104); linear sound wave propagation; os-
cillating polytropes; hydrostatic equilibrium “deformation”/surface
tension tests (Saitoh & Makino 2013); Kelvin-Helmholtz and
Rayleigh-Taylor instabilities; the “blob test” (Agertz et al. 2007);
super-sonic and sub-sonic turbulence tests (from Mach ⇠ 0.1 �
103); Keplerian gas ring, disk shear, and shearing shock tests
(Cullen & Dehnen 2010); the Evrard test; the Gresho-Chan vortex;
spherical collapse tests; and non-linear galaxy formation tests such

5 There has been some debate in the literature regarding whether or not the
full ⌧IR “boost” applies to the infrared radiation pressure when ⌧IR � 1 (see
e.g. Krumholz & Thompson 2012, but also Kuiper et al. 2012). We have
considered alternatives, discussed in Paper I. However, in the simulations
here we never resolve the extremely high densities where ⌧IR & 1 (where
this distinction is important), and so if anything are under-estimating the IR
radiation pressure.

c� 0000 RAS, MNRAS 000, 000–000
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sources. Every star particle is treated as a single stellar popula-
tion, with a known age, metallicity, and mass. Then all feedback
quantities (the stellar luminosity, spectral shape, SNe rates, stellar
wind mechanical luminosities, metal yields, etc.) are tabulated as
a function of time directly from the stellar population models in
STARBURST99, assuming a Kroupa (2002) IMF.

(1) Radiation Pressure: Gas illuminated by stars feels a
momentum flux Ṗrad ⇡ (1 � exp(�⌧UV/optical))(1 + ⌧IR)Lincident/c
along the optical depth gradient, where 1+ ⌧IR = 1+⌃gas IR ac-
counts for the absorption of the initial UV/optical flux and multiple
scatterings of the re-emitted IR flux if the region between star and

gas particle is optically thick in the IR (assuming the opacities scale
linearly with gas metallicity).5

(2) Supernovae: We tabulate the SNe Type-I and Type-II rates
from Mannucci et al. (2006) and STARBURST99, respectively, as
a function of age and metallicity for all star particles and stochasti-
cally determine at each timestep if a SNe occurs. If so, the appro-
priate mechanical luminosity and ejecta momentum is injected as
thermal energy and radial momentum in the gas within a smoothing
length of the star particle, along with the relevant mass and metal
yield (for all followed species).

(3) Stellar Winds: Similarly, stellar winds are assumed to
shock locally and so we inject the appropriate tabulated mechan-
ical power L(t, Z), wind momentum, mass, and metal yields, as a
continuous function of age and metallicity into the gas within a
smoothing length of the star particles. The integrated mass fraction
recycled is ⇠ 0.3.

(4) Photo-Ionization and Photo-Electric Heating: Knowing
the ionizing photon flux from each star particle, we ionize each
neighboring neutral gas particle (provided there are sufficient pho-
tons, given the gas density, metallicity, and prior ionization state),
moving outwards until the photon budget is exhausted; this alters
the heating and cooling rates appropriately. The UV fluxes are also
used to determine photo-electric heating rates following Wolfire
et al. (1995).

Extensive numerical tests of the feedback models are pre-
sented in Paper II.

4 SIMULATION NUMERICAL DETAILS

All simulations are run using a heavily modified version of the
TreeSPH code GADGET (Springel 2005) which we refer to as “P-
GADGET.” This adopts the Lagrangian “pressure-entropy” formu-
lation of the SPH equations developed in Hopkins (2013); this elim-
inates nearly all major differences between SPH, moving mesh,
and grid (adaptive mesh) codes, and resolves the well-known issues
with fluid mixing instabilities in previously-used forms of SPH. As
well, the code includes substantial improvements in the artificial
viscosity, entropy diffusion, adaptive timestepping, smoothing ker-
nel, and gravitational softening algorithm, as compared to the “pre-
vious generation” in GADGET-3. These are all described in detail in
Appendix B.

We emphasize that our version of SPH has been tested exten-
sively and found to give good agreement with analytic solutions as
well as well-tested grid codes on a broad suite of test problems.
Many of these are presented in Hopkins (2013). This includes Sod
shock tubes; Sedov blastwaves; wind tunnel tests (radiative and
adiabatic, up to Mach ⇠ 104); linear sound wave propagation; os-
cillating polytropes; hydrostatic equilibrium “deformation”/surface
tension tests (Saitoh & Makino 2013); Kelvin-Helmholtz and
Rayleigh-Taylor instabilities; the “blob test” (Agertz et al. 2007);
super-sonic and sub-sonic turbulence tests (from Mach ⇠ 0.1 �
103); Keplerian gas ring, disk shear, and shearing shock tests
(Cullen & Dehnen 2010); the Evrard test; the Gresho-Chan vortex;
spherical collapse tests; and non-linear galaxy formation tests such

5 There has been some debate in the literature regarding whether or not the
full ⌧IR “boost” applies to the infrared radiation pressure when ⌧IR � 1 (see
e.g. Krumholz & Thompson 2012, but also Kuiper et al. 2012). We have
considered alternatives, discussed in Paper I. However, in the simulations
here we never resolve the extremely high densities where ⌧IR & 1 (where
this distinction is important), and so if anything are under-estimating the IR
radiation pressure.
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low-Z infalling LLS

high-Z LLS with 
complex kinematics
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Summary

• Global balance between gravity and stellar feedback explains !

• Dependence of SF efficiency on gas fraction can be used to distinguish 

from local “supersonic turbulence" models!

• FIRE: physically-predictive simulations of star formation and stellar 

feedback in cosmological environments!

➡ galactic winds increase HI covering fractions by ~2-3× at z~2-3!

➡ preliminary: cosmic inflows detected as low-metallicity LLS branch?
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