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FIGURE 1: Radio images of our sample taken from the HI, OH, Recombination Line (THOR) Survey with the VLA (Beuther et al. 2016). The SNRs range in 
radius of 2.5 to 15 arcminutes (Green 2014), and the spatial resolution of the radio data is 20 arcseconds. The extents of the sources are marked with 
white circles, and the white scale bar represents 2 arcminutes. 
1st Row: G15.9+0.2, G16.7+0.1, G18.1-0.1, G18.6-0.2, G18.8+0.3, G20.0-0.2, G36.6-0.7 
2nd Row: G20.4+0.1, G21.5-0.1, G21.5-0.9, G21.8-0.6, G22.7-0.2, G23.3-0.3, G23.6+0.3, G24.7-0.6 
3rd Row: G49.2-0.7, G24.7+0.6, G27.4+0.0, G27.8+0.6, G28.6-0.1, G29.6+0.1, G29.7-0.3 
4th Row: G31.9+0.0, G32.4+0.1, G32.8-0.1, G33.2-0.6, G33.6+0.1, G34.7-0.4, G35.6-0.4

        We select our sample from supernova remnants fully imaged by the HI, OH, Recombination Line (THOR) Survey 
with the VLA. The THOR Survey covered galactic longitudes from 14.5 to 67.4 degrees and latitudes between +/- 1.25 
degrees. Out of the SNRs located in this quadrant of the Galaxy, we inspected them and identified 29 that were fully 
imaged and were detected. These sources are shown in Figure 1. 
        We measure the symmetry of our sample using a multiple analysis technique called the power-ratio method. This 
technique was applied previously to X-ray and infrared observations of Galactic and Large Magellanic Cloud SNRs 
(Lopez et al. 2009, 2011; Peters et al. 2013). 
        The PRM measures asymmetries via calculation of the multipole moments of emission in a circular aperture. It is 
derived similarly to the expansion of a two-dimensional gravitational potential, except an image’s surface brightness 
replaces the mass surface density. The powers Pm of the expansion are obtained by integrating the magnitude of each 
term Ψm over the aperture radius R. We divide the powers Pm by P0 to normalize with respect to flux, and we set the 
origin position in our apertures to the centroids of our images so that the dipole power P1 approaches zero. In this 
case, the higher-order terms reflect the asymmetries at successively smaller scales. The quadrupole power ratio P2/P0 
reflects the ellipticity or elongation of a source, and the octupole power ratio P3/P0 quantifies the mirror asymmetry of a 
source.

Badenes et al. 2010, MNRAS, 407, 1301 
Beuther et al. 2016, A&A, 595, A32 
Green 2014, BASI, 42, 47 (arXiv: 1409.0637) 
Helfand et al. 2006, AJ, 131, 2525

        Supernova Remnants (SNRs) offer the means to study supernova explosions and evolution at sub-parsec scales. 
SNRs are observable for up to 100,000 years across the electromagnetic spectrum, and nearly 400 have been 
identified in the Milky Way and the Magellanic Clouds (Badenes et al. 2010; Green 2014). Observations have 
demonstrated that SNRs are extremely complex, and their heterogeneous properties make comparison between 
sources challenging. However, the extensive multiwavelength data now available provides the necessary bases to 
define the properties of SNRs as a class and to constrain the progenitors, evolution, and dynamics.  
        Toward this end, we have begun a systematic, statistical analysis of a large sample of remnants. In this work, we 
investigate the symmetry of YY SNRs in the Milky Way at radio wavelengths to examine whether SNR asymmetries 
evolve with age. We measure the symmetry of our sample using a multiple analysis technique called the power-ratio 
method (PRM). This technique was applied previously to X-ray and infrared observations of Galactic and Large 
Magellanic Cloud SNRs (Lopez et al. 2009, 2011; Peters et al. 2013). These authors found that Type Ia SNRs are more 
circular and symmetric than core-collapse SNRs in X-rays and infrared. As SNRs emit radio waves throughout their 
lifetimes, investigation of the radio morphology as a function of age/size reveals how SNRs evolve and their interactions 
with the interstellar medium.

FIGURE 3: Plot of the 
power ratios P2/P0 (in 
blue) and P3/P0 (in red) vs 
radius in parsecs, 
assuming distances given 
in the Green Catalog 
(Green 2014). Using 
radius as an indicator of 
age, we do not find a 
trend between either the 
ellipticity or the mirror 
asymmetry of the 
remnants with age, 
although no SNRs with 
radii greater than 20 pc 
have either low P2/P0  or 
P3/P0. 

FIGURE 2: Plot of 
quadrupole power ratio 
(P2/P0 ) vs octupole power 
ratio (P3/P0) of the radio 
emission of our sample. 
The former measures 
ellipticity/elongation, and 
the later quantifies mirror 
asymmetry. There does 
not appear to be a trend 
between these 
parameters.

Results

        In Figure 2, we plot the quadrupole power ratio (P2/P0 ) vs octupole power ratio (P3/P0) of the radio emission of 
our sample. The former measures ellipticity/elongation, and the later quantifies mirror asymmetry. The sample spans 
a range of values in this diagram, and there does not appear to be a trend between these parameters.  
        In Figure 3, we plot the power ratios P2/P0 (in blue) and P3/P0 (in red) vs radius in parsecs, assuming distances 
given in the Green Catalog (Green 2014). Using radius as an indicator of age, we do not find a trend between either 
the ellipticity or the mirror asymmetry of the remnants with age, although no SNRs with radii greater than 20 pc have 
either low P2/P0  or P3/P0. This result suggests that the morphology can have different degrees of asymmetry at earlier 
stages/smaller radii, while older SNRs with large radii are asymmetric. As the radio data analyzed were tracing HI 
emission, our results are indicative of the effects of inhomogeneous environments on the evolution of our sources. 
        The assumption that radius is a proxy for age neglects the effects of different or inhomogeneous density 
mediums. Nonetheless, given the unknown ages of the SNRs the radii are the best indicator of evolutionary stage. 
There is also uncertainty in the distances to our sources (up to a factor of 2) which may influence the placement of 
sources on the diagram. While the nature of the explosions producing our sources is unknown, it is likely that most or 
all are from core-collapse supernovae given their location in the Galactic Plane.

        Currently, we are extending our analysis to other radio wavelength images of Milky Way SNRs. In particular, we are 
investigating the symmetry of the radio continuum emission produced at the forward shocks. For this work we are 
utilizing 20 cm images from The Multi-Array Galactic Plane Imaging Survey (MAGPIS) taken with the VLA (White, 
Becker, & Helfand 2005; Helfand et al. 2006). The area covered by MAGPIS is latitudes |b|<0.8 degrees, and longitudes 
5 degrees<l<48.5 degrees. Out of the SNRs located in this quadrant of the Galaxy, we inspected them and identified 59 
that were fully imaged and were detected.

Lopez et al. 2009, ApJL, 706, L106 
Lopez et al. 2011, ApJ, 732, 114 
Peters et al. 2013, ApJL, 771, L38 
White, Becker, & Helfand 2005, AJ, 130, 586

FIGURE 4: VLA 20 cm images of a subset of the sample from Figure 1 from MAGPIS. We are currently applying the same symmetry analysis to 59 SNRs 
from MAGPIS to explore the evolution of the morphology in radio continuum images. 
1st Row: G16.7+0.1, G18.1-0.1, G18.6-0.2, G18.8+0.3, G20.0-0.2, G20.4+0.1, G21.5-0.1, G21.8-0.6, G22.7-0.2,  G23.6+0.3,  
2nd Row: G24.7-0.6, G24.7+0.6, G29.6+0.1, G29.7-0.3, G31.9+0.0, G32.4+0.1, G32.8-0.1, G33.2-0.6, G33.6+0.1, G34.7-0.4, G35.6-0.4
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Conclusions
Stellar feedback, the injection of energy and momentum by 
stars, is important on small (~1 pc) and large (>10 kpc) scales

There are many challenges to assessing feedback: 1) dynamic 
range; 2) need observational constraints; 3) where is the 
energy/momentum deposited?; 4) there are many mechanisms 
that vary with time & conditions

There are observational and theoretical solutions to each 
problem, and a lot of progress in the last 5 years assessing 
dynamical role of feedback on small & large scales

Multiwavelength approach enables evaluation of comparative 
role of feedback modes versus e.g., stellar age, conditions

X-ray and gamma-ray observations constrain presence / 
properties of galactic outflows from star-forming galaxies.



Identified in the late 1970s that stellar feedback is necessary 
to form realistic disk galaxies (White & Rees 1978)

Stellar and Bulge 
mass 10x too big 
(Keres al. 2009)

High SF Thres (5 cm-3)Low SF Thres (0.1 cm-3)

Comparison at z=2
HIGH VS. LOW THRESHOLD SIMULATIONS

With higher threshold, the disk at z=2 is

! 50% larger

! 30% less massive

! 30% higher gas fraction

! 5x lower density at r < 1 kpc

Density of cold gas (<104 K)

Stars: old (yellow) and young (blue)

14 kpc

Tuesday, October 19, 2010

Guedes et al. 2011

Yes FeedbackNo Feedback

Importance of Feedback



Large Scale (>kpc)
Realistic stellar masses and bulges 
in galaxies (e.g., White & Rees78; 
Keres+09)

Formation of bulgeless dwarf 
galaxies (e.g., Mashchenko+08; 
Governato+10)

Galaxy luminosity function and the 
mass-metallicity relation (e.g., 
Kauffman+94; Cole+1994; 
Somerville & Primack99)

Star formation efficiency on galactic 
scales (e.g., Kennicutt98)

Kpc-scale galactic winds (e.g., 
Veilleux+05)

Importance of Feedback

Lopez+20b

Hot Gas Gradients in M82 3

2 kpc

Figure 1. Exposure-corrected broad-band (0.5 � 7.0 keV)

X-ray image of M82 of the di↵use gas with point sources

removed. The outflow extends south &6 kpc from the disk

and up to the ‘Cap’ ⇠12 kpc north of the disk (the di↵use

substructure at the top right of the image). North is up, and

East is left.

the merged, broad-band (0.5� 7.0 keV) image, incorpo-
rating the PSF map of each observation from mkpsfmap.
These point sources were subsequently removed with
dmfilth to construct the image of M82’s di↵use gas (Fig-
ure 1).
As shown in Figure 1, the di↵use gas extends &6 kpc

south of the disk and north up to the ‘Cap’, a region
of di↵use X-rays ⇠12 kpc north of M82 (Lehnert et al.
1999; Tsuru et al. 2007). Figure 2 is a three-color im-
age of M82, with 8-µm in red (Engelbracht et al. 2006),
H↵ in green (Kennicutt et al. 2008), and the broad-
band X-rays in blue. The H↵ is well correlated with the
di↵use X-rays, with the latter being upstream or inte-
rior to the H↵, as noted by previous works (Shopbell &
Bland-Hawthorn 1998; Lehnert et al. 1999; Heckman &
Thompson 2017).
To assess the conditions of the di↵use hot gas, we

extracted spectra using the ciao command specextract

from a 0.20⇥3.00 region aligned with the M82 major axis

2 kpc

Figure 2. Three-color image of M82, with 8-µm in red (En-

gelbracht et al. 2006), H↵ in green (Kennicutt et al. 2008),

and 0.5 � 7.0 keV X-rays in blue. North is up, and East is

left.

(centered on the position of the M82 nucleus and ori-
ented along the starburst ridge: Lester et al. 1990) as
well as ten 0.50⇥3.00 regions (five north and five south
of the disk; as shown and labeled in Figure 3). In our
spectral analysis, we considered only the six 2009–2010
observations (totaling 467 ks) to limit systematic dif-
ferences arising from di↵erent chip configurations and
temporal variations in the years between observations.
We excluded all point sources identified by wavdetect

within our regions. Background spectra were extracted
from a 10⇥10 region, either 60 northeast or 50 south of
the disk depending on the roll angle of the observation,
and subtracted from the source spectra.
The background-subtracted spectra were modeled us-

ing XSPEC Version 12.10.1 (Arnaud 1996). We fit the
data from each observation jointly by including a mul-
tiplicative factor (with the XSPEC component const)
that was allowed to vary while all other model param-
eters were required to be the same between observa-
tions. We included two absorption components (with
the XSPEC components phabs and vphabs, respec-
tively): one to account for the Galactic absorption of
NH = 4.0⇥ 1020 cm�2 (Dickey & Lockman 1990) in the
direction toward M82 and another to represent M82’s in-
trinsic absorption N

M82
H which was allowed to vary and

had abundances of Z� (Origlia et al. 2004). We adopted
cross-sections from Verner et al. (1996) and solar abun-
dances from Asplund et al. (2009).

IR Ha X-rays



Large Scale (>kpc)
Realistic stellar masses and bulges 
in galaxies (e.g., White & Rees78; 
Keres+09)

Formation of bulgeless dwarf 
galaxies (e.g., Mashchenko+08; 
Governato+10)

Galaxy luminosity function and the 
mass-metallicity relation (e.g., 
Kauffman+94; Cole+1994; 
Somerville & Primack99)

Star formation efficiency on galactic 
scales (e.g., Kennicutt98)

Kpc-scale galactic winds (e.g., 
Veilleux+05)

Small Scale (<100 pc)
Creates ISM phase structure (e.g., 
McKee & Ostriker77)

Low star formation efficiency in giant 
molecular clouds (e.g., Zuckerman & 
Evans74; Krumholz & Tan07)

Disruption & destruction of GMCs 
(e.g., Matzner02; Krumholz+06)

Drives turbulence (e.g., Mac Low & 
Klessen04; Offner & Liu16)

Triggers star formation (e.g., 
Elmegreen98; Deharveng+05) 

Importance of Feedback



In the Feedback Loop - Small Scales
Stellar feedback: the injection of energy & momentum by stars

Offner & Arce 2014

Protostellar Jets
Quillen+05, Cunningham+06, Matzner07, Nakamura+08, Cunningham+09, Wang+10, 
Krumholz+12, Offner+14, Li+15, Matzner+15, Bally16, Offner+17, Murray+18



In the Feedback Loop - Small Scales
Stellar feedback: the injection of energy & momentum by stars

Radiation Pressure (direct and dust-processed)
Jijina+96, Krumholz&Matzner09, Fall+10, Krumholz+10, Draine+11, Murray+11, 
Skinner+15, Gupta+16, Kim+16, Raskutti+16, Rodriguez-Ramirez+16, Raskutti+17, 
Ali+18, Kim+18, Krumholz18, Tsang+18

Photoionization Heating
Whitworth79, Dale+05, Dale+14, Geen+16, Gavagnin+17, Ali+18, Haid+18, 
Kim+18, Kuiper+18, Shima+18

Stellar Winds
Yorke+89, Harper-Clark+09, Rogers+13, Dale+14, Goldsmith+17, Rahner+17, 
Haid+18, Naiman+18, Wareing+18

Protostellar Jets
Quillen+05, Cunningham+06, Matzner07, Nakamura+08, Cunningham+09, Wang+10, 
Krumholz+12, Offner+14, Li+15, Matzner+15, Bally16, Offner+17, Murray+18
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In the Feedback Loop - Small Scales
Stellar feedback: the injection of energy & momentum by stars

Radiation Pressure (direct and dust-processed)
Jijina+96, Krumholz&Matzner09, Fall+10, Krumholz+10, Draine+11, Murray+11, 
Skinner+15, Gupta+16, Kim+16, Raskutti+16, Rodriguez-Ramirez+16, Raskutti+17, 
Ali+18, Kim+18, Krumholz18, Tsang+18

Photoionization Heating
Whitworth79, Dale+05, Dale+14, Geen+16, Gavagnin+17, Ali+18, Haid+18, 
Kim+18, Kuiper+18, Shima+18

Stellar Winds
Yorke+89, Harper-Clark+09, Rogers+13, Dale+14, Goldsmith+17, Rahner+17, 
Haid+18, Naiman+18, Wareing+18

Supernovae
Rogers+13, Kim & Ostriker15, Martizzi+15, Walch+15, Geen+16, Haid+16, 
Kortgen+16, Gentry+17, 18, Zhang+18

Cosmic Rays

Protostellar Jets
Quillen+05, Cunningham+06, Matzner07, Nakamura+08, Cunningham+09, Wang+10, 
Krumholz+12, Offner+14, Li+15, Matzner+15, Bally16, Offner+17, Murray+18



30 Doradus 
2 Ms Chandra

M51 
750 ks Chandra

Stellar winds and supernovae shock-heat gas to 
107 K temperatures and are observable in X-rays

Shock-Heated Gas - Observable in X-rays



Cosmic-Ray Feedback
~10% of ESN goes into accelerating particles up to TeV 
energies at the forward shock (cosmic rays)

The Astrophysical Journal Letters, 777:L16 (5pp), 2013 November 1 Booth et al.

Figure 3. Edge-on maps of the temperature in a thin slice around the MW (top panels) and SMC galaxies (bottom panels) for both the thermal feedback (left panels)
and CR feedback (right panels). CR feedback has a large effect on the temperature structure of the halo gas. The plots show the median velocity (left panels) and
outward pressure force (right panels) as a function of height from the disk for the same two simulations. All quantities are calculated in a cylinder of radius 3 kpc,
centered on the galactic disk. It is clear that the effect of the CRs is to increase the outward pressure forces in the halo by a factor of 3–5 at all z. This pressure
gradient slowly accelerates the wind into the halo. The wind in the thermal feedback simulations is accelerated abruptly from the disk and maintains a constant velocity
thereafter.

that CR injection can suppress the SFR by providing an extra
source of pressure that stabilizes the disk. Turbulent and CR
pressure are in equipartition in the disk, thus the CR pressure
can significantly affect most of the volume of the disk, but
will be sub-dominant inside supersonic molecular clouds, where
turbulent pressure dominates over both CR and thermal pressure.
This effect is particularly strong in our simulated SMC-sized
dwarf galaxy. The SFRs measured in our galaxies with CR
feedback are comparable to observed SFRs for both the MW
and the SMC.

Second, we find that addition of the CR feedback increases
the mass loading factor, η, in the dwarf galaxy by a factor of 10
compared to the simulation with SN-only feedback. As a result,
the SMC- and MW-sized galaxies (circular velocities of 40 and
150 km s−1, respectively) have mass loading factors that differ
by a factor of ∼3–10, depending on the stage of evolution. This
is in rough agreement with expectations from theoretical models
based on simulations and semi-analytic models, which show that
dependence η ∝ vα

circ with α ∼ 1–2 is needed to reproduce the
observed faint end of the stellar mass function of galaxies and
other properties of the galaxy population (e.g., Somerville et al.
2008; Schaye et al. 2010; Oppenheimer et al. 2010; Dutton
2012). Moreover, the wind velocities in the SMC- and MW-
sized simulated galaxies are consistent with the observed trend
for galaxies in this mass range (Schwartz & Martin 2004; Rupke
et al. 2005) both in normalization and slope. Although we
have reported only two models, these results are encouraging,
especially because simulation parameters have not been tuned
in any way to reproduce these observations.

Perhaps the most intriguing difference of the CR-driven
winds compared to the winds driven by thermal SN feedback
is that they contain significantly more “warm” T ∼ 104 K gas.
This is especially true for the dwarf galaxy, which develops
a wind strikingly colder than in the SN-only simulation (see
Figure 3). The CR-driven wind has a lower velocity, and is

accelerated gradually with vertical distance from the disk. The
reason for these differences is that the gas ejected from the
disk is accelerated not only near star-forming regions, as is the
case in SN-only simulations, but is continuously accelerated
by the pressure gradient established by CRs diffused outside
of the disk (see Figure 3). The diffusion of CRs is thus
a key factor in ejecting winds and in their resulting colder
temperatures. The cooler temperatures of the ejected gas may
be one of the most intriguing new features of the CR-driven
winds, as this may provide a clue on the origin of ubiquitous
warm gas in gaseous halos of galaxies (e.g., Chen 2012
and references therein). Detailed predictions of circumgalactic
medium properties will require cosmological galaxy formation
simulations incorporating CR feedback, which we will pursue
in future work.

Several studies have explored effects of CR injection on
galaxies. Jubelgas et al. (2008) found that CRs suppress the SFR
in dwarf galaxies by an amount comparable to that observed in
our simulations, but have almost no effect on the SFR- of MW-
sized systems. We find significant SFR suppression for both
masses. Additionally, Jubelgas et al. (2008) found that CRs
did not generate winds with diffusion alone and in a recent
study using a similar model Uhlig et al. (2012) argued that to
launch winds CR streaming is crucial. In contrast, we find that
CR-driven winds are established for both SMC- and MW-sized
systems with CR diffusion alone. These differences likely arise
due to assumption of equilibrium between the sources of CRs
(star formation ∝ ρ1.5) and the sinks (catastrophic losses ∝ ρ−1)
in the subgrid model of Jubelgas et al. (2008). The subgrid model
thus predicts that CR pressure scales as

√
ρ and is subdominant

to the thermal ISM pressure at densities nH > 0.2 cm−3

(see Figure 7 of Jubelgas et al. 2008). This assumption of
equilibrium, which is likely true only in the deepest parts of the
galaxy potential well (see, e.g., the discussion in Socrates et al.
2008), breaks down in lower density gas. In our simulations
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1. CRs can drive galactic 
winds

2. CRs can suppress star 
formation

3. CRs can affect wind 
properties: CR winds are 
cooler, multiphase, 
accelerated more gently

4. CRs can affect CGM 
properties: CGM is cooler 
and metal-enriched



Cosmic-Ray Feedback
References: Ipavich75, Breitschwerdt+91, Zirakashvili+96, 
Ptuskin+97, Everett+08, Jubelgas+08, Socrates+08, 
Everett+10, Samui+10, Wadepuhl+11, Dorfi+12, Uhlig+12, 
Booth+13, Hanasz+13, Salem+14, Girichidis+16, Liang+16, 
Pakmor+16, Ruszkowski+16, Simpson+16, Pfrommer+17a,b, 
Recchia+17, Ruszkowski+17, Wiener+17, Butsky+18, 
Chan+18, Farber+18, Girichidis+18, Heintz+18, Holguin+18, 
Jacob+18, Mao+18, Samui+18, Butsky+18, Chan+19, 
Hopkins+19, Brüggen+20, Buck+20, Bustard+20, Butsky+20, 
Dashyan+19, Hopkins20abcd, Jana+20, Ji+20….



Feedback Uncertainties

Feedback is one of the biggest 
uncertainties in star and galaxy 

formation models today



Feedback Challenge #1: Dynamic Range

~ 1 pc
1 AU ~ 5e-6 pc

~100 pc ~10 kpc

Solutions:
Observations: Study MW and nearby galaxies where all 

scales are observable
Theory: Zoom-in simulations give pc resolution



Feedback Challenge #2: 
Need Observational Constraints

Protostellar Jets

Radiation Pressure (direct and dust-processed)

Photoionization Heating

Supernovae

Cosmic rays

Stellar Winds

Optical/UV/IR

Optical/Radio

X-rays/Radio

Gamma-rays/Radio

X-rays

Optical/IR/mm



Infrared OpticalRadio

Gamma rayX-ray

Feedback Challenge #2: 
Need Observational Constraints - Solutions

Radio: Dickel+05; Infrared: Meixner+06; Optical: Smith+99; 
X-ray: Snowden+94; Gamma ray: LL+21



Feedback Challenge #3: 
Where is Energy/Momentum Deposited?

Stone91
46% of O stars and 10% 
of B stars are “runaway” 

(with v > 30 km s-1)

OB stars travel 50-500 pc 
before exploding as SNe

19
91
AJ
..
..
10
2.
.3
33
S

Stars move.

Runaway stars are located in 
much less dense regions - 

leads to higher escape fractions

Kimm & Cen 2014

The Astrophysical Journal, 788:121 (18pp), 2014 June 20 Kimm & Cen

Figure 7. Effective optical depth in the Lyman continuum (τeff ) by the gas
in the vicinity of each star (<100 pc) in galaxies with a low escape fraction
(fesc < 0.1) at z ∼ 8 from the FR run. We cast 768 rays uniformly distributed
across the sky for individual star particles and combine the absorption of Lyman
continuum by neutral hydrogen at the distance of 100 pc from each star to obtain
the effective optical depth. Different color codings display the distribution in
different halo mass bins, as indicated in the legend. The dashed lines indicate the
photon production rate-weighted average of the effective optical depth. Again,
we combine the results from seven consecutive snapshots to increase the sample
size. We find that τeff,100 pc is generally large (2–4) for the galaxies with the low
escape fraction, indicating that the nearby gas alone could reduce the number of
ionizing photons by 7–45. This demonstrates that the ISM should be properly
resolved to better understand the escape of ionizing photons.
(A color version of this figure is available in the online journal.)

of τeff,100 pc = 3.8 and 1.9 for less (108 < Mvir ! 109 M⊙)
and more massive (109 < Mvir ! 1010.5 M⊙) halo groups,
respectively. This indicates that the number of escaping pho-
tons is reduced by a factor of 7–45 due to the gas near young
stars in galaxies with the small fesc. In this regard, one may
find it reconcilable that results from cosmological simulations
with limited resolutions (e.g., Fujita et al. 2003; Razoumov &
Sommer-Larsen 2010; Yajima et al. 2011) often give discrepant
results.

To summarize, we find that there is a time delay between
the peak of star formation activity and the escape fraction due
to the delay in the onset of effective feedback processes that
can blow birth clouds away. Because of the delay, only 11.4%
of the ionizing photons could escape from their host halos
when photon production rate-averaged over all halos at different
redshifts, despite the fact that the instantaneous fesc could
reach a very high value temporarily. Halos of different masses
(8 ! log Mvir ! 10.5) contribute comparably per logarithmic
mass interval to reionization, and a photon production rate-
averaged escape fraction (⟨fesc⟩(t)) shows a weak dependence
on redshift in the range examined (see Kuhlen & Faucher-
Giguère 2012).

3.2. Escape Fraction Enhanced by Runaway OB Stars

Ionizing photons cannot only escape from their birth clouds
by destroying them through feedback processes, but also emerge

Figure 8. Difference in environment where runaway and nonrunaway stars
younger than 5 Myr are located. Approximately 2 × 105 stars from the most
massive galaxy at z = 7 are used to plot the histograms. It can be seen that
runaway stars tend to be located in less dense regions than nonrunaway stars.
(A color version of this figure is available in the online journal.)

from runaway OB stars displaced from the birth clouds. If we
take the typical velocity of the runaway OB stars ∼40 km s−1

(Stone 1991; Hoogerwerf et al. 2001; Tetzlaff et al. 2011), they
could travel a distance of ∼200 pc in 5 Myr. Conroy & Kratter
(2012) examined the possible ramification of the inclusion of
the runaway OB stars using a simple analytic formulation, and
concluded that fesc can be enhanced by a factor of up to 4.5
from fesc ≈ 0.02–0.04 to fesc ≈ 0.06–0.18 in halos of mass
108 " Mvir " 109 M⊙. Given the complexity of the ISM
dynamics (e.g., McKee & Ostriker 2007), it would seem prudent
to examine this issue in greater details in realistic environments.
To do so, we have performed a twin cosmological simulation of
the FR run by designating 30% of mass in each stellar particle
as a separate runaway particle and dynamically follow their
motion.

Figure 8 shows an example of the difference in environment
between runaway and nonrunaway particles in a galaxy in
a 3 × 1010 M⊙ halo at z = 7. At this redshift, the central
galaxy shows fesc = 0.14. The average hydrogen number
density for runaways younger than 5 Myr (nH ∼ 130 cm−3) is
found to be roughly 20 times smaller than that of nonrunaways
(nH ∼ 3000 cm−3). Given that these stars will explode in the
next 5–10 Myr, the fact that the local density of some runaway
OB stars is smaller than nonrunaways suggests that the impact
from SN explosions will be enhanced. Indeed, we find that the
stellar mass of the galaxies in halos of mass Mvir # 109 M⊙ is
smaller by a factor of 1.7 on average, compared with that from
the FR run (see Figure 3). For galaxies in smaller halos, there
is no clear hint that the runaway OB stars help suppress the
star formation. This is partly because runaway OB stars cannot
only provide energy but also distribute metals more efficiently,
which can increase the cooling rate in halos. Comparison
of the temperature distribution between the two runs further
substantiates the claim that runaway OB stars help regulate the
star formation (Figure 9). The volume of T $ 105 K gas inside
the zoomed-in region in the FRU run (≈7 kpc3, physical) is 30%
larger than that in the FR run.

The left panel in Figure 10 shows the instantaneous fesc mea-
sured at three different redshifts from the FRU run. Again, less
massive galaxies tend to exhibit a higher fesc, which can be at-
tributed to the fact that star formation in smaller halos is more
easily affected by the energetic explosions. As expected, the in-
clusion of the runaway OB stars increases the instantaneous es-
cape fraction on average. The photon production rate-weighted
average of fesc (right panel in Figure 10) shows this more clearly.

9
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SN rate fRAND G0
symbol sim name [Myr−1] [Habing field] comment

S10-KS-rand-nsg 15 1.0 1.70 no self-gravity, random SNe

S10-lowSN-rand 5 1.0 0.56 random SNe
S10-lowSN-peak 5 0.0 0.56 peak SNe
S10-lowSN-mix 5 0.5 0.56 mixed SNe
S10-KS-rand 15 1.0 1.70 random SNe
S10-KS-peak 15 0.0 1.70 peak SNe
S10-KS-mix 15 0.5 1.70 mixed SNe
S10-highSN-rand 45 1.0 5.10 random SNe
S10-highSN-peak 45 0.0 5.10 peak SNe
S10-highSN-mix 45 0.5 5.10 mixed SNe

S10-KS-clus 15 1.0 1.70 clustered SNe

S10-KS-clus-mag3 15 1.0 1.70 B0 = 3 µG, clustered SNe

Table 1. List of simulation properties. Column 1 gives the symbol and colour used to denote the run in future plots, and column 2 gives the name of the run.
In column 3, we list the supernova rate per Megayear. The SNe are distributed with a certain fraction of random locations, fRAND , which is listed in column 4.
fRAND = 1.0 corresponds to 100% random driving, whereas fRAND = 0.0 corresponds to 100% peak driving. Column 5 gives the scaling for the background
UV field following the notation of Habing (1968). In column 6, we highlight specific properties.

II SNe are assumed to explode in clusters, and 40% are single SNe
exploding at random positions. Each cluster has a pre-defined po-
sition and a constant lifetime of 40 Myr (Oey & Clarke 1997), and
the total number of SNe per cluster, NSNe,clus, are drawn from a trun-
cated power-law distribution f (NSNe,clus) = N−2SNe,clus (Clarke & Oey
2002) with an upper limit of NSNe,clus = 7 and a lower limit of
NSNe,clus = 40. Within a given cluster the temporal offset of individ-
ual SNe is set to dtSN,clus = 40 Myr/NSNe,clus.

For all Type II SNe we use a scale height of 50 pc (Tammann et al.
1994). Only in case (iv), we assume that 80% of all SNe are Type
II’s, and 20% are Type Ia’s, which have a broader vertical distri-
bution with a scale height of 325 pc (Joung & Mac Low 2006). In
this case, to keep the overall SN rate constant at the required value,
we first determine the type of each explosion (Type Ia, Type II in a
cluster, or Type II at a random position), and then choose the current
SN position accordingly. If the type is of ’Type II SN in a cluster’,
we find the cluster with the smallest time difference between the
current simulation time and the formation time of the cluster plus
dtSN,clus. If no suitable cluster is available we create a new one. Oth-
erwise, new clusters are created when an existing one has set off all
its SNe after 40 Myr.

3.3.2 Supernova rates

Since we do not follow star formation self-consistently, we have
to choose a SN rate for our simulations. For this reason, we com-
pile all popular scaling relations of ΣSFR vs. ΣGAS , which have been
inferred from observations, in Fig. 2. These are (i) the Kennicutt-
Schmidt relation (Kennicutt 1998) with ΣSFR ∝ Σ1.4H2+HI , as well as
(ii) newer results which relate the star formation rate surface den-
sity to the molecular gas surface density, ΣH2 , in a galaxy in a linear
fashion3 (Bigiel et al. 2008; Tacconi et al. 2013). Please note that
ΣGAS (as plotted on the x-axis in Fig. 2) may therefore be equal to
ΣH2+HI

or ΣH2 depending on which line one refers to. In any case,

3 Recently, using Bayesian linear regression, Shetty et al. (2013) have
pointed out that the relation might actually be sub-linear. For simplicity,
we do not consider this here.

Figure 1.Distribution of SN events within the first 50 Myr (see colour code)
for (i) random driving in x-z-projection and in x-y-projection (top panels);
(ii) peak driving (center); and (iii) clustered driving including Type Ia’s
(bottom panels).

ΣH2
should approach ΣH2+HI for high gas surface densities, where

basically all gas is in molecular form. We argue that according to
Fig. 2 a factor of 3 uncertainty in ΣSFR for any given ΣGAS can easily
be justified.

Walch+15

Random

Peak

Clustered

Solutions
Theory: Test different placement of SNe and
compare simulation results to observables.
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Figure 6. Same as Fig. 4 but for run S10-KS-clus with clustered SN driving at t = 50 Myr (top) and at t = 100 Myr (bottom).

Clustered SILCC: Evolution of the SN-driven ISM 15

Figure 8. Same as Fig. the run with peak driving S10-peak-KS at t= 50 Myr (top) and for mixed driving S10-mix-KS at the
final snapshot of this run at t = 43.6 Myr (bottom).

Peak12 Walch et al.

Figure 5. Same as Fig. 4 but for run S10-KS-rand-nsg without self-gravity at t = 50 Myr (top) and at t = 100 Myr (bottom).

Random

Walch+15
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(Mayker, Leroy, LL+ in prep)
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locations far from molecular gas
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FIG. 1.— Specific luminosity from radiation (black solid line), stellar winds
(solid blue) and supernovae type II (solid red). The data is generated using
STARBURST99 assuming the Geneva high mass loss stellar tracks and
solar metallicity.

well before the first SNe explode (t . 4Myr). This can be
partly due to the fact that natal GMCs are not gravitation-
ally bound (Mac Low & Klessen 2004; Padoan et al. 1997; Li
et al. 2004; Kritsuk et al. 2007; Dobbs et al. 2011). However,
there is also plenty of evidence that dense star forming re-
gions are destroyed by their HII regions, driven by ionization
at low cluster masses (Walch et al. 2012) and radiation pres-
sure, i.e. momentum transfer from radiation emitted by young
massive stars to gas and dust (Murray et al. 2005), and stellar
winds at high (Matzner 2002; Krumholz & Matzner 2009a).
In the Milky Way, the majority of star formation is concen-
trated in a few hundred massive GMCs (Mcl ⇥ 106 M�), con-
taining the majority of the Galaxy’s molecular gas reservoir
(Murray 2011). Fall et al. (2010a) presented arguments favor-
ing radiation pressure as a gas removal mechanism to explain
the similarity in the shapes of the molecular clump and stellar
cluster mass functions. Murray et al. (2010) argued that radi-
ation pressure is the dominant force in driving the expansion
of Galactic HII regions and showed this explicitly in the case
of several observed star forming regions. Multi-wavelength
data of the evolved HII region around the dense R136 star
cluster in the 30 Doradus region of LMC is also consistent
with these arguments and implies that radiation pressure was
the main driver of the HII region dynamics at radii . 75 pc
(Lopez et al. 2010, see however Pellegrini et al. 2011).

The radiation from a young stellar population indeed car-
ries a large amount of energy and momentum, as illustrated in
Figure 1, which shows the specific luminosity and mechanical
power from stellar winds and SNII from a stellar population
assuming the Kroupa (2001) initial mass function (IMF) cal-
culated using the STARBURST99 code (Leitherer et al. 1999).
A SNII event typically ejects 10M� at v ⇥ 3000kms�1, and
the stellar winds from young massive stars have a similar ve-
locity (Leitherer et al. 1999). Although the mechanical lumi-
nosity of winds and SNII ejecta are two orders of magnitude
smaller than the luminosity of emitted radition, their veloc-

ity is also two orders of magnitude smaller than the speed of
light. This makes the actual momentum injection rate of all
sources comparable,

ṗrad ⇥
Lbol

c
⇥ ṗSNII ⇥ ṗwinds ⇥

Lmech

v
, (1)

where Lbol is the bolometric luminosity of a stellar population.
As can be seen in Figure 1, the first SNIIe occur ⇥ 4Myr
after the birth of stellar population, while radiation pressure
and stellar winds operate immediately after birth. Further-
more, the effect of radiation pressure can be significantly en-
hanced in dense, dusty regions as UV photons absorbed by
dust re-radiate in the infrared, increasing the momentum in-
jection rate in proportion to the infrared optical depth �IR, i.e.
ṗrad ⇥ �IRL/c (see, e.g., Gayley et al. 1995, for discussion
of momentum deposition by trapped radiation). In the envi-
ronments of massive star clusters and central regions of star-
bursts, values of �IR ⇥ 10 � 100 are plausible (Murray et al.
2010), making momentum imparted by radiation pressure to
the surrounding gas the dominant feedback source at early
times (t . 4Myr) in a stellar population.

Early dispersal of gas can facilitate the survival and break-
out of hot gas heated by SN blastwaves and dramatically in-
crease the overall efficiency of stellar feedback. The mo-
mentum injection due to stellar winds and radiation pres-
sure may also be an important feedback mechanism in its
own right. Indeed, radiation pressure has been suggested to
play a significant role in regulating global star formation in
galaxies and launching galactic-scale winds (Haehnelt 1995;
Scoville et al. 2001; Murray et al. 2005). Analytical work
by (Murray et al. 2011, see also Nath & Silk 2009) demon-
strated how massive star clusters can radiatively launch large
scale outflows, provided star formation is vigorous enough
(�SFR & 0.05 M�yr�1kpc�2); an attractive property to capture
in simulations of galaxy formation.

Radiation pressure feedback has just recently been con-
sidered in numerical work studying isolated galactic disks
(Hopkins et al. 2011a, 2012a; Chattopadhyay et al. 2012).
In the suite of papers by Hopkins et al., an implementation
of radiation pressure feedback was explored using smoothed-
particle-hydrodynamics (SPH), relying on high mass (mSPH ⇥
103 M�) and force resolution (⇥ fewpc). It was argued
that radiation feedback has a significant effect on galax-
ies from dwarfs to extreme starbursts, where the contribu-
tion was most significant in the high surface density sys-
tems. Wise et al. (2012) demonstrated, using an adaptive-
mesh-refinement (AMR) radiative transfer technique in a fully
cosmological context, how radiation pressure in the single
scattering regime could affect star formation rates and metal
distributions in a dwarf galaxies in dark matter halos of
2.0� 108 M�. Brook et al. (2012) and Stinson et al. (2012)
discussed the importance of “early feedback” in their SPH
galaxy formation simulations. These authors assume that 10%
of the bolometric luminosity radiated by young stars is con-
verted into thermal energy of star forming gas over a 0.8
Myr time period, which significantly affects simulated galaxy
properties. However, it is not clear how such a scheme relates
to the actual processes of early feedback, which are thought
to be momentum- rather than energy-driven.

Cosmological zoom-in simulations of individual galaxies
adopting a force resolution of . 50 � 100pc, while reach-
ing z = 0, are becoming increasingly common (Agertz et al.
2009b; Governato et al. 2010; Guedes et al. 2011). At such

Agertz et al. 2013

Dominant feedback mode changes with time
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In simulations, different mechanisms produce vastly 
different galaxies at z~0 (Aquila Comparison Project: 

Scannapieco et al. 2011)

Mstars ~ 4x1010 - 3x1011 Msun
SFR ~ 0.1-10 Msun/yr

Major differences in:
Morphology
Radius
Gas Fraction
Stellar Masses
Star Formation Histories
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Solutions:
Theory: Incorporate many mechanisms; compare relative 
role of those mechanisms with e.g., age, mass, conditions

Winds and radiation in unison 11

Table 3. Fit parameters for fabs for the investigated parameter space (see eq. (30)). The reduced chi squared statistic �2
⌫ has been

calculated assuming a variance of 0.01. For further details, see Section 6.

n (cm�3) Z (Z�) a b c d e �2
⌫

1000 1 -0.323 0.129 -1.119 -0.143 1.975 1.07
1000 0.15 -0.118 0.085 -0.695 0.102 0.140 2.01
100 1 -0.109 0.063 -0.579 0.084 0.363 1.18
100 0.15 -0.020 0.037 -0.312 0.097 -0.034 3.18

Instantaneous feedback, as measured by its exerted
force, is highly time-dependent. It is therefore necessary
to specify what evolutionary stage one is interested in. To
demonstrate this, we show in Figure 5 for two examples
the relative contributions from the various forces influenc-
ing the shell. These are the forces associated to winds and
SNe, Fwind and FSN, direct and indirect radiation pres-
sure, Fdirect and Findirect, as well as gravity Fgrav (cf. Sec-
tion 2.1.2). To allow easy comparison between the vari-
ous terms, the forces are normalized to their sum, Ftot =
Fwind + FSN + Fdirect + Findirect + Fgrav. The feedback term
that dominates at a given time t can be read o↵ from the
vertical width in Figure 5. Note that here for the sake of
comparison gravity receives a positive sign. Therefore, if
Fgrav/Ftot < 0.5 the shell gains momentum, otherwise it
loses momentum. During the adiabatic phase, the force as-
sociated to thermal pressure from shocked winds Fhot is the
only force we consider in our model.

Before we discuss the importance of the di↵erent feed-
back terms, it is also instructive to consider the integrated
forces. The momentum p injected by the various feedback
terms (or removed in case of gravity) up to a time t can be
calculated via

pi(t) =

tZ

0

Fi dt
0, (31)

where the index i stands for the particular feedback term
(wind, SN, etc.). The net momentum of the shell is pnet =
phot + pwind + pSN + pdirect + pindirect � pgrav. The evolution
of p is shown in Figure 6 for the same models as in Figure 5.

During Phase I, gas pressure from hot winds is the only
source driving the shell (cf. Figure 5) but as soon as the shell
enters Phase II this force is shut o↵ so that phot remains
constant. After the adiabatic phase, direct radiation pres-
sure becomes the main driving force until at t ⇠ 2 � 3Myr
first momentum from winds and then from SNe starts to
dominate the feedback budget. At the end of the simula-
tion, the cumulative contribution from direct radiation pres-
sure equals that from wind ram pressure in the case of the
low-mass cloud (Figure 6, top panel) and exceeds the con-
tribution from wind ram pressure by a factor of 1.5 in the
case of the high-mass cloud with higher star formation e�-
ciency (Figure 6, bottom panel). In the low-mass cloud case
shown, the absorption fraction drops rapidly after 3Myr (cf.
Figure 3) making radiation pressure a very ine↵ective feed-
back process at late times. This coincides with the death of
massive stars marking a reduction in wind feedback and an
increase in ram pressure from SNe. This additional pressure
is not su�cient to raise the shell density, leading to a weak
coupling between radiation and the swept-up ISM.

Although SNe become the main driving force at late

Figure 5. Comparison of relative forces from direct and indirect
radiation pressure, winds, SNe, and gravity. If the contribution
from gravity is above the 50% margin (dashed horizontal line)
the shell loses momentum. Top: Mcl = 105M�, ✏ = 0.1, Z = Z�
and ncl = 1000 cm�3 (same parameters as in Figure 3). The
contribution from indirect radiation pressure fraction is so small
it is barely visible (< 1%). Bottom: Same ncl and Z as in the top
panel but with a higher cloud mass and star formation e�ciency
(Mcl = 3⇥107M�, ✏ = 0.25). For more information see Section 5.

times, the momentum injected by them over the whole sim-
ulation time is lower than that injected by winds or direct
radiation pressure, albeit still of the same order of magni-
tude. In massive clouds, the relative importance of SNe is
lower than in less massive clouds, as the exerted force asso-
ciated with direct radiation pressure remained comparable
with the force from SN feedback for a long time span.

Whereas feedback parameters like luminosity scale lin-
early with a cluster’s mass for a fully sampled IMF, the
gravitational force increases quadratically. With increasing
cloud mass, Fgrav thus undergoes a super-linear increase, in
contrast to the radiation pressure and ram pressure output
of a cluster. This is the reason why in the massive cloud
case shown, gravity dominates for most of the time after the
end of Phase I and the cloud loses momentum. However,
the shell still expands with a positive velocity caused by the
initial velocity kick from the adiabatic phase (and a smaller
kick during the Wolf-Rayet phase). Due to the slow expan-
sion, radiation remains well-coupled. Thus, feedback from

c� 2017 RAS, MNRAS 470, 1–17
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Observations: Exploit multiwavelength data; study many 
sources at different ages / conditions - my group’s approach

Feedback Challenge #4: Many Mechanisms

Infrared OpticalRadio

Gamma rayX-ray

Radio: Dickel+05; Infrared: Meixner+06; Optical: Smith+99; 
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ATLASGAL–CORNISH UC H II regions 403

Figure 1. Examples of the local mid-infrared environments found towards the ATLASGAL–CORNISH identified compact and UC H II regions and included
in the final catalogue (see the text for details). These images are composed of the GLIMPSE 3.6, 4.5 and 8.0 µm IRAC bands (coloured blue, green and red,
respectively) which are overlaid with grey contours showing the ATLASGAL 870 µm thermal dust emission, and black contours showing the CORNISH
5 GHz radio continuum emission. The ATLASGAL source name is given above the image, while the CORNISH source name is given in white in the top part
of the image. The CORNISH and ATLASGAL survey resolutions are indicated by the green circles and the white hatched circle in the lower left corner of
each image, respectively. The contour levels start at 2σ and increase in steps set by a dynamically determined power law of the form D = 3 × Ni + 2, where
D is the dynamic range of the submm emission map (defined as the peak brightness divided by the local rms noise), N is the number of contours used (8 in this
case) and i is the contour power-law index. The lowest power-law index used was 1, which results in linearly spaced contours starting at 2σ and increasing
in steps of 3σ (see Thompson et al. 2006 for more details). The advantage of this scheme over a linear scheme is its ability to emphasize both emission from
diffuse extended structures with low surface brightness and emission from bright compact sources.

structure surrounding the H II region, as viewed in mid-infrared im-
ages. Any compact radio emission is therefore more likely to arise
from localized dense parts of the shell rather than being a genuine
compact or UC H II region. Three examples of these more extended
H II regions are presented in the lower panels of Fig. 2 (see also
Deharveng et al. 2010 for a detailed study of ATLASGAL sources
associated with these more evolved H II regions).

(v) Compact and UC H II regions: radio sources that appear to be
self-contained regions of radio continuum emission are coincident
with compact mid-infrared sources. These sources are usually found
towards the peak of the submm emission seen in the ATLASGAL
maps. In the cases where the structure of the radio emission is
resolved, their morphologies are also found to be correlated with
emission features seen in the mid-infrared images (Hoare et al.
2007). A selection of these H II regions is presented in Fig. 1.

It is the last of these classifications that will be the focus of this
study. In a small number of radio sources there is some ambiguity in
the classification. We have opted to identify such cases as being ex-
tended H II regions in order to avoid the possibility of contaminating

our target sample of compact and UC H II regions. This may result
in a small number (<6) of genuine sources being wrongly excluded
but these represent only a few per cent of our final sample and are
therefore unlikely to affect the results significantly. In Table 1, we
present a summary of the classifications, the number of each type
identified and the average observed radio continuum parameters.

Since the CORNISH survey is sensitive to radio emission with
angular scales up to ∼20 arcsec, it is likely that our final sample
will consist of a mixture of both compact and UC H II regions (the
physical sizes will be investigated in Section 7.2). For brevity, we
will refer to the contents of this sample collectively as H II regions
in the discussion that follows.

3.1.1 Contamination from background radio sources

There are approximately 2600 compact radio sources in the
CORNISH catalogue, most of which (∼80 per cent) are likely to be
extragalactic in origin. With such a large number of background
sources there is a non-negligible probability of contamination
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Figure 3: Plot of pressures “felt” at the shells of H II re-
gions as a function of the shell radius, including evolved H
II regions (with radii rHII ! 10 pc) in the Magellanic Clouds
(from Lopez et al. 2014) compact H II regions (with radii
rHII " 0.5 pc) in the Milky Way (preliminary results from
Olivier, Lopez et al. in prep). Pressures are measured
using multiwavelength data: warm-gas pressure PHII from
radio, direct radiation pressure Pdir from radio or optical,
dust-processed radiation pressure PIR from IR, and hot
gas pressure PX from X-ray observations. Preliminary
results indicate that the dust-processed radiation pres-
sure PIR is dominant in young H II regions, whereas the
warm-gas pressure PHII contributes most in more evolved
sources.

successful Chandra programs to acquire high quality X-ray data toward Milky Way and Magellanic Cloud
star-forming regions, and I am a member/co-investigator of the VLA Legacy of the Local Group and Local
Volume (PI: Dr. Adam Leroy) which will acquire high resolution, high sensitivity radio data toward Local
Group star-forming galaxies including M31 and M33.

An example of a trend my group will explore is how feedback evolves with age by comparing the Lopez
et al. (2014) results (which were evolved H II regions with ages of ∼3–10 Myr and radii of rHII ∼ 10–150 pc)
with those of the youngest H II regions where stars have just “turned on". At these early stages of the stars’
lives, the dynamics of the regions may be dramatically different. For example, SNe will not have occurred
yet (the most massive stars explode after 3.6 Myr), and the stellar wind energy and dust-processed radiation
is more likely to be confined as the pores in the H II region shells grow with time (e.g., Geen et al. 2020;
Rogers and Pittard 2013). Furthermore, at early times, radiation pressure can dominate over the warm gas
pressure for sufficiently massive clusters when their radii are "1 pc (Krumholz and Matzner, 2009).

To consider the youngest H II regions, my group will study compact/ultra-compact H II regions that have
just begun to emit Lyman continuum radiation. Observationally, these objects are defined as those with radii
rHII " 0.5 pc and densities of ne !104 cm−3 (Hoare et al., 2007). Several hundred compact H II regions have
been identified (Urquhart et al., 2013), and most are resolved in multiwavelength Galactic plane surveys.

Preliminary analyses by OSU PhD student Grace Olivier of a compact H II sample using radio, IR, and
X-ray observations indicates a distinct trend in the pressure terms with age/size (see Figure 3; Olivier et al.,
in prep), with the shells of the youngest sources experiencing pressures several orders of magnitude above
those of the evolved sources. Furthermore, ∼95% of the compact H II regions have PIR > PHII, suggesting
dust-processed radiation dominates dynamically over the photoionized gas at early times, consistent with
recent models (Geen et al., 2020). By filling in the gaps of Figure 3, my group will aim to determine the
temporal evolution of the dynamical role of the feedback mechanisms. This information will be critical to
develop physically-motivated prescriptions of feedback in star and galaxy formation simulations.

Goal #1b: Use integral-field data to conduct a census of stars in star-forming regions and to measure
gas kinematics, linking the massive stellar population to feedback-driven structures
Optical and IR integral-field spectroscopy (IFS) is a powerful means to reveal both the stellar and gaseous
components of H II regions (e.g., McLeod et al. 2019, 2020). These data simultaneously enable the iden-
tification/classification of massive stars and the kinematics of the feedback-driven bubbles, thereby linking
the stellar population with their dynamical impact on the surrounding medium. Thus, the advent of IFS
capabilities in the optical and IR offers a complementary means to the multi-wavelength approach described
above to probe stellar feedback observationally.
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Figure 6. Histograms of ftrap (the amount that radiation pressure is enhanced by the trapping energy within the shell), rch (the
characteristic radius where a region transitions from radiation-pressure driven to gas-pressure driven), and R/rch (the ratio of
the H ii region radius and the characteristic radius) for the young H ii regions. The vertical dashed lines represent the medians
of the parameters.

ferences relative to classical H ii regions, our results un-
derscore the importance of including dust and radiative
feedback in small-scale massive star formation simula-
tions and high-resolution GMC scale simulations.

5.3. Application to Sub-Grid Feedback Models in
Galaxy- and Star Cluster-Scale Simulations

As discussed above, one of the primary takeaways
from our results is that dust and radiative feedback
should not be neglected in small-scale, high-mass star
formation and high-resolution, GMC-scale simulations.
Quite often, due to the large computational expense
of radiative transfer in numerical simulations (e.g., see
Rosen et al. 2017), the dust-processed radiation pressure
is neglected. However, our results indicate that during
the early evolution of massive star formation PIR is the
dominant feedback mechanism regulating H ii region dy-
namics, at least up to a R ⇠ 0.5 pc, corresponding to
the median rch value found in our sample.
In the future, simulations can incorporate our

observationally-inferred results to model the energy and
momentum injection by massive stars into the ISM at
these scales by adopting the following sub-grid prescrip-
tion. Within a radius R . 0.5 pc, the rate of energy
(Erad) and momentum (prad) injection in nearby gas
and dust by massive stars is

Ėrad= ftrapLbol (8)

ṗrad=
Ėrad

c
(9)

where Lbol = L? + Lacc is the sum of the stellar lumi-
nosity and accretion luminosity. Here, ftrap takes into
account both the direct radiation and indirect radiation

Figure 7. Plot of ftrap as a function of radius for the young
H ii region sample. We find no correlation between ftrap and
R, suggesting it is a reasonable approximation to assume a
constant ftrap at scales of .0.5 pc.

pressure enhancement due to reprocessing by dust. We
suggest using a value of ftrap ⇠ 8 following the median
value obtained in our sample. Given that we do not
find a correlation between H ii region size and ftrap (as
shown in Figure 7), we conclude that using a constant
value for ftrap is a reasonable approximation. However,
we note that this ftrap does likely depend on other phys-
ical parameters, e.g. the dust-to-gas ratio, metallicity,
and the optical depth per unit dust mass.

5.4. Comparison to Gravitational Pressure
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(a) (b)

Figure �. Electron density (ne) maps of N�� (left) and N��� (right). White circles show the apertures used to extract ne values reported
in Table �. Over-subtraction of the continuum in the H— map, used in the dereddening procedure of the emission line maps, leads to
residuals at the location of stellar sources (see text Section �.)

(a) (b)

Figure �. The emission line ratio O�� (=[OII]⁄����,����/[OIII]⁄����,����), tracing the degree of ionisation, of N�� (left) and N���
(right). Individual subregions are marked in red to facilitate the discussion in Section �.�. Stellar residuals can be seen where the
continuum subtraction of the [OII] maps is not optimal, due to the selected continuum for these lines being ≥��� Å away from the
emission lines (see Table �).

which corresponds to �.��±�.�� for N�� and �.��±�.�� for
N���. These agree very well with Russell & Dopita (����),
who find O/H + �� = �.�� ± �.�� as derived from HII
regions in the LMC, and is consistent with an almost flat
radial O/H gradient (TSC��). However, further investiga-
tion is needed to better understand the dependence of the
oxygen abundance not only on the degree of ionisation in
spatially-resolved nebulae, but also on metallicity.

We note that the Marino et al. (����) calibrations used

here to derive the oxygen abundance were chosen because
they are among the calibrations with the most complete
HII region observations in terms of metallicities and quality.
Other widely used calibrations for N� and O�N� are e.g.
those of Pettini & Pagel (����). However, as discussed in
Marino et al. (����), the di�erence between their and the
Pettini & Pagel (����) calibrations is mainly caused by the
Pettini & Pagel (����) study lacking high-quality auroral
line observations. We have tested the di�erence between the

MNRAS ���, �–�� (����)
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(a) (b)

Figure �. O-type stars in N�� (a) and N��� (b) on the [SII]���� map. Black circles mark already known O stars, while red squares mark
the objects newly identified in this work. The black diamond in N�� marks the position of the only WR star in the analysed regions.

of north) of ≥ �� pc (�.�’), and a minor axis of ≥ �� pc
(�’). Except for N�� A, all other compact HII regions have
formed along the western rim of N�� main. N�� A is an
irregularly-shaped HII region consisting of an eastern bub-
ble around a single O star (LH ��-�), while the majority of
the LH �� cluster stars are located further west, including
LH ��-��� and MUSE N��-�. N�� B is a roughly round-
shaped HII region around [WBD��] N�� �, with a radius
of approximately �.� pc. As already noted in Nazé et al.
(����) (where this bubble is referred to as N�� F), two
pillar-like structures have formed along the western rim of
N�� B. These are protruding into the HII region from the
surrounding cloud and are pointing back directly towards
[WBD��] N�� �, which is the source most likely shaping
these pillars. N�� C is about �� pc across, it hosts � O-type
stars and displays dusty filamentary features around its rim.
N�� D is among the brightest in N��, and while it is very
similar to N�� C in size (R90 ƒ �.� pc), it hosts a single
O� star (LH ��-���). As can be seen in Fig. �, both N��
D and the region surrounding the WR star show bright fil-
aments extending to the SW, and are characterised by very
bright [SII] emission. Alongside the morphologically-defined
HII regions just described, N�� also displays several regions
of ionised gas and associated ionisation fronts, all associated
with at least one identified O star. However, given that these
do not have a continuous bubble/shell-like structure, we do
not include them in our subsequent analyses in this paper.

N��� (DEM L���), located about �.�¶ SE of �� Do-
radus, consists of a gaseous, round main bubble (N���
main) with a diameter of about �� pc (�.�’), into which
filamentary- and pillar-like structures protrude. At the tip
of one of these pillar-like structures an early-type B young
stellar object (YSO) of about �� M§ (Caulet et al. ����)
has formed, which is launching an �� pc long bipolar jet.

This jet, HH ����, is the first ionised jet from a high-mass
YSO identified outside of our Galaxy, and it is associated
with bow-shock structures above and below the pillar where
it interacts with the surrounding medium (see McLeod et al.
���� for a detailed analysis of the object). Four smaller HII
regions are located around N��� main, with N��� main host-
ing the open cluster NGC ����. All the smaller HII regions
around N��� main contain a single O star (or, in the case of
N��� D, a B-type star). With a radius of �.� pc, N��� C is
the smallest of all the subregions. Just south of N��� A we
identify a more di�use region of ionised gas associated with
the O�.� V star MUSE N���-�.

�.� Luminosities, electron densities and ionisation
structure

H– luminosities are measured from circular apertures of ra-
dius R90 on the MUSE H– map and assuming a distance
of �� kpc to the LMC. We measure the total H– luminos-
ity of the two mosaics to be L(H–)N44 ƒ ��.�� erg s≠1

and L(H–)N180 ƒ ��.�� erg s≠1. We assume a ��% mea-
surement error on the H– flux from aperture photometry
(see Appendix). In the case of N�� the value derived here is
about �.� times lower than reported in Lopez et al. (����)
(L�� henceforth), however the region considered by these
authors is larger and also encompasses the nebulosity asso-
ciated with LH �� about � arcminutes south of N�� main
(see Fig. � in Nazé et al. ����).

With the assumption of Case B recombination (T =
��4 K), Q(H–)caseB = �.��◊1011 L(H–) s≠1 (Osterbrock
& Ferland ����), these H– luminosities translate to a num-
ber of (log) Lyman continuum photons of ��.�� s≠1 and
��.�� s≠1 for N�� and N���, respectively. Luminosities and
the computed Q(H–)caseB values for the individual regions
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Integral field spectroscopy enables 
characterization of the stellar content 
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measurement of their gas properties 
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Figure ��. The star formation rate (SFR) per unit area as a
function of the total pressure for each region.

Figure ��. Individual pressure terms as a function of total pres-
sure.

to values expected from the stellar content (i.e. derived via
Eq. �); if the measured radii are correct, then this implies
that either the measured expansion velocities are too low,
or that stellar winds alone are not enough to account for
the measured radii. For these regions we also find the lowest
contribution of the Pdir term to the total pressure.

• Lw ≥ Lw,ı. For two bubbles, N�� A and N�� B, the
wind luminosity as derived from the stellar content (Lw,ı)
is roughly equal to the model value (Lw, derived via Eq.
�), indicating that these are consistent with the standard
bubble model (Weaver et al. ����).

• Lw < Lw,ı. The two regions N�� C and N�� D are clear
outliers in our sample. With similar sizes as the other sub-
regions, N�� C and N�� D both host early-type O stars. In
addition to the O� III star LH ��-��� (the most luminous
in the N�� complex, which alone drives a photon flux of
Q0,ı ≥ 3 ◊ 1049 photons s≠1), N�� C also harbours an O�
V and an O�.� V star. N�� D is being illuminated by LH
��-���, an O� V star with a photon flux of Q0,ı ≥ 1.7◊1049

photons s≠1. Both show higher Pdir values, lower Pw values,
and Lw << Lw,ı. The latter implies a discrepancy between
the mechanical energy input from the stellar population in
the bubbles and their measured kinematics. In other words,
if the expansion velocities are correct, then the bubbles are
too small for the amount of energy available from stellar
winds alone, as the injected Lw,ı alone would produce bub-
bles of over twice the observed size of N�� C and D over
a period of ≥�.� Myr. Oey (����b) refers to this as the
growth rate discrepancy, which consists of an apparent over-
estimate of the wind luminosity found not only for superbub-
bles, but also for single-star bubbles around e.g. Wolf-Rayet
stars (Oey ����b and references therein). Assuming that the
measured radii are correct, a possible solution to this would
be to increase the expansion velocity by a factor ≥ �-� to
reconcile Lw and Lw,ı

7. Another possible solution to the dis-
crepancy would be to increase the density by about an order
of magnitude. If the measured radii, expansion velocities and
densities of N�� C and D are all correct, the question of why
these bubbles are not larger still remains. The close prox-
imity of N�� C and D have to the shell of N�� main could
for example suggest that the expansion of the two bubbles
has been slowed down by high-density material in the direc-
tion of N�� main. Indeed CO emission is detected towards
N�� C and D, confirming the presence of high-density ma-
terial associated with these two regions (Wong et al. ����).
As a consequence of the slower expansion we observe (rel-
atively) higher luminosities, direct radiation pressures and
star formation rates for these two regions. This suggests that
for small (< �� pc) HII regions whose expansion is at least
partially confined by a high-density environment, a higher
photon flux coming from the presence of early-type massive
stars (which inject a significant photon flux) leads to an in-
creased contribution of the direct radiation pressure and a
decreased contribution of winds towards the total pressure
(see Fig. ��).

The three regimes are displayed in Fig. ��, which shows
that for Lw/Lw,ı > �, both ⌃SFR and the contribution of
Pdir to the total pressure are low, while the opposite is the
case for the growth rate discrepancy bubbles (Lw/Lw,ı < �).
The three regimes therefore allow a qualitative discussion on
the contribution of winds vs. other expansion-driving mech-
anisms. Indeed, while bubbles for which Lw ≥ Lw,ı are con-
sistent with being wind-driven, bubbles where Lw > Lw,ı

require additional driving mechanisms other than only winds
to account for their measured sizes the latter being also dis-
cussed in Relaño & Beckman ���� for high-luminosity, ex-
tragalactic HII regions). In the case of the two growth-rate
discrepancy bubbles, we suggest that the wind-driven ex-
pansion is slowed down due to surrounding higher-density
material.

Here we have neglected the contribution of dust-
processed radiation pressure, which L�� find to be compa-
rable to the pressure of the warm ionised gas, and which
could play a significant role in these two regions (particularly
N�� C, which seems to be partially obscured by dusty fea-
tures along its rim). With the MUSE data we cannot probe
the dust-processed radiation pressure, and higher-resolution

7 Increasing the expansion velocity would lead to shorter dynam-
ical timescales and therefore to higher Lw values.
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Figure �. The oxygen abundance as derived from the N� line ratio vs. that derived from the O�N� ratio (left for N�� and right for
N���). Contour levels (smallest to largest) correspond to ��%, ��%, ��% and ��% of data points. Shown are only data points with
realistic values, i.e. for which �.� < �� + log(O/H) < �. Vertical and horizontal lines indicate the applicability (solid lines) and the fit
(dashed lines) intervals of the Marino et al. (����) calibrations.

Figure ��. [SII]���� radial velocity maps for N�� (left) and N��� (right).

�.� Pressure of the ionised gas

Following L��, the pressure of the ionised gas is computed
via

Pion = ne + nH + nHekTe ¥ 2nekTe (�)

which follows from the ideal gas law, under the assump-
tion that helium is singly ionised. As motivated earlier, we
assume an HII region temperature of ��4 K, and estimate
Pion from the electron density. The pressures of the ionised

gas as computed via Eq. � are listed in Table �. Because of
ne being the only free parameter in this pressure term and
the subregions all having similar electron densities, the vari-
ation in Pion values is limited, ‡(Pion) ¥ �.�◊10≠11 dyn
cm≠2. A larger sample of HII regions in di�erent environ-
ments is needed to further investigate the ionisation pres-
sure. Together with Te measurements via the temperature-
sensitive [NII] line ratio from deeper MUSE observations, a
large sample of observed HII regions would allow to obtain
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SDSS-V Local Volume Mapper (LVM) will survey the Milky 
Way, SMC, LMC, M31, and other Local galaxies doing IFS. 

It will connect small (tens of pc) to large (kpc) scales.

https://www.sdss.org/future/lvm/Kollmeier+17
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2 Ms Chandra 
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Lynx (successor to Chandra) will enable inventories of 
star clusters and hot gas from feedback

Fig. 2: Much of the X-ray bright ISM may not be in collisional ionization equilibrium (CIE), but high energy
resolution is needed to properly model it. Left: A simulated non-equilibrium ionization (NEI) plasma model
at CCD energy resolution (with kT = 0.7 keV and ionization timescale ⌧ = 5 ⇥ 1010 s cm�3) is adequately fit
by a CIE model with kT1 = 0.24 keV and kT2 = 0.8 keV. Right: When the main emission lines are resolved,
no CIE model can possibly fit the data, as evidenced by a poor fit to the expected CIE line strengths.

Current observational data are completely unmatched to the scope of the problem. Outside of
the Local Group, few galaxies have enough signal from hot gas to make any measurements on the
spatial scales relevant to constraining simulations, and instead the hot ISM properties are inferred
from a single spectrum from the whole galaxy. Even in the few cases with deep Chandra data
(Figure 1), measurements on sub-kpc scales are hindered by low energy resolution, which makes it
di�cult to distinguish non-equilibrium and collisional equilibrium models (Figure 2). Indeed, this
may be why the hot ISM in most star-forming galaxies can be fit by a two-temperature collisional
plasma47;35;48 with kT1 ⇠ 0.1-0.2 keV and kT2 ⇠ 0.5-0.8 keV.

Accurate modeling of the hot ISM spectrum on scales of 0.1-1 kpc requires high angular
resolution (✓ < 1 � 1000), a large collecting area (Ae� > 2, 000 cm2 at 1 keV) and energy resolution
�E < 4 eV. The Athena X-IFU meets these requirements for nearby galaxies. ✓ < 1 � 200) is needed
to fully inventory the hot gas in galaxies within 30 Mpc.

Higher resolution (✓ . 100) is needed to resolve the interfaces of hot and cool gas in detail beyond
the Local Group. Chandra images reveal edges in the hot ISM related to stellar structure36, magnetic
fields, and filamentary structures49 seen in other wavelengths, and studies of galaxy clusters and
supernova remnants highlight the need to resolve edges to capture the essential physics (see the
white paper by Markevitch et al.). This is generally feasible only with Lynx, although Athena, in
tandem with existing Chandra data, will be able to study some nearby edges.

4. What Drives Galactic Winds? (100-10,000 pc)
E�cient thermalization of SNe in starburst galaxies forms pockets of superheated (T > 108 K)

gas that break out of the disk and drive winds with hot component velocities vhot > 1000 km s�1
43;50. The hot wind contains more than 90% of the total wind energy and most of the metals51,
but it may not be able to accelerate cool clouds (which dominate the wind mass) to the observed
v . 1000 km s�1 without shredding them, so alternative momentum sources such as cosmic rays
and radiation pressure have been explored52. The question remains, does the hot wind couple to the
mass (and how?) How does the wind evolve as it expands, and how many metals does it carry?
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Hot Gas Gradients in M82 3

2 kpc

Figure 1. Exposure-corrected broad-band (0.5 � 7.0 keV)

X-ray image of M82 of the di↵use gas with point sources

removed. The outflow extends south &6 kpc from the disk

and up to the ‘Cap’ ⇠12 kpc north of the disk (the di↵use

substructure at the top right of the image). North is up, and

East is left.

the merged, broad-band (0.5� 7.0 keV) image, incorpo-
rating the PSF map of each observation from mkpsfmap.
These point sources were subsequently removed with
dmfilth to construct the image of M82’s di↵use gas (Fig-
ure 1).
As shown in Figure 1, the di↵use gas extends &6 kpc

south of the disk and north up to the ‘Cap’, a region
of di↵use X-rays ⇠12 kpc north of M82 (Lehnert et al.
1999; Tsuru et al. 2007). Figure 2 is a three-color im-
age of M82, with 8-µm in red (Engelbracht et al. 2006),
H↵ in green (Kennicutt et al. 2008), and the broad-
band X-rays in blue. The H↵ is well correlated with the
di↵use X-rays, with the latter being upstream or inte-
rior to the H↵, as noted by previous works (Shopbell &
Bland-Hawthorn 1998; Lehnert et al. 1999; Heckman &
Thompson 2017).
To assess the conditions of the di↵use hot gas, we

extracted spectra using the ciao command specextract

from a 0.20⇥3.00 region aligned with the M82 major axis

2 kpc

Figure 2. Three-color image of M82, with 8-µm in red (En-

gelbracht et al. 2006), H↵ in green (Kennicutt et al. 2008),

and 0.5 � 7.0 keV X-rays in blue. North is up, and East is

left.

(centered on the position of the M82 nucleus and ori-
ented along the starburst ridge: Lester et al. 1990) as
well as ten 0.50⇥3.00 regions (five north and five south
of the disk; as shown and labeled in Figure 3). In our
spectral analysis, we considered only the six 2009–2010
observations (totaling 467 ks) to limit systematic dif-
ferences arising from di↵erent chip configurations and
temporal variations in the years between observations.
We excluded all point sources identified by wavdetect

within our regions. Background spectra were extracted
from a 10⇥10 region, either 60 northeast or 50 south of
the disk depending on the roll angle of the observation,
and subtracted from the source spectra.
The background-subtracted spectra were modeled us-

ing XSPEC Version 12.10.1 (Arnaud 1996). We fit the
data from each observation jointly by including a mul-
tiplicative factor (with the XSPEC component const)
that was allowed to vary while all other model param-
eters were required to be the same between observa-
tions. We included two absorption components (with
the XSPEC components phabs and vphabs, respec-
tively): one to account for the Galactic absorption of
NH = 4.0⇥ 1020 cm�2 (Dickey & Lockman 1990) in the
direction toward M82 and another to represent M82’s in-
trinsic absorption N

M82
H which was allowed to vary and

had abundances of Z� (Origlia et al. 2004). We adopted
cross-sections from Verner et al. (1996) and solar abun-
dances from Asplund et al. (2009).

Larger Scales: Galactic Outflows
Galaxy-scale outflows driven by star formation are 
ubiquitous (Heckman+90, Veilleux+05, Rubin+14)

Prevailing picture is that outflows are driven by hot gas 
shock-heated by SNe that entrains dust, cold, and warm 
gases in the flow (e.g., Chevalier & Clegg 85)

Many open questions 
remain: how does the hot 
wind couple to the cooler 
clouds? How does the 
wind evolve, and how 
many metals does it carry?

IR Ha X-rays

Lopez+20b
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Figure 4. Spectra were extracted from the 11 regions in the middle panel. Region D (in orange; aligned with the starbursting

ridge) is 0.20⇥30 in size, and the outflow regions are 0.50⇥30 in size (recall at the distance of M82, 10 ⇡ 1 kpc). Left: Combined

spectrum from region D. Prominent emission lines are labeled; O viii (at ⇡0.65 keV) is not detected because of the high intrinsic

column density of NM82
H = (7.8± 0.2)⇥ 1021 cm�2 there. Right: Combined spectra from the North (top) and South (bottom)

outflows. Spectra are plotted in the same color as the region box (middle panel) denoting where the data were extracted.

M82 disk metallicity (Origlia et al. 2004). Given the el-
evated N

M82
H in the three central regions S1, D, and N1,

the detection of O was limited there, and we froze the
O abundance to solar metallicity in those locations.
Putting all of the model components together, the

complete XSPEC model for regions S1–S4, and N1–N3
was: const*phabs*vphabs*(vapec+vapec+vacx
+powerlaw). The models for the southern-most and
two northern-most outflow regions (S5, N4–N5) did not
include the second vapec component as they did not
statistically improve the fits. As detailed below, a third
vapec component was added to region D to account for
the detected Fe xxv line.

3. RESULTS

Figure 4 shows the extracted spectra from the 11 re-
gions, with data from all six observations combined us-
ing the ciao command combine spectra

4. In the spec-
trum from the disk (region D), prominent emission
lines are evident from Ne, Mg, Si, S, Ar, Ca, and Fe.
Among these features, a Fe xxv line is apparent at

4 Note that we show the combined spectra as a qualitative
demonstration of the detected features. However, in our spec-
tral analysis, we opted to fit the six observations simultaneously
(i.e., without combining the data) due to uncertainties intro-
duced by the combining process. See the caveats outlined at
https://cxc.harvard.edu/ciao/ahelp/combine spectra.html.

⇡6.67±0.02 keV line (based on a Gaussian fit to that
feature) that is not detected in the outflow regions, con-
sistent with Strickland & Heckman (2007) who found
that it extends <100 pc along the M82 minor axis. To
account for the Fe xxv line, we added a third vapec
component to the region D model that yielded a best-fit
very hot temperature of kT3 = 6.89+1.83

�0.86 keV.
The outflow spectra show emission lines from O, Ne,

Fe L, Mg, Si, and S. The spectra from region S1 has the
strongest signal, even moreso than region D, but S1 still
lacks the Fe xxv line. Regions N1, D, and S1 appear to
have significant absorption, precluding the detection of
soft X-ray lines, e.g. O viii. However, at larger r, the ab-
sorption diminishes, and an O viii feature at ⇡0.65 keV
is apparent, particularly in the northern regions. The
signal decreases going outward from the major axis, and
the hard X-rays (above 2 keV) are less significantly de-
tected in the outer regions, especially S5 and N5.
Spectra were fit jointly using the model described in

Section 2, and the results are listed in Table 2. The fits
yielded reduced �

2 values of 0.97�1.62 with 700�2100
degrees of freedom (d.o.f. = number of data bins �
number of free parameters). Figure 5 shows the best-fit
parameters for the 11 regions plotted as a function of r,
the distance from the starbursting ridge. We find N

M82
H

and the warm-hot T1 and hot T2 temperature compo-
nents peak in the center and are lower at greater dis-
tances to the north and the south.

Lopez+20b, arXiV:2006.08623
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Figure 3. Spectra were extracted from the 11 regions in the middle panel. Region D (in orange; aligned with the starbursting

ridge) is 0.2��3� in size, and the outflow regions are 0.5��3� in size (recall at the distance of M82, 1� � 1 kpc). Left: Combined

spectrum from region D. Prominent emission lines are labeled; O viii (at �0.65 keV) is not detected because of the high intrinsic

column density of NM82
H = (7.8 ± 0.2) � 1021 cm�2 there. Right: Combined spectra from the North (top) and South (bottom)

outflows. Spectra are plotted in the same color as the region box (middle panel) denoting where the data were extracted.

We began by fitting the spectra with a single, ab-
sorbed optically-thin thermal plasma component in col-
lisional ionization equilibrium (CIE) with variable abun-
dances (vapec; Foster et al. 2012) and temperature T1.
However, we found large residuals associated with line
emission (particularly Mg xii and Si xiv) and at hard
(>2 keV) X-ray energies that improved with the addi-
tion of another thermal and a non-thermal component.
Specifically, F-tests showed that a power-law (power-
law) component statistically significantly improved the
fits in all 11 regions. F-tests also demonstrated that
a second, hot thermal plasma component with temper-
ature T2 was necessary in 8 of the 11 regions. In all
regions, the photon index � was frozen to � = 1.5 as
it was not well constrained but was necessary to model
accurately the spectra above 2 keV. When allowed to
vary, best-fit � values of � = 1 � 2 were obtained in
the 11 regions, leading us to adopt � = 1.5. We note
that in their fit of the central M82 region, Ranalli et al.
(2008) did not exclude point sources and found a best-fit
� = 1.60+0.04

�0.03.
In addition to the model components described above,

we included the AtomDB charge-exchange (CX) model
component vacx2 to account for line emission pro-
duced when ions capture electrons from neutral material

2 http://www.atomdb.org/CX/

(Smith et al. 2012). A CX component is necessary be-
cause previous studies of XMM-Newton RGS data have
demonstrated that ⇠25% of the 0.4�2 keV flux (Zhang
et al. 2014) and 50% of the flux from O vii, Ne ix, and
Mg xi originates from CX (Liu et al. 2011). We tied
the individual abundances together in the CX and two
thermal components, and we let the abundances of met-
als with detected emission lines (O, Ne, Mg, Si, S, and
Fe) vary. The abundances of metals not detected in the
0.5 � 7 keV band were set to 1 Z�, consistent with the
M82 disk metallicity (Origlia et al. 2004). Given the el-
evated NM82

H in the three central regions S1, D, and N1,
the detection of O was limited there, and we froze the
O abundance to solar metallicity in those locations.

Putting all of the model components together, the
complete XSPEC model for regions S1–S4, and N1–N3
was: const*phabs*vphabs*(vapec+vapec+vacx
+powerlaw). The models for the southern-most and
two northern-most outflow regions (S5, N4–N5) did not
include the second vapec component as they did not
statistically improve the fits. As detailed below, a third
vapec component was added to region D to account for
the detected Fe xxv line.

3. RESULTS

Figure 3 shows the extracted spectra from the 11 re-
gions, with data from all six observations combined us-
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Figure 6. Flux-weighted hot-gas temperature T (left) and density ne (right) profile of M82 (dashed black lines) com-

pared to four adiabatic model predictions (solid lines) with R = [100, 200, 300, 400] pc, ↵ = [0.02, 0.08, 0.17, 0.31], and

� = [0.01, 0.03, 0.08, 0.14], respectively. In the adiabatic scenarios, T / r�4/3 and ne / r�2, and these profiles are steeper

than are observed and may suggest mass loading in the hot superwind.

(associated with the very hot component) only extends
<100 pc along the M82 minor axis. A likely explanation
for these discrepant results is that our power-law com-
ponent (which was not included in the Ranalli et al. fits)
accounted for the hard X-ray flux such that a very hot
component was not necessary. F-tests confirmed that
a power-law with photon index � = 1.5 was preferred
over the inclusion of a very hot thermal component in
all outflow regions analyzed in this work. Moreover, the
lack of a Fe xxv line in the outflow spectra (see the right
panels of Figure 3) – which was also noted by Ranalli
et al. (2008) from their XMM-Newton outflow spectra –
reinforce the possibility that the hard X-ray emission is
non-thermal in nature.

The other previous study that explored how the hot
gas temperature and abundance profiles vary in the M82
outflows was conducted by Konami et al. (2011) using
101 ks of Suzaku observations. They reported that two-
or three-temperature plasma components (including a
soft ⇠0.25 keV temperature plasma) were necessary to
describe the 0.5 � 6 keV spectra of the M82 disk and
three outflow regions north of the disk. Our warm-
hot and hot temperature profiles are consistent with the
Konami et al. (2011) results. They did not find a very
hot component in their disk region, but it is likely be-
cause the bandpass they considered did not include the
Fe xxv line. Additionally, Konami et al. (2011) found no
spatial variation in the abundance ratios (O/Fe, Ne/Fe,
Mg/Fe) of the hot plasmas, similar to our results.

4.2. Comparison to Wind Models

The profiles presented in Section 3 can be compared to
superwind model predictions to constrain outflow prop-
erties. Chevalier & Clegg (1985) developed a simple
spherically-symmetric wind model to explain the ex-
tended X-ray emission of M82, whereby SNe inject mass
and energy at rates Ṁ and Ė, respectively, in a re-
gion of size R. The energy injection rate is Ė = �ĖSN

(where ĖSN is the energy injection from SNe, ⇠ 1051 erg
per 100 M� of star formation), and the mass injec-
tion rate is Ṁ = �Ṁ� (where Ṁ� is the star forma-
tion rate). By energy conservation (neglecting radia-
tive cooling and gravity; see Thompson et al. 2016 and
references therein for the e↵ects of radiative cooling),
the asymptotic velocity of the vhot,� = (2Ė/Ṁ)1/2 �
103(�/�)1/2 km s�1 and the temperature at r = R is
Thot = (mp/k)(3/20)v2

hot,� � 2 ⇥ 107(�/�) K.
Based on their observational measurements from hard

X-ray lines detected in the central 500 pc of M82, Strick-
land & Heckman (2009) found a central temperature of
Tc = (3 � 8) ⇥ 107 K, central density of nc ⇠ 0.2 cm�3,
and central pressure of Pc/k = (1 � 3) ⇥ 107 K cm�3.
From these values, assuming an injection region of
R = 300 pc and Ṁ� = 6 M� yr�1, they estimated
0.5 � � � 2.4 and 0.2 � � � 0.6.4 Our results for
the best-fit parameters associated with the very hot
component in region D are consistent with these pre-

4 Note that we have converted Strickland & Heckman (2009)’s
estimates using our definitions of the mass loading and thermal-
ization parameters for consistency.

Figure 2: Results from analysis of a deep (⇠500 ks) Chandra observation of M82. Left panels: Spectra were
extracted and modeled from 11 regions along the minor axis of M82 to obtain profiles of physical parameters as a
function of distance r from the central starburst (in region D). Right panels: Flux-weighted mean hot-gas temperature
T and electron density ne versus r, with four adiabatic model predictions overplotted. In the adiabatic scenarios
(where T / r�4/3 and ne / r�2), the profiles are much steeper than observed, suggesting mass loading in the hot
superwind (Schneider et al. 2020). Figures are adapted from Lopez et al. (2020b).
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E. Constraining Cosmic-Ray Feedback  
Cosmic rays have a profound influence on the ISM and in galaxies (see reviews by Strong et al. 2007; Zweibel 
2013; Grenier et al. 2015). Recent galaxy formation simulations that incorporate CR feedback find they are a critical 
form of support for disks and may be important in the launching of galactic winds (e.g., Uhlig et al. 2012; Booth et 
al. 2013; Salem & Bryan 2014; Ruszkowski et al. 2017). However, the means by which CRs are accelerated and 
then transported through galaxies are not well understood. Supernova remnants (SNRs) are the most plausible 
origin of CRs (e.g., Koyama et al. 1995), though stellar winds and superbubbles likely also contribute (e.g., Lopez 
et al. 2018b). Historically, the primary means to probe CRs is through study of the radio emission from CR electrons. 
For example, the tight correlation between galaxies’ far-IR luminosity (a tracer of massive star formation: Kennicutt 
& Evans 2012) and their synchrotron radiation (associated with CR electrons) in the radio (e.g., Helou et al. 1985; 
Condon 1992; Yun et al. 2001) supports an intrinsic connection between star formation and CRs.  
 Advances in GeV and TeV astronomy, with facilities like the Fermi Gamma-ray Space Telescope (Atwood 
et al. 2009), enable spatially-resolved studies of gamma-rays from CR protons, which comprise the bulk of the CR 
population. In particular, CR protons interacting with dense gas produce pions, which decay into gamma-rays and 
dominate the spectrum at 0.1-300 GeV in star-forming galaxies (e.g., in the MW: Strong et al. 2010). Fermi was 
launched in 2008 and observes the full sky every few hours, and thus 10 years worth of data are now publicly 
available to perform detailed studies of CRs in the MW and nearby galaxies.  
 As a Cottrell Scholar, I propose to undertake 
a program to explore CR feedback via spatially-
resolved analysis of Fermi gamma-rays in the 
Magellanic Clouds, M31, and M33. These galaxies 
are close enough that it is possible to map the 
diffuse emission and to investigate its correlation 
with gas, radiation, point sources, etc., using the 
extensive multiwavelength data available on these 
galaxies. For example, Figure 4 shows the LMC and 
SMC from nine years of Fermi data (partly 
published in Lopez et al. 2018a). Furthermore, I will 
exploit maps of physical parameters (e.g., B-field 
orientation: Mao et al. 2008, 2012; turbulence 
properties: Burkhart et al. 2010) to probe how CR 
transport is tied to these parameters.  

In addition, I will produce new gamma-ray 
spectra of these galaxies (spatially resolved when 
signal allows). The luminosity and spectral slope of 
these data set important constraints on the process 
that limits CR protons’ lifetimes (diffusion, 
advection, or pionic losses). For example, in the 
SMC, the spectral slope is shallow yet steepens at 
13 GeV, a result that could arise if advection sets 
the lifetime of low-energy CRs, but CRs above that 
limit are lost via energy-dependent diffusion (Lopez 
et al. 2018a). These findings are crucial to test 
whether CR transport in other galaxies operates 
similarly to the MW, an assumption that is generally 
made in CR modeling but is untested. This work will 
be done in collaboration with Drs. Katie Auchettl and 
Tim Linden who are Fermi experts. 
 
F. Comparing Results to Theoretical Predictions 
To maximize the scientific return of the proposed research program, all observational results will be compared to  
analytic and numerical work of my theoretician collaborators, Drs. Mark Krumholz, Todd Thompson, Anna Rosen, 
and Blakesley Burkhart. In particular, Drs. Rosen and Krumholz have hydrodynamical simulations of star clusters 
that include several modes of stellar feedback in different ISM conditions (e.g., Rosen et al. 2016), and they will 
set up their simulations to match the physical parameters derived from the observations.		
	

Figure 4, left panels: 2-300 GeV count maps of the LMC (top) 
and SMC (bottom) using 9 years of Fermi data. HI and H-alpha 
contours are plotted for comparison. With a spatial resolution of 
6 arcmin at 2 GeV, Fermi easily resolves substructure that 
follows the star-forming regions of these galaxies. SMC map 
adapted from Lopez et al (2018a). Right panels: Example 
comparisons of gamma-ray distributions to physical 
parameters. The top shows the LMC count map compared to 
the B-field orientation (in cyan) from radio polarization (Mao et 
al. 2012), and the bottom panel presents the SMC count map 
compared to the sonic Mach number Ms (Burkhart et al. 2010). 
Preliminary analysis indicates that the gamma-rays are 
extended along the B-field lines in the LMC, and the gamma-
rays may be inversely correlated with Ms in the SMC.  
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Figure 3: Fermi 2–300 GeV maps
of the SMC (left; Lopez et al. 2018)
and LMC (right). Green contours de-
note the distribution of Hi; cyan con-
tours are H↵. By using a higher-energy
bandpass than previous Ferm analysis,
the gamma-rays are localized to star-
forming regions. In the near term, I
plan to compare these maps to phys-
ical parameters measured across the
galaxies, as in e.g., the LMC, where
the gamma-rays appear to be extended
along B-field lines.

2014). Supernova remnants (SNRs) are the most plausible origin of CRs (e.g., Koyama et al. 1995),
though stellar winds and superbubbles also contribute (e.g., Lopez et al. 2020a). However, the
means by which CRs are accelerated and then transported through galaxies are not well understood.
Historically, the primary means used to probe CRs is radio emission from CR electrons (e.g., Helou
et al. 1985), but the Fermi Gamma-ray Space Telescope has enabled spatially-resolved studies of
gamma-rays produced by CR protons, which comprise the bulk of the CR population. In particular,
when CR protons interact with dense gas, they produce pions which decay into gamma-rays that
dominate the ⇠0.1–300 GeV spectrum in star-forming galaxies (e.g., Strong et al. 2010).

With the aim of constraining CR feedback, I have begun to analyze Fermi gamma-ray observa-
tions of nearby galaxies, particularly the LMC and SMC (e.g., Lopez et al. 2018). By producing
images at energies >2 GeV, the spatial resolution is .60, revealing substantial substructure in
the emission and its coincidence with the star-forming gas (see Figure 3). In the SMC, I found
evidence of advective and di↵usive escape of CRs, based on the low gamma-ray luminosity, the
spectral shape, and a sharp cut-o↵ in the spectrum above ⇠13 GeV. These results suggest a wind
of velocity ⇠ 125 � 250 km s�1 from the SMC, and an outflow consistent with this prediction was
discovered subsequently using ASKAP observations (McClure-Gri�ths et al. 2018).

In the future, I will perform similar analysis on other galaxies, including the LMC (see Figure 3).
I will exploit maps of physical parameters across these galaxies (e.g., B-field orientation: Mao et
al. 2012; turbulence properties: Burkhart et al. 2010) to probe how CR transport is tied to these
properties. Additionally, I plan to constrain the contribution of stellar winds to CRs by measuring
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Figure 3. Spectra were extracted from the 11 regions in the middle panel. Region D (in orange; aligned with the starbursting

ridge) is 0.2��3� in size, and the outflow regions are 0.5��3� in size (recall at the distance of M82, 1� � 1 kpc). Left: Combined

spectrum from region D. Prominent emission lines are labeled; O viii (at �0.65 keV) is not detected because of the high intrinsic

column density of NM82
H = (7.8 ± 0.2) � 1021 cm�2 there. Right: Combined spectra from the North (top) and South (bottom)

outflows. Spectra are plotted in the same color as the region box (middle panel) denoting where the data were extracted.

We began by fitting the spectra with a single, ab-
sorbed optically-thin thermal plasma component in col-
lisional ionization equilibrium (CIE) with variable abun-
dances (vapec; Foster et al. 2012) and temperature T1.
However, we found large residuals associated with line
emission (particularly Mg xii and Si xiv) and at hard
(>2 keV) X-ray energies that improved with the addi-
tion of another thermal and a non-thermal component.
Specifically, F-tests showed that a power-law (power-
law) component statistically significantly improved the
fits in all 11 regions. F-tests also demonstrated that
a second, hot thermal plasma component with temper-
ature T2 was necessary in 8 of the 11 regions. In all
regions, the photon index � was frozen to � = 1.5 as
it was not well constrained but was necessary to model
accurately the spectra above 2 keV. When allowed to
vary, best-fit � values of � = 1 � 2 were obtained in
the 11 regions, leading us to adopt � = 1.5. We note
that in their fit of the central M82 region, Ranalli et al.
(2008) did not exclude point sources and found a best-fit
� = 1.60+0.04

�0.03.
In addition to the model components described above,

we included the AtomDB charge-exchange (CX) model
component vacx2 to account for line emission pro-
duced when ions capture electrons from neutral material

2 http://www.atomdb.org/CX/

(Smith et al. 2012). A CX component is necessary be-
cause previous studies of XMM-Newton RGS data have
demonstrated that ⇠25% of the 0.4�2 keV flux (Zhang
et al. 2014) and 50% of the flux from O vii, Ne ix, and
Mg xi originates from CX (Liu et al. 2011). We tied
the individual abundances together in the CX and two
thermal components, and we let the abundances of met-
als with detected emission lines (O, Ne, Mg, Si, S, and
Fe) vary. The abundances of metals not detected in the
0.5 � 7 keV band were set to 1 Z�, consistent with the
M82 disk metallicity (Origlia et al. 2004). Given the el-
evated NM82

H in the three central regions S1, D, and N1,
the detection of O was limited there, and we froze the
O abundance to solar metallicity in those locations.

Putting all of the model components together, the
complete XSPEC model for regions S1–S4, and N1–N3
was: const*phabs*vphabs*(vapec+vapec+vacx
+powerlaw). The models for the southern-most and
two northern-most outflow regions (S5, N4–N5) did not
include the second vapec component as they did not
statistically improve the fits. As detailed below, a third
vapec component was added to region D to account for
the detected Fe xxv line.

3. RESULTS

Figure 3 shows the extracted spectra from the 11 re-
gions, with data from all six observations combined us-
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Figure 6. Flux-weighted hot-gas temperature T (left) and density ne (right) profile of M82 (dashed black lines) com-

pared to four adiabatic model predictions (solid lines) with R = [100, 200, 300, 400] pc, ↵ = [0.02, 0.08, 0.17, 0.31], and

� = [0.01, 0.03, 0.08, 0.14], respectively. In the adiabatic scenarios, T / r�4/3 and ne / r�2, and these profiles are steeper

than are observed and may suggest mass loading in the hot superwind.

(associated with the very hot component) only extends
<100 pc along the M82 minor axis. A likely explanation
for these discrepant results is that our power-law com-
ponent (which was not included in the Ranalli et al. fits)
accounted for the hard X-ray flux such that a very hot
component was not necessary. F-tests confirmed that
a power-law with photon index � = 1.5 was preferred
over the inclusion of a very hot thermal component in
all outflow regions analyzed in this work. Moreover, the
lack of a Fe xxv line in the outflow spectra (see the right
panels of Figure 3) – which was also noted by Ranalli
et al. (2008) from their XMM-Newton outflow spectra –
reinforce the possibility that the hard X-ray emission is
non-thermal in nature.

The other previous study that explored how the hot
gas temperature and abundance profiles vary in the M82
outflows was conducted by Konami et al. (2011) using
101 ks of Suzaku observations. They reported that two-
or three-temperature plasma components (including a
soft ⇠0.25 keV temperature plasma) were necessary to
describe the 0.5 � 6 keV spectra of the M82 disk and
three outflow regions north of the disk. Our warm-
hot and hot temperature profiles are consistent with the
Konami et al. (2011) results. They did not find a very
hot component in their disk region, but it is likely be-
cause the bandpass they considered did not include the
Fe xxv line. Additionally, Konami et al. (2011) found no
spatial variation in the abundance ratios (O/Fe, Ne/Fe,
Mg/Fe) of the hot plasmas, similar to our results.

4.2. Comparison to Wind Models

The profiles presented in Section 3 can be compared to
superwind model predictions to constrain outflow prop-
erties. Chevalier & Clegg (1985) developed a simple
spherically-symmetric wind model to explain the ex-
tended X-ray emission of M82, whereby SNe inject mass
and energy at rates Ṁ and Ė, respectively, in a re-
gion of size R. The energy injection rate is Ė = �ĖSN

(where ĖSN is the energy injection from SNe, ⇠ 1051 erg
per 100 M� of star formation), and the mass injec-
tion rate is Ṁ = �Ṁ� (where Ṁ� is the star forma-
tion rate). By energy conservation (neglecting radia-
tive cooling and gravity; see Thompson et al. 2016 and
references therein for the e↵ects of radiative cooling),
the asymptotic velocity of the vhot,� = (2Ė/Ṁ)1/2 �
103(�/�)1/2 km s�1 and the temperature at r = R is
Thot = (mp/k)(3/20)v2

hot,� � 2 ⇥ 107(�/�) K.
Based on their observational measurements from hard

X-ray lines detected in the central 500 pc of M82, Strick-
land & Heckman (2009) found a central temperature of
Tc = (3 � 8) ⇥ 107 K, central density of nc ⇠ 0.2 cm�3,
and central pressure of Pc/k = (1 � 3) ⇥ 107 K cm�3.
From these values, assuming an injection region of
R = 300 pc and Ṁ� = 6 M� yr�1, they estimated
0.5 � � � 2.4 and 0.2 � � � 0.6.4 Our results for
the best-fit parameters associated with the very hot
component in region D are consistent with these pre-

4 Note that we have converted Strickland & Heckman (2009)’s
estimates using our definitions of the mass loading and thermal-
ization parameters for consistency.

Figure 2: Results from analysis of a deep (⇠500 ks) Chandra observation of M82. Left panels: Spectra were
extracted and modeled from 11 regions along the minor axis of M82 to obtain profiles of physical parameters as a
function of distance r from the central starburst (in region D). Right panels: Flux-weighted mean hot-gas temperature
T and electron density ne versus r, with four adiabatic model predictions overplotted. In the adiabatic scenarios
(where T / r�4/3 and ne / r�2), the profiles are much steeper than observed, suggesting mass loading in the hot
superwind (Schneider et al. 2020). Figures are adapted from Lopez et al. (2020b).
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E. Constraining Cosmic-Ray Feedback  
Cosmic rays have a profound influence on the ISM and in galaxies (see reviews by Strong et al. 2007; Zweibel 
2013; Grenier et al. 2015). Recent galaxy formation simulations that incorporate CR feedback find they are a critical 
form of support for disks and may be important in the launching of galactic winds (e.g., Uhlig et al. 2012; Booth et 
al. 2013; Salem & Bryan 2014; Ruszkowski et al. 2017). However, the means by which CRs are accelerated and 
then transported through galaxies are not well understood. Supernova remnants (SNRs) are the most plausible 
origin of CRs (e.g., Koyama et al. 1995), though stellar winds and superbubbles likely also contribute (e.g., Lopez 
et al. 2018b). Historically, the primary means to probe CRs is through study of the radio emission from CR electrons. 
For example, the tight correlation between galaxies’ far-IR luminosity (a tracer of massive star formation: Kennicutt 
& Evans 2012) and their synchrotron radiation (associated with CR electrons) in the radio (e.g., Helou et al. 1985; 
Condon 1992; Yun et al. 2001) supports an intrinsic connection between star formation and CRs.  
 Advances in GeV and TeV astronomy, with facilities like the Fermi Gamma-ray Space Telescope (Atwood 
et al. 2009), enable spatially-resolved studies of gamma-rays from CR protons, which comprise the bulk of the CR 
population. In particular, CR protons interacting with dense gas produce pions, which decay into gamma-rays and 
dominate the spectrum at 0.1-300 GeV in star-forming galaxies (e.g., in the MW: Strong et al. 2010). Fermi was 
launched in 2008 and observes the full sky every few hours, and thus 10 years worth of data are now publicly 
available to perform detailed studies of CRs in the MW and nearby galaxies.  
 As a Cottrell Scholar, I propose to undertake 
a program to explore CR feedback via spatially-
resolved analysis of Fermi gamma-rays in the 
Magellanic Clouds, M31, and M33. These galaxies 
are close enough that it is possible to map the 
diffuse emission and to investigate its correlation 
with gas, radiation, point sources, etc., using the 
extensive multiwavelength data available on these 
galaxies. For example, Figure 4 shows the LMC and 
SMC from nine years of Fermi data (partly 
published in Lopez et al. 2018a). Furthermore, I will 
exploit maps of physical parameters (e.g., B-field 
orientation: Mao et al. 2008, 2012; turbulence 
properties: Burkhart et al. 2010) to probe how CR 
transport is tied to these parameters.  

In addition, I will produce new gamma-ray 
spectra of these galaxies (spatially resolved when 
signal allows). The luminosity and spectral slope of 
these data set important constraints on the process 
that limits CR protons’ lifetimes (diffusion, 
advection, or pionic losses). For example, in the 
SMC, the spectral slope is shallow yet steepens at 
13 GeV, a result that could arise if advection sets 
the lifetime of low-energy CRs, but CRs above that 
limit are lost via energy-dependent diffusion (Lopez 
et al. 2018a). These findings are crucial to test 
whether CR transport in other galaxies operates 
similarly to the MW, an assumption that is generally 
made in CR modeling but is untested. This work will 
be done in collaboration with Drs. Katie Auchettl and 
Tim Linden who are Fermi experts. 
 
F. Comparing Results to Theoretical Predictions 
To maximize the scientific return of the proposed research program, all observational results will be compared to  
analytic and numerical work of my theoretician collaborators, Drs. Mark Krumholz, Todd Thompson, Anna Rosen, 
and Blakesley Burkhart. In particular, Drs. Rosen and Krumholz have hydrodynamical simulations of star clusters 
that include several modes of stellar feedback in different ISM conditions (e.g., Rosen et al. 2016), and they will 
set up their simulations to match the physical parameters derived from the observations.		
	

Figure 4, left panels: 2-300 GeV count maps of the LMC (top) 
and SMC (bottom) using 9 years of Fermi data. HI and H-alpha 
contours are plotted for comparison. With a spatial resolution of 
6 arcmin at 2 GeV, Fermi easily resolves substructure that 
follows the star-forming regions of these galaxies. SMC map 
adapted from Lopez et al (2018a). Right panels: Example 
comparisons of gamma-ray distributions to physical 
parameters. The top shows the LMC count map compared to 
the B-field orientation (in cyan) from radio polarization (Mao et 
al. 2012), and the bottom panel presents the SMC count map 
compared to the sonic Mach number Ms (Burkhart et al. 2010). 
Preliminary analysis indicates that the gamma-rays are 
extended along the B-field lines in the LMC, and the gamma-
rays may be inversely correlated with Ms in the SMC.  
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Figure 3: Fermi 2–300 GeV maps
of the SMC (left; Lopez et al. 2018)
and LMC (right). Green contours de-
note the distribution of Hi; cyan con-
tours are H↵. By using a higher-energy
bandpass than previous Ferm analysis,
the gamma-rays are localized to star-
forming regions. In the near term, I
plan to compare these maps to phys-
ical parameters measured across the
galaxies, as in e.g., the LMC, where
the gamma-rays appear to be extended
along B-field lines.

2014). Supernova remnants (SNRs) are the most plausible origin of CRs (e.g., Koyama et al. 1995),
though stellar winds and superbubbles also contribute (e.g., Lopez et al. 2020a). However, the
means by which CRs are accelerated and then transported through galaxies are not well understood.
Historically, the primary means used to probe CRs is radio emission from CR electrons (e.g., Helou
et al. 1985), but the Fermi Gamma-ray Space Telescope has enabled spatially-resolved studies of
gamma-rays produced by CR protons, which comprise the bulk of the CR population. In particular,
when CR protons interact with dense gas, they produce pions which decay into gamma-rays that
dominate the ⇠0.1–300 GeV spectrum in star-forming galaxies (e.g., Strong et al. 2010).

With the aim of constraining CR feedback, I have begun to analyze Fermi gamma-ray observa-
tions of nearby galaxies, particularly the LMC and SMC (e.g., Lopez et al. 2018). By producing
images at energies >2 GeV, the spatial resolution is .60, revealing substantial substructure in
the emission and its coincidence with the star-forming gas (see Figure 3). In the SMC, I found
evidence of advective and di↵usive escape of CRs, based on the low gamma-ray luminosity, the
spectral shape, and a sharp cut-o↵ in the spectrum above ⇠13 GeV. These results suggest a wind
of velocity ⇠ 125 � 250 km s�1 from the SMC, and an outflow consistent with this prediction was
discovered subsequently using ASKAP observations (McClure-Gri�ths et al. 2018).

In the future, I will perform similar analysis on other galaxies, including the LMC (see Figure 3).
I will exploit maps of physical parameters across these galaxies (e.g., B-field orientation: Mao et
al. 2012; turbulence properties: Burkhart et al. 2010) to probe how CR transport is tied to these
properties. Additionally, I plan to constrain the contribution of stellar winds to CRs by measuring

Temperature and density profiles are
broader than expected for adiabatic

expansion, suggesting mass-
loading / mixing with cooler phase.



Future: Galaxy-Scale Outflows
NGC 253

Figure 4: Chandra or XMM-Newton X-ray images of 15 nearby (with distances !30 Mpc), inclined (with
i " 60◦) starbursting galaxies. All have extended emission associated with large-scale outflows. I propose
to evaluate the morphological and spatial coincidence of the ISM phases, as well as the kinematics of
outflowing gas, to constrain how wind material is launched and its phase when launched. Figure is adapted
from Li and Wang (2013) and Bauer et al. (2008).

the plane of the sky. I will exploit imaging and spectroscopy across several wavelengths (particularly IR,
optical, and X-rays) to evaluate the morphologies and spatial (anti-)coincidence of the ISM phases and the
kinematics of outflowing gas. Based on a literature review, 15 galaxies meet the above selection criteria
which have publicly available Chandra/XMM-Newton and IRAS observations (see Figure 4). These data
will be supplemented with ground-based optical observations (using OSU time on the MDM Observatory)
to map and characterize the ionized gas.

C. Evolution of Feedback with Time
In my previous work, I have considered mostly evolved, large H II regions, with central star clusters’ ages
ranging from ∼3–10 Myr and radii of rHII ∼ 10–150 pc. At earlier stages, the dynamics may be dramatically
different. For example, SNe will not have occurred yet (the most massive stars explode after 3.6 Myr), and
the stellar wind energy and dust-processed radiation is more likely to be confined as the pores in the H II
region shells grow with time (e.g., Harper-Clark and Murray 2009; Rogers and Pittard 2013). Furthermore,
at early times, direct stellar radiation can dominate over the warm photoionized gas for sufficiently massive
clusters when their radii are are !1 pc (Krumholz and Matzner, 2009).

Thus, I propose to assess how feedback evolves with time by comparing a sample of the youngest and
oldest H II regions. In addition to the sample described above, I will target ultra-compact (UC) and hyper-
compact (HC) H II regions in the Milky Way; these regions are produced as massive stars first begin to emit
Lyman continuum radiation. Observationally, these objects are defined as those with radii rHII ! 0.1 pc
and densities of ne "104 cm−3 (Hoare et al., 2007). Several hundred UC H II regions have been identified
(Urquhart et al., 2013), and most are resolved in multiwavelength Galactic plane surveys (e.g., see Table 2).

Preliminary analyses of the radio and IR data of the UC H II sample indicates a distinct trend in the
pressure terms with age/size (see Figure 5), with the shells of the youngest sources experiencing pressures
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Conducting a similar analysis for the 15 nearby, edge-on 
starbursting galaxies.

Li & Wang13, Bauer+08



Future: Galaxy-Scale Outflows

We are turning next to NGC 253. We find that the diffuse  
X-rays trace the disk’s spiral structure and doing a 
spatially-resolved analysis now to measure the gradients 
in temperature/density/metallicity of outflow.

30"

Figure 8: Two-color image of NGC 253, with broad-band (0.5–7.0 keV),
diffuse X-rays in blue and Spitzer 8µm in red. Using 7× deeper Chandra
data than analyzed previously by Strickland et al. (2004), it is apparent
that the diffuse X-rays in the disk follow the spiral structure of the galaxy,
and the hot (∼107 K) superwind extends several kpc (Lopez et al., in
prep). At a distance of d = 3.5 Mpc, 30′′≈ 0.5 kpc.

I propose to extend this analysis to other nearby (with distances !30 Mpc) starbursting galaxies which
are inclined (i "60◦) so that the outflows are observable in the plane of the sky. Based on archival and
literature searches, 15 galaxies meet these criteria and have high-quality X-ray data available. Generally, the
observations are much deeper than used in previous studies of the hot gas because the programs focused on
the X-ray binary populations, not the diffuse emission. For example, NGC 253 now has 7× longer Chandra
observations than presented in Strickland et al. (2004). The deeper data reveal that the diffuse X-rays trace
the spiral structure and extend several kpc perpendicular to the galactic disk (see Figure 8).

As in Lopez et al. (2020b), I will take advantage of the spectro-imaging capabilities of X-ray CCDs to
map plasma properties (temperature, densities, and metal abundances) in the starbursts and their outflows.
The results will be compared to high-resolution, multi-wavelength data of my collaborators, Drs. Adam
Leroy and Alberto Bolatto, to explore the multi-phase nature of the winds. The observational results will be
compared to galactic wind models over a wide parameter space to constrain e.g., energy thermalization and
mass loading, currently being done by my collaborator Dr. Todd Thompson.

Upon the launch of XRISM (the Hitomi replacement mission; Tashiro et al. 2018) in January 2022, I plan
to propose for observations to measure the hot gas velocities as well, providing even stronger constraints
on the energy content and mass loading of the hot winds. These high-resolution X-ray spectra will be a
powerful new probe of the interplay of hot and cool gas in galaxy outflows (Hodges-Kluck et al., 2019).

III. Impact within the Academic Community
In the last decade, astronomers have begun to appreciate the importance of stellar feedback in star and galaxy
formation. In the earliest hydrodynamical simulations, the only feedback mode considered explicitly was
SNe, and thanks to better resolution and feedback prescriptions in simulations, astronomers have started to
probe the collective effect of the many feedback modes described above. As the predictive power of simu-
lations improves, observational constraints on feedback are sorely needed, and most of the data necessary to
produce these constraints are publicly available. My program capitalizes on the substantial past investment
of telescope time and resources devoted to studying star-forming regions.

The funding for this proposal will be directed principally toward the support of two graduate students
(one Bridge Fellow, see Section IV below, and one PhD student) at OSU. My program is well-suited for
the development of a career in astrophysics as it inherently multi-disciplinary and will enable the students
to learn to analyze data at many wavelengths. The students will be encouraged to present their research at
conferences, to author publications on their work, and to lead observing proposals. Through my collabora-
tors, the students will also have the necessary tools to bridge theory and observations, a valuable skill for
independent researchers. On a practical level, they will be able to have multiple letter writers on their behalf
when applying for postdoctoral and faculty positions.

IV. Broader Impacts
As a Mexican-American woman, I am deeply committed to enhancing the participation and retention of a
diverse workforce in STEM. Throughout my career, I have pursued many avenues toward this goal: organiz-
ing formal mentorship activities for students, advising diverse students in research, serving on committees
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Conclusions
Stellar feedback, the injection of energy and momentum by 
stars, is important on small (~1 pc) and large (>10 kpc) scales

There are many challenges to assessing feedback: 1) dynamic 
range; 2) need observational constraints; 3) where is the 
energy/momentum deposited?; 4) there are many mechanisms 
that vary with time & conditions

There are observational and theoretical solutions to each 
problem, and a lot of progress in the last 5 years assessing 
dynamical role of feedback on small & large scales

Multiwavelength approach enables evaluation of comparative 
role of feedback modes versus e.g., stellar age, conditions

X-ray and gamma-ray observations constrain presence / 
properties of galactic outflows from star-forming galaxies.


