
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 NM82

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).
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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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Hot phase of starburst-driven winds carries energy and metals, 
entrains other phases.
Deep X-ray data enables study of gradients in metallicity, 
temperature, and density of the hot phase, important to address 
outstanding questions related to winds. 
Metallicity gradients out to a few kpc in M82 and NGC 253 
show metal enrichment. Examination of more sources is 
needed to explore how metal loading depends on host galaxies 
(e.g., host galaxy stellar masses)

Hot gas temp and density profiles are broader than predicted 
for a spherical, adiabatic expanding wind. Need a non-spherical 
wind + mass loading to produce observed profiles.

Hot gas velocity measurements + multiphase comparison are 
important next constraints on starburst-driven outflows.

Conclusions



Optical (stars) 
Optical (warm gas)

IR (dust)
X-rays (hot gas)

Starburst-driven  
winds are  

multiphase



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 NM82

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).

L. Lopez+ 20 S. Lopez, L. Lopez+ 23

1 kpc

IR Ha X-rays CO Ha X-rays

How do hot winds couple to cool clouds? How much 
mass and metals are launched in each phase? How do 
these characteristics depend on host galaxy properties?

M82 NGC 253

Open Questions

X-rays are key because they carry most energy & metals



X-ray Studies of Starburst-Driven Outflows
Optical R-band 
Soft X-rays 
Hard X-rays 

Strickland & Heckman (2007, 2009) analyzed hard X-ray 
data, focusing on central 500 pc of M82 and found high 
thermalization efficiency α and mild mass loading β



X-ray Studies of Starburst-Driven Outflows

1 kpc

L. Lopez+ 20 S. Lopez, L. Lopez+ 23

M82 
534 ks

NGC 253 
365 ks
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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 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 4 shows the extracted spectra from the 11 re-
gions, with data from all six observations combined us-
ing the ciao command combine spectra4. 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 NM82

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.

Use deep Chandra data to measure gradients in hot gas 
properties along minor axis of outflows.

L. Lopez+20

Model as absorbed  
1-3 thermal plasmas + 
non-thermal emission 

+ charge exchange
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Figure 5. Best-fit parameters for the 11 regions plotted as a function of r, the distance from the M82 major axis. A distance

of zero is defined as the location of the M82 nucleus (Lester et al. 1990). Negative distances are toward the South, and positive

distances are toward the North. Filled circles represent measurements, upside-down triangles are upper-limits, and open squares

are fixed to solar values because associated lines are not well constrained. Abundances are relative to solar by number, and

error bars are 90% confidence intervals.

For example, the power-law component is possibly anti-
correlated with the hot thermal component, based on
their relative contributions to SX as a function of r (as
shown in the right panel of Figure 6). In the future,
deeper data are necessary to limit degeneracies in the
spectral fits and to better constrain the free parameters.
We estimate the electron number density ne of

the thermal plasmas using the best-fit normaliza-
tions norm of the apec components, since norm =
(10�14EM)/4⇡D2, where D is the distance, EM =R
nenHdV is the emission measure, and nH is the

hydrogen number density. Setting ne = 1.2nH and
integrating over the volume V , then ne = (1.5 ⇥
1015normD2/fV )1/2, where f is the filling factor (here,

we assume f = 1 and caution that f may be lower
and not equal between the three hot components). To
compute V for each region, we assume a cylindrical ge-
ometry and a height equal to the minor axis side of the
rectangular regions. To estimate the radius of the cylin-
der Rcyl, we produced surface-brightness profiles of the
broad-band (0.5�7 keV) di↵use emission for each region
using 200 slits along the major axis. We define Rcyl as
half of the size that enclosed 99% of the emission.
In Table 3, we list the best-fit norm1, norm2, and

norm3 of the warm-hot, hot, and very hot components,
respectively, as well as Rcyl, V , ne,1, ne,2, and ne,3. We
find that the densities peak in region D (with ne,1 =
1.1 ⇥ 10�1 cm�3 and ne,2 = 7.2 ⇥ 10�2 there) and fall

L. Lopez+20

Metallicity Gradients in Outflows



Emission Components Along Outflows

L.
 L

op
ez
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Warm-hot (kT = 0.3-0.7 keV) component dominates, 
producing 40-70% of emission. Hot component (kT = 
0.9-1.7 keV) produces ~20-30%. Hottest component 
(~7 keV) is only in central region.  

Charge exchange produces 8-25% of emission



Importance of Modeling Charge Exchange
Charge exchange (CX) contributes substantially to the 
soft X-ray flux of starburst-driven winds.

Zhang+14 found that 25% of the 0.4-2 keV flux may be 
associated with CX. May be evidence of mass loading.

Zhang+14

Thermal
CX
Total 

EPIC-pn dataRGS data



Importance of Modeling Charge Exchange
Not accounting for it can lead to 
inaccurate measurements of metals 
& temperature.

Ranalli+08 analyzed a 73-ks XMM 
observation and found that alpha 
elements were enhanced 10x in the 
outflow relative to the disk — likely 
because they did not model CX
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Figure 5. Best-fit parameters for the 11 regions plotted as a function of r, the distance from the M82 major axis. A distance

of zero is defined as the location of the M82 nucleus (Lester et al. 1990). Negative distances are toward the South, and positive

distances are toward the North. Filled circles represent measurements, upside-down triangles are upper-limits, and open squares

are fixed to solar values because associated lines are not well constrained. Abundances are relative to solar by number, and

error bars are 90% confidence intervals.

For example, the power-law component is possibly anti-
correlated with the hot thermal component, based on
their relative contributions to SX as a function of r (as
shown in the right panel of Figure 6). In the future,
deeper data are necessary to limit degeneracies in the
spectral fits and to better constrain the free parameters.
We estimate the electron number density ne of

the thermal plasmas using the best-fit normaliza-
tions norm of the apec components, since norm =
(10�14EM)/4⇡D2, where D is the distance, EM =R
nenHdV is the emission measure, and nH is the

hydrogen number density. Setting ne = 1.2nH and
integrating over the volume V , then ne = (1.5 ⇥
1015normD2/fV )1/2, where f is the filling factor (here,

we assume f = 1 and caution that f may be lower
and not equal between the three hot components). To
compute V for each region, we assume a cylindrical ge-
ometry and a height equal to the minor axis side of the
rectangular regions. To estimate the radius of the cylin-
der Rcyl, we produced surface-brightness profiles of the
broad-band (0.5�7 keV) di↵use emission for each region
using 200 slits along the major axis. We define Rcyl as
half of the size that enclosed 99% of the emission.
In Table 3, we list the best-fit norm1, norm2, and

norm3 of the warm-hot, hot, and very hot components,
respectively, as well as Rcyl, V , ne,1, ne,2, and ne,3. We
find that the densities peak in region D (with ne,1 =
1.1 ⇥ 10�1 cm�3 and ne,2 = 7.2 ⇥ 10�2 there) and fall

Metallicity Gradients in Outflows
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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 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 
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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 spherical wind with uniform energy & mass 
injection that undergoes adiabatic expansion (Chevalier & 
Clegg 1985)
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Semi-analytic models by Nguyen & Thompson 2021 and 
Nguyen+23 showed that non-spherical expansion of the 
outflow and mass loading more accurately reproduce the 
profiles.
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Hot Gas Gradients in Galactic Outflows

NGC 253



χ2 = 1.28 
pnull = 7.7x10-13 

NGC 253 Central Region Spectra

Hot Gas Gradients in Galactic Outflows

Central region had 2 
thermal components + 
power law + CX

CX found in central region 
and southern outflow but 
not in northern outflow, 
perhaps because of high 
column density there

CX contributes 20-40% to 
the total emission. S. Lopez, L. Lopez+23
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Metallicity Gradients in Outflows

Peak in center, decrease along outflows; contrasts M82 
where profiles were more flat (metals getting out more).
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Metal Loading vs. Stellar Mass

Why do M82 and NGC 253 
have different (hot phase) 
metallicity profiles?

Consider the mass-metallicity 
relationship (Tremonti+04): 
Chisholm+18 found that metal 
loading factor decreases with 
galaxy stellar mass in the warm 
phase. 

Is the same true for the hot 
phase? 



Obtained temperature and density profiles using smaller 
regions and compared to CC85 and Nguyen & Thompson 21.
Again see that non-spherical geometry and mass loading are 
necessary to account for broad profiles. 

Temperature & Density Profiles:
Evidence of Geometry & Mass Loading
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Expanding the Sample
Analyzing ~15 edge-on galaxies with star formation-driven 
outflows to measure profiles across many sources

Next paper is NGC 4945 (Porraz, S. Lopez, L. Lopez+24)



Porraz, S. Lopez, L. Lopez+24

NGC 4945
NGC 4945 is complicated because it is a bright Seyfert 2, 
though it is not energetically dominant (Forbes & Norris 98)

Profiles similar to M82 and NGC 253; CX detected in 
Northern outflow & contributes 12% to total emission.



Another Observable: Hot Gas Velocity
Spherical expansion only
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Velocities of the hot phase along the outflow would be 
immensely helpful to constrain geometry & mass loading

XRISM will give us important first constraints on hot gas 
velocities along the outflows of starburst galaxies



Ongoing: What is the Origin of Cool Clouds 
in the Hot Wind? 

Does the hot wind fluid cool radiatively, or do entrained cool 
clouds avoid being destroyed somehow?

Hα
X-ray
Clouds

To answer, we are testing how to 
best identify Hα clouds using 
watershed and dendrogram 
algorithms, then we are relating 
their sizes/column densities/
morphologies to hot gas 
properties. 

S. Lopez, L. Lopez+24



Hot phase of starburst-driven winds carries energy and metals, 
entrains other phases.
Deep X-ray data enables study of gradients in metallicity, 
temperature, and density of the hot phase, important to address 
outstanding questions related to winds. 
Metallicity gradients out to a few kpc in M82 and NGC 253 
show metal enrichment. Examination of more sources is 
needed to explore how metal loading depends on host galaxies 
(e.g., host galaxy stellar masses)

Hot gas temp and density profiles are broader than predicted 
for a spherical, adiabatic expanding wind. Need a non-spherical 
wind + mass loading to produce observed profiles.

Conclusions

Hot gas velocity measurements + multiphase comparison are 
important next constraints on starburst-driven outflows.


