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Abstract

Models of galactic-scale cosmic ray production and transport have successfully reproduced the
radio and γ-ray spectra of many galaxies; however, one notable exception is the Large Magellanic
Cloud (LMC), where models that successfully fit other galaxies consistently overestimate its γ-ray
flux. Here we investigate this discrepancy by applying the CRIPTIC cosmic ray transport code to
recent magnetohydrodynamic simulations of the LMC’s interactions with the Milky Way circum-
galactic medium that accurately reproduce observations of the LMC’s magnetic field structure.
We recover a simulated γ-ray luminosity that is close to the observed luminosity for a wide range
of cosmic ray transport models, while our control simulations of an isolated LMC not interacting
with the Milky Way show the same over-prediction problem as previous investigations. Simula-
tions including the CGM interaction yield lower γ-ray luminosities because in them cosmic rays
escape the galaxy primarily via advection, significantly decreasing the emission from collisional
processes and changing the dominant γ-ray emission mechanism from pion decay to inverse Compton
emission. Comparisons of the detailed spectral shape show that our interacting LMC models
match the observed γ-ray spectrum at photon energies below ∼ 10 GeV, but still slightly overesti-
mate the flux at higher energies, suggesting either more strongly energy-dependent transport than
the models we have explored, or a cosmic ray injection spectrum steeper than the p−2.2 that we adopt.

Subject headings: Cosmic rays (329), Gamma-ray sources (633), Large Magellanic Cloud (903), Cir-
cumgalactic medium (1879), Interstellar synchrotron emission (856)

1. INTRODUCTION

Cosmic rays (CRs) are a critical constituent of the
interstellar medium (ISM). The ionization they provide
drives chemistry in regions too dense and well-shielded
for photons to penetrate (Padovani et al. 2020; Gabici
2022), the forces they exert may be critical for driv-
ing galactic winds and regulating star formation (e.g.,
Hopkins et al. 2020; Crocker et al. 2021a; Crocker et al.
2021b; Ruszkowski & Pfrommer 2023), and their inter-
actions with thermal gas, magnetic fields, and starlight
in the ISM drive the majority of galaxies’ diffuse non-
thermal emission (e.g., Blumenthal & Gould 1970; Kel-
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ner et al. 2006). However, our ability to understand and
predict all of these processes is limited by our lack of
a consistent theory for CR transport through the ISM.
Because CRs are charged, they can be deflected by ISM
magnetic fields, and because the flow of CRs represents
a current, the CRs themselves can influence those mag-
netic fields, leading to complex and poorly-understood
self-interactions (e.g., Zweibel 2013, 2017; Hopkins 2025).
A fully satisfactory macroscopic theory for the transport
of CRs produced by all these effects has thus far eluded
the community (e.g., Hopkins et al. 2022; Kempski &
Quataert 2022).
Given this situation, one way to make progress is to use

the non-thermal emission produced by CR-ISM interac-
tions as a diagnostic for transport, since different trans-
port theories lead to different predictions for the spectra
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and morphologies of the resulting emission. The strategy
has been applied across a range of scales, from individ-
ual spatially-resolved sources within the Milky Way (e.g.
Thomas et al. 2020; Recchia et al. 2021; Krumholz et al.
2024), to the Milky Way as a whole (e.g., Jóhannesson
et al. 2016), to external galaxies (e.g., Hopkins et al.
2021; Werhahn et al. 2021a,b; Ambrosone et al. 2022;
Roth et al. 2023, 2024) to the entire diffuse γ-ray sky
(e.g., Roth et al. 2021; Owen et al. 2022; Ambrosone
et al. 2024). The Large Magellanic Cloud (LMC) is a
convenient observational target for this approach due to
its proximity and large angular size. In particular, obser-
vations of the LMC’s radio and γ-ray non-thermal emis-
sion (e.g., Ajello et al. 2020; Abdollahi et al. 2022) as
well as measurements of Faraday rotation (e.g., Gaensler
et al. 2005; Livingston et al. 2024) have provided con-
straints on both the LMC’s CR population and its mag-
netic field structure. However, despite these high-quality
data, existing CR transport models for the LMC have
consistently overestimated its γ-ray luminosity compared
to observations. This includes both models based on di-
rect numerical simulations (Bustard et al. 2020; Werhahn
et al. 2021a) and those based on semi-analytic models
(Roth et al. 2023, 2024).
This does not appear to be a general failing of the

models: the same models successfully predict the empir-
ical far-infrared (FIR)-γ ray correlation of galaxies (Ko-
rnecki et al. 2020), and make reasonable predictions for
the Small Magellanic Cloud (SMC)1. The problem ap-
pears to be that the LMC itself is an outlier from the
trend on which other galaxies sit, and which these mod-
els successfully reproduce.
Several explanations of the LMC’s γ-ray dimness have

been proposed. Kornecki et al. (2020) suggest that a
significant fraction of CR protons escape from the LMC
because of its interaction with the Milky Way’s circum-
galactic medium (CGM). The LMC is currently falling
into the Milky Way, causing ram pressure stripping of
the LMC’s ISM and possibly its CRs as well. Roth
et al. (2023) propose that because there has been a re-
cent sharp increase in the LMC’s star formation rate, the
LMC’s CR population may not yet have equilibrated to
match its higher star formation rate. However, neither
these nor any other hypotheses have been tested in de-
tail, leaving our closest neighbor—a system that should
in principle be an ideal laboratory for testing CR propa-
gation models—an embarrassing anomaly.
The purpose of this work is to investigate CR transport

models in the LMC to determine a cause for its low γ-ray
luminosity. To achieve this we will apply the CR propa-
gation software CRIPTIC (Krumholz et al. 2022, hereafter
K22) to recent magnetohydrodynamic simulations of the
LMC that include the effects of its interaction with the
MilkyWay’s CGM, and that have been calibrated against
observational constraints of the LMC’s magnetic field
strength and structure. Section 2 describes our method

1 We note there are significant statistical deviations between
different measurements of the SMC’s γ-ray spectrum, as discussed
by Roth et al. (2023), who compare data from Ajello et al. (2020)
and Abdollahi et al. (2022). As a result of these discrepancies, it is
possible to say that current models yield qualitatively reasonable
predictions for the SMC’s total γ-ray luminosity (e.g. Kornecki
et al. 2020; Werhahn et al. 2021a), but not whether they reproduce
its γ-ray spectrum.

in detail, while Section 3 then evaluates the results of the
simulations, and Section 4 discusses the implications of
our results.

2. METHODS

We calculate CR propagation and non-thermal emis-
sion in the LMC by applying the CRIPTIC CR transport
and emission code to simulations of the LMC. Section 2.1
describes our method for using CRIPTIC to calculate the
CR distribution in the LMC, Section 2.2 explains how we
compute the spectrum these CRs emit, and Section 2.3
describes the set of simulations we run.

2.1. Method for CRIPTIC postprocessing

The CRIPTIC code uses an Itô Calculus approach to
solve the Fokker-Planck equation for CR propagation in
either the pitch angle-averaged (K22) or pitch angle-
dependent (Krumholz et al. 2024) formulation for an
arbitrary background state of thermal gas, magnetic
fields, and radiation fields. It includes all of the dom-
inant loss and radiative emission processes for CRs—
nuclear inelastic scattering by hadrons (Kafexhiu 2016),
inverse Compton scattering, synchrotron emission, and
bremsstrahlung by leptons (Blumenthal & Gould 1970),
Coulomb and ionization losses of all particles, and an-
nihilation of positrons—and includes a robust treatment
of secondary particle production. We refer readers to
K22 for a detailed description of the methods, and in-
stead here we focus on the ingredients required for our
application of CRIPTIC: descriptions of the background
gas, magnetic field, and radiation field through which the
CRs propagate, coupled with a model for sources of CRs.

2.1.1. The LMC simulations

Our background gas and magnetic field states are taken
from two simulations of the LMC by Shah et al. (2025,
hereafter S25). These authors carried out a suite of ideal
magnetohydrodynamic simulations of LMC-like galaxies
using GIZMO (Hopkins 2015; Hopkins & Raives 2016); in
this suite they varied the initial magnetic field configura-
tion in order to attempt to reproduce observed Faraday
rotation measure statistics from Gaensler et al. (2005).
They also studied the effects of the LMC’s interaction
with the Milky Way CGM by carrying out pairs of sim-
ulations that differ only in that one is for an isolated
LMC-like galaxy, while the other includes a background
gas through which the LMC-like galaxy travels with a
density distribution chosen to match that experienced by
the LMC during its approach to the Milky Way. For the
purposes of this work, we use S25’s simulation W-2-6-M,
which includes the CGM and provides an excellent match
to the Faraday rotation measure data, and I-2-6-M,
which is its control counterpart without a CGM.We show
snapshots from these two simulations in Figure 1.
Both of these simulations ran for a total of 500 Myr,

with the CGM density profile in W-2-6-M set so that at
t = 500 Myr the CGM conditions match those being
experienced by the LMC today. For the purposes of our
calculations here, we make use of the last 40 Myr of the
two simulations, i.e., the period from t = 460− 500 Myr,
with snapshots of the simulation state at intervals of 0.25
Myr over this period. We post-process these snapshots
to produce realistic abundances for free electrons and the
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various possible ionization states of H and He using the
procedure described in Section 2.4 of S25. This provides
us with estimates of the abundances of H, H+, H2, He,
He+, He++, and e− at all points in the simulation; these
are required by CRIPTIC, since its models for ionization,
Coulomb losses, and bremsstrahlung distinguish between
these different ISM species.
To use the simulations to provide a gas and magnetic

field background for CRIPTIC, at any given time t in our
CRIPTIC simulations we hold in memory the pair of S25
simulation snapshots for which ti < t < ti+1, where ti is
the time of the ith snapshot. Any time we require either
the total gas density, the density of particular chemical
species, or the magnetic field at a position x and time
t, we compute them by evaluating GIZMO’s cubic spline
kernel (see Hopkins 2015) at that position for both snap-
shots, then linearly interpolate in time between them;
we organize the snapshot data into a kd-tree structure
to keep the cost of this evaluation manageable (Bentley
1975). In order to minimize interpolation errors, before
carrying out this procedure we shift the positions and ve-
locities of all particles in the snapshots from W-2-6-M—in
which the LMC moves through the CGM—into a refer-
ence frame comoving with the centre of the LMC.

2.1.2. Radiation fields

The S25 simulations we use do not model the radia-
tion field around the LMC, but a model for radiation
fields is necessary for calculation of inverse Compton
scattering—a key emission process for CR electrons. We
must therefore add a model for radiation fields to sup-
plement the LMC models from the GIZMO simulations.
Radiation fields in CRIPTIC are described as a sum of di-
lute blackbodies characterized by temperatures TBB and
dilution factorsWBB (defined as the ratio of the radiation
energy density in that field to that of a blackbody field
with equal temperature). We construct our estimates of
these quantities within the galaxy following the approach
used in the CONGRuENTS code (see Roth et al. 2023, their
Section 2.3). CONGRuENTS uses a radiation field with six
components: a blackbody cosmic microwave background
(CMB) component with temperature TCMB = 2.73 K; a
modified blackbody dust component for far-infrared ther-
mal dust emission (which we treat as a true blackbody,
since CRIPTIC does not support modified blackbodies);
three blackbody components with temperatures 3000 K,
4000 K, and 7500 K representing cool, warm, and hot
stars; and a far-UV component. We omit the far-UV
component because its spectral shape is not supported
by CRIPTIC, and because it makes only a very small con-
tribution to the total energy budget (≈ 3.5% in the Solar
neighborhood—Draine 2011).
The dust component’s temperature is given by an em-

pirical fit taken from Magnelli et al. (2014), which de-
pends on the star formation rate and stellar mass of
the galaxy. The dilution factors of the dust compo-
nent and the three stellar components are derived from
an empirical fit calibrated against DustPedia galaxies,
which also depends on star formation rate and stellar
mass (Nersesian et al. 2019). We evaluate these fits us-
ing the observed present-day LMC star formation rate
Ṁ∗ ≈ 0.2 M⊙ yr−1 (Harris & Zaritsky 2009) and stel-
lar mass M∗ = 2.7 × 109 M⊙ (Erkal et al. 2019). This

Component T logW0 U0

[K] [eV cm−3]

CMB 2.73 0 0.26
Dust 28.1 −4.40 0.12
Cool stars 3000 −13.2 0.025
Warm stars 4000 −13.8 0.019
Hot stars 7500 −14.5 0.045

Total 0.46

TABLE 1
Radiation field temperatures, central dilution factors,

and central energy densities.

yields a dust temperature T = 28.1 K, and a set of
dilution factors W0 and corresponding energy densities
U0 = W0aRT

4 for the radiation field components that
we list in Table 1.
For all components other than the CMB, the dilu-

tion factors W0 that we compute from this procedure
are intended to be those within the LMC disk. Since
CRs may escape outside the galaxy over the course of a
CRIPTIC simulation, we also require a model for how the
radiation field falls off as we move away from the disk.
For this purpose, we adopt a simple empirical model

W (r) =
2W0

(1 + r/R0)
2
+ (1 + |z|/Z0)

2 , (1)

where r and z are the radius and height in a cylindrical
coordinate system centered on the galactic center and
with the galactic disk lying in the plane z = 0, and R0 =
4.8 kpc and Z0 = 0.48 kpc are the scale radius and height
of the LMC (matching the values used by S25, which in
turn are taken from Lucchini et al. 2020). We choose
this functional form because it has the desired limiting
behavior, i.e., W (r) → W0 as |r| → 0 and W (r) ∝ 1/|r|2
as |r| → ∞, and because it gives the radiation field a
shape that reflects that of the underlying disk.

2.1.3. Cosmic ray injection

The second part of our post-processing pipeline is a
recipe for CR injection. In a CRIPTIC simulation, a
source of CRs is characterized by a position, velocity, and
luminosity, and thus we must have a recipe to decide how
to place and assign properties for these sources. We as-
sume supernovae (SNe) are the only significant CR accel-
erators in the LMC, and thus the sources correspond to
the times and locations of SNe in the S25 simulations. In
the simulations SNe are handled using the SLUG stochas-
tic stellar population synthesis code (da Silva et al. 2012;
Krumholz et al. 2015), which for each “star particle” that
forms in the simulations draws a corresponding stellar
population from the initial mass function and uses that
draw together with stellar evolutionary tracks to deter-
mine the times of SNe—see S25 for details.
In practice, this means that each snapshot contains a

set of star particles, each of which records how many SNe
it has produced up to that snapshot, thereby encoding
the locations and times of these SNe. We therefore pro-
ceed as follows: we first generate a list of SN positions
and times by identifying all star particles that have pro-
duced SNe between any given pair of snapshots. For each
such SN we then assign an exact time, position, and ve-
locity by drawing from a uniform distribution between
the times and particle positions and velocities at the two
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Fig. 1.— Snapshots from the two LMC simulations from S25 that we use in this work at their final times, after 500 Myr of simulation
time. The simulations have been translated and rotated such that the galaxy centers are at rest at the origin and the disk’s angular
momentum is aligned with the z-axis. Colors show column density integrated over a 40 kpc-thick slab centered on the galaxy center. The
left panel shows the “isolated” simulation I-2-6-M, while the right shows the “wind” simulation W-2-6-M, which includes in the Milky Way
CGM (equivalent to a wind in the LMC’s rest frame). The white arrow in the right panel shows the direction of the wind in the LMC rest
frame.

snapshots. To minimize numerical complications, turn-
on times are rounded to the nearest 10 kyr.
For each source we create, we assign a luminosity

Lsrc,p = 3.17 × 1037 erg s−1 in CR protons and Lsrc,e =
3.17×1036 erg s−1 in CR electrons, and leave the source
on for a time tsrc = 0.1 Myr. This gives a total energy of
1050 erg injected into CR protons and 1049 erg injected
into primary electrons over the source lifetime. We as-
sign the injected particles—both protons and electrons—
a spectrum of momenta dn/dp ∝ p−2.2 over an energy
range from 0.1 − 106 GeV, consistent with observations
of γ-ray bright supernova remnants (Damiano 2011).

2.2. Calculation of the emitted spectrum

As discussed in K22, CRIPTIC calculates photon emis-
sion from all the major processes by which CRs emit,
including hadronic collisions leading to pion produc-
tion, bremsstrahlung, inverse Compton, synchrotron,
and annihilation-in-flight of positrons. The code calcu-
lates emission via these processes at user-specified pho-
ton energies or frequencies. For the purposes of this
work, we perform this calculation at two sets of pho-
ton energies, one in the γ-ray band and one in the
radio band. For the former, we calculate emission
at ε = 0.01, 0.1, 0.17, 0.55, 1.75, 5.47, 17.31, 94.97, 316.23,
and 1000 GeV, while for the latter we compute at pho-
ton energies ε = 2 × 10−7, 3.14 × 10−7, 6.20 × 10−7,
6.69 × 10−7, 9.39 × 10−7, 10−6, 6.31 × 10−6, 2 × 10−5,
and 10−4 eV (corresponding to photon frequencies ν =

0.048, 0.076, 0.150, 0.162, 0.227, 0.242, 1.53, 4.84, and 24.2
GHz). Our middle six γ-ray energies correspond to the
central energies of the bins over which the LMC γ-ray
spectrum is reported in the 4FGL-DR4 catalog (Ballet
et al. 2023), the second lowest and highest energies cor-
respond to the edges of the lowest- and highest-energy
catalog bins, and the lowest and highest energies we com-
pute extend our predictions somewhat outside the Fermi
detection range. Similarly, our chosen radio frequencies
correspond to the values provided in the compilation of
For et al. (2018).
The calculation of radio emission requires some ad-

ditional consideration, for two reasons. First, over the
∼ 0.05−25 GHz frequency range of interest, synchrotron
emission from CRs is often overlapping with free-free
emission, which CRIPTIC does not model. Thus testing
our CR model against observed radio emission requires a
model for free-free emission. For this work, we describe
the free-free spectrum as a power law in frequency as
Fν ∝ ν−0.118 (Draine 2011, Equation 10.7). To normal-
ize the spectrum against observed radio data, we assume
that the highest frequency data point we use (at 24.2
GHz) is dominated by free-free emission, so we normal-
ize the free-free spectrum such that this data point is
perfectly fit by the modeled free-free and simulated syn-
chrotron emission. This leaves the lower frequency data
points as comparison points which our simulated syn-
chrotron emission would ideally fit.
The second consideration is that, for the lower end
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of our frequency range of interest, electrons have long
cooling timescales. The Lorentz factor γe for electrons
with cutoff frequency νc is radiating in a magnetic field
of strength B is

γe ≈
√

2πmecνc
eB

, (2)

and if these electrons cool via inverse Compton and syn-
chrotron radiation in an environment with a total mag-
netic plus radiation energy density U , the cooling time
is

tc ≈
3mec

4γeσTU
= 32B

1/2
−6 U

−1
0 ν

−1/2
9 Myr, (3)

where B0 = B/1µG, U0 = U/1 eV cm−3, and ν9 = ν/1
GHz. The LMC simulations of S25 that we use have
mean magnetic field strengths B ≈ 2 µG in the galac-
tic disk, and the typical radiation plus magnetic energy
density in the disk (using the radiation field figures from
Table 1) U ≈ 0.56 eV cm−3, so inserting those figures we
have tc ∼ 300 Myr for our lowest frequencies at ν ≈ 0.1
GHz. As discussed in Section 2.3, this is significantly
longer than the time for which we run our simulations,
which is set to ensure that the protons responsible for
producing γ-rays reach steady-state. Consequently we
must regard the synchrotron luminosities predicted by
our simulations as lower limits on the true synchrotron
luminosity, since if cooling (rather than escape) is the
main loss mechanism for electrons, then our simulations
will not run long enough for the synchrotron-producing
electron population to have reached steady-state.

2.3. Propagation models and simulations

The final ingredient required by CRIPTIC to calculate
CR transport and non-thermal emission is a model for
CR propagation. In a CRIPTIC calculation CRs are al-
ways advected along with the gas flow, but on top of this
there can be a range of processes that cause CRs to flow
relative to the gas. In CRIPTIC’s pitch angle-averaged
formalism, which we use here, these processes are param-
eterized by diffusion coefficients parallel and perpendic-
ular to the magnetic field and streaming velocities along
the field, all of which can be arbitrary functions of CR
momentum and background gas state. For this work we
focus on transport by diffusion parallel to magnetic field
lines, with a diffusion coefficient that depends on particle
momentum p as

D∥ = D∥,0

(
p

mpc

)q

(4)

where mp is the proton mass, and D∥,0 and q are the
diffusion coefficient at a CR momentum of mpc and an
index describing the variation of diffusion rate with mo-
mentum; we vary both of these parameters from run to
run. We also enforce that D∥ cannot fall below the Bohm

Name Wind logD∥,0 q
[cm−2 s−1]

iD27Q0 N 27 0
iD27Q1/3 N 27 1/3
iD28Q0 N 28 0
iD28Q1/3 N 28 1/3
iD29Q0 N 29 0
iD29Q1/3 N 29 1/3
wD27Q0 Y 27 0
wD27Q1/3 Y 27 1/3
wD28Q0 Y 28 0
wD28Q1/3 Y 28 1/3
wD29Q0 Y 29 0
wD29Q1/3 Y 29 1/3

TABLE 2
Summary of CR propagation models tested. See equation

(4) for the meaning of D∥,0 and q.

limit2 (Guthrie & Wakerling 1949),

D∥,Bohm =
1

3
rGv =

1

3

pvc sin(θ)

e|B|
≈ π

12

pvc

e|B|
(5)

where rG = pc sin(θ)/e|B| is the particle gyroradius, v
is the particle speed, e is the electron charge, |B| is the
magnetic field strength, and in the final step we have av-
eraged over a uniform distribution of pitch angle cosines
cos θ. Finally, to avoid prohibitively small time steps
we enforce an absolute maximum diffusion coefficient of
1032 cm2 s−1 on all CRs; this limit only becomes rele-
vant for a tiny fraction of particles with very high ener-
gies propagating through regions of very weak magnetic
field—(pc/GeV)(B/µG)−1 ≳ 1010—and thus has negli-
gible effects on the results.
We summarize the set of simulations we have carried

out in Table 2. For each choice of transport model, we
carry out two simulations, one for the “isolated” and
one for the “wind” case as described in Section 2.1.1.
We denote runs as iDXXQYY or wDXXQYY, where i and w
denote a wind and isolated simulation respectively, XX
is the value of logD∥,0 in cgs units and YY is the value

of q. Our range of D∥,0 values, from 1027 − 1029 cm2

s−1, covers the range generally inferred for GeV-energy
CRs in the Milky Way (e.g. Jóhannesson et al. 2016), as
well as the values used by Werhahn et al. (2021a) and
Roth et al. (2023) to model the LMC. Our choices of
q = 0 and q = 1/3 correspond to the simplest possible
model, and to a slightly more complex one where the
energy-dependence of the diffusion coefficient follows the
scaling expected for confinement by extrinsic turbulence
following a Kolmogorov cascade (Berezinsky 1990).
All simulations are run for 40 Myr, as noted in Sec-

tion 2.1.1, and use a packet injection rate Γ = 6× 10−10

s−1, a step size parameter cstep = 0.25, and a secondary
sampling factor fsec = 0.2. See K22 for a description of
these parameters and their meanings.

3. RESULTS

We begin our presentation of results in Section 3.1 with
a case study of two matched runs—one isolated and one

2 In principle, the Bohm limit should also apply to perpendic-
ular diffusion, but parallel diffusion will almost always dominate.
Including perpendicular diffusion within CRIPTIC is possible, but
it would induce a relatively high computational cost for a small
increase in accuracy. We therefore choose to neglect perpendicular
diffusion and set D⊥ = 0.
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wind—to introduce the qualitative outcomes of the sim-
ulations. We then examine how the results vary with
diffusion coefficient in Section 3.2.

3.1. Case study

We use simulations iD28Q0 and wD28Q0 for our exam-
ple, and for these two runs we begin our analysis by plot-
ting the total (energy-integrated) γ-ray flux as a function
of time in Figure 2, where we compute the total flux as

Fγ =
1

4πd2

∑
i

(εi+1 − εi)

(
Lε,i+1 + Lε,i

2

)
. (6)

Here εi is the ith photon energy at which we compute γ-
ray emission, Lε,i is the specific luminosity at this energy
computed by CRIPTIC, and d = 49.6 kpc is the distance
to the LMC (Pietrzyński et al. 2019); our expression cor-
responds to a trapezoidal rule integration of the spectrum
computed in Section 2.2. We carry out this integration
both for the total γ-ray flux summed over all emission
processes and process-by-process, and for the observed
γ-ray data from the Fermi 4FGL-DR4 catalog (Ballet
et al. 2023). We also carry out an analogous calculation
for the energy-integrated radio emission, integrating over
the bounds of the radio data we use from For et al. (2018)
and Roth et al. (2023). We do not show the integrated
flux of the observed radio data, as we do not expect our
simulated synchrotron flux alone to match the observed
data without a separately modeled free-free flux.
We see that by 40 Myr of evolution the total flux and

the flux produced by each individual process have mostly
reached approximate steady-state; the primary excep-
tions are synchrotron, which is still rising for the reasons
discussed in Section 2.2, and transient spikes in emission,
primarily via inverse Compton. These spikes occur when
supernovae inject large numbers of CRs near the LMC
center, where the radiation field is particularly intense.
We also see that the integrated emission is roughly an or-
der of magnitude higher in the isolated case than in the
wind case. The isolated case over-predicts the observed
flux by about an order of magnitude, while the wind case
is close to the observations.
We show the full emission spectra at the final time

snapshot for both simulations in Figure 3. From this fig-
ure we can make a few immediate observations. First,
consistent with what we saw for the integrated γ-ray lu-
minosity, the isolated simulation significantly overshoots
the observed spectrum at all γ-ray energies, while the
wind simulation produces a spectrum that is very close
to the observed one at lower energies, with an an over-
shoot by a factor of a few at higher energies. Sec-
ond, γ-ray emission is dominated by neutral pion decay
in the isolated simulation but is more evenly split by
process in the wind simulation, with inverse Compton,
bremsstrahlung, and pion decay all contributing at the
same order of magnitude. The integrated neutral pion
decay and bremsstrahlung emission in the wind case is
a factor of ∼ 10 lower than the isolated case whereas
the integrated inverse Compton emission is similar be-
tween the cases, leaving inverse Compton as the single
largest contributor, albeit only by a factor of ≈ 2. Simi-
larly, radio synchrotron emission is a factor of ≈ 10 times
dimmer in wD28Q0 than in iD28Q0, though in both cases
the radio luminosity is close to observed values because

free-free dominates except at the lowest energies. While
iD28Q0 appears to provide a near exact match to the
observed radio data, we emphasize that this is likely a
coincidence, as our simulated synchrotron emission has
likely not equilibrated yet.
To understand the origin of these differences in the

non-thermal emission, it is helpful to visualize the lo-
cation of γ-ray emission, which we show in Figure 4.
From this figure it is clear that for this particular trans-
port model adding a wind to the LMC pushes cosmic
ray emission away from the LMC disk, which creates a
dim tail in the direction of the wind in addition to sig-
nificantly reducing the total radio and γ-ray luminosi-
ties. In particular, the central regions of the galaxy are
significantly dimmer in wD28Q0 than iD28Q0. This Fig-
ure therefore suggests an obvious interpretation for the
reduced luminosity in wD28Q0: in the simulation includ-
ing a wind, CRs that escape the LMC disk even by a
small distance are likely to be advected away from the
galaxy by the wind. This greatly reduces the amount
of time that these CRs spend in the dense parts of the
galaxy where collisional emission process such as pion
production and bremsstrahlung are efficient, and where
magnetic fields are strong and thus synchrotron emission
is efficient. By contrast, the radiation field falls off with
distance from the galaxy much more slowly than the den-
sity or magnetic field strength, and so the reduction in
inverse Compton emission is much milder. The net effect
is to make inverse Compton emission the most important
process in the wind case, and to lower the total γ-ray lu-
minosity by an order of magnitude.

3.2. Results for varying CR transport prescriptions

Figure 5 shows the final emission spectra for all simula-
tions (again separated by emission process), to illustrate
the effect of different choices of diffusion coefficients on
emission. For all diffusion coefficients, the wind simula-
tions’ emission in both radio and γ-rays is lower than the
matching isolated simulation. Moreover, we see that γ-
ray emission in the isolated simulations decreases as we
increase the diffusion coefficient, while emission in the
wind simulations stays roughly constant. The only no-
ticeable difference between any of the wind simulations is
a small decrease in γ-ray emission for the wD29Q1/3 case.
This is consistent with our interpretation that advection
in the wind is the dominant pathway to CR escape in
the wind simulations, contrary to the standard assump-
tion that diffusive escape dominates in quiescent (i.e.,
non-starburst) galaxies. The small difference between
the wD29Q0 and wD29Q1/3 cases could be a hint that dif-
fusive escape is beginning to be significant for this very
high diffusion coefficient; however, we emphasize this dif-
fusion coefficient is already higher than previous studies,
which have generally arrived at values of order 1028 cm2

s−1 (e.g., Werhahn et al. 2021a; Reynoso-Cordova et al.
2025), an order of magnitude smaller. By contrast, the
isolated simulations follow the standard expectation for
models where diffusive transport dominates: larger diffu-
sion coefficients lead to decreased emission because CRs
escape more rapidly. However, even for the highest dif-
fusion coefficient we have tested, the isolated simulation
still overshoots the observed γ-ray flux by a factor of
≈ 5− 10 at all energies.
The similar emission spectra seen in all diffusive wind
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Fig. 2.— Energy-integrated non-thermal flux (multi band) as a function of time in the iD28Q0 (left) and wD28Q0 (right) simulations,
where t = 0 corresponds to when we start following CR propagation and t = 40 Myr to the state of the LMC as it exists now. Black
points show the total flux from all processes, while colored lines with points show the contribution from each emission process—pion decay,
bremsstrahlung, inverse Compton emission, synchrotron emission, and in-flight annihilation of positrons; radiation produced by leptons is
also separated into emission from primary electrons and secondary leptons. The pink solid line shows the integrated γ-ray flux determined
from the observed spectrum reported in the Fermi 4FGL-DR4 catalog (Ballet et al. 2023). Simulated γ-ray fluxes are integrated over the
bounds of the Fermi data (0.17− 94.97 GeV), and synchrotron fluxes are integrated over the total range of the points we show in Figure 3
(2× 10−7 − 10−4 eV).

simulations means that the conclusions drawn from the
D28Q0 pair of simulations generally apply to all diffusive
simulations. For all wind simulations we find that in-
verse Compton emission is the most significant source of
emission, with neutral pion decay and bremsstrahlung
as secondary contributors. We also find that the γ-ray
spectrum provides a good match to the observed data
below ∼ 10 GeV, but overestimates the observed spec-
trum at higher energies by a factor of a few. One possible
explanation could be that the diffusion coefficient has a
stronger energy dependence than the D∥ ∝ p1/3 model
that we test. However, this possibility would require ex-
tremely high diffusion coefficients for CRs with ∼ TeV
energies: our highest diffusion simulation already has a
diffusion coefficient of 1030 cm2 s−1 at an energy of 1 TeV
(see Equation 4), so suppressing the emission via diffu-
sive escape further would require even larger diffusion
coefficients. Such a high diffusion coefficient is not gen-
erally considered in standard ISM environments, but the
effect of the wind could potentially push up the diffusion
coefficients within the LMC.
A second possibility is that our assumed injection spec-

trum with slope −2.2 out to PeV energies is not steep
enough at high energies, meaning we inject too many
CRs with high energies. Adding slight steepening in the
injection spectrum above ∼ 1 TeV, or considering a range
of cutoff energies with only some supernova remnants
driving particles to ≫ TeV energies, might resolve the
remaining tension with the observations.
The difference in the synchrotron spectra within all

models in figure 5 is similar to the difference between

the γ-ray spectra: a larger diffusion coefficient reduces
synchrotron emission in the isolated case while having
little effect in the wind cases, indicating that diffusive
escape dominates for isolated simulations but advective
escape dominates for wind ones. Similarly, in all wind
cases, the synchrotron emission underestimates the ra-
dio emission of the LMC at frequencies below ∼ 1 GHz
assuming our free-free model is correct. However, as dis-
cussed in 2.2, this is likely because the loss time for the
CR electrons responsible for driving radio emission at
low frequencies is longer than our simulation time, and
thus the low-frequency synchrotron luminosity has not
yet reached steady-state even at our final snapshot.

4. DISCUSSION

Our goal in this discussion is to understand in more de-
tail why simulations including the Milky Way wind seem
able to reproduce the observed γ-ray luminosity of the
LMC while those omitting it do not, and to consider the
observational implications of these results. To this end,
we first in Section 4.1 examine the loss processes affect-
ing CR protons in our simulations, and in Section 4.2 use
the results of Section 4.1 to quantify the degree of proton
calorimetry in our simulations, and how the presence of a
wind affects it. Finally in Section 4.3 we discuss possible
observational tests of our results.

4.1. Loss processes for CR protons

It is helpful to begin this analysis by examining the
processes that affect the energy content of an individual
CR proton packet, representing a population of protons
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Fig. 3.— Radio and γ-ray spectra for the iD28Q0 (top) and wD28Q0 (bottom) simulations at the final time snapshot. As in Figure 2, black
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all with the same kinetic energy and position. Each such
packet suffers losses from both transport and microphys-
ical processes. For CR protons in the energy range that
contribute to the emission detected by Fermi (roughly
≳ 1 GeV), the dominant microphysical loss process is
proton-proton collisions (i.e., hadronic losses); Coulomb
and ionization losses occur as well, and are included in
CRIPTIC, but these are strongly sub-dominant for the en-
ergies of interest to us, and so we will neglect them for
simplicity. In addition to these microphysical processes,
CRs also undergo losses (or gains) due to adiabatic work
that the gas does on the CR field. It is therefore of in-
terest to quantify the relative importance of transport
versus microphysical losses.
For pp collision losses, we define the rate at which a

proton packet with a statistical weight wi (i.e., which
represents wi individual protons) and kinetic energy Ti

loses energy as (c.f. equation 17 of K22)

Γpp,i = wiTiηinσnuc,ivi
ρ

µHmH
, (7)

where here vi and σnuc,i are the velocity and nuclear in-
elastic scattering cross section per H nucleon for a pro-
ton of kinetic energy Ti, ηin ≈ 1/2 is the fraction of a
proton’s initial energy lost per pp interaction, ρ is the

ambient gas density at the packet’s position, µH ≈ 1.4 is
the mean mass per H nucleon for Milky Way elemental
abundances, and mH is the hydrogen mass. For adia-
batic losses (or gains), packets change their momenta at
a rate ṗ = −(p/3)∇ · vg, where vg is the velocity of the
gas at the CR position, and thus the corresponding rate
of adiabatic loss is

Γadb,i =
1

3
pi

(
dT

dp

)
i

∇ · vg, (8)

where pi is the packet momentum and (dT/dp)i is the
derivative of kinetic energy with respect to momentum
at momentum pi. Note that the sign convention we have
adopted here is that positive values indicate a loss of CR
energy to the gas, which occurs when ∇ · vg > 0, while
negative values indicate a gain of CR energy from the
gas.
To examine how these loss rates behave in our simula-

tions, we compute Γpp,i and Γadb,i for all packets at the
final snapshot in each simulation. We plot the summed
energy loss rate for all CR packets younger than age t
(where the packet age is defined as the time since it was
injected) as a function of t in Figure 6; here we show
only the q = 0 simulations for brevity, but the results
are qualitatively identical for the q = 1/3 cases. Since
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we are plotting a cumulative sum in age, small values
on the horizontal axis illustrate results for only younger
packets, while the rightmost data point at t = 40 Myr
sums over all packets in the simulations and thus indi-
cates which processes dominate in steady-state.
First examining the hadronic loss curves (green lines

in Figure 6), we see hadronic losses are smaller overall
in the wind cases than in their corresponding isolated
runs, and that in wind cases the majority of hadronic
losses occur shortly after injection, with packets older
than ∼ 10 Myr experiencing negligible additional loss
and therefore contributing very little to pion decay emis-
sion. In the isolated simulations, by contrast, the loss
rate drops off with age much more gradually, with pack-
ets injected at the start of the simulation (i.e., with an
age of 40 Myr) still losing energy to hadronic collisions,
which contributes to γ-ray emission. This is consistent
with the suggestion that CRs escape from the dense re-
gions of the galaxy much more rapidly as a result of the
Milky Way wind.
Interestingly, however, there is also a significant dif-

ference in adiabatic losses in the wind cases versus the
isolated ones. For wD28Q0 and wD29Q0, in steady state
(i.e., for older ages) more energy is lost to adiabatic ex-
pansion than to pp collisions, and these adiabatic losses
are stronger than in the isolated case, whereas in all the
isolated runs at almost all times, adiabatic gains and
losses are subdominant compared to pp losses. This is

another reason why pion-decay emission is lower in the
wind cases, and has a clear physical explanation: the
“tail” of material stripped from the LMC by the Milky
Way wind (right panel of Figure 1) is under-pressured
compared to the Milky Way CGM in the transverse di-
rection, and so the stripped material undergoes rapid adi-
abatic expansion. Any CRs entrained with this material
will therefore suffer strong adiabatic expansion losses.
By contrast, in the lowest diffusion rate cases, wD27Q0

and iD27Q0, adiabatic gains outweigh adiabatic losses. In
the isolated case adiabatic gains are subdominant com-
pared to pp losses, and thus are not energetically sig-
nificant, but in the wind case adiabatic gains actually
outweigh pp losses. This pattern arises because adia-
batic gains occur in CR protons trapped inside collaps-
ing or compressing regions of gas from which they cannot
escape—a situation that is more likely when the diffusion
coefficient is smaller. However, there is an important
caveat to this discussion, which is that CRIPTIC does not
model the back-pressure that the cosmic ray field applies
to the collapsing gas, which might limit compression.
This means the adiabatic gains may be overestimated.
Nonetheless, the cases where this is a concern use an ex-
tremely low value for the diffusion coefficient. It is more
likely that the higher diffusion cases are closer to reality,
in which case we have the interesting result that adia-
batic losses are comparable to or more important than
pp losses in regulating the energy balance of CR protons
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in the LMC; this is in strong contrast to the conventional
assumption that pp losses are dominant.
Finally, we pause to note one additional feature in the

wind simulations: in all these runs, the adiabatic loss rate
suddenly decreases, or the gain rate increases, when in-
cluding particles older than ∼ 30 Myr, meaning particles
of that age experience adiabatic gains in all runs. This
gain occurs when CRs have had enough time to reach
the bow shock of the LMC, visible in Figure 1. This
shock compresses the fluid, leading to the adiabatic gains,
though there is little corresponding effect on γ-ray emis-
sion because the region in which this occurs is too diffuse
to generate significant pp losses. While CRIPTIC does not
treat diffusive shock acceleration of CRs, the fact that
adiabatic gains in the shock region are significant raises
the intriguing possibility that shock acceleration might
also occur, which could potentially create a population
of ultrahigh energy CRs (UHECRs) outside the disk of
the LMC, which would affect the CR population in the
nearby CGM. Observations of EeV UHECR events by
the Pierre Auger Observatory suggest that these events
are clustered towards the Centaurus A region of the sky
(Pierre Auger Collaboration 2025), and Clay & Wibig
(2025) propose that the LMC—which is close to Centau-
rus A in the sky—could also be a source of UHECRs.
They propose the 30 Doradus region as a likely acceler-
ation site, but our findings suggest that acceleration at
the LMC bow shock is another possibility.

4.2. Proton calorimetry

The presence of strong adiabatic gains and losses in
our wind simulations motivates a careful definition of
the proton calorimetry fraction, which is typically de-
fined as the proportion of CR proton energy injected by
supernovae that is lost to hadronic collisions. In the ab-
sence of strong adiabatic gains and losses this can be
calculated by tracking the energy of individual CR pro-
ton packets over time and comparing their equilibrium
energy content with their energy at injection, but this
approach breaks down when CRs can gain or lose sig-
nificant amounts of energy adiabatically over extended
periods of time. We therefore adopt an alternative ap-
proach: we define two approximate instantaneous calori-
metric fractions: one that ignores adiabatic effects and
is defined as

η =
Γpp

⟨Lsrc⟩
(9)

and a second that is corrected for adiabatic effects and
is defined as

ηadb =
Γpp

⟨Lsrc⟩ − Γadb
. (10)

In these expressions, Γpp and Γadb are the total pp
and adiabatic energy loss rates summed over all pro-
ton packets at the final snapshot of our simulations,
and ⟨Lsrc⟩ is the time-averaged CR proton energy in-
jection rate over the course of a given simulation; this
is ⟨Lsrc⟩ = 5.68 × 1055 GeV/Myr for the isolated cases
and ⟨Lsrc⟩ = 6.91 × 1055 GeV/Myr for the wind cases.
Note that both Γpp and Γadb are defined as positive when
there is a net loss, so Γpp is always positive and ηadb will
be less than η when there are strong adiabatic net gains.

Isolated simulations Wind simulations
Simulation η ηadb Simulation η ηadb

iD27Q0 2.789 1.003 wD27Q0 0.061 0.051
iD27Q1/3 1.784 0.576 wD27Q1/3 0.062 0.067
iD28Q0 1.065 0.871 wD28Q0 0.060 0.063
iD28Q1/3 1.034 0.834 wD28Q1/3 0.066 0.073
iD29Q0 0.589 0.570 wD29Q0 0.067 0.080
iD29Q1/3 0.294 0.331 wD29Q1/3 0.050 0.051

TABLE 3
Calorimetric fractions from all simulations, using the

definitions in Equation 9 and Equation 10.

Before proceeding with calculations of η and ηadb, it
is important to note some caveats. First, we are us-
ing the time-averaged CR luminosity in the denomina-
tor, but in reality the simulation star formation rates,
and thus supernova rates, vary by factors of ∼ 1.5 − 2
over ∼ 10 Myr timescales (c.f. Figure 4 of Shah et al.
2025); since younger packets contribute disproportion-
ately to pp losses and thus γ-ray production, this means
we should expect fluctuations in our computed calorime-
try fractions at this level. Moreover, our definitions of
the calorimetric fraction here implicitly assume that 40
Myr old packets represent a population that has reached
statistical steady state; this assumption is likely true in
all wind cases, but is more questionable in the isolated
cases where pp losses are still occurring even for the old-
est packets. These limitations mean that the calorimetric
fractions represent a useful way of comparing different
simulations, but should be treated with caution for the
purposes of comparing with other models or measure-
ments.
Table 3 summarizes the calorimetric fractions calcu-

lated from all simulations. Several of the isolated simula-
tions have a calculated fraction greater than unity, which
is possible in our models because of adiabatic gains and
the variable energy injection rate. The wind cases con-
sistently have lower fractions than the isolated simula-
tions, corresponding with their lower simulated emission.
For the isolated cases, higher diffusion corresponds with
lower η and generally lower ηadb–except for the iD27Q1/3
case, which has a particularly high total adiabatic en-
ergy gain rate. Conversely, the wind simulations shows
small deviations between the diffusion cases, except for
the wD29Q1/3 case with a slightly lower fraction under
both definitions. This is consistent with the wind cases
having similar emission for all cases with slightly lower
emission in the highest diffusion case. The wind sim-
ulations also show relatively little difference between η
and ηadb, simply because for all the wind simulations
Γadb ≪ ⟨Lsrc⟩, i.e., of the injected energy only a small
fraction is lost to either pp collisions or adiabatic expan-
sion in the wind cases.
Thus the main conclusion we can draw from this sec-

tion, in conjunction with the previous one, is that, while
adiabatic losses can in fact exceed pp losses for wind runs,
this is a relatively small part of the explanation for why
our wind runs do a better job of reproducing the ob-
served LMC luminosity. The main effect is simply that,
due to advective loss into the wind, only a small frac-
tion of the injected proton energy is lost to either pp
collisions or adiabatic expansion. Most of the CR proton
energy simply escapes the galaxy by advection, leaving
the calorimetry fraction well below the ∼ 10− 20% that
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is conventionally assumed for non-starburst galaxies.

4.3. Observational tests

Given our finding that the LMC’s low γ-ray luminosity
is primarily due to advective escape of CRs into the tail
of material stripped by the LMC’s interaction with the
Milky Way, it is interesting to ask where there are any
potentially observable signatures of this effect that could
serve as independent tests of our finding. One immediate
candidate is the morphology of the γ-ray emission: Fig-
ure 4 shows the predicted γ-ray emission for the iD28Q0
and wD28Q0 cases, and reveals that the wind case fea-
tures a tail of faint γ-ray emission that is absent in the
isolated case. However, given the low angular resolution
and surface brightness sensitivity of γ-ray observatories,
it is unlikely that this faint tail will be detectable in the
foreseeable future: even in our figures it is only visible
because we are plotting emission on a logarithmic scale,
and would be invisible on a linear scale, since the tail is
fainter than the main body of the galaxy by a factor of
∼ 102 − 103.
Given that we cannot feasibly observe the γ-ray tail

our simulations predict, we focus our attention on radio
emission as a more promising possibility. Radio has two
main advantages. One is that radio telescopes are sub-
stantially more sensitive and high-resolution than γ-ray
ones, and the other is that we expect the the tail to be
brighter relative to emission from the main body of the
LMC in radio than in γ-rays because the low density of
the tail ensures that there is negligible pp emission from
it (the γ-ray emission that is visible is almost entirely
inverse Compton), but the magnetic field strength in the
tail is only weaker than that in the galactic disk by a
factor of a few (c.f. Figure 10 of S25). Given these con-
siderations, in Figure 7 we show the predicted emission
from the isolated and wind simulations at 1.5 GHz. We
choose this frequency to balance two competing effects:
lower frequency emission is less likely to have equilibrated
within our simulations due to the long cooling times of
electrons whereas higher frequency emission is dominated
by free-free emission that CRIPTIC does not model (see
Section 2.2 and Equation 3). Our estimated cooling time
at 1.5 GHz is ∼66 Myr, which is still longer than our sim-
ulation run time, but by less than a factor of two. Thus
we may regard the predicted synchrotron emission as a
lower limit, but a relatively good one. Figure 7 reveals
that a faint tail in the wind simulation is indeed visible
even when the data are shown on a linear scale. The
brightness of this tail compared to the emission from the
disk is reduced by roughly a factor of 10, in contrast with
the γ-ray maps where the contrast is close to a factor of
102 − 103.
While the tail is more visible compared to the rest of

the disk in radio than in γ-ray, this does not guaran-
tee that it is detectable. Indeed, the predicted surface
brightness of order 0.05 µJy arcsec2 at 1.5 GHz is likely
beyond easy reach for existing facilities. For example,
ASKAP has a beam of a few hundred arcsec2 at fre-
quencies near 1 GHz, so the brightness of the tail would
correspond to ≈ 1 − 10 µJy per beam, while a 10-hour
integration in ASKAP only reaches a noise level of ≈ 20
µJy per beam, meaning that detecting the tail would re-
quire hundreds of hours of integration. Moreover, this
ignores the potentially serious issue of confusion with

the Milky Way foreground, which is likely to be more
limiting than telescope noise at these low surface bright-
nesses. One can conceivably overcome this problem using
template-based analysis or using information about the
spectral shape of the tail emission, but modeling such
strategies is beyond the scope of this work. Thus while
the existence of the faint radio tail is a potential test of
the model we present, in practice it may be an extremely
difficult test to perform.

4.4. The SMC

Our conclusions on the effect of ram-pressure stripping
on the LMC’s γ-ray emission should in principle apply to
the SMC too. The SMC also experiences ram-pressure
stripping due both to interactions with the Milky Way
CGM and tidal forces from the LMC (e.g. Nakano et al.
2025), and thus one might expect the SMC’s γ-ray lumi-
nosity to be overestimated in models that do not include
a wind just as the LMC’s is. Contrary to this naive ex-
pectation, however, the SMC fits cleanly on the same
FIRγ relation as galaxies other than the LMC (Kornecki
et al. 2020; Werhahn et al. 2021a).
In part this may be a data artifact. As noted by (Roth

et al. 2023), published estimates for the SMC’s γ-ray
spectrum differ by substantially more than the reported
error bars, likely due to systematic uncertainties associ-
ated with separating it from the Milky Way foreground.
However, the difference with the LMC could also be due
to complex dynamical effects unique to the SMC, for
example a different angle of attack between the galac-
tic disk and the oncoming wind from the Milky Way
CGM, or the fact that the SMC is losing gas both due
to the CGM wind and due to tidal interactions with the
LMC. Investigating this further would require a simu-
lation of the SMC that is calibrated against magnetic
field data—such that CRs are accurately modeled—and
that takes into account the dynamical effects of both the
Milky Way’s CGM and the LMC.
Finally, we note that the data do contain a sugges-

tive hint that the advective loss effect we have identified
for the LMC may also operate in the SMC. While Roth
et al. (2023) obtain a relatively good prediction for the
SMC’s total luminosity, the γ-ray spectrum that they
predict overestimates the γ-ray flux at ∼1 GeV, and in
this regime, the two published spectra for the SMC agree
(Ajello et al. 2020; Abdollahi et al. 2022). (The dis-
agreement is at higher energies.) On the other hand,
the observed data at ∼ 1 GeV roughly match the in-
verse Compton spectrum predicted by Roth et al. 2023.
This is a potential hint that a wind in the SMC’s frame
may also reduce its pion decay emission, explaining the
reduced emission at ∼ 1 GeV.

5. CONCLUSION

In this work, we use CRIPTIC to model cosmic ray
driven emission in the LMC to explain its surprising
γ-ray dimness. We consider six different models for
diffusion-based CR transport on top of two simulations of
the LMC—one where the LMC experiences a headwind
due to its interaction with the Milky Way’s CGM, and a
control run with identical initial conditions but without
the CGM interaction. We find that the headwind the
LMC experiences as it falls into the Milky Way CGM



14

6h30m 00m 5h30m 00m 4h30m 00m

64°

66°

68°

70°

72°

74°

RA (J2000)

De
c 

(J2
00

0)
Isolated (10% scaling)

6h30m 00m 5h30m 00m 4h30m 00m

64°

66°

68°

70°

72°

74°

RA (J2000)
De

c 
(J2

00
0)

Wind

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

1.
5G

Hz
 fl

ux
 (

Jy
/a

rc
se

c2 )

Fig. 7.— Predicted surface brightness at 1.5 GHz for the iD28Q0 and wD28Q0 cases as viewed from Earth. The field of view shown is 20
kpc × 20 kpc at the distance to the LMC. In order to generate this figure we have convolved the true surface brightness with a Gaussian
kernel with with σ = 0.5 kpc, comparable to the expected resolution of single dish telescopes at LMC distances. For the isolated case we
have scaled down the predicted surface brightness by a factor of 10 so that we can show it one the same colorbar as the wind case.

advects cosmic rays away from the LMC disk and there-
fore significantly reduces its γ-ray emission, independent
of the CR transport model we adopt. This manifests in a
reduced γ-ray luminosity, with the main source of emis-
sion becoming leptonic inverse Compton emission rather
than hadronic pion decay emission. As a result of this
effect, all our simulations including the LMC’s CGM in-
teraction yield γ-ray luminosities in good agreement with
observations, while the corresponding control runs pre-
dict higher-than-observed γ-ray luminosities, reproduc-
ing a problem found in many previous models.
The γ-ray spectrum in our wind simulations is largely

independent of the chosen diffusion coefficient, support-
ing advective escape as the dominant CR loss mecha-
nism. Adiabatic losses also become significant for some
of our wind simulations, but are subdominant compared
to advective loss as an explanation for the overall spec-
tral shape and intensity. The γ-ray spectrum we model
from all wind simulations is a close match to the observed
spectrum at photon energies below ∼ 10 GeV, but sig-
nificantly overestimates the observed spectrum at higher
energies. This discrepancy could be explained by a larger

diffusion coefficient, a steeper increase in diffusion coeffi-
cient with energy in the CGM, or a steeper CR injection
spectrum than assumed in our models.
Finally, we find that the wind also forms a dim tail

extending out of the LMC with brightness a factor of
102 − 103 lower than the disk in γ-rays, and a factor of
10 lower than the disk at ∼ 1 GHz. While we investigate
the possibility of directly observing this tail with radio
telescopes, our predicted surface brightness is too low
to be reliably observed with current and upcoming tele-
scopes, and would likely be contaminated by Milky Way
foreground emission. Nonetheless, if such a tail does be-
come detectable thanks to next generation facilities such
as the SKA, a search for it would represent a strong test
of our model.
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