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ABSTRACT

Assuming Galactic cosmic rays originate in supernovae and the winds of massive stars, starburst
galaxies should produce very-high-energy (VHE; E>100 GeV) gamma-ray emission via the interaction
of their copious quantities of cosmic rays with the large reservoirs of dense gas within the galax-
ies. Such VHE emission was detected by VERITAS from the starburst galaxy M 82 in 2008-09. An
extensive, multi-year campaign followed these initial observations, yielding a total of 254 h of good
quality VERITAS data on M 82. Leveraging modern analysis techniques and the larger exposure, these
VERITAS data show a more statistically significant VHE signal (~6.5 standard deviations (¢)). The
corresponding photon spectrum is well fit by a power law (I' = 2.3 £ 0.3 541 £0.25,,) and the observed
integral flux is F(>450 GeV) = (3.2 +£0.654¢ £ 0.65,5) x 10713 cm 2 sil, or ~0.4% of the Crab Nebula
flux above the same energy threshold. The improved VERITAS measurements, when combined with
various multi-wavelength data, enable modeling of the underlying emission and transport processes.
A purely leptonic scenario is found to be a poor representation of the gamma-ray spectral energy
distribution (SED). A lepto-hadronic scenario with cosmic rays following a power-law spectrum in mo-
mentum (index s ~ 2.25), and with significant bremsstrahlung below 1 GeV, provides a good match
to the observed SED. The synchrotron emission from the secondary electrons indicates that efficient
non-radiative losses of cosmic-ray electrons may be related to advective escape from the starburst core.

Keywords: Gamma-ray astronomy (628); Star forming regions (1565); Galactic cosmic rays (567); Star

clusters (1567); Gamma-rays (637); Gamma-ray sources (633); High energy astrophysics
(739); Non-thermal radiation sources (1119); X-ray sources (1822); Young massive clusters

(2049); Space telescopes (1547)

1. INTRODUCTION

It is believed that Galactic cosmic rays (protons and
nuclei) are dominantly accelerated by the winds and su-
pernovae of massive stars (Ginzburg & Syrovatskii 1964;
Volk et al. 1996a; Butt 2009, and references therein).
Accordingly, galaxies displaying an exceptionally high
rate of star formation should harbor a correspondingly
high cosmic-ray density. These cosmic rays produce
gamma-ray emission via their interaction with interstel-
lar gas and radiation.

M82 is a bright starburst galaxy located in the di-
rection of the Ursa Major constellation at a distance of
approximately 12 million light-years from Earth. It is
an excellent laboratory for understanding the physics
of star formation (Sakai & Madore 1999). An active
starburst region in its center with a diameter of approx-
imately 1000 light-years is home to hundreds of massive
stars with a total stellar mass of about 10* to 10° Mg,
where Mg is the mass of the Sun (V6lk et al. 1996b; Melo
et al. 2005). The galaxy has a star formation rate which
is ~10 times higher than galaxies such as the Milky Way,
and its supernova rate is ~0.1 to ~0.3 per year. Most of
these supernovae explode near the starburst core where
the gas number density is around 200 cm=3 (Kronberg
et al. 1985; Fenech et al. 2008; Rieke et al. 1980; Weif3

et al. 2001). The most recent Type Ia supernovae SN
2014j within M 82 was detected on January 21, 2014
(MJD 56678) by the UCL Observatory (Fossey et al.
2014; Goobar et al. 2014).

Starburst galaxies may be calorimeters for cosmic
rays, at least for the electron component (Voelk 1989),
meaning that the particles lose their energy within the
system and do not efficiently escape. For example,
Yoast-Hull et al. (2013) calculate steady-state cosmic-
ray spectra using a one-zone model assuming a single-
value proxy for the varying environmental conditions in
the multi-phase medium within M 82 and find consis-
tency with the calorimeter limit. The VERITAS data
on M 82 can further test this hypothesis.

Given the high density of cosmic rays and ambient
matter, M 82 was long viewed as a promising target for
detecting high-energy gamma rays. However, it was
not detected above 100 MeV by the EGRET experi-
ment (Blom et al. 1999), nor by any early ground-based
gamma-ray instrument (Nagai 2005; Gotting 2006). In
2009, the VERITAS collaboration reported the first de-
tection of gamma rays (> 700 GeV) from M 82 (VER-
ITAS Collaboration et al. 2009). Gamma rays were
contemporaneously detected at MeV-GeV energies with
the Fermi-LAT telescope (Abdo et al. 2009). These



detections, together with the detection of gamma rays
from the starburst galaxy NGC 253 by H.E.S.S. (Acero
et al. 2009) and Fermi-LAT (Abdo et al. 2009), and the
Fermi-LAT detection of star-forming region 30 Doradus
in the Large Magellanic Cloud (Abdo et al. 2010) give
strong support to the idea that supernovae and massive-
star winds are dominant accelerators of cosmic rays up
to energies of ~10'% eV. Hence, starburst galaxies are
considered as a prominent, albeit rare, class of GeV-TeV
gamma-ray emitter.

The initial detection of M 82 is one of the weakest re-
ported by VERITAS; the data yielded only ~4.80 post-
trials in 137 h, and the corresponding photon spectral in-
dex was not well constrained (I' = 2.54£0.6440: £0.24y5).
The dedicated long-term observations described here im-
prove the photon spectrum (both in statistics and energy
range) and correspondingly reduce the statistical uncer-
tainty on the spectral index.

2. VERITAS OBSERVATIONS AND DATA
REDUCTION

VHE gamma-ray observations of M 82 are performed
using the VERITAS array of four 12-m diameter Imag-
ing Atmospheric Cherenkov Telescopes (IACTs). VER-
ITAS is located at the Fred Lawrence Whipple Obser-
vatory in Arizona, USA (31°40'30” N, 110°57'07" W,
1268 m above the sea level). Each telescope is equipped
with a camera of 499 photomultiplier tubes providing a
field of view of about 3.5°. The typical energy threshold
of the stereoscopic system is ~100 GeV, and it provides
an energy resolution of ~15% and angular resolution of
~0.1° per event. VERITAS is able to detect a weak
source (~0.6% of the Crab Nebula flux) at 5o signifi-
cance in 50 hours of observations at small (< 30°) zenith
angles (Park & VERITAS Collaboration 2015; Adams
et al. 2022).

2.1. Data Analysis

M 82 was observed for a total of about 335 hours be-
tween 2007 and 2022 at zenith angles between 37° and
50°. The observations were performed in wobble-mode
(Fomin et al. 1994) with the source offset by 0.5°, al-
ternating in each of the four cardinal directions, to en-
able simultaneous background estimation. After quality
cuts, which account for hardware problems and poor at-
mospheric conditions, 254 hours of high-quality, four-
telescope dark-time are selected for further analysis.
The analysis of these VERITAS data is performed using
an up-to-date version of the standard VERITAS Anal-
ysis and Reconstruction Software (VEGAS 2.5.9; Co-
gan 2008), following the standard analysis procedure.
The data are reduced using the Image Template Method
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(ITM; Christiansen 2017), which provides an improved
angular resolution compared to early VERITAS pub-
lications. The event-selection criteria for identifying
gamma-ray images and removing background cosmic-
ray images is optimized for hard-spectrum sources using
Crab Nebula data scaled to 1% of its nominal strength.
The average energy threshold of this analysis is ~450
GeV, and is lower than the prior VERITAS publication
on M 82 due to an upgrade of the VERITAS cameras
completed in 2012 (Kieda 2011; Otte et al. 2011).

The VERITAS signal is extracted from a circular re-
gion of ~ 0.07° radius centered on the position of M 82.
The significance of any excess is calculated following
Equation 17 of Li & Ma (1983), where the background
is estimated via a ring (inner radius 0.6° and outer ra-
dius 0.8°) centered on the source position (Ring Back-
ground Model; Berge et al. 2007). As the ring model has
an energy-dependent radial acceptance correction, the
background is estimated differently for the spectral and
flux measurements (Reflected Region Method; Berge
et al. 2007). There are typically 15-18 non-overlapping
regions, with the same offset (0.5°) from the center of
the VERITAS camera as the source which are used for
the spectral analysis; some potential off-source regions
are excluded due to bright stars. The VERITAS results
were also independently verified using a second VER-
ITAS analysis software package described in Maier &
Holder (2017).
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Figure 1. VHE photon spectrum of M 82 from the 2008-22
VERITAS observations. The 2008-09 result from the pre-
vious VERITAS publication (VERITAS Collaboration et al.
2009) is also shown. The 2008-22 data points are best fit by
a power-law function (I' = 2.3). The statistical uncertainty
for the fit is also shown.

2.2. Results

A point-like excess of 135 gamma-ray-like events above
the estimated background of 372 events is observed from
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the direction of M 82 in 254h of lifetime after cuts.
This excess corresponds to a statistical significance of
6.5 standard deviations (o), or a chance probability
of 4.0 x 107, Table 1 shows the results from the
analysis of the VERITAS data for a variety of epochs.
While the overall significance is higher, the value ob-
served for the original epoch (4.1¢) is lower than the
previous pre-trials value (5.00). The clear detection
from the latter, independent data set clearly confirms
the previously reported VHE emission from M 82. The
time-averaged VHE photon spectrum measured for the
entire data set is shown in Fig. 1. These data are
best fit by a power-law function with a photon index
I' = 2.3 4+ 0.35¢0¢ £ 0.25y,, with flux normalization (7.2
+1.200¢ & 14gys) x 10714 em ™2 571 at 1.4 TeV, in the
energy range from 200 GeV to 5 TeV. The x? of the
power-law fit is 1.4 for 5 degrees of freedom, correspond-
ing to a probability of 0.92. The observed photon in-
dex is in agreement with the early VERITAS result (cf.
I' = 2.5 % 0.640¢ £ 0.24y5),. There is no evidence for a
high-energy cut-off in the spectrum, and Sec. 4 includes
brief discussion on what this implies for the spectrum of
the radiating particles.

The observed gamma-ray flux from M 82 is F(>450
GeV) = (3.24 06410t +0.65,,) x 10733 cm=2 s~ . This
corresponds to ~0.4% of the Crab Nebula flux above
the same threshold. Extrapolating this flux to the
threshold of the original VERITAS publication (VERI-
TAS Collaboration et al. 2009) yields F(> 700 GeV) =
(1.8 £ 0.34¢0¢ £ 0.446) x 10713 cm 2 s~ ', which is ap-
proximately half of the original value (F(> 700 GeV) =
(3.7 08540t £0.75y5) x 1071 cm ™2 sfl). A re-analysis
of the original sample (2008-09 data) with the improved
calibration, understanding of the detector and simula-
tions, as well as with the more sensitive ITM analy-
sis technique (Christiansen 2018) yields a reduced sig-
nificance, and also a decreased flux (F(> 700 GeV) =
(1.9 £ 0.6410¢ & 0.44y6) x 10713 cm 2 s ). While the
results remain in reasonable agreement given the large
errors on the early measurement, this suggests that the
flux difference primarily comes from an improved under-
standing of the instrument and somewhat from statisti-
cal fluctuations in the background, rather than a change
in the source over time.

To better illustrate the steady flux observed from
M 82, the VHE light curve is shown in Figure 2. Here
the integral flux above 450 GeV measured for each sea-
son (September to July) is plotted. A fit of a constant
function to these data (x2=5.4 for 7 degrees of freedom,
P(x?)= 0.61), as well as the time-average 2008 - 2022
flux, are also shown. There is no evidence of variability
in the seasonal flux measurements.
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Figure 2. The integral flux above 450 GeV observed by
VERITAS during each season. Upper limits (99% confidence
level) are also shown for the 2012-13 and 2018-19 seasons
due to the low significance observed. The time-averaged flux
measured during the entire observation period (2007 to 2022)
is indicated by a solid (blue) line. A fit of a constant to the
seasonal data is shown by the dashed (red) line.

The best-fit location of the source and its extension
are estimated using the methodology discussed in Abey-
sekara et al. (2020, and references therein). To estimate
the Point Spread Function (PSF) of VERITAS, Crab
Nebula data are analyzed considering VERITAS data
from similar epochs and zenith angle coverage to M 82.
Although a slight extension (~1 arcmin) of the Crab
Nebula was discovered at GeV-TeV energies (II. E. S. S.
Collaboration 2020; Aharonian et al. 2024), this small
effect is not accounted for in this analysis. The PSF
is modeled using a two-dimensional Moffat function, as
described by the following equation:

(x—20)* + (y —yo)* 1~
e (1)

K(z,y) :A[lJr

Here, zq and yg denote the positions of the maximum of
the Moffat model in the x and y directions, respectively.
v and « represent the core width and power index of
the Moffat model. The values of «, v are estimated to
be 2.41 and 0.069 respectively. The best-fit for the lo-
cation (J2000) of the peak of the VERITAS gamma-ray

emission is given by RA=9"55"48.6° + 5.5%, , + 480
and DEC =+69°39'58.5"” £ 28.8, . £257 . It is consis-

tent with the position of M 82 as given irij Jackson et al.
(2007) (i.e. within an angular separation of 0.014°), and
is named VER J09554-696. It is also evident from the
sky map of the region surrounding M 82 (see Fig. 3)
with the PSF at the bottom left corner, that the VERI-
TAS excess is point-like at GeV-TeV energies. The up-
per limit (UL) on the extension of the VHE excess from



Epoch T On Off " Excess o F(> 450 GeV) Crab F(> 700 GeV)
[h] (1072 em2s '] [%] | [100® em 2 "]
2008-09 137 220 7106 0.02316 554 4.1 | 34+ 1.0stat £08sys 0.4 | 1.9+ 0.65¢ar £ 0.44ys
2011-22 117 286 8849  0.02346 79.6 5.2 | 3.2 £ 0.8454a: £ 0.65ys 0.4 1.8 £ 0.55¢0: £ 0.45ys
Total (2008-22) | 2564 506 15955 0.02330 135.0 6.5 | 3.2+ 0.645¢at + 0.65ys 0.4 | 1.8 + 0.35tat + 0.45ys

Table 1. Results from the analysis of VERITAS data on M 82. The top row (2008-09) is the updated analysis from the epoch
originally published in (VERITAS Collaboration et al. 2009). The second row is for all data since the original publication. The
bottom row is for the entire data set. The quality-selected live time, number of y-ray-like events in the on- and off-source regions,
the normalization for the larger off-source region, the observed excess of v-rays and the corresponding statistical significance
are shown. The flux is reported above the observation threshold of 450 GeV, and is also given in percentage of Crab Nebula
flux above the same threshold. For comparison to the flux from the original VERITAS publication, the corresponding flux
extrapolated above the higher original threshold of 700 GeV is also given.
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Figure 3. Sky map of significance observed by VERITAS from the region near M 82. The position of M 82 is indicated with a
red star (Jackson et al. 2007). The total power radio continuum contours (blue) at about 10 GHz from the WSRT observations
are overlaid on the skymap (see Fig. 3 of Adebahr et al. 2013). These radio contours start at the 3o level of the 50 uJy/beam,
with a beam size of 77.8 x 7.3, and increases in powers of 2. The data for optical contours (white) at g-band are taken from
the survey data of stellar structure in galaxies by Spitzer (Knapen et al. 2014). The optical contour starts at 16 magnitude and
goes to 1 in step 2.143. The black circle indicates the upper limit of the extension (1.9") of M 82 as discussed in section 2. The
best-fit location with 1o statistical errors is shown with a black cross. The 1o systematic uncertainties are shown around the
best-fit centroid position with a red circle. The white circle indicates the VERITAS point spread function (68% containment
radius) at the average energy threshold of ~450 GeV.

M 82 is determined to be 1.9 arcminutes at 95% confi- differs from the core of the galaxy based on positional
dence level. information alone.

The best-fit location of the emission observed by VER-
ITAS from M82 and the core pOSitiOn of the Galaxy 3. MULTI-WAVELENGTH DATA

are shown in Fig. 3. This best-fit location is >~ 0.9¢
away from the core position of M 82 when both the sys-
tematic and statistical errors are considered, suggesting
that these two locations are consistent with each other.
Significantly more data would be needed to try to dis-
tinguish whether the origin of the gamma-ray emission

In addition to VERITAS data, archival fluxes ob-
served in different wavebands, from radio through high-
energy gamma rays, are considered for the modelling of
M 82. Only spectral data points resulting from the non-
thermal emission processes are considered. Brief details
of these observations are discussed below.



3.1. Radio observations

The first radio observation of M 82 was conducted
more than 30 years ago by Condon (1992). Later, M 82
was imaged at 327 MHz with 40" resolution using the
Westerbork synthesis radio telescope (WSRT) by Ade-
bahr et al. (2013). These observations established that
M 82 has a radio-bright extended halo structure. Fig-
ure 4 displays the radio spectrum above 0.8 GHz (Klein
et al. 1988; Carlstrom & Kronberg 1991; Williams &
Bower 2010; Basu et al. 2012; Adebahr et al. 2013). At
frequencies below ~1 GHz, free-free absorption is ex-
pected to modify the spectrum (Pohl 1994), and data in
this frequency band are not considered.

3.2. X-ray observations

M82 is extensively studied in the X-ray band. Us-
ing data from Chandra and NuSTAR shows that M 82
hosts two ultraluminous X-ray (ULXs) sources: X-1, an
intermediate-mass black hole candidate, and X-2, an ul-
traluminous X-ray pulsar (Matsumoto et al. 2001; Ba-
chetti et al. 2014). While Chandra observations pro-
vide high spatial resolution in the 0.5-8 keV band, NuS-
TAR provides sensitive spectral coverage above 10 keV.
Brightman et al. (2020) studied the spectral evolution of
X-1 and X-2 finding that the total X-ray emission from
M 82 is highly variable, most likely due to X-1. For
the multi-waveband spectral modelling, only the diffuse
emission components in the energy range above ~1.25
keV to 8 keV are considered, and the flux attributable
to the compact sources is subtracted. Since the diffuse
emission could still be a mix of other compact sources,
thermal emission, and a nonthermal component, the dif-
fuse flux component is treated as an upper limit for con-
straining the emission models.

3.3. MeV-GeV gamma-ray observations

Using roughly 10 years of gamma-ray data taken by
the Fermi Large Area Telescope (Ajello et al. 2020),
M 82 is studied in the energy range E=[0.1, 800] GeV.
The starburst galaxy is detected with a significance of
34.40, corresponding to an integral flux above 1 GeV of
(1.1340.05) x 10~ em=2s~'. The photon spectrum is
best fit by a power law with index I' = 2.144+0.06, which
is consistent with the spectral shape in the VHE band.
No variability is observed in the 10 years of Fermi-LAT
observations from M 82.

4. MODELLING THE SPECTRAL ENERGY
DISTRIBUTION

The observed emission can be interpreted with lep-
tonic and hadronic emission models. Early assessments,
prior to the gamma-ray detection of M 82, predicted a

GeV-scale flux a factor of a few below the sensitivity
limit of EGRET (Pohl 1994; Persic et al. 2008). An im-
portant finding was that the radio-synchrotron emission
from secondary electrons produced in the same interac-
tions that create hadronic gamma rays should be par-
ticularly bright, on account of the rapid energy losses of
electrons and the typical duration of starburst events.
Therefore the hadronic gamma-ray output could not be
arbitrarily bright, and it would always be accompanied
by leptonic radiation in the radio and in X-ray bands.

4.1. Leptonic scenario

Within a purely leptonic scenario the emission from
electrons has to account for the entire non-thermal SED,
in particular the bright GeV-scale emission with flux
vF, =~ 107'2 ergcm™2s7!. There are two relevant
radiation processes in this energy band, non-thermal
bremsstrahlung and inverse-Compton scattering (Blu-
menthal & Gould 1970).

The interstellar medium (ISM) in M 82 is composed of
very dense molecular clouds, dense warm, ionized gas,
and a hot, low-density medium in approximate pressure
balance (Westmoquette et al. 2009). One can simplify
the complex structure as a uniform zone with “mean”
values for the environmental parameters, as was done
in other studies (e.g. Pohl 1994; Persic et al. 2008;
de Cea del Pozo et al. 2009; Paglione & Abrahams
2012; Yoast-Hull et al. 2013; Lacki & Thompson 2012).
Among these studies, there is a range of “mean” param-
eter values that were adopted. The fiducial values used
here are in the middle of this range and are listed in
Table 2. To reflect the impact of the uncertainty in the
parameters, one can add scaling factors to the equations
where applicable. In any case, the ratios of the parame-
ter values display considerably less variation than do the
values themselves, which renders estimates of the energy
partition between the various radiation and energy-loss
channels reasonably well defined.

Relativistic electrons are known to quickly lose en-
ergy through various channels, on a time scale that
is shorter than the duration of the starburst in M82
(Forster Schreiber et al. 2003). The total energy loss
rate, b(E), can be written as (Pohl 1993)

—b(E) = C1 + Co E + C3 E? (2)
where
Cy =(3.7-107"% GeVs™') (ng + 1.54n,)
Cy=(10""s7") (ng +0.95n,)
C3 = (107" GeV™"'s™!) (Umag + Urad) -

This includes the loss rates for ionization and Coulomb
scattering (Cy), nonthermal bremsstrahlung (Cs), and
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Figure 4. The spectral energy distribution (SED) of M 82 from radio to TeV energies. The radio data are compiled from
observations discussed in section 3.1 and are shown with a single marker (circle) and color (blue). The X-ray data in the energy
range of 1.25 — 6.5 keV are shown in line (purple) and taken from Brightman et al. (2020). The Fermi-LAT data are taken from
Ajello et al. (2020). The VERITAS data are the results presented in this paper.

synchrotron emission and inverse-Compton radiation
(C3). The energy densities of the magnetic field and the
soft radiation, Unae and Usaq, are in units of eV cm 2,
and the number densities of atomic (ng) and ion-
ized (n.) gas are in cgs units. For simplicity, inverse-
Compton scattering in the Thomson limit is assumed;
this should be well justified for the production of GeV-
scale gamma rays.

If the rate of cosmic-ray production during the star-
burst phase in M 82 was high for more than a few hun-
dred thousand years, then the system would be calori-
metric for electrons at energies around a GeV and higher
(Voelk 1989). In this calorimetric limit, a spectral break
in the energy-loss rate imposes a corresponding feature
in the electron spectrum,

N(E) = @ /E 4B QY 3)

where Q(F) is the source spectrum of electrons. A
first change in the energy dependence of the loss rate,
E/|b(E)], is observed at about E. = Cy/Cs ~ 0.4 GeV,
which for Upae &~ 500 would appear at the same photon
energy (1.5- 10718 TeV or 400 MHz) at which free-free
absorption may become significant (Pohl 1994). One
can ignore synchrotron photon energies below 1 GHz
and therefore neglect the term C in the loss rate.

A second spectral feature should appear at

Cs 1000(ng +0.95n,)
FEo=—"~(25GeV ,
2= 5, = 2 ) U + Uraa) * )
where the number and energy densities are in cm ™ and

eV cm 3, respectively, and the numerical factors derive

from the fiducial values of the parameters (cf. Table 2).
The spectral break should be seen in the radio spectrum
at the frequency

2
v = (15 GHz) [ Umas (1000(nH+0.95n6)) 6

500 \ 245(Umag + Urad)

The frequency 15 GHz corresponds to a photon energy
of 610717 TeV. No evidence of a high-frequency break
in the radio synchrotron spectrum is seen, although it
should be there, because the lifetime of the radiating
electrons (<10° yrs) is very much shorter than the star-
burst duration and the evolutionary timescale of massive
stars.

The absence of a visible spectral break suggests the
scaling factor might be larger than unity. However, the
flux points above 20 GHz (10716 TeV) could include dust
emission or thermal bremsstrahlung, in which case the
scaling factor for the energy-loss break could be close
to unity. The spectral break near E, ~ 107'® TeV
(200 MHz) in the radio spectrum may reflect free-free
absorption. Indeed, homogeneously distributed ionized



8

gas at 3000 K temperature, that subtends a solid angle
of AQ =~ 310 8sr and provides an opacity of unity at
400 MHz, would provide a flux at 100 GHz of (Rohlfs &
Wilson 2004, sect. 9.4)

dN
B —
AdFE free—free

which is nearly the entire observed flux. It is therefore
likely that in the band 10 GHz to 100 GHz the tran-

sition from synchrotron-dominated emission to thermal

(100GHz) ~ 3- 103 erg/cm? /s,  (6)

radiation is seen.

Figure 5 displays the radio spectrum in comparison
with a free-free emission component and a synchrotron
component for a scaling factor of unity (see equation
5) and a spectrum according to equation 3 with Q o
E~225 The reasonable match between the model and
data is notable, although the parameters have only been
coarsely optimized.

10 12—
— Synchr.
— free-free

—— Total
¢ Radio data

10—13

E2dN/dE [erg/cm?/s]

1 1
10° 10! 102
v [GHZz]

Figure 5. Radio SED of M 82 compared with a model spec-
trum that is composed of a synchrotron component following
equation 3 with @ oc E~2-2% and free-free emission with a flux
slightly below the estimate in equation 6. The radio data are
taken from Klein et al. (1988); Carlstrom & Kronberg (1991);
Williams & Bower (2010); Basu et al. (2012); Adebahr et al.
(2013).

There will be a bremsstrahlung contribution to the
GeV-scale gamma-ray emission, and, using the differen-
tial cross section for bremsstrahlung given in Blumen-
thal & Gould (1970) and our fiducial parameters, the
observed radio synchrotron spectrum in the frequency
band 1 GHz to 10 GHz can be turned into an estimate
for the bremsstrahlung spectrum that is displayed in
Figure 6. More specifically, the fraction of the observed
flux at £ = 0.15 GeV provided by bremsstrahlung is

Fu015GeV) _ o 095m, (500 \
Fos(0.15GeV) — 245 Unag ;

Parameter | Value Unit

ng 200 em™®

Te 50 cm ™2
Umag 500 eVem™®
Uraa 500 eVem ®

Table 2. Fiducial parameter values for our radiation mod-
eling. From top to bottom, we list the density of neutral
(cf. Smith et al. 1991; Weil} et al. 2001; Naylor et al. 2010)
and ionized gas, and also the energy density of the mag-
netic field, here estimated above cosmic-ray equipartition on
account of turbulent amplification (Schekochihin & Cowley
2007; Cho et al. 2009), and the ambient infrared radiation
(Hughes et al. 1994; Forster Schreiber et al. 2003).

where as in Eq. 4 the number and energy densities are
in em™? and eV em ™3, respectively, and the numerical
factors derive from the fiducial values of the parameters.
This fraction of flux rapidly falls off with energy, and for
the fiducial parameter values corresponds to only 30%
at 1 GeV. To be noted from Eq. 7 is that the parame-
ter scaling factor for the bremsstrahlung flux cannot be
much larger than unity, otherwise the bremsstrahlung
flux would overshoot the observed gamma-ray flux near
0.1 GeV.

If the observed gamma-ray emission near 10 GeV were
the result of inverse-Compton scattering of the FIR radi-
ation field (Forster Schreiber et al. 2003), then the radi-
ating electrons would have an energy of about 500 GeV.
This is high enough for the electrons to be efficiently
cooled, and the spectral index should be softer by 1/2
than that of the radio-synchrotron emission, implying
a spectral index o = —2.13 in dN/dE. The observed
gamma-ray spectrum has a similar shape up to about a
TeV, where the maximum electron energy and the Klein-
Nishina transition would introduce a decline of flux.

The synchrotron radiation from these 500-GeV elec-
trons would be observed in the optical, at 1 eV or
1072 TeV, where starlight dominates. As Thomson
scattering off the FIR photons applies and the energy-
loss rates for synchrotron and inverse-Compton emission
are similar, so are the vF,, flux and the spectral index
at corresponding energies, 10 GeV for inverse-Compton
emission and 107!2 TeV for the synchrotron radiation.
The Klein-Nishina transition is expected to be slightly
higher in gamma-ray energy, near 1 TeV. Extrapolating
the synchrotron spectrum to 10712 TeV (cf. Fig. 5) and
using the fiducial ratio Uraa/Umag = 1, we estimate that
inverse-Compton scattering only provides about 10% of
the flux at 10 GeV.

A significant contribution to the GeV-to-TeV gamma-
ray emission from M82 would require the ratio



Urad/Umag to be much larger than unity. The FIR in-
tensity distribution is well measured, and hence U,.q
is well determined, but there is uncertainty in the en-
ergy density of the magnetic field. If it were smaller
than 500eV cm ™3 by a certain factor, then the gas den-
sity in the starburst core would need to be reduced in
a similar way, otherwise the bremsstrahlung flux at a
few hundred MeV would overshoot the observed flux (cf.
Eq. 7). Indeed, the bremsstrahlung flux needs to sig-
nificantly undershoot the observed flux, because unlike
for the hadronic-emission scenario the inverse-Compton
component provides approximately the same fraction of
the 100-MeV flux as it does to the 10-GeV flux. The
modifications of the gas density and the magnetic-field
strength drive the break frequency in the radio spec-
trum (Eq. 5) well below 1 GHz. This would need to
be compensated with a harder production spectrum of
electrons, otherwise the observed radio spectrum would
be poorly reproduced. Reducing the energy density of
the magnetic field by a factor three, and likewise the gas
density, already requires a source spectrum @ oc E~1-9,
and the inverse-Compton spectrum would no longer
match the observed gamma-ray spectrum.

We conclude that a purely leptonic scenario for the
SED of M 82 is very unlikely, although bremsstrahlung
may provide a significant contribution to the observed
gamma-ray flux below 1 GeV. If that is the case, the
electron-to-ion ratio of cosmic rays in M 82 would be
unusually large with 10% or more at a few GeV.

4.2. Hadronic scenario

The winds of massive stars in the starburst region, as
well as the resulting supernova explosions, will enrich the
gas with metals that likely lead to a heavy composition
of the cosmic-ray hadrons. By analyzing the gamma-
ray SED, the spectrum of cosmic-ray nuclei and their
composition can potentially be extracted, assuming they
account for most of the measured GeV/TeV flux.

Here, 14 is denoted as the fraction in number of a
certain element with mass number A. It is simple to
apply this factor to the target material, but it must also
be accounted for in the cosmic-ray spectra. For calcula-
tion of the gamma-ray spectra, a model derived with the
Monte-Carlo event generator DPMJET III is used; this
model is described in Bhatt et al. (2020). The emissiv-
ities are binned for cosmic-ray spectra written in total
energy per nucleon, F 4. The actual particle acceleration
scales with momentum per charge, known as the rigid-
ity, r = p/Z. All cosmic rays are most likely injected
at the same rigidity, because of a requirement that par-
ticles can cross the shock without significant deflection,

Components | ISM  Heavy
Hydrogen 0.909 0.848

Helium 0.090 0.146
Carbon 2.1e-4 5.2e-3
Oxygen 1.6e-4 T7.e-4

Table 3. Number fractions of the elements considered in the
two models of composition, following Sander et al. (2012);
Todt et al. (2015); Dessart et al. (2017); Sander et al. (2019)

and their spectrum terminates at the same maximum
rigidity.
The energy per nucleon and the rigidity are related as

72
Ejp=1\/m3c*+ ﬁr%z (8)

where m denotes the proton rest mass and c is the speed
of light. It follows that the maximum particle energy
scales as
Z

EA7max X Z (9)
The injection rigidity of all particles being the same, the
injection energy varies with mass and charge number,
following Eq. 8. The modeling ignores that heavy ele-
ments may initially be locked up in dust particles (e.g.
Meyer et al. 1997; Ellison et al. 1997). For a power-law
spectrum in rigidity with index s and step functions for
the smallest (rin;) and the largest rigidity (rmax),

N(T) =Nor? 6(7” - Tinj) 6(Tmax - 7”), (10)

the corresponding spectrum in total energy per nucleon
is

A 1-—s _ s
N(EA) =nN4A No E4 <Z> (E?A — m204) (1+s)/2
X @(EA *EA,inj) @(EA,max*EA)' (11)

The overall normalization, Ny, should be the same for
all elements, because the abundances are accounted for
with the factor n4.

This model is considered with the elements hydrogen,
helium, carbon, and oxygen matching the ISM compo-
sition and, as a test case, with the number fractions
matching 40% ISM, 40% Red-Supergiant winds, and
10% each for WN and WC Wolf-Rayet stars. The com-
position fractions are applied to both the cosmic rays
and the target gas. All cosmic rays are assumed to be
fully ionized.

Figure 6 displays the gamma-ray SED in compari-
son with three model spectra and the bremsstrahlung
component derived in section 4.1. The normalization
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of the models has been determined by eye-adjustment
only, on account of the systematic uncertainties in the
bremsstrahlung contribution and emission from outside
of the starburst core. To be noted from the figure are
three points:

1. Whereas the spectrum above a few GeV appears
to be well represented by a power law, the max-
imum proton energy, Fi,.x, is poorly constrained
and may be below 60 TeV.

2. A heavy composition provides additional gamma-
ray flux below a few GeV, but the uncertainties of
the spectral data and the bremsstrahlung contri-
bution are too large for conclusions on the compo-
sition.

3. With the bremsstrahlung component as derived
with the fiducial values for the gas density and the
magnetic-field strength, a power-law spectrum in
rigidity with index s = 2.25 provides a reasonable
match between the model and the entire gamma-
ray SED. A spectral index s = 2.15 is already at
the limit of acceptability, because it overshoots the
observed flux above a few hundred GeV, although
the hardness of the spectrum can within limits be
compensated by choosing a lower maximum en-

ergy.

In the absence of a leptonic contribution, the power-law
index of the cosmic-ray nuclei should be s = 2.35, and
the first data point at 130 MeV cannot be reproduced.

4.3. Secondary electrons

An unavoidable side product in the hadronic scenario
is a copious supply of secondary electrons (subsuming
electrons and positrons) that result from the produc-
tion and decay of charged pions. The source rate of
electrons is approximately the same as that of gamma
rays, but their energy is slightly lower. Then, GeV-
scale gamma-ray emission implies electron production
at a Lorentz factor v, ~ 103. For an elevated produc-
tion of secondary electrons lasting 10° yrs or more, M 82
would be in the calorimetric limit (Voelk 1989), and
the radio flux produced by secondary electrons would
reach a constant value. The bolometric nonthermal lu-
minosity would be a direct measure of the cosmic-ray
production power. Again using the fiducial parameters
(cf. Table 2), the energy-loss timescale of cosmic-ray
nuclei is estimated to be Tiogspp =~ 3 - 10° yrs over the
energy range between 10 GeV and 10 TeV (Huang et al.
2007). Although the starburst activity in M 82 is not
constant (Konstantopoulos et al. 2009), the recent spike
probably happened about ten million years ago, with

Emax = 60 TeV
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Figure 6. Gamma-ray SED of M 82 compared with hadronic
models, varying the spectral index and the elemental compo-
sition. The bremsstrahlung contribution is given by the green
dotted line. The maximum particle energy, Fmax, is set to
60 TeV. The black solid line is the sum of bremsstrahlung
and the hadronic component for ISM and s = 2.25, and like-
wise the black dash-dotted line for s = 2.15.

strong stellar winds and an elevated supernova rate since
then. This is significantly longer than the time needed to
reach calorimetry for hadronic and leptonic cosmic rays.
Hence, the distribution of secondary electrons should be
in the steady state.

The synchrotron flux from the secondary electrons
with £ =~ 1 GeV, or 7, ~ 2103, that is observable at
about 3 GHz in frequency, or E, ~ 1077 TeV, would
have to be a factor of approximately 15 weaker than the
vF, flux of the pion-decay gamma rays at 1-2 GeV. This
factor 15 is the product of a factor five for the fraction
of energy loss, a factor two for the synchrotron Jaco-
bian, dE/dE., and a factor 1.5 for the efficiency ratio of
gamma rays and electrons. The observed flux is about
at this expected value, indicating that a large fraction
of the GeV-scale electrons in M 82 may be secondary.
The following investigates this in more detail to infer
whether additional loss processes could be at play.

To explore the contribution of secondary electrons to
the radio spectrum at all frequencies, their production
rate, Q., is calculated with the same model (Bhatt et al.
2020) used in section 4.2 to determine the emissivity of
hadronic gamma rays (see also Huang & Pohl 2008).
For simplicity, only a spectral index s = 2.25 and ISM
composition is considered, corresponding to the dark-red
curve in Figure 6. The steady-state electron spectrum,
N = dN/dE, is well described by the continuity equa-
tion



Here T is the timescale of catastrophic losses that re-
move particles, for example escape in the wind. For
simplicity, it is assumed to be independent of energy.
The solution to equation 12 is well known (Kardashev
1962),

e (e
N = [ S p< /. T|b<u>|>’
(13)

where b(E) is the energy loss rate (Equation 2).

The omnidirectional synchrotron emissivity of a single
electron can be written in monochromatic approxima-
tion as

E2
Py =

S E, — aF>? 14
7 (1016 GeVs) Umag5( 5 ) ) (14)

where
a=(4-107"° GeV ™) \/Unag - (15)

The emission coefficient, jg. , for synchrotron radiation
then is calculated as

E.jg, = E, / dE Pp, N(E,1) (16)
1 for: .
L+ g o5y + B 1+ 52)]
where
I— /OO dE' Q.(E') exp < /E d—“) (17)
B g, T |b(u)]
and
B =B (18)
a

Figure 7 compares radio-flux measurements from the
literature with the expected synchrotron spectra of sec-
ondary electrons and positrons alone (Equation 16).
The source rate of secondary electrons, ). in equa-
tion 12, corresponds to the gamma-ray emission model
with cosmic-ray spectral index s = 2.25 and ISM com-
position, that in Figure 6 was shown to very well match
the observed GeV/TeV spectrum.

The synchrotron flux from secondary electrons in the
calorimetric limit is about a third of the observed flux
at a few GHz, approximately scaling with the inverse of
the scaling factor for the bremsstrahlung flux (cf. equa-
tion 7). As previously noted in section 4.2, this factor
cannot significantly exceed unity, and in consequence
the scaling factor for the radio flux from secondary elec-
trons may not significantly fall below unity.

This leaves two thirds or less of the radio flux to be
provided by primary electrons. There is little spec-
tral difference between the synchrotron emission from
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Figure 7. Radio SED of M 82 compared with synchrotron
emission spectra from secondary electrons and positrons for
the baseline hadronic models (blue lines) with spectral index
s = 2.25 and ISM composition. The solid black line indicates
the total synchrotron flux (the same as the blue line in fig-
ure 5), and the red lines reflect the contribution of primary
electrons. Dashed lines show spectra calculated accounting
for catastrophic losses with timescale T = 3 - 10° yrs.

primary and secondary electrons, largely because their
source spectra are found to be similar above a GeV. The
inhomogeneity in the starburst core makes estimating a
mean magnetic field and mean gas density difficult, and
it may be that the magnetic field is substantially weaker
than the fiducial value, or the gas density much higher
than that given in table 2, reducing the synchrotron
emission from secondary electrons. However, this would
imply more GeV-scale electrons in the system, and hence
a larger bremsstrahlung flux that would exceed the ob-
served gamma-ray flux at 100 MeV — 500 MeV.

An alternative option is another loss process on a
similar time scale that is not accounted for here. Fig-
ure 7 also contains the expected radio spectrum from
secondary electrons in the calorimetric limit with an ad-
ditional catastrophic loss on the timescale T' = 3-10° yrs,
for which the contribution of primary electrons to the
GHz-scale synchrotron flux could rise to about 75%.
Such a loss process may be advection in the starburst
wind, in which localized driving and radiative cooling
lead to a multi-phase structure composed of filaments
of dense gas embedded in a very dilute gas that flow at
high speed (e.g. Melioli et al. 2013). Advective transport
out of the starburst core over a distance of 300 pc in a
wind moving at 1000 km/s would take 7,q, ~ 3-10° yrs,
sufficient to significantly reduce the radio emission from
secondary electrons.

4.4. The cosmic-ray spectrum
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If limited by available time and not by any loss pro-
cess, the spectrum of cosmic rays should reflect the spec-
trum with which the particles are produced. Otherwise,
the losses may modify the spectrum. Again using the
aforementioned fiducial parameters (cf. Table 2), the
energy-loss timescale of cosmic-ray nuclei is estimated
t0 be Tioss pp =~ 3 - 10° yrs with little variation over the
energy range between 10 GeV and 10 TeV (Huang et al.
2007). For cosmic-ray electrons, Tipss,e = 10° yrs at
1 GeV, corresponding to synchrotron radiation at a few
GHz, with a transition to a decreasing lifetime above
that energy. In the previous section, it was shown that
additional loss processes, possibly advective escape, may
be at play with a lifetime similar to that of the energy
losses.

A complication for advective escape lies in the diffu-
sive transport between the dense filaments, where most
of the radiation is produced, and the dilute, fast-flowing
gas that provides advective transport. To our knowl-
edge, there is no assessment of cosmic-ray spectra in a
complex environment like that in M 82. There are ana-
lytical 1-D estimates of cosmic-ray transport in an ac-
celerating wind, which suggest that even in the steady
state for losses by advection the cosmic-ray spectrum
would be the production spectrum steepened by one-
half of the energy dependence of the diffusion coefficient
(Lerche & Schlickeiser 1982), and so the observed spec-
tral index must be close to the mean production spectral
index. For cosmic-ray ions in M 82 we found a spectral
index s = 2.25. The radio spectrum, for comparison,
is compatible with a source spectral index s ~ 2.25 for
electrons in the energy range 1 — 10 GeV.

The production spectral index around s >~ 2.25 de-
duced for the cosmic rays in M 82 is somewhat softer
than that provided by diffusive shock acceleration. Sim-
ulations suggesting a spectral softening on account of
different downstream advection speeds of gas and mag-
netic turbulence have been reported (Caprioli et al.
2020), but have not been independently confirmed to
date. Energy loss by driving of turbulence has been
shown to have very little, if any, effect on the spectrum
(Pohl 2021).

The particle spectrum produced at a certain time and
the time-integral of the production spectrum are two
different quantities. Relevant for the analysis offered
in this paper is the latter, and diffusive shock accelera-
tion provides the former. Studies of supernova remnants
indicate that with time the interplay of turbulence driv-
ing in the upstream region and particle acceleration at
the shock becomes less efficient, primarily resulting in a
reduction of the maximum particle energy that can be
reached (Celli et al. 2019; Brose et al. 2020). The time-

integral of the production spectrum would be slightly
softer than what we deduced for M 82 above a few GeV,
with an effective spectral index of s~ 2.4.

The supernova remnants and the wind bubbles of mas-
sive stars in M 82 are likely overlapping, leading to a
complex and turbulent structure composed of hot, di-
lute plasma and cool, dense gas organized in shells (Bad-
maev et al. 2022). The situation resembles a supernova
remnant in the wind bubble of a Wolf-Rayet progenitor
(e.g. Meyer et al. 2020) and interacting supernova rem-
nants like 1C443 (Ustamujic et al. 2021). If a supernova
shock passes through plasma that has been shocked be-
fore by another supernova or a wind termination shock,
then the temperature is very high and the sonic Mach
number low, resulting in a soft particle spectrum with
low cosmic-ray density (e.g. Das et al. 2022). If the su-
pernova shock hits a filament of dense gas or the outer
shell of a collective wind bubble, it splits into a re-
flected shock, that provides little acceleration to high
energies, as well as a transmitted shock that will prop-
agate through the dense gas. Many particles may be
accelerated by the transmitted shock, but its speed is
low, and so is the maximum energy to which it can ac-
celerate.

5. SUMMARY

The VERITAS collaboration performed a long-term
study of the starburst galaxy M 82 at GeV-TeV energies
using more than 10 years of data. This study primarily
led to a better measurement of the object’s VHE flux
and its photon spectrum. Combining the improved VHE
spectrum with multi-wavelength data at lower energies,
enables robust spectral modelling. The results of the
spectral modelling are summarized below.

e Both leptonic and hadronic scenarios are con-
sidered to explain the observed SED, and the
hadronic model is clearly preferred. The gamma-
ray SED is compatible with cosmic-ray nuclei fol-
lowing a momentum spectrum with index s ~
2.25. Models with a heavy composition of both
cosmic rays and gas were tested and found to be
a reasonable match of the data as well, suggest-
ing that gamma-ray-based statements on a pos-
sible elemental enrichment of the material in the
starburst core are not possible at this time.

e The observed gamma-ray flux at 100 MeV to
500 MeV is likely dominated by bremsstrahlung,
which implies an electron-to-ion ratio of GeV-scale
electrons in M 82 that is much larger than that
in, e.g., the Milky Way Galaxy, on account of the



near-equality of the energy-loss timescales for pion
production and bremsstrahlung.

e Primary electrons and secondary electrons associ-
ated with the protons can explain the observed ra-
dio spectrum while not overproducing the diffuse
X-ray emission, which is only partly nonthermal.
Additional loss processes besides the radiative en-
ergy losses of electrons may be at play; otherwise
the GHz-scale radio flux from the secondary elec-
trons would be very close to that from primary
electrons. Advective escape in the galactic wind
could be that additional loss process. A signifi-
cant reduction of the radio flux from the secondary
electrons by, e.g., a higher gas density than as-
sumed here is not possible, because the implied
bremsstrahlung flux at a few hundred MHz would
exceed the observed level.

e The lifetime of cosmic rays in M 82 is much shorter
than the duration of the starburst, suggesting
calorimetric behavior. If a significant loss chan-
nel for electrons is non-radiative, for example by
escape, then the radiation output is only partially
calorimetric, and probably likewise for cosmic-ray
nuclei.
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e The soft spectral index of s ~ 2.25 for the cosmic-
ray source spectrum that the spectral modelling
seems to prefer is in line with results for individual
supernova remnants. Among the possible reasons
for spectra softer than the test-particle limit of dif-
fusive shock acceleration are inefficient turbulence
driving upstream of aged shocks, the high tem-
perature of previously shocked upstream plasma,
or the small speed of shocks transmitted into fila-
ments of dense gas in the starburst core.
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