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ABSTRACT

Context. While supernova remnants (SNRs) have been considered the most relevant Galactic cosmic ray (CR) accelerators for
decades, core-collapse supernovae (CCSNe) could accelerate particles during the earliest stages of their evolution and hence con-
tribute to the CR energy budget in the Galaxy. Some SNRs have indeed been associated with TeV y-rays, yet proton acceleration
efficiency during the early stages of an SN expansion remains mostly unconstrained.

Aims. The multi-wavelength observation of SN 2023ixf, a Type II supernova (SN) in the nearby galaxy M 101 (at a distance of
6.85 Mpc), opens the possibility to constrain CR acceleration within a few days after the collapse of the red super-giant stellar progen-
itor. With this work, we intend to provide a phenomenological, quasi-model-independent constraint on the CR acceleration efficiency
during this event at photon energies above 100 MeV.

Methods. We performed a maximum-likelihood analysis of y-ray data from the Fermi Large Area Telescope up to one month after the
SN explosion. We searched for high-energy, non-thermal emission from its expanding shock, and estimated the underlying hadronic
CR energy reservoir assuming a power-law proton distribution consistent with standard diffusive shock acceleration.

Results. We do not find significant y-ray emission from SN 2023ixf. Nonetheless, our non-detection provides the first limit on the
energy transferred to the population of hadronic CRs during the very early expansion of a CCSN.

Conclusions. Under reasonable assumptions, our limits would imply a maximum efficiency on the CR acceleration of as low as 1%,
which is inconsistent with the common estimate of 10% in generic SNe. However, this result is highly dependent on the assumed
geometry of the circumstellar medium, and could be relaxed back to 10% by challenging spherical symmetry. Consequently, a more
sophisticated, inhomogeneous characterisation of the shock and the progenitor’s environment is required before establishing whether
or not Type II SNe are indeed efficient CR accelerators at early times.

Key words. acceleration of particles — radiation mechanisms: non-thermal — shock waves — supernovae: general —
supernovae: individual: SN 2023ixf — gamma rays: general

1. Introduction

The origin of cosmic rays (CRs) is still an open issue, and the
Galactic sources that can accelerate CRs up to the so-called knee
of the CR spectrum at PeV energies have yet to be determined.
In the standard paradigm (which includes both CR production
and transport), the bulk of Galactic CRs would be produced in
supernovae (SNe) and their remnants (SNRs; see Blasi 2013, for
a review). In such a scenario, it is particularly relevant that SN
events typically release an energy of ~10°! erg, meaning that, at
their observed rate, a ~10% energy transfer into CRs is sufficient
to explain the energetics of Galactic CRs.

However, and among other issues (see e.g. Gabici et al.
2019), very-high energy (VHE; >100 GeV) observations with
Cherenkov telescopes consistently reveal multi-TeV cut-offs in

most SNRs (see e.g. Aceroetal. 2015; Ahnen etal. 2017a;
H.E.S.S. Collaboration 2018). That is, known Galactic SNRs
do not appear to be significant contributors to the CR flux at
PeV energies at their current evolutionary stage. This incon-
sistency with the standard paradigm can be alleviated if SNe
accelerate CRs up to these energies at very early stages
(i.e. within a few days after the event; Volk & Biermann
1988; Tatischeff 2009; Bell et al. 2013; Schure & Bell 2013;
Bykov et al. 2018; Marcowith et al. 2018; Cristofari et al. 2020;
Inoue et al. 2021; Brose et al. 2022). However, testing this
hypothesis remains challenging due to the low number of
SNe detected at sufficiently short distances. Some studies have
attempted to obtain such constraints before (Margutti et al. 2014;
Ackermann et al. 2015; H.E.S.S. Collaboration 2015, 2019;
Ahnen et al. 2017b; Murase et al. 2019; Prokhorov et al. 2021),
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but obtaining effectual limits on the CR population at early
times is inherently problematic. On one hand, TeV facilities
can rapidly observe a SN within days after the outburst, but
y—y absorption heavily impacts the expected flux at those times
(Marcowith et al. 2014). On the other hand, current GeV y-ray
detectors require long exposure times (~1 month) to reach note-
worthy luminosity limits for distant events (Ackermann et al.
2015). Hence, previous efforts to estimate the CR energy reser-
voir during the expansion of SNe were impacted by such limita-
tions.

SN 2023ixf is a SN Type II (for a review see e.g.
Smith 2014) recently discovered by Itagaki (2023) in the
nearby M 101 (D = 6.85Mpc; Riessetal. 2022), with an
estimated explosion time at Ty, = 60082.743 + 0.083 MJD
(Hiramatsu et al. 2023). Its progenitor was a red supergiant
(RSG; see e.g. Jencsonetal. 2023; Kilpatrick et al. 2023;
Niu et al. 2023; Qin et al. 2023; Xiang et al. 2024), with an
increased mass-loss rate during the last years before the out-
burst of Mrsg = 1073-10"2 My yr~! (Bostroem et al. 2023;
Hiramatsu et al. 2023; Jacobson-Galdn et al. 2023; Teja et al.
2023). Together with a large shock and wind velocities inferred
(Veo = 10*kms~! and u,, = 100kms~'; Smith et al. 2023), this
leads to the ideal conditions for particle acceleration and y-ray
production through hadronic channels. Together with its prox-
imity, y-ray observations of SN 2023ixf thus offer an unprece-
dented opportunity to explore CR acceleration in the very early
expansion of the SN shock.

Here we report a quasi-model-independent constraint on the
CR acceleration in SN 2023ixf, providing an experimental test
to the hypothesis that CCSNe efficiently accelerate protons at
early times. In Sect. 2 we present the GeV y-ray observations and
data analysis procedure, with the corresponding results detailed
in Sect. 3. Through Sect. 4 we estimate the corresponding CR
acceleration efficiencies, while the possible major biases in our
assumptions are discussed in Sect. 5. Finally, we summarise our
findings in Sect. 6.

2. Observations and analysis

The Large Area Telescope (LAT) is a pair-production y-
ray detector on board the Fermi satellite, launched in 2008
(Atwood et al. 2009). Operating in an all-sky survey mode, it
detects y-ray photons from 20 MeV to more than 500 GeV. As it
observes the whole sky every ~3 h, Fermi-LAT is an ideal instru-
ment to detect and follow-up on high-energy transient sources.
The LAT point-spread function (PSF) is highly energy-
dependent, being able to reconstruct the incoming direction
of y-rays at 68% confidence level within 5° and 0.1° for
100 MeV and >10 GeV events, respectively. We note that at even
lower energies, the large PSF might lead to source confusion
between point-like sources (for an alternative analysis imple-
mentation, see Principe et al. 2018). Therefore, for our stan-
dard analysis we select only P8R3 data (Atwood et al. 2013;
Bruel et al. 2018) between 100MeV and 500 GeV within a
region of interest (ROI) of 10° x 10° centred at the optical
position of SN 2023ixf (right ascension (RA)=14:03:38.580,
declination (Dec)=+54:18:42.10; Itagaki 2023). To study the
early expansion of the SN shock, we selected data from T
up to 31days after the outburst (mission elapsed time (MET);
706125000-708803400). We applied a maximum zenith angle
cut at 90° to reduce Earth—limb contamination while averaging
over the azimuthal angle, and selecting only FRONT+BACK
SOURCE events (evtype =3, evclass=128). In addition, a
DATA_QUAL >0 and LAT_CONFIG==1 filter is applied. For
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its subsequent analysis, the ROI is then divided into 0.1° spatial
bins, while using eight bins per logarithmic energy decade.

We performed a maximum-likelihood analysis on this
dataset (Mattox et al. 1996) using fermipy and the fermitools
(Wood etal. 2017; Fermi Science Support Development Team
2019). As our background model, we employed the third 4FGL
data release (4FGL-DR3) — which is based on 12 years of survey
data (Abdollahi et al. 2020, 2022) —up to 2.5° beyond the edge of
our ROI, as well as the latest Galactic and isotropic diffuse models
(gll_iem_vO07.fit and iso_P8R3_SOURCE_V3_vl.txt).
To evaluate the detection significance of individual sources, we
employed the test statistic (TS) defined as
TS = -2 In(Ly/Ly), 1)
where Ly is the likelihood value for the null hypothesis and
L, the likelihood for the complete model. The TS follows a
x? distribution, and the larger its value, the less likely the null
hypothesis. As an example, for one degree of freedom, VTS will
approximately be the resulting significance in sigma (o).

First we adjust our background model to our ROI by means
of the optimize function in fermipy, and refine it within its
central region, fitting the normalisation parameters of all sources
within 3° of SN 2023ixf (including the diffuse components). In a
final step, we include an additional point-like source to account
for any putative emission from the SN, for which we assume a
simple power-law spectral model:

dn, E\T"
= = NO e b
dE Ey
with spectral photon index I = 2. In addition to our one-month
analysis, the same analysis procedure is applied to exposure
times of 1, 3, 5, 7, and 14 daysz. In each data set, we correct for

energy dispersion for all sources, except for the isotropic diffuse
emission, which does not require it.

@

3. Results

Our analysis from Sect. 2 does not significantly detect SN
2023ixf; therefore, here we report the y-ray limits obtained.

3.1. Maximume-likelihood flux limits

As no significant flux is obtained in any of the time windows
explored, we provide 95% confidence upper limits on the inte-
grated photon and energy fluxes above 100 MeV (Fig. 1), and
derive spectral energy distributions with two logarithmic energy
bins per decade. A complete summary of the limits for different
times and energies is provided in Appendix A.

For a distance D = 6.85 Mpc, this corresponds to a lumi-
nosity limit of L,(>100MeV) < 8.4 x 10%-4.8 x 10" ergs™!,
depending on the exposure time. This is further complemented
with light curves derived with bins of 1, 3, and 7 days in size. In
each bin, the normalisations of the five brightest sources in the
ROI are first left free, and then the normalisation of SN 2023ixf
is estimated. These analyses also do not report significant emis-
sion in any time bin, nor the presence of any flare at later times.
The largest significance is obtained on the 3rd and 24th days

' https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

2 These analyses complete our preliminary report in Marti-Devesa
(2023).
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Fig. 1. Fermi-LAT upper limits on the integrated energy flux above
100 MeV for different exposure times, compared with the best-fit optical
energy flux from Zimmerman et al. (2024) in black. We note that obser-
vations for AT = 7d are less constraining than AT = 5d as a result of
having a larger TS value, although they are still consistent with a statis-
tical fluctuation (see Appendix A). The grey vertical line indicates the
arrival time of the best photon triplet candidate.

after T, with TS =4.8 and TS =4.9, respectively (~20, consis-
tent with a statistical fluctuation). Similarly, no significant excess
is found at other positions of the ROI. For completeness, the
residual map obtained for the one-month analysis is shown in
Fig. 2, and cross-checked with the p-value statistic (PS) data—
model deviation estimator developed by Bruel (2021). A ~30
excess is appreciable at the left edge of the ROI with both meth-
ods, far away from the SN.

Alternatively, we can also explore short timescales around
the SN explosion. The position of SN 2023ixf was not visi-
ble by the LAT at + = T, but entered the LAT field of view
at Top + 4.8ks and remained observable until ~T + 8ks. In
analogy to what is commonly done for the analysis of y-ray
bursts with the LAT, we also performed an unbinned maximum-
likelihood analysis with gtburst® over this time interval using
P8R3 data with TRANSIENT10E event class. We selected pho-
tons with energies of between 100 MeV and 500 GeV within
an ROI with a radius of 12° centred on the optical position
of SN 2023ixf and with a maximum zenith angle of 100°. As
in the previous analysis, we included the background contribu-
tion from sources of the 4FGL catalogue as well as the latest
Galactic and isotropic diffuse models (gl1_iem_v07.fit and
iso_P8R3_TRANSIENTO10E_V3_vl.txt). Once again, we find
no significant detection at the SN location (TS =2.0) and, assum-
ing a power-law model with a photon index of I' = 2, we set a
95% confidence upper limit on the integrated energy flux above
100MeV of 5.2 x 107 ergem=2 571,

3.2. Photon clusters search

Given the lack of significant y-ray emission with the standard
likelihood analysis (see Sect. 2), we searched for individual pho-
tons possibly connected to the SN event. To this aim, we applied
an analysis method to search for photon triplets (for a detailed
description see Fermi-LAT Collaboration 2021), which has pre-

3 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/gtburst.html

viously been adopted in searches for y-ray signals from magne-
tar flares and fast radio bursts (Fermi-LAT Collaboration 2021;
Principe et al. 2023).

For our analysis, we selected all the SOURCE class pho-
tons between 100 MeV and 500 GeV detected by the LAT over
14.9 years (i.e. from the start of operations until June 30, 2023)
in an ROI with a radius of 1° centred on the source position.
We estimated the time interval A; for each triplet of photons i
formed by three consecutive events,

Aty = tip — 1, 3)

and corrected this quantity for the effect of bad time intervals by
subtracting, from each A, the period of time during which the
ROI was not observable by the LAT.

In addition to creating the distribution of the whole photon
triplets coming from the source position, we investigated the first
triplet after Ty and its potential association to the SN event, as
well as the shortest duration triplet in the two weeks after 7 for
possible long-term emission.

Similarly to the procedure used in Fermi-LAT Collaboration
(2021) and Principe et al. (2023), we used the likelihood-ratio
method defined in Li & Ma (1983) to estimate the probability
that a cluster of three photons occurs by chance due to statis-
tical fluctuations of the background, in the time range Atsny =
ty_ray3 — TT0, Where #,_,y 3 is the time of the third photon of the
triplet after T,y. For further details on the derivation of signifi-
cance of the photon triplets following T, see Egs. (4) and (5) in
Principe et al. (2023).

Figure 3 shows the distribution of the photon triplets. The
first photon triplet after T is detected on 2023 May 18, at
20:45 UTC (about 3 h after Tj)) and presents a duration of At ~
181900 s. This triplet presents a pretrial p-value of smaller than
20, indicating that it is most likely due to a statistical fluctuation.
Considering the uncertainty on the estimated 7, as well as a pos-
sible delay on the y-ray emission from the SN, we also searched
for the shortest duration photon triplet in the 14 days after Tj.
The shortest duration triplet (A = 14062s) was observed at
9:26 UTC on 2023 May 24, more than five days after the SN
event and past the optical peak (Fig. 1). In this case, even if we
would expect a flash of y-ray emission from the SN at the time
of the first photon of the triplet, the probability of these three
photons to be associated to the SN is smaller than 2.40-.

4. Discussion

We can firstly assess the relevance of the limits derived above
by comparing them with non-thermal expectations from similar
SNe. For this purpose, we briefly consider here the model from
Tatischeft (2009) developed for SN 1993J in M81. This was also
a nearby SN (~3.4 Mpc; Kudritzki et al. 2012) with a RSG pro-
genitor. In Tatischeff (2009), the radio emission from the expand-
ing shell is modelled by assuming diffusive shock acceleration
(DSA) as the dominant acceleration mechanism, but also includ-
ing non-linear effects. The differential y-ray flux expected for
SN 2023ixf at early times would then be (Cristofari et al. 2020):

Mgs : [ ! ]71
102 Myyr! | L1d
-2
] TeV!'em2s7!.
4

Using the inferred values from multi-wavelength observations of
SN 2023ixf (Appendix B), we can compute the expected aver-
age integrated energy flux between 100 MeV and 100 GeV for

dn,
— =35x10™"
o = 35%10 [

D -2
6.85Mpc

|| o] [
10*kms! 100 km s~! 1TeV
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Fig. 2. Fermi-LAT smoothed residual map with a bicubic interpolation of our ROI centred on SN 2023ixf for 1 month of observations after T}.
Left: standard significance map as implemented in fermipy (Wood et al. 2017). White crosses represent 4FGL sources included in the background
model, while the yellow diamond is the nominal position of SN 2023ixf. Right: data—model deviation estimate employing a PS map of the same

ROI saturated at PS = 6.24 (equivalent to a 5o~ threshold; Bruel 2021).
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Fig. 3. Triplet distribution. This is the distribution of the time intervals
At of the photon triplets with (filled green) and without (red line) con-
sidering the correction of the bad intervals due to the LAT orbit and field
of view. The expected distribution for independent events is shown as
a black line. The vertical lines represent the first photon triplet after T
(in cyan) and the shortest duration triplet in the two weeks after T (in
blue), respectively. The latter is obtained from an analysis of a two-week
interval after 7 in order to account for the uncertainty on the estimated
Ty, as well as for a possible delay in the y-ray emission from the SN. A
significant triplet would appear in the left tail of the distribution. This is
not the case for either of the highlighted triplets.

different exposure times after t; = T + 1d. The shock velocity
assumed (V; = 10*kms™!) is also typical for a Type II SN, and
is consistent with the limits from observational constraints on
SN 2023ixf (Bostroem et al. 2023; Jacobson-Galan et al. 2023;
Teja et al. 2023). As we cannot directly compare the prediction
with our observational limits as derived in Sect. 2, we repeat
the analyses including data up to the same dates (t; = Ty + 3,
5, 7, 14, and 31 days), but starting at #. In Fig. 4 we observe
that the prediction lies well above our upper limits for a repre-
sentative mass-loss rate inferred from optical observations. We
note that the LAT limits are derived for a flat (I' = 2) spectrum,
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Fig. 4. Average integrated energy flux for SN 2023ixf as predicted
by the SN 1993] model from Tatischeff (2009) compared with inte-
grated energy flux upper limits from the Fermi-LAT (coloured mark-
ers). Fluxes and limits are integrated starting at 7y + 1d. We assume
uy, = 100kms~!, in line with spectroscopic results (Smith et al. 2023).
Radio/millimetre (230 GHz) lower limits from Berger et al. (2023, u,, =
115km ") for free-free absorption assuming different electron temper-
atures T are also displayed. Finally, the prediction derived from X-ray
absorption features in Grefenstette et al. (2023, marginally consistent
with millimetre-wavelength limits) is shown for completeness.

while realistically a hadronic spectrum will be mildly different,
most notably with a break at the lowest energies (the so-called
n%-bump, which we consider in Sect. 4.1). Neglecting a realistic
hadronic scenario in Fig. 4 leads to overestimation of the upper
limits on the integrated energy flux by ~10%, thus not affecting
our conclusion.

Combined with the results from the Submillimeter Array
(SMA) at 230GHz (Berger et al. 2023), our limits exclude
a substantial fraction of the parameter space for the direct
application of the underlying assumptions in the SN 1993]
model to SN 2023ixf. Therefore, LAT observations are able to
directly constrain the efficiency of the system at transferring
kinetic energy of the expanding shock into high-energy CRs.
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Fig. 5. Fermi-LAT limits at 95% confidence level for the one-month
time interval compared with the 7° decay differential flux from a proton
population with E.yuog = 1PeV (solid line), 10 TeV (dashed line), or
1TeV (dotted line). These have the same normalisation Ny, and a CR
proton energy of Ecg = 2.7 x 10* erg, Ecg = 1.8 x 10* erg, and Ecr =
1.5x 10* erg, respectively. Limits at energies greater than 10" GeV lie
above 107" ergcm™s7!. For the target material, a density py = 5.6 X
107" gem™ (Bostroem et al. 2023) is assumed.

For simplicity, we did not construct a complete model for the
shock in SN 2023ixf, but instead estimated the CR energy reser-
voir directly assuming that protons can gain energy through
DSA. This process leads to an average differential proton dis-
tribution that at a certain time ¢ follows a power law with an
exponential cut-off in momentum space; that is,

dn, v (£ r E 5)
dE _ﬂ 0 E() xp Ecutoﬁ ’ (

where (8 is the particle’s velocity, which corrects the spectral
shape of a proton population below ~1 GeV when described in
kinetic energy (Dermer 2012). Standard DSA predicts that p = 2
(see e.g. Blasi 2013), and as our goal is to see if SNe can accel-
erate protons (at least) up to the knee of the CR spectrum, we
fix Ecuor to 1 PeV. Tentatively, this should be the most efficient
acceleration mechanism at the shock. As most non-linear con-
siderations would effectively soften the spectrum, we note that
in order to maintain the same proton density at 1 PeV, the inclu-
sion of those effects does increase the fluxes expected in the GeV
band, making any constraints even more stringent. Hereafter, we
also set a minimum proton kinetic energy of 100 MeV.

4.1. Limits on the total energy transferred into CRs

The accelerated protons will interact with the gas in their imme-
diate surroundings, leading to hadronic cascades and a subse-
quent y-ray production; for example, through 7° decays.

We can compute the expected y-ray spectral energy dis-
tribution (SED) for a proton population that follows the dis-
tribution in Eq. (5) for any arbitrary Ny given a target pro-
ton density (see Fig. 5). For this purpose, we used the pack-
age naima (Zabalza 2015, which incorporates the cross-section
opp from Kafexhiu et al. 2014) to compute the SED for sev-
eral proton populations. In particular, we computed y-ray fluxes
expected from ten CR distributions that have total energies Ecr
of between 10 and 10 erg (uniformly distributed in log Ecg).
Furthermore, and given that the y-ray flux depends linearly on

1076 —-= Po
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1078 — m=1

10-10 |

S 10-14
10—16
10718
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Fig. 6. Density profile encountered by the shock as a function of
time for different expansion parameters m (including m = 0.83
as in Tatischeff 2009, a model applied to SN 1993J). We assumed
Mgsg = 102 Mgyr!, u, = 100kms™!, and V,o = 10*kms7".
The average density py obtained by Bostroem et al. (2023) is also dis-
played, as well as the best-fit density profile from the rlw6b model
in Jacobson-Galdn et al. (2023). The grey-shaded region excludes the
times not considered in our discussion on the SN energy budget.

the target density, we normalised the results to the average den-
sity of pgp = 5.6 x 107 gecm™ as derived in Bostroem et al.
(2023) for a compact hydrogen-rich, ionised medium surround-
ing the progenitor (see Fig. 6). We consider py to be a conserva-
tive reference value, as Zimmerman et al. (2024) report a local
density of p ~ 5 x 1073 gem™3. Assuming a proton spectrum
with p > 2 increases the flux at lower energies (0.1-1 GeV) for
any arbitrary Ecg normalisation, and hence limits derived for
p = 2 should be considered conservative. Those predictions do
not consider absorption processes, as they are likely negligible
at MeV and GeV energies (see Sect. 5.2).

Our fitted background models in Sect. 2 can now be modified
to include an additional point-like source at the nominal optical
position of SN 2023ixf, but whose SED is that computed through
hadronic interactions instead of a simple power law. Therefore,
we can then calculate the likelihood for each precomputed CR
distribution, and obtain a likelihood profile as a function of Ecg
normalised at py for every exposure time (Fig. 7). The larger
Ecg, the larger the flux, and if it exceeds the sensitivity limit
of the LAT, the difference between the newly computed likeli-
hood and its maximum value from our analysis will increase.
This allows us to compute 95% confidence upper limits (corre-
sponding to a TS =2.706 for a one-sided y? distribution; see e.g.
Rolke et al. 2005) assuming a target density of py.

Nevertheless, a realistic density profile is not flat, but will
likely follow the wind density of the progenitor (see e.g.
Tatischeff 2009). This can be firstly approximated as

MgsG
4nriuy,

(6

The SN shock will travel through this medium, and its radius
R(?) is typically parametrised during the free-expansion phase
using the expansion parameter m as

pw(r) =

m

; (N

t
R(t) = Vi
@ ’O[lday

where Vo is the initial shock velocity. The resulting one-
dimensional density profiles for different m values are shown in
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Fig. 8. Limits for a steady-wind profile. Left: likelihood profiles for different exposures considering the average density derived from a p,, steady-
wind profile with m = 1, rescaling Fig. 7, right panel. Right: limits on the average cumulated total CR energy (Ecr) for different exposure times
AT. (Ecr) is computed for different efficiencies n and velocity profiles with m = 1 (solid line), m = 0.83 (dashed line, as for SN 1993J), and
m = 0.5 (dotted line) using Mgsg = 107> M, yr™! and u,, = 100km s~ For visualisation purposes, Fermi-LAT limits are only plotted for m = 1.

Colours represent the same exposures as in Fig. 7.

Fig. 6. Using those, we can rescale our likelihood limits, provid-
ing more realistic results, by using the average gas density for
each exposure. This will lead to more stringent Ecr constraints
at earlier times due to the significantly larger densities closer to
the stellar surface of the progenitor (see Fig. 8, left panel). How-
ever, we note that such a steady-wind density profile diverges
at T, and therefore we only employ our limits integrating LAT
data after o = To + 1d.

The energy-conversion efficiency can be finally parametrised
through the parameter 7 in the cumulative energy Ecgr (i.e. as a
fraction of the shock’s kinetic energy), which is estimated as

It 1
Ecr = r]f EPst347TR§ dr, (8)
4

where Vg = % = Vio [@] 1. We can compare our obser-
vations with the average cumulative Ecgr over the different
observing windows discussed in Sect. 2, leading to an efficiency
constraint at n < 1% (Fig. 8, right panel).
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This efficiency limit is, in itself, a strong statement. Never-
theless, it depends on (1) our assumed isotropic one-dimensional
density profile, (2) a lack of y-ray absorption, and (3) the pres-
ence of an average proton population accurately representing the
true time evolution of the CRs for certain exposures. The relia-
bility of these aspects is further discussed in Sect. 5.

4.2. Galactic novae and their acceleration efficiency

In order to explore the implications of our limits, we can com-
pare the acceleration efficiency of SN with that of Galactic
novae. The majority of novae detected at y-rays originate in
binary systems without an evolved stellar companion (i.e. classi-
cal novae; see e.g. Ackermann et al. 2014; Chomiuk et al. 2021),
and thus the surrounding conditions more closely resemble those
of Type Ia SNe. In those classical novae, shocks are found to
be internal, displaying a strong correlation between optical and
v-ray flares (Aydietal. 2020). The same behaviour arises
in radiative shocks, where radiative cooling dominates the
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evolution of the ejecta. In such cases, the ratio between the opti-
cal and y-ray luminosities should follow the relation (see e.g.
Metzger et al. 2015).

L n
L—’ ==, )
opt Ny

where 17, and 7, are the particle acceleration and y-ray produc-
tion efficiencies, respectively. If the shock is not fully radiative,
the correlation instead provides a lower limit on the acceleration
efficiency.

Despite the more energetic and rapidly expanding shock in
SN 2023ixf, the environment in Type II SNe should be rela-
tively similar to that in symbiotic novae, where an adiabatic
shock travels through the wind of an RSG companion (V407 Cyg
and RS Oph are the only unambiguously y-ray-detected sym-
biotic binaries; Abdo et al. 2010; Cheung et al. 2022). Natu-
rally, this analogy has its limitations, because the novae ejecta
can be bipolar and the surrounding material inhomogeneous
(Munari et al. 2022; Diesing et al. 2023). For our discussion, the
case of RS Oph is particularly interesting as a relatively high
efficiency (~10%) was required to explain the VHE emission
in the favoured hadronic scenarios (see e.g. Acciari et al. 2022;
H.E.S.S. Collaboration 2022). We also note, that in this sys-
tem, both external and internal shocks contribute to the emis-
sion (Cheung et al. 2022), with a strong correlation between the
optical and y-ray luminosities of Ly/Loy ~ 2.5 x 107 starting
the day after the explosion. This ratio lies within the 107#—1072
range of classical novae (Chomiuk et al. 2021).

This is in stark contrast to the low efficiency we derive in
SN 2023ixf. Furthermore, we find that the luminosity ratio is of
the same order (<1%; Fig. 9) as our spectral constraints on the
efficiency. This provides an additional limit in case of the pres-
ence of a radiative shock. Either way, the relative weight of the
non-thermal processes and particle acceleration in SN 2023ixf
over its thermal electromagnetic output does not considerably
exceed that of regular novae.

4.3. Testing the shock breakout in y-rays

In the previous discussion, we centre our attention at ¢+ > 1d
for a shock propagating through the surrounding medium. How-
ever, our limits during the first day also provide a constraint on
CR acceleration prior or close to the shock breakout, possibly
characterised by a flash of UV/X-ray photons (e.g. see the case
of SN 2008D; Chevalier & Fransson 2008; Mazzali et al. 2008;
Soderberg et al. 2008). This will occur at an optical depth of
T ~ ¢/Vs, when a radiation-dominated shock travelling through
the progenitor reaches the outer layers of the stellar compo-
nent (see Waxman & Katz 2017, for a review). For a progeni-
tor with an optically thin wind, the radiation-dominated shock
precedes the formation of the collision-less, matter-dominated
shock after the breakout. However, for dense, optically thick
winds, the matter-dominated shock may form earlier than the
shock breakout as photons are seized downstream up to a larger
radii. In such a scenario, particle acceleration can occur as the
collision-less shock forms deep into the wind if the condition

Mgsc - [ Uy
1072 Mg yr~! 100kms™!

R
V<43 x% 104[ RSG }

k -1
410 Ro ] s

(10)

is fulfilled (Giacinti & Bell 2015) (we assume the RSG
radius derived by Hosseinzadeh et al. 2023). Therefore, for
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Fig. 9. Luminosity of SN 2023ixf in the optical and GeV bands. Top:
example of a pseudobolometric luminosity (Lygyg;) light-curve model
of SN 2023ixf from Fig. 4 of Hiramatsu et al. (2023). We note that this
is a conservative reference, as it is slightly lower than the bolomet-
ric luminosity derived by Bostroem et al. (2023), Teja et al. (2023), or
Zimmerman et al. (2024), reaching 10* ergs™'. Bottom: limits on the
luminosity ratio between the optical and y-ray bands. For comparison,
the luminosity ratio from the symbiotic nova RS Oph is shown in grey
(Cheung et al. 2022). Colours represent the same exposure times as in
Fig. 1.

V, = 10*kms~', CR acceleration could occur prior to the shock
breakout up to several TeV. Although y-rays produced through
7" decay could be partially reprocessed within the shock into
electron—positron pairs, GeV photons will likely not be absorbed
(see Sect. 5.2).

Lietal. (2024) suggest that, for SN 2023ixf, the shock
breakout might have occurred within a few hours after 7. Our
null result in the search for photon clusters in Sect. 3.2 dis-
cards the presence of a putative short, bright flash emission in
the y-ray domain during the early expansion of the shock. In
a complementary manner, our limit at L,(E > 100MeV) <
4.8 x 10* erg s™! for the first day of exposure can also be used to
constrain the number of CRs accelerated at the time of the shock
breakout.

5. Possible biases

Although limits on the CR energy fraction at 10% would be con-
sistent with the standard Galactic CR origin paradigm, the new
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Fig. 10. Limits using the best-fit density profile from Jacobson-Galdn et al. (2023) shown in Fig. 6 (r1w6b model). Left: likelihood profile obtained
by rescaling those displayed in Fig. 7, right panel. Right: limits on the cumulated total CR energy derived as in Fig. 8 but employing the afore-

mentioned density profile.

limits derived down to 1% considerably quench the efficiency
of SNe, and thus need to be considered with manifest scepti-
cism. These limits were derived with reasonable but simplified
assumptions, which may or may not apply. For example, the pre-
viously derived CR limit assumes an isotropic density profile
with a constant wind before the explosion. Other assumptions
affecting the underlying proton distribution, such as the pres-
ence or not of non-linear DSA, are likely to increase the photon
flux at GeV in order to make SNe substantially contribute to the
knee of the CR spectrum. For example, magnetic field ampli-
fication, which is required to retain CRs up to E, ~ 1PeV at
early times, will soften the proton spectrum (for a review see e.g.
Schure et al. 2012; Blasi 2013). Furthermore, it should be noted
that our spectral predictions were made assuming quasi-steady-
state equilibria at different times, which may not accurately rep-
resent the time evolution of the relativistic particle population
during the shock expansion (see e.g. Sarmah 2024).

Among the possible biases, we further discuss the two rele-
vant processes that, if wrongly interpreted, might underestimate
the efficiency by orders of magnitude: uncertainties on the sur-
rounding densities and y-ray absorption processes. Additionally,
we briefly discuss the timescales of the most relevant CR energy
losses.

5.1. The issue of the density profile and its homogeneity

Generally, a density profile surrounding the progenitor can be
described by a function of the form

-5
p
Pw = Pc (_) s
re

where a radially decreasing density has a characteristic value of
pe at a distance r.. Circumstellar medium (CSM) in the form of
a steady wind will lead to s = 2 (see Eq. (6)), but larger values
should be obtained for variable mass-loss rates. Optical observa-
tions consistently show that the progenitor was surrounded by a
high-density CSM of r < (0.3—1.0)x 10'> cm (Smith et al. 2023;
Teja et al. 2023; Bostroem et al. 2023; Jacobson-Galan et al.
2023; Zimmerman et al. 2024). This roughly corresponds to the
distance that the progenitor’s wind could reach in ~1 yr, while a
m = 1 shock travelling at 10* kms~' would need between one

an
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and two weeks to cross that high-density environment. At larger
distances, the density is traced by the mass-loss rate of the stellar
wind during the earlier pre-SN stages (likely closer to the typi-
cal value of Mgsg = 107° M, yr‘l). That is, there would be a
transition with a steeper density profile s > 2, which is not char-
acterised by our assumptions in Fig. 8. However, conservatively,
our early limits during this first week should be robust.

Importantly, these limits are still highly dependent on two
observationally constrained quantities: Mrsg and uy. In Sect. 4,
we assumed Mgsg = 1072 My yr! and u, = 100kms~'. For
ease of discussion, we define here the ratio w = Mgsg/uy, and
hence w = 6.3 x 10'® gcm™!. Our assumption for w is consis-
tent with the reported results from spectroscopic observations
of ionisation lines and multi-band photometric light curves (see
Appendix B for a summary of multi-wavelength w constraints).

To explore the impact of those aspects, we reproduce the
limits on Fig. 8 but now testing the best-fit density model from
Jacobson-Galén et al. (2023), which characterises the compact
CSM (see Fig. 6). As shown in Fig. 10, assuming the rlw6b
model from Jacobson-Galén et al. (2023) would imply an even
stricter limit on the particle acceleration efficiency. Instead, we
could consider a steady-wind profile with the lower limit on w
derived from SMA radio/mm observations (230 GHz, between
To +2d and T + 19d) by Berger et al. (2023). Employing their
most conservative limit when considering free-free absorption
(Weiler et al. 1986; Chevalier 1998) could relax the tension on
the efficiency constraint, leading to a limit at  ~ 16% (see
Fig. 4). However, this would be in tension with the results from
optical spectroscopic and photometric observations, as larger w
ratios are preferred.

Nevertheless, the exact value of the mass-loss rate is uncer-
tain. A lower w ratio has been reported from the modelling of
the Ha luminosity (Zhang et al. 2023) or in absorption features
from X-ray observations (Grefenstette et al. 2023; Chandra et al.
2024; Panjkov et al. 2023). To explain the apparent tension with
the ratios derived from different methods, it has been suggested
that the CSM could be inhomogeneous (Berger et al. 2023). This
scenario could be explained by (1) an asymmetric distribution
of the surrounding material, such as a dense torus caused by a
pre-SN binary interaction, as proposed by Smith et al. (2023,
with asphericity in the ejecta also supported by the polarisa-
tion measurements from Vasylyev et al. 2023), or (2) a pre-SN



Marti-Devesa, G., et al.

effervescent zone model with dense clumps embedded in a
lighter RSG stellar wind (e.g. with peymp ~ 3000py), as pro-
posed by Soker (2023). In both scenarios, our y-ray constraints
on the CR population could also be relaxed with the presence
of an inhomogenoeus medium. That is, if the target gas — with
a density as derived from optical observations — were to only
occupy a volume filling factor fy ~ 0.1, an efficiency of 10% in
the CR acceleration would, a priori, still be compatible with the
y-ray constraints.

5.2. The relevance of y-ray absorption

Although it appears that the uncertainties in the material dis-
tribution might explain our results, we can also consider the
possibility that a significant fraction of the y-ray flux is locally
absorbed. Pair-production of electron—positron pairs can attenu-
ate the high-energy photon flux at the source, while injecting a
relativistic leptonic population into the shock.

The y + y — ¢~ + ¢* channel is likely to be irrelevant in our
case, as the densest photon field produced by the SN will peak at
UV and optical wavelengths; thus, the energy threshold for the
interaction will be >100 GeV (see e.g. Dermer & Menon 2009).
Contrarily, Bethe-Heitler (BH) pair-production (e.g. p + y —
p+e” +et) could have a larger impact for a hydrogen-poor, high-
metallicity CSM (Fang et al. 2020). A priori, both primary CRs
and secondary y-rays could be affected by this process. We note
that relativistic protons would only interact with the SN optical
photon field for E, > 1PeV (Cristofari et al. 2020, for a shock
temperature 7 ~ 10*—10° K), and therefore our proton spectrum
should remain unaltered, while secondary GeV y-rays might still
interact even with thermal plasma nuclei. However, the medium
surrounding a SN Type II is hydrogen rich, and consequently BH
should also have a negligible impact on the observed SED below
100GeV (1, < 1; threshold estimated at the time of the optical
peak following Fang et al. 2020, and references therein).

Nonetheless, we can attempt to estimate the consequences
of a putative substantial pair-production, given that secondary
relativistic pairs also radiate through the inverse Compton (IC),
synchrotron, and non-thermal bremsstrahlung processes (see e.g.
Blumenthal & Gould 1970; Baring et al. 1999). If there is a sup-
pression of 90% of the y-ray flux, the leptonic emission from
the pairs should not exceed the X-ray flux associated with ther-
mal bremsstrahlung (~2.5 x 1072 ergcm™2 s~! between 0.3 and
79keV; Grefenstette et al. 2023). As a first approximation, we
assume that all the energy from the y-ray photons is converted
into pairs. We note that under this assumption their energy con-
tent will exceed that of the secondary electrons and positrons
from meson decays (e.g. 7*) in hadronic showers (which would
have a ratio of N,:/N, = 0.53 for energies larger than the rest
mass of the n¥; Kelner et al. 2006). Under these assumptions
(and also considering a uniform magnetic field with B < 10G),
our estimated secondary X-ray fluxes from IC, synchrotron, and
bremsstrahlung processes lie well below the measured thermal
X-ray emission at early times. Therefore, although our theoret-
ical estimates rule out absorption as an important actor in SN
2023ixf, the presence of secondary emission remains formally
unconstrained by current X-ray and y-ray observations.

5.3. The impact of proton energy losses and CR escape

Here we discuss if our assumption of neglecting the CR evo-
lution — in order to provide quasi-model independent limits —
was valid. To this end, we computed: (1) the acceleration time
tace, (2) the escaping time f.s, (3) the timescale of the proton-

1 A&A, 686, A254 (2024)

proton interactions #,,, and (4) the time when adiabatic losses
dominate the CR energy gain f,q. In our derivation, we adopt
the assumptions considered in Vink (2020) for a free expanding
shock (m = 1). For the upstream reference magnetic field we
considered a value of B = 10 G, which is rather conservative at
early times, as its strength will likely decay in proportion to ¢!
(see e.g. Tatischeff 2009).

First of all, we estimated the time required for particles to
accelerate up to £, ~ 1PeV via DSA. Assuming that the effec-
tive mean free path of the protons is effectively as small as its
gyroradius (i.e. Bohm diffusion) and that the compression ratio
at the shock is y = 4 with a magnetic field perpendicular to its
normal,

-1
K

. 09 E, [ Vi ]‘2[ B

6 [1PeV [l10*kms 1] 110G

where ¢ parametrises the energy dependence of the CR diffu-
sion (realistically, & < 1). As previously mentioned, magnetic
field amplification is necessary in order to accelerate CRs up to
E, ~ 1PeV at early times (Schure et al. 2012). This will also
impact the leakage of CRs escaping the shock, for which Bohm
diffusion will cause particles with

B Vi 2rg
E. >26 : L | pev
P [10G][104kms‘1] [ld] ¢

to escape the shock region. Here we assume that the diffusion
length is a small fraction of the shock radius (lgiz < 0.1Ry).
Therefore, after one day, the SN shock should be able to retain
CRs up to the knee of the CR spectrum for such high magnetic
fields.

However, for CR acceleration to be effective, we need the
acceleration to occur on similar or shorter timescales than proton
energy losses; that is, fuec < fpp and fyee < fagm. For proton—
proton interactions, we simply have

(m)
TppPw(t)C '

where (m) is the average mass for the particles in the CSM. For
a hydrogen-rich environment with py, = pg, this implies ,, ~
0.4 d, which is similar to t,... For this energy loss, only a small
fraction of the CR energy is actually transferred to y-rays (~5%),
and it is therefore also similar to the DSA energy gain for a single
scattering cycle (AE,/E, = %‘—C/ ~ 4.4%).

Furthermore, we note that despite o, being quasi-energy
independent at low energies, it does increase by a factor 2 at
1 PeV (see e.g. Kafexhiu et al. 2014). Consequently, depending
on the density, this energy loss could quench acceleration up
to 1 PeV, but should not substantially affect protons with ener-
gies of less than a few TeV (see Fig. 11), which still radiate in
the GeV band. This in turn will only mildly impact the overall
Ecr as, for example, an induced cut-off at 1 or 10 TeV reduces
the total proton energy content by a factor of ~2 (see Fig. 5).
Such a cut-off would be physically determined by the balance
between the DSA energy gain (Epga) and the interaction losses
(Epp), while the overall normalisation of the proton population is
instead set by the continuous CR injection at the shock. This, in
turn, depends on the CSM geometry, which is the main source
of uncertainty.

Finally, the free expansion of the shock will also lead to an
adiabatic cooling of the CR population. Those energy losses will
dominate over the DSA energy gain for any ¢ lower than

0.9[ Ep H v,

-2 B -1
tadih ~ — : d,
adth ™ 52 | TPeV 104kms*1] [IOG]
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13)
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15)
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Fig. 11. Impact of proton—proton losses on the maximum energy. Left: ratio Epp /Epsa as a function of the proton energy for po. Right: maximum CR
energy as limited by proton—proton interactions for a flat density profile with density (oo, black) or a steady-wind profile (Eq. (6); red), for different
magnetic fields. Ey, is derived by imposing Epsa = Ej,p at the Bohm limit, and employing the parametrisation from Krakau & Schlickeiser (2015)

for the proton—proton losses.

where we assume an adiabatic index of y = 4/3 for the relativis-
tic CRs. Consequently, adiabatic losses do not dominate the time
evolution of the protons either after one day of the SN explosion.

In view of those estimates and considering that we only inte-
grate after + = 1 d and neglect any possible prior larger emissiv-
ity, we do not expect a temporal-dependent description of the CR
population to impact the derivation of our limits by an order of
magnitude or more — provided the underlying ideal shock condi-
tions for effective particle acceleration hold.

6. Summary

In the present study, we searched for y-ray emission above
100MeV from one of the closest CCSNe discovered since the
Fermi mission began, the Type IT SN 2023ixf. We used standard
likelihood-based analysis to look for y-ray emission on differ-
ent timescales starting from 7 up to a month after the event.
In a complementary manner, we employed a photon-counting
algorithm to investigate photon clustering from the source
position.

We do not detect a significant y-ray signal from SN 2023ixf.
Assuming (1) a simple, isotropic density profile for the CSM
from a progenitor’s mass-loss rate consistent with optical obser-
vations and (2) standard proton DSA up to 1PeV, our obser-
vations imply a CR acceleration efficiency of 1% or less. This
result is in stark tension with the standard SN paradigm for the
origin of Galactic CRs, which necessitates a 10% efliciency for
such a conversion process. As a first approximation, this tension
can seemingly be alleviated assuming an inhomogeneous envi-
ronment surrounding the progenitor. Therefore, a more sophisti-
cated model is required for both the shock and the CSM — one
that is consistent with all multi-wavelength observations.

In essence, y-ray observations are, for the first time, offer-
ing the opportunity to effectually constrain CR acceleration dur-
ing the very early expansion of the shock produced by a CCSN
event. To this end, we produced a comprehensive set of lim-
its at high energies for the modelling of SN 2023ixf. Present
and future Fermi-LAT observations therefore provide a unique
opportunity to establish whether or not SNe are indeed able to
accelerate the bulk of CRs at early times up to the required
energies.
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Appendix A: Summary of Fermi-LAT upper limits

Tables summarising all limits for different exposure times and energies. Flux and spectral upper limit results will be publicly
accessible at https://github.com/marti-devesa.

Table A.1. Upper limits at 20~ confidence level on SN 2023ixf for different exposure times AT starting at Ty. Integrated photon (Fyp; in pho-

tonscm~2s~!) and energy (F.; in ergcm™2s~!) flux limits assume a spectral photon index I' = 2 and are derived as explained in Section 2.

Time TS Fu(> 100MeV) F.(> 100MeV) Fu(> 1GeV)  Fo(> 1GeV) Fy(> 10GeV)  Fo(> 10GeV)
Totold 0.0 6.3 % 1078 8.6 x 1071 63x10°  58x107!! 6.1 x 10710 3.5x 107!
Toto3d 1.9 54% 1078 73 %1071 53x10°  49x 107! 52x 10710 3.0x 107!
Toto5d 0.9 3.1% 1078 42 %1071 31x107°  2.8x 107! 3.0% 10710 1.7x 10711
Toto7d 3.5 3.6x% 1078 5.0% 10711 36x10°  34x107! 3.5% 10710 2.0% 107!
Toto14d 1.1 1.9% 1078 2.6% 10711 19%107°  1.8x 107! 1.8% 10710 1.1x 1071
Toto31d 2.0 1.1x 1078 1.5% 1071 1L1x107°  1.0x 107! 1.1x 10710 6.0 x 10712

Table A.2. Upper limits at 20" confidence level on SN 2023ixf for different exposure times AT starting at 7, = Ty + 1 d. Integrated photon (Fpy; in
photons cm™ s7!) and energy (F,; in ergcm™2 s~') flux limits assume a spectral photon index I' = 2 and are derived as explained in Section 2.

Time TS Fp(> 100MeV) F.(> 100MeV) Fpu(> 1GeV)  Fo(> 1GeV)  Fy(> 10GeV)  Fo(> 10GeV)
Tito3d 23 72%1078 9.8x 107! 71%x107°  6.6x 107! 6.9 x 10710 4.0% 1071
Tito5d 12 3.6x 1078 49% 10711 36x107°  33x107! 3.5% 10710 2.0% 107!
Tito7d 4.0 4.0% 1078 55% 107! 40%107°  37x107! 3.9% 10710 22% 1071
Titoldd 12 2.0% 1078 2.7% 1071 20%10°  1.8x 107! 1.9% 10710 1L1x 1071
Tito31d 19 1.1x1078 1.4 % 10711 1L1x10°  97x10712 1.0 x 10710 58x 10712

Table A.3. Upper limits on SN 2023ixf for different exposure times AT'.

Time L, (erg/s) Ecr [pﬁo] : (erg)
Tito3d 5.5x10% 1.2 x 10%
Tito5d 2.8x10% 7.6 x 10%
Tito7d 3.1x10% 9.3 x 10%
Titoldd 1.5x 104 4.5 x 10%
Tito3ld 7.9x10% 2.3 % 10%

Notes. Limits on the CR energy are derived as explained in Section 4 and normalised to py = 5.6 X 10~'* g/cm3. Luminosities were obtained for a

distance of D = 6.85 Mpc (Riess et al. 2022). The impact of redshift and extragalactic background light absorption is negligible and has not been

considered.
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Fig. A.1. Fermi-LAT upper limits for different time bins (1, 3, 7, and 31 days) during the whole month of observations. Flux limits assume a
spectral photon index I' = 2 and are derived as explained in Section 3.
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Appendix B: Previous multi-wavelength constraints on the RSG pre-outburst stellar wind

Table B.1. Summary of multi-wavelength constraints on the surrounding material around the progenitor from previous works.

Method Mgscg Mg/yr) Uy (km/s)  w = Mgrsg/uy (g/cm) Publication
Radio/mm lower limit* > 7 x 10~ and > 3.5 x 1073 115° >3.8x 101 Berger et al. (2023)
Spectroscopy 10731072 150 ~2.1x10'® Bostroem et al. (2023)
X-ray absorption 3x 107 50 3.7x 10 Grefenstette et al. (2023)
Multi-band photometry 1072-107° 115° ~5.5x 10" Hiramatsu et al. (2023)
Multi-band photometry 1072 50 1.3 x 10" Jacobson-Galdn et al. (2023)
Optical photometry 1073 10 6.3 x 10'° Teja et al. (2023)
H, luminosity 6x 1074 55 6.9 x 101 Zhang et al. (2023)
Bolometric luminosity 1.1x 1072 30 2.3 x 10" Zimmerman et al. (2024)
- 1072 100 6.3 x 107 Assumption in this work

Notes. For those works reporting a range of possible mass-loss rates, an intermediate value is provided for the ratio. For those works reporting a
range of limits, the most conservative one is used as a reference for the ratio. ’Obtained from Fig. 3 in Berger et al. (2023) for 7, = 10*K and
T, = 10° K, respectively, assuming V = 10* km/s. Valid for a CSM with a wind profile truncated at 2 X 10'3 cm. ®Derived in Smith et al. (2023).
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