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C. Armand23, M. Arrieta14, M. Backes8,1, M. Barnard1, Y. Becherini10, J. Becker Tjus11, D. Berge35, S. Bernhard12,
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ABSTRACT

Context. NGC 253 is one of only two starburst galaxies found to emit γ-rays from hundreds of MeV to multi-TeV energies. Accurate measure-
ments of the very-high-energy (VHE) (E > 100 GeV) and high-energy (HE) (E > 60 MeV) spectra are crucial to study the underlying particle
accelerators, probe the dominant emission mechanism(s) and to study cosmic-ray interaction and transport.
Aims. The measurement of the VHE γ-ray emission of NGC 253 published in 2012 by H.E.S.S. was limited by large systematic uncertainties.
Here, the most up to date measurement of the γ-ray spectrum of NGC 253 is investigated in both HE and VHE γ-rays. Assuming a hadronic origin
of the γ-ray emission, the measurement uncertainties are propagated into the interpretation of the accelerated particle population.
Methods. The data of H.E.S.S. observations are reanalysed using an updated calibration and analysis chain. The improved Fermi−LAT analysis
employs more than 8 years of data processed using pass 8. The cosmic-ray particle population is evaluated from the combined HE–VHE γ-ray
spectrum using NAIMA in the optically thin case.
Results. The VHE γ-ray energy spectrum is best fit by a power-law distribution with a flux normalisation of
(1.34 ± 0.14stat ± 0.27sys) × 10−13cm−2s−1TeV−1 at 1 TeV – about 40 % above, but compatible with the value obtained in Abramowski et
al. (2012). The spectral index Γ = 2.39 ± 0.14stat ± 0.25sys is slightly softer than but consistent with the previous measurement within systematic
errors. In the Fermi energy range an integral flux of F(E > 60 MeV) = (1.56 ± 0.28stat ± 0.15sys) × 10−8 cm−2s−1 is obtained. At energies above
∼ 3 GeV the HE spectrum is consistent with a power-law ranging into the VHE part of the spectrum measured by H.E.S.S. with an overall spectral
index Γ = 2.22 ± 0.06stat

Conclusions. Two scenarios for the starburst nucleus are tested, in which the gas in the starburst nucleus acts as either a thin or a thick target for
hadronic cosmic rays accelerated by the individual sources in the nucleus. In these two models, the level to which NGC 253 acts as a calorimeter
is estimated to a range of fcal = 0.1 to 1 while accounting for the measurement uncertainties. The presented spectrum is likely to remain the most
accurate measurements until the Cherenkov Telescope Array (CTA) has collected a substantial set of data towards NGC 253.

Key words. Galaxies: starburst, Gamma rays: galaxies, astroparticle physics
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1. Introduction

Starburst galaxies are characterised by their high star-formation
rate (SFR) and gas-consumption times of 1 Gyr or less. The
starburst phase typically lasts for a few hundred million years
(see e.g. Kennicutt & Evans 2012; Krumholz 2014, and refer-
ences therein). Supernova (SN) remnants are believed to be the
main sources of the Galactic cosmic rays (CRs). Starburst galax-
ies with their enhanced SFR and SN rate provide a testbed to
probe this paradigm. Furthermore, CRs are star-formation reg-
ulators and drive complex chemical reactions by penetrating
deep into dense molecular cloud cores (e.g. Indriolo & McCall
2013). There is also increasing evidence that CRs play an impor-
tant role in galaxy formation and evolution (Booth et al. 2013;
Salem & Bryan 2014; Salem et al. 2016; Pakmor et al. 2016)
by driving galactic winds along expanding magnetic loops (e.g.
Breitschwerdt et al. 1991, 1993) that result from their excita-
tion of a Parker instability in the disk (Parker 1966). In this
process the CRs heat the outflowing gas through the non-linear
Landau damping of the scattering Alfvén waves that are excited
by the outward streaming CRs (e.g. Zirakashvili et al. 1996).
This CR heating might even prevent low-mass star formation in
regions of very high CR densities such as starburst galaxies (e.g.
Papadopoulos & Thi 2013).

Observations of starburst galaxies at γ-ray energies provide
a useful probe to test the physics of CRs in these objects: i) They
permit inference on the efficiency with which kinetic energy re-
leased in SN explosions is channelled via relativistic particles
into γ-rays. ii) γ-rays can be used to infer properties of the in-
terstellar medium in starburst galaxies or probe energy partition
between CRs, magnetic fields and radiation fields. iii) Finally,
γ-ray measurements can be used as an independent probe to test
the paradigm of CR acceleration in SN remnant shocks.

The two archetypical starburst galaxies NGC 253 and M82
have been discovered to emit γ-rays with energies ranging from
hundreds of MeV to several TeV (Acero et al. 2009; VERITAS
Collaboration et al. 2009; Fermi-LAT Collaboration et al. 2010).
Subsequently, detailed spectral studies of NGC 253 at TeV ener-
gies (Abramowski et al. 2012, HESS12 in the following) and the
systematic search for GeV γ-ray emission from a sample of star-
forming galaxies with Fermi−LAT , including NGC 253 and
M82 (Ackermann et al. 2012), have been presented. Recently,
NGC 253 has also been studied at hard X-rays with NuSTAR,
soft X-rays with Chandra and at radio wavelengths with VLBA
(Wik et al. 2014). Broadband spectral energy distribution (SED)
modelling is performed with different approaches, ranging from
semi-analytical one-zone models as described in e.g. Eichmann
& Becker Tjus (2016), to three-dimensional (3D) steady state
models (e.g. Persic et al. 2008; Rephaeli et al. 2010) and the
treatment of time and space-dependent injectors (e.g. Torres
et al. 2012). Starburst galaxies are also discussed as one of the
possible source classes contributing to the astrophysical neu-
trino excess seen by the IceCube collaboration (Aartsen et al.
2014). NGC 253 remains one of the weakest detected TeV γ-ray
sources. After three years of improvements to the calibration,
reconstruction and analysis, a re-analysis of the γ-ray data, in-
cluding a re-evaluation of systematic uncertainties, is presented
in this work. In addition, 8 years of Fermi−LAT data are anal-
ysed and the updated γ-ray spectrum from 60 MeV to more than
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10 TeV is studied. As a result of both improvements, the discus-
sion presented in HESS12 is revisited.

2. H.E.S.S. data analysis

2.1. H.E.S.S. data

H.E.S.S. is an array of imaging atmospheric Cherenkov tele-
scopes located in the Khomas Highland of Namibia and detects
cosmic γ-rays with energies ranging from ∼0.1 to ∼100 TeV. The
data used in this work are identical to the data presented and
analysed in HESS12. The observations carried out in 2005 and
from 2007 to 2009 sum to 158 h of acceptance-corrected live
time. NGC 253 has not been the target of new observations from
H.E.S.S. since then. Significantly improved statistics would only
be possible at the cost of unreasonably large amounts of obser-
vation time. For a detailed description of the instrument and data
set, the reader is referred to the original publication. The differ-
ences and improvements of the analysis methods compared to
HESS12 are highlighted where applicable.

2.2. H.E.S.S. analysis

The results presented here and in HESS12 are based on a
semi-analytical model of air showers for the event reconstruc-
tion and background suppression (de Naurois & Rolland 2009).
This model analysis provides an improved angular resolution
and a much better sensitivity compared to the classical Hillas
parameter-based analysis. It is, however, susceptible to imper-
fections in the detailed modelling of the instrument response.
Since the original publication, a small misalignment of the cam-
era’s position with respect to the telescope dish was found. This
was not fully taken into account in the HESS12 analysis but has
been accounted for in newer versions of the analysis software.
The improvements in the pointing model have been verified us-
ing optical star positions and by application to known, strong
γ-ray sources. The misaligned cameras resulted in a broaden-
ing of the point-spread function (PSF) and introduced a shift
of the main discrimination variable in the model analysis. This
shift led to misclassifications of γ-rays as background and re-
sulted in an underestimation of the γ-ray flux of NGC 253. The
same behaviour was uncovered and accounted for during the
analysis of N 157B in the Large Magellanic Cloud (H.E.S.S.
Collaboration 2015, supplement). The cross-check analysis pre-
sented in HESS12 is not significantly affected by the imperfect
pointing model. The resulting systematic difference in recon-
structed γ-ray flux between the model analysis and the cross-
check analysis was taken into account in the flux systematic un-
certainty in HESS12. As the precision of the γ-ray spectrum pre-
sented in HESS12 was limited by the systematic flux uncertainty,
and since the modelling of the camera positions were improved
since then, a reanalysis of the NGC 253 H.E.S.S. data and re-
vised VHE γ-ray spectrum using the same data set as used in
HESS12 is presented.

2.2.1. VHE γ-ray spectrum

The data reanalysis was performed using the same anal-
ysis framework as in HESS12, namely the model anal-
ysis (de Naurois & Rolland 2009). An updated position,
extension limit, light curve and γ-ray spectrum are de-
rived. The source is detected with a slightly lower sig-
nificance of 7.2σ compared to 8.4σ in HESS12. The
updated source position is RA = 0h 47m 32.54s ± 0m 11.2s,



H.E.S.S. Collaboration: Revisiting NGC 253 with H.E.S.S.

Dec = −25d 17′ 25.4′′ ± 0′ 10.3′′ (J2000), which changed only
marginally towards an even better agreement with the optical
center of NGC 253 at RA = 0h 47m 33.1s, Dec = −25d 17′ 18′′.
With the PSF being understood better, a possible exten-
sion of the γ-ray source is constrained to ≤ 1.4′ at the 3σ
level compared to the previous limit of ≤ 2.4′. The new
γ-ray spectrum, extracted at the best-fit position, is well
described by a single power law, depicted in Fig. 1. The
spectral points are given in Table 2. The flux normalisation
F0(1 TeV) = (1.34 ± 0.14stat ± 0.27sys) × 10−13 cm−2 s−1 TeV−1

is ∼ 40 % higher, and the best-fit spectrum is with a spectral
index of Γ = 2.39±0.14stat±0.25sys somewhat softer but consis-
tent within errors compared to HESS12, where a spectral index
of Γ2012 = 2.14 ± 0.18stat ± 0.30sys and a normalisation at 1 TeV
of F2012

0
= (9.6 ± 1.5stat (+5.7,−2.9)sys) × 10−14 TeV−1 cm−2 s−1

were reported. Both spectral parameters are consistent within
the previously estimated systematic uncertainties. The relative
statistical errors are slightly reduced due to the higher recon-
structed γ-ray flux. We note that the systematic uncertainties are
now comparable to the statistical uncertainties.

2.2.2. Estimation of systematic uncertainties

In HESS12, systematic uncertainties were estimated using a
cross-check analysis, which accounted for systematic differ-
ences of the calibration, reconstruction and background subtrac-
tion. As this cross-check analysis proved to be unaffected by the
imperfections in the modelling of the camera positions described
above, the updated analysis presented here is compared to the
original cross-check analysis. In HESS12, the difference in the
flux normalisation between the two analysis chains was found to
be 50 %, while the re-analysed flux normalisations agree within
2 %. The difference of best-fit spectral indices is on the 10 %
level. As a 2 % difference is likely not representative for the real
systematic uncertainty caused by different calibration chains,
event reconstruction and background subtraction procedures, ad-
ditional tests for systematic effects within the primary analysis
framework have been performed.

A test for systematic shifts in the reconstructed γ-ray flux
caused by the run selection has been performed by applying the
original data quality criteria (e.g. Aharonian et al. 2006) used in
HESS12 in comparison to a revised data quality selection. We
found the data selection has an impact on the reconstructed flux
at a level of 10 % and 3 % in flux normalisation and spectral
index, respectively, for this faint source.

The applied γ-ray selection cuts might also introduce sys-
tematic effects. To estimate the impact of the chosen cuts, the
data set was analysed using two different cut configurations: one
designed for a low-energy threshold and optimised for spec-
tral studies (Standard), the other optimised for weak sources
(like NGC 253) and morphological studies, with a higher energy
threshold (Faint). The differences between the analyses with the
two cut configurations are 5 % in the spectral index and 13 %
in the normalisation, and represent an estimate of the systematic
uncertainty associated to the specific choice of the cut configu-
ration.

The atmosphere is an integral part of an imaging atmospheric
Cherenkov telescope and varies over time. The assumed atmo-
spheric density profile influences the amount of light predicted
to be seen by each camera. The light yield is uncertain by ∼10 %
(Aharonian et al. 2006). In order to estimate the effect of this un-
certainty on the spectral parameters, the fit was repeated using
response functions that were shifted by ± 10 % in energy. The

resulting uncertainties are 10 % and ± 0.09 for the flux normali-
sation and the spectral index, respectively.

All uncertainties obtained for the flux normalisation and
spectral index are summarised in Table 1. The error bars for the
H.E.S.S. flux points shown in Figure 1 only represent the statisti-
cal uncertainties. In this figure, the red shaded area indicates the
combined statistical and systematic uncertainties of the best-fit
power-law model. The black contour depicts the error region as
derived in HESS12.

Table 1. Estimated systematic uncertainties of the H.E.S.S. ob-
servations towards NGC 253.

Origin of uncertainty spectral index normalisation

reconstruction,
± 0.19 2 %

calibration & analysis
run selection ± 0.07 10 %
selection cuts ± 0.11 13 %
atmospheric modelling ± 0.09 10 %
Total systematic uncertainty ± 0.25 19 %

3. Fermi-LAT data analysis

Since the publication of HESS12, the dataset accumulated by
Fermi−LAT has increased by a factor of two. In addition, the
release of the pass 8 data products (Atwood et al. 2013) allows
for an additional gain in sensitivity and performance, especially
at the lower end of the Fermi−LAT energy range of around 100
MeV. As this is the energy region where differences between
hadronic and leptonic emission processes are best visible, a new
analysis of more than 8 years’ Fermi−LAT data was performed.

3.1. Fermi−LAT data

Fermi−LAT observations towards NGC 253 were selected in the
time period of MET 239557417 - MET 507108410 (correspond-
ing to 04 Aug 2008 - 26 Jan 2017), more than 8 years in total and
double the data that was used in HESS12. The standard Fermi
Science Tools1 were employed to carry out the data analysis. A
square region-of-interest (ROI) of 15◦ × 15◦ was defined around
the optical center of NGC 253. In order to suppress albedo back-
ground events from the Earth’s limb, events arriving during times
in which the ROI was observed under unfavourable zenith angles
were not included in the analysis. Specifically, times in which
the spacecraft was tilted more than 52◦ and in which the ROI
was only observable at zenith angles > 90◦ were neglected. To
avoid biases due to energy-dispersion effects at low energies, a
pre-selection of γ rays was performed that restricts the energy
range to a minimum of 30 MeV.

The HE γ-ray light curve of NGC 253 was monitored with
the high cadence long-term monitoring tool FlaapLUC (Lenain
2017) which did not reveal significant variability.

3.2. New HE γ-ray spectrum

The spectral analysis was performed based on the P8 R2 v6 ver-
sion of the post-launch instrument response functions (IRFs).
Both front and back converted photons were selected. A binned
likelihood analysis using the gtlike tool in the energy range from

1v10r0p5, http://fermi.gsfc.nasa.gov/ssc
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The rather hard overall differential γ-ray spectrum observed
for this system up to the highest detected energies is an indi-
cation against diffusion-dominated transport of the CRs in the
starburst region, a scenario which would be analogous to the
conventional diffusion picture for diffuse CRs in the ISM of
our Galaxy. Indeed, the high velocity of the starburst wind (see
HESS12) rather suggests an advection-dominated transport,
and therefore a spectrum of γ-rays emitted from the starburst
region whose form is close to that of the source charged-particle
spectrum, at least at energies above a few GeV, where the form
of the hadronic γ-ray energy spectrum should roughly follow
that of the generating charged particles. How closely the form
of the γ-ray spectrum follows that of the CRs depends on the
density of the gas in the starburst region. We consider two
scenarios, which represent two extreme cases for this system.

If the gas in the system acts as a thick target, CRs will
lose all their energy in the starburst region through pp interac-
tions. In this regime, the rise of the pp interaction cross-section
with energy softens the spectrum of CRs in the system relative
to their source spectrum. This softening, however, is naturally
compensated for by the γ-ray emission process itself, resulting
in the photon index matching that of the source CR spectral
slope. To ascertain the best-fit spectral slope for this case,
a power-law fit to all data points from 3 GeV to 3 TeV was
performed. This approach neglects the systematic uncertainties
of both measurements, resulting in small statistical uncertainties
on the obtained fit parameters. Energies below 3 GeV are
not considered as the proton kinematics start to impact the
results, leading to a departure from the power-law description
at energies close to the pion production threshold. The best-fit
spectral index was found to be 2.22 ± 0.06stat.

If the gas in the starburst region is considered to be a thin
target for CRs, particles are able to escape the starburst region
via advection before loosing a significant fraction of their
energy. In this regime, the spectral slope of CRs in the system
is not altered relative to that in their source. Once again,
however, the growth of the pp cross-section with energy
results in higher energy CRs more efficiently losing their
energy than lower energy CRs, hardening the γ-ray spectrum
produced. In turn, correcting for this over-representation of
high energy γ-rays yields a CR spectrum that is softer than
the γ-ray spectrum. In order to estimate the CR spectral shape
under these assumptions, a description of starburst nucleus of
NGC 253 as well as the inelastic proton scattering cross-section
is necessary. The cross-section and branching ratios can be
forward folded with a proton test distribution. A tool that allows
for all of this is NAIMA (Zabalza 2015), a tool which employs
the Markov Chain Monte Carlo methods from Goodman &
Weare (2010) implemented in emcee (Foreman-Mackey et al.
2013). It fits the parameters of the proton test distributions
based on the measured γ-ray spectrum, utilising the Kafexhiu
et al. (2014) parameterisation of the pp interaction differential
cross-sections. Assuming a distance of 3.5 Mpc (Dalcanton
et al. 2009) and utilising the cross-section of the pp energy
losses and pion production from PYTHIA 8, protons were
simulated in a kinetic energy range from 0.1 GeV to 0.5 PeV
according to a power-law in momentum with spectral index α
and normalisation N0 at the reference momentum p0 of the form

N(E) =
N(p0)

βc
×

(

p

p0

)−α

, (1)

where E is the total energy of the proton, p is the proton mo-
mentum, and β the proton velocity in units of c. The fit was done
using both, the updated H.E.S.S. and Fermi−LAT spectrum, us-
ing statistical uncertainties only. Also, the upper limits are taken
into account in the fit. The resulting best-fit spectral index ob-
tained is α = 2.46±0.03stat. The γ-ray spectrum that is produced
via pion decay from this proton distribution is depicted in Fig. 2.
The χ2/Ndof of the best fit of 0.97 for 12 degrees of freedom,
as well as the residuals indicate a good fit to the data. The total
energy available in protons above a kinetic energy of 290 MeV
(the pion production threshold) is (2.0 ± 0.2stat) × 1053 erg.

Since the systematic uncertainties on the measured flux
normalisation in the H.E.S.S. energy range are as large as
the statistical ones, the fit was performed again by shifting
the H.E.S.S. data points. For this, all measured flux points
were increased (or decreased) by 20 %. The resulting best fit
parameters for the proton spectrum varied by ∼ 3 %

sys

H.E.S.S. norm

and ±0.03
sys

H.E.S.S. norm
for the normalisation and the spectral

index, respectively. Additionally, the impact of the exact choice
of pp-interaction parameterisation was tested by repeating the fit
using alternative descriptions of pp-interaction processes from
QGSJET and SYBILL instead of PYTHIA8. We found that the
choice of the parameterisation adds another uncertainty at the
same level as the statistical ones, namely ∼ 6 %

sys

interaction
and

±0.03
sys

interaction
for the flux normalisation and the spectral index

respectively. If the H.E.S.S. measurement is excluded from the
fit, the best-fit spectral index is around 2.6 and undershoots the
H.E.S.S. measurement.

A limiting factor in the effort to recover the CR source
spectrum comes from the complications introduced into the
in-situ CR picture, from a consideration of the potential compet-
ing particle propagation and energy loss channels. The source
spectrum will have an index between those obtained in the thick
and thin one-dimensional (1D) models as long as convection
dominates the particle propagation in the starburst region and
only pion-decay γ-ray production matters.

4.2. Cosmic-ray calorimetry in the starburst nucleus

The level at which the starburst system acts as a CR calorime-
ter, fcal, is defined by the ratio of power that is channelled
into pion production relative to the total amount of potential
power available for pion production. A complete comparison
of the calorimetric level therefore requires the further estima-
tion of the fraction of CR energy in the population with energies
above the threshold for pion production, fπ. We note that γ-ray
observations are only sensitive to this high-energy component.
As was discussed in HESS12, fπ is reasonably estimated with
fπ ≈ 3 − Γ (see Appendix in HESS12) which is based on the
assumption of a simple power-law extrapolation of the CR mo-
mentum spectrum with index Γ over the whole particle energy
range.

An estimation of the calorimetric level
fcal = Lπ/LCR(ECR > Eth.

π ) of the system, using the refer-
ence values and a value fπ ∼ 0.66, intermediate between the
two extreme cases Γ = 2.22 and 2.46, gives

fcal ≈ 0.34

(

0.66

fπ

) (

Lγ

1.2 × 1040 erg s−1

) (

1.6 × 1041 erg s−1

LCR

)

, (2)

where Eth.
π is the threshold energy in pp collisions of CRs

with the target gas, and the relation Lπ = 3Lγ has been assumed.
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vides an excellent fit to the data. Based on the presented analy-
ses, the CR luminosity in the starburst nucleus was evaluated in
two extreme scenarios assuming the gas to act as either a thin
or thick target for the CRs. These two scenarios allowed us to
bracket the CR luminosity in NGC 253 with uncertainties of one
order of magnitude. The calorimetric level of NGC 253 was cal-
culated to lie in the transition between the two scenarios with
allowed values ranging from fcal ≈ 0.1 to 1.

The presented spectra will remain the most precise mea-
surements for the coming years. The VHE γ-ray spectrum will
only be updated once the Cherenkov Telescope Array (CTA) has
started operations and collected a sizeable set of observations to-
wards NGC 253. The CTA measurement will provide more pre-
cise and detailed γ-ray data, potentially yielding an estimate of
the extension of the region emitting VHE γ-rays. As demon-
strated by CTA Consortium (2017) (their figure 11.4), the cur-
rent gap in high-quality γ-ray data from 50 GeV to 200 GeV will
be filled down to 100 GeV within 100 hours of observations. At
higher energies, CTA will be able to probe the presence or ab-
sence of a cut-off of the γ-ray spectrum and therefore able to
probe the acceleration limit of the astrophysical particle accel-
erators in the starburst nucleus or the onset of γ-γ absorption in
the dense radiation fields. Further significant improvements in
the HE γ-ray domain will only be possible with missions like
e-ASTROGAM, which could provide an accurate measurement
in the energy range below 1 GeV (De Angelis et al. 2017) and
probe the existence of a ’pion-bump’ as predicted by hadronic
emission models.
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Bordeaux Gradignan, 33175 Gradignan, France

26 Oskar Klein Centre, Department of Physics, Stockholm University,
Albanova University Center, SE-10691 Stockholm, Sweden

27 Institut für Astronomie und Astrophysik, Universität Tübingen,
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