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SPECTRAL ANALYSIS AND INTERPRETATION OF THE y-RAY EMISSION
FROM THE STARBURST GALAXY NGC 253*
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ABSTRACT

Very high energy (VHE; E > 100 GeV) and high-energy (HE; 100 MeV < E < 100 GeV) data from y-ray
observations performed with the H.E.S.S. telescope array and the Fermi-LAT instrument, respectively, are analyzed
in order to investigate the non-thermal processes in the starburst galaxy NGC 253. The VHE y-ray data can be
described by a power law in energy with differential photon index I" = 2.14 4= 0.18, & 0.30,ys and differential
flux normalization at 1 TeV of Fy = (9.6 &£ 1.54(+5.7, —2.9)ys) X 107 TeV-'em—2s7 1. A power-law fit to the
differential HE y-ray spectrum reveals a photon index of I' = 2.24 £ 0.14,; & 0.03y, and an integral flux between
200 MeV and 200 GeV of F(0.2-200 GeV) = (4.9 &= 1.045 = 0.34y) x 1072 cm~2s~!. No evidence for a spectral
break or turnover is found over the dynamic range of both the LAT instrument and the H.E.S.S. experiment: a
combined fit of a power law to the HE and VHE y-ray data results in a differential photon index I" = 2.34 £ 0.03
with a p-value of 30%. The y -ray observations indicate that at least about 20% of the energy of the cosmic rays (CRs)
capable of producing hadronic interactions is channeled into pion production. The smooth alignment between the
spectra in the HE and VHE y-ray domain suggests that the same transport processes dominate in the entire energy
range. Advection is most likely responsible for charged particle removal from the starburst nucleus from GeV to
multiple TeV energies. In a hadronic scenario for the y-ray production, the single overall power-law spectrum
observed would therefore correspond to the mean energy spectrum produced by the ensemble of CR sources in the
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starburst region.

Key words: convection — diffusion — galaxies: individual (NGC 253) — galaxies: starburst — gamma rays:

galaxies — radiation mechanisms: non-thermal

Online-only material: color figures

1. INTRODUCTION

Starburst galaxies are galaxies that undergo an epoch of star
formation in a very localized region (the starburst region) at a
rate that is enhanced in comparison to other, so-called late-type
galaxies such as the Milky Way. It is believed that this starburst
activity is triggered by either galaxy mergers, a close fly-by
of galaxies, or Galactic bar instabilities, where the dynamical
equilibrium of the interstellar gas gets disturbed. This leads to
the formation of regions of very high density gas, usually at
the center of the galaxy, and subsequently to star formation
and a strongly increased supernova (SN) explosion rate. SN
remnant shocks are widely believed to be acceleration sites of
cosmic rays (CRs). This is one reason why starburst regions
might have a high CR density. Given the high density of target
material that is available for p—p interactions and the production
of %, the starburst nucleus is in addition a promising source
of high-energy (HE; 100 MeV < E < 100 GeV) and very
high energy (VHE; E > 100 GeV) y-rays. From energetic
electrons also bremsstrahlung and inverse Compton y-rays are
expected. These electrons may be either directly accelerated by
the same processes as the nuclear particles or generated in the
decays of charged pions from hadronic collisions. They might,
however, also be produced in different sources, like in pulsar
wind nebulae. Starburst galaxies have been predicted early on
to be detectable by present y-ray instruments (e.g., VOlk et al.
1989, 1996; Akyuz et al. 1991; Paglione et al. 1996).

The spiral galaxy NGC 253 is the closest object in the southern
sky that belongs to the class of starburst galaxies. Its distance is
measured as 2.6-3.9 Mpc using different distance estimation
techniques (Davidge et al. 1991; Karachentsev et al. 2003;
Rekola et al. 2005). The reference distance is d = 2.6 Mpc
(Davidge et al. 1991) since this value is used most widely in

* We dedicate this paper to the memory of our colleague Dalibor Nedbal, who
died on 2012 May 15 at the age of 31. Dalibor was universally liked and
respected as a scientist and colleague and will be greatly missed.

3 Deceased.

34 European Associated Laboratory for Gamma-Ray Astronomy, jointly
supported by CNRS and MPG.

the literature to determine the properties of NGC 253. However,
this reference distance has recently been convincingly revised
to 3.5 Mpc (Dalcanton et al. 2009). The final numerical values
used below will therefore be needed to be scaled for consistency
with the revised distance value.

Compared to the Milky Way, NGC 253 exhibits an increased
overall star formation rate (SFR), with the SFR in the starburst
nucleus being comparable to that in the entire remaining
disk of the galaxy. An SN rate vgy of this nucleus can be
determined from the far-infrared (FIR) observations, since the
FIR luminosity can be assumed to be directly proportional to
vsn (Van Buren & Greenhouse 1994). For NGC 253 as a whole
the SN rate is estimated to be ~0.08 yr~!, with ~20.03 yr~! in the
starburst region (Engelbracht et al. 1998). By assessing the SFR,
Melo et al. (2002) found that it can amount to 5 M, yr~! in the
starburst nucleus alone, which is 70% of the SFR of the entire
galaxy. The starburst region itself has a cylindrical shape with
a radius of ~150 pc and a full height of ~60 pc perpendicular
to the disk of the galaxy and symmetric to its mid-plane with
a volume Vsg ~ 1.2 x 109 (d/2.6 Mpc)? cm® (Weaver et al.
2002).

To understand the observed y-ray emission, a simplified
scenario is considered in which the y-ray production resulting
from particle acceleration in the part of the disk outside the
starburst region is neglected in comparison with that from the
starburst region. The reasons are the low average gas density and
radiation field intensity of the average interstellar medium (ISM)
and the expected dominance of energy-dependent diffusive
particle losses from the disk—quantitatively similar to the
situation in the Milky Way. This expectation is also consistent
with the estimate of Strong et al. (2010), who find that the HE y -
ray luminosity of the Milky Way is an order of magnitude lower
than the y-ray luminosity of the starburst region of NGC 253
(see Section 4).

The stellar winds from the early-type stars and the subsequent
core-collapse SN explosions heat the lower-density parts of the
surrounding material, causing them to expand rapidly from the
starburst region in the form of a collective wind. The shocks
from the SN explosions are the primary accelerators of CRs in
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this scenario, and their pressure adds to the excess thermal gas
pressure. The dense material in the starburst region outside the
SN remnants will remain essentially non-ionized in this process
and will not participate in the flow. The 7°-producing CRs from
the percolating wind flow are nevertheless likely to penetrate
also the dense gas in the starburst region, which therefore is a
massive target for y -ray production. The recent detections of HE
(Abdo et al. 2010a) and VHE y-ray emission from the starburst
galaxies NGC 253 (Acero et al. 2009) and M82 (Acciari et al.
2009) appear to support this picture.

In a picture where there is quasi-steady equilibrium between
production and loss processes, the population of HE CRs ac-
celerated in NGC 253’s starburst nucleus is removed from the
starburst region predominantly via three different processes:
(1) advective removal of particles in the starburst wind, of-
ten also called a “superwind” (see, e.g., Weaver et al. 2002;
Zirakashvili & Vo6lk 2006), not to be confused with the large-
scale galactic “disk wind” (see, e.g., Breitschwerdt et al. 1991;
Heesen et al. 2009) that is primarily driven by the general popu-
lation of CRs and the hot gas, both produced in the galactic
disk; (2) diffusion of particles from the source region;
and (3) catastrophic inelastic (“p—p”) interactions. Energetic
electrons/positrons suffer, in addition, radiative losses. The con-
tributions of these components and the resulting y-ray spectra
have been discussed by several groups (see, e.g., Paglione et al.
1996; Aharonian et al. 2005; Domingo-Santamaria & Torres
2005; Rephaeli et al. 2010; Lacki et al. 2010, 2011) and are
compared to the measurements presented here.

After the discovery of VHE y-ray emission from NGC 253
(Acero et al. 2009), we present for the first time a spectral
analysis of the VHE y-ray data obtained by H.E.S.S. in
conjunction with the analysis of a 30 month set of Fermi-LAT
data, increased in size by a factor of ~3 compared to the one
used in the original publication of the Fermi Collaboration on
NGC 253 (Abdo et al. 2010a). These results are used to estimate
the properties of the underlying CR population, such as the
particle energy density, as well as to place constraints on CR
transport and the rms magnetic field strength within the starburst
region.

2. H.E.S.S. OBSERVATIONS AND DATA ANALYSIS
2.1. H.E.S.S. Instrument

The High Energy Stereoscopic System (H.E.S.S.) is an array
of four imaging atmospheric Cerenkov telescopes located in
the Khomas Highland of Namibia, 1800 m above sea level.
The telescopes are identical in construction, and each one
comprises a 107 m? optical reflector composed of segmented
spherical mirrors and a camera built of 960 photomultiplier
tubes. H.E.S.S. utilizes the imaging atmospheric Cerenkov
technique (see, e.g., Hillas 1985). Cerenkov light, emitted by
the highly relativistic charged particles in extensive air showers,
is imaged by the mirrors onto the camera. A single shower can be
recorded by multiple telescopes under different viewing angles,
allowing stereoscopic reconstruction of the primary particle
direction and energy with an average energy resolution of 15%
and an event-by-event spatial resolution of 021 (Aharonian et al.
2006).

2.2. Data Set

NGC 253 was observed with the H.E.S.S. array in 2005 and
from 2007 to 2009 for a total of 241 hr. After standard data
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Table 1
VHE y-ray Statistics of NGC 253

Cuts 62, Non Now  1/a  Excess Significance
(deg?) ()

MA (standard)  0.01 ~ 2240 26224 1372 329+49 7.1

MA (faint) 0.005 571 7816 20.13 183 +24 8.4

Notes. Number of y-ray-like and background events along with the significance
(Li & Ma 1983) and y-ray excess as obtained for the H.E.S.S. data using the
MA method. o denotes the normalization factor between signal and background
exposures.

quality selection, where data taken under unstable weather con-
ditions or with malfunctioning hardware have been excluded, the
total live time amounts to 177 hr of three- and four-telescope
observations that were used for the generation of sky maps of
the y-ray emission and the reconstruction of energy spectra.
Observations were carried out at zenith angles of 1°-42°, with
a mean value of 12°. Observations have been performed in the
wobble mode, where the telescopes were alternately pointed
offset in R.A. and decl. from NGC 253, resulting in an average
pointing offset of 0°5 (Aharonian et al. 2006).

2.3. Data Analysis

All results presented in the following were obtained using
the model analysis (MA; de Naurois & Rolland 2009) for
event reconstruction and background reduction and were cross-
checked with the boosted-decision-tree-based (BDT) Hillas
parameter technique described in detail in Ohm et al. (2009).
Two different sets of cuts were used for MA: the standard cuts
require a minimum shower image intensity of 60 p.e. in each
camera. They maximize the acceptance of y-ray-like events
(at the expense of a larger background) and are therefore used
for energy spectra and sky maps; the faint cuts, requiring a
higher minimum intensity of 120 p.e., resulting in improved
angular resolution at the cost of lower y-ray acceptance, are
used for position and extension determination. Spectral results
were derived using the Reflected background model, whereas
the Ring background model was utilized to generate sky maps
(Berge et al. 2007). The analysis thresholds for the standard and
faint cuts configuration are 190 GeV and 250 GeV for the MA
method, respectively.

2.4. Results

A VHE y-ray excess map for the 1?5 x 125 field of view (FoV)
centered on the optical position of NGC 253 and produced with
MA, standard cuts, is shown in Figure 1. The map has been
smoothed with a two-dimensional Gaussian kernel of 39 rms
to reduce the effect of statistical fluctuations and matched to the
point-spread function (PSF) for this analysis. A total of 329 £ 49
excess events corresponding to a significance of 7.1¢ (Li & Ma
1983) are found at the nominal position of NGC 253. The overall
statistics of MA with both sets of cuts are shown in Table 1.
The best-fit position of the source is R.A. 00M47m3453 4 134,
decl. —25°17"22"6 + 03 (J2000), compatible at the <lo level
with the optical center of NGC 253 at R.A. 00"47™33%1 and
decl. —25°17'18” (J2000).

The squared angular distribution of y-ray candidate and
background events relative to the position of NGC 253 as
shown in Figure 2 is consistent with point-like emission. This
constrains a potential source extension to less than 2/4 at 3o
confidence level (e.g., the extent of the starburst region in



THE ASTROPHYSICAL JOURNAL, 757:158 (12pp), 2012 October 1

ABRAMOWSKI ET AL.

Table 2
H.E.S.S. Spectral Results of NGC 253
Data Ewn Fo F(>Ew) r
(GeV) (TeV~-'em—2571) (em™2s7h
This analysis by MA 190 9.6+ 1.5) x 10714 (5.6+12) x 1071 2.14+0.18
Prev. analysis (Acero et al. 2009) 220 (5.5+1.0)x 10713

Notes. VHE y-ray spectral results as shown in Figure 3 for the MA. The photon index I is derived from a fit of a power law to the
spectrum. Only statistical errors are given. A comparison with the integral flux given in Acero et al. (2009) is also provided.

c
2
]
83
-25°00°
NGC 253 0.5
0
-25°30° 1-0.5
-26°00°

00"48™00°  o00M'46™00°
Right Ascension (J2000)

Figure 1. Smoothed H.E.S.S. y-ray excess map in units of VHE y -ray events per
arcmin? of the 195 x 195 FOV, centered on the position of NGC 253. The image
was smoothed with a Gaussian kernel of 3/9 rms, the radius that corresponds
to the PSF for this analysis. The black star marks the position of the optical
center of NGC 253, and the inlay represents the size of a point-like source as it
would have been seen by H.E.S.S. for this analysis. White contours depict the
optical emission from the whole galaxy with contour levels of constant surface
brightness of 25 mag arcsec 2 and 23.94 mag arcsec 2 as used in Pence (1980).
The dashed circle indicates the 95% error contour of the best-fit position of the
Fermi-LAT source (see also Table 3).

00"50™00°

(A color version of this figure is available in the online journal.)

12CO(2-1) is about ~0/4 x 1/0; Sakamoto et al. 2011). In the
standard picture, where the HE and VHE y-ray emission from
starburst galaxies originates from diffuse CR interactions, no
variability of the y-ray signal is expected. The yearly light
curve of the y-ray emission is stable over the four years
of observations within errors. A fit of a constant flux to the
yearly light curve yields a mean integral flux above 1 TeV of
(8.54+1.8) x 107 cm™2 s~! with a x? of 3.3 for 3 degrees of
freedom and is stable over the four years of observations within
errors.

The H.E.S.S. data set previously published in Acero et al.
(2009) comprises 119 hr of good-quality data, collected in the
years 2005, 2008, and 2009, and represents 2/3 of the data
set used in this work. Based on this larger data set, a better
determination of the spectral characteristics is now possible.
All results presented in that publication are consistent with the
findings presented here.

2.5. Spectrum

The differential energy spectrum derived from this data
set is shown in Figure 3 and Table 2 and is well described
by a power law: dN/dE = F, - (E/1TeV)™" with photon

Events

50—

ol
0.06 0.08 0.1

6° (deg?)

Figure 2. Distribution of ON events around NGC 253 and of OFF events from
background control regions as obtained with MA, faint source cuts. The squared
angular distribution has been produced using the Reflected background model.
Also shown is the point-spread function of the instrument for this analysis
(dotted line), assuming that the y-ray emission originates from the optical
center of NGC 253. The normalization of the model is adjusted to match the
total y-ray excess in the range 0-0.01 deg?.

(A color version of this figure is available in the online journal.)

index I' = 2.14 £ 0.18, £ 0.30yys and flux normalization
Fo = (9.6 £ 1.5qu(+5.7, =2.9)5ys) x 1074 TeV-'em 257!
with a chance probability of 7%. This yields an integral flux
above the energy threshold of 190 GeV of F(>190GeV) =
(5.6 £1.2) x 107 B cm™2s~!. With a flux of (0.21 & 0.05)% of
the Crab Nebula flux above the energy threshold, NGC 253 is
the source with the lowest VHE y -ray flux detected so far.
Since the VHE y-ray signal from NGC 253 is so weak, sys-
tematic effects could potentially influence the spectral recon-
struction. In-depth systematic checks on the background sub-
traction and the spectrum calculation have been performed with
the MA and BDT method. These tests have been used to estimate
the systematic uncertainty of the VHE y -ray spectrum presented
here. For instance, the difference in the data selection procedures
leads to a difference in live time of 12% and hence to a small
difference in the data sets used to reconstruct the spectrum.
Furthermore, Earth’s magnetic field bends charged particles in
extensive air showers and influences their development. This
affects observables such as the shower image orientation in the
Cerenkov camera, the image shape, and hence the stereoscopic
reconstruction. Although this effect is expected to be small, it
is taken into account in the reconstruction of the energy spec-
trum of NGC 253. In order to test the background systematics,
harder selection cuts on y-ray-like events have been performed,
e.g., the faint cuts introduced in Section 2.3, and alternate back-
ground estimation techniques (such as the template background)
have been studied as well. Precise comparison between the ac-
tual level of background in the whole field of view (FOV) and
predictions from the background model, excluding a circle of
0225 around NGC 253, indicates that the background level is
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10 Fermi-LAT
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Figure 3. Differential H.E.S.S. energy spectrum of NGC 253 as obtained with MA (shown as circles). Also shown is the LAT energy spectrum as obtained in the
analysis of the 30 months of data as described in the text (shown as crosses). For both spectra 1o error bars are shown for spectral points and 95% upper limits
according to Feldman & Cousins (1998). The shaded area represents the 1o confidence band from the simultaneous fit to the Fermi-LAT and H.E.S.S. data. Also
shown are the predictions from Paglione et al. (1995; solid gray), Domingo-Santamaria & Torres (2005; dashed gray), and Rephaeli et al. (2010; dash-dotted gray).

controlled at a level of ~1.5% over the full FOV, with the
magnetic field introducing an azimutal asymmetry of £2%.
The magnetic field and potential systematic effects in the back-
ground determination mainly affect low-energy events. There-
fore, additional tests have been performed, where only events
with reconstructed energies above 0.6 TeV have been used in
the spectral fit. All systematic tests have been performed with
both analysis chains and resulted in a spread in normalization
between the two analyses of +60%, —30% and a variation in
differential photon index of AI'gy < 0.3.

3. FERMI-LAT OBSERVATIONS AND DATA ANALYSIS

Based on 11 months of data, NGC 253 has also been detected
in the HE y-ray regime by the Fermi-LAT instrument (Abdo
et al. 2010a). It was later confirmed as an HE y-ray emitter
based on 12 and 24 months of data (Abdo et al. 2010b; Nolan
et al. 2012). The analysis and the results of a larger 30 month
data set are presented in the following.

3.1. Fermi-LAT instrument

The Fermi-LAT instrument is a pair-conversion telescope,
capable of detecting y -rays in the energy range between 20 MeV
and 300 GeV. It consists of a tracker for the reconstruction of
the particle direction, a calorimeter that measures the energy of
the incident particle, and an anti-coincidence system designed
to suppress the charged-particle background. Data are normally
recorded in survey mode, in which the whole sky is covered
every two orbits. The instrument FOV is 2.4 sr, and it provides
an angular resolution of <1° at 1 GeV and <(0°2 at 10 GeV. A
full description of the mission- and instrument-related details
can be found in Atwood et al. (2009).

3.2. Data Set and Data Analysis

The data set presented in the following comprises data from
the commissioning of Fermi on 2008 August 4 (MJD 54,682)
until 2011 February 3 (MJD 55,595). The data analysis has been
performed using events with reconstructed energies between
200 MeV and 200 GeV and utilizing the Fermi Science Tools

(FST) package, version vOr18p6.% Events of the “diffuse”
source class have been analyzed using the P6_V3_Diffuse
instrument response functions (IRFs). Additionally, events with
zenith angles >105° were excluded from the analysis due to a
significant contribution of Earth-limb y-rays.

The best-fit position of NGC 253 has been determined by
means of a maximum likelihood method, using the FST tool
gtfindsrc. All events in a region of interest (ROI) of 10° around
this best-fit position have been used, and all sources within 15°
were modeled to produce energy spectra and to calculate the
test statistic (TS)?” of the source. At the best-fit position at
R.A. 00"47™557 and decl. —25°18'3274 (J2000) (ros = 5'7,
95% confidence level) a TS value of 105, corresponding to a
statistical significance of ~100, is found.

Using the FST gtlike tool and an unbinned maximum like-
lihood fitting procedure, the energy spectrum of NGC 253 has
been derived. For this purpose, all sources listed in the Fermi-
LAT 1 year catalog in the 15° region around the best-fit position
were modeled with a power law (dN/dE o E~T), with dif-
ferential photon index I'. In a second step, residual sources in
the TS map in the ROI with a TS > 16 were included in the
model as well. Compared to the 1 year and 2 year catalog, 20
and 16 more candidates, respectively, are included in the source
model used in this work. In the minimization procedure, the
integral flux in the energy range of interest and the photon index
were left as free parameters for all sources in the ROI and fixed
for all sources between 10° and 15°. The diffuse Galactic and
extragalactic background components were modeled with the
files gll_iem_v02.fit and isotropic_iem_v02.txt,*® respectively.
The energy spectrum is best described by a power law in en-
ergy with I' = 2.24 4 0.14, &= 0.03,ys and an integral flux of
F(0.2-200 GeV) = (4.9 £ 1.0y & 0.35y5) x 1072 cm™2s7 1.

35 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

36 Note that as a cross-check, the data have also been analyzed with the more
recent FST release, version v9r23p1, and the P7Source_V6 IRFs and found to
give consistent results.

37 /TS is a measure of the significance and is defined as

TS = —2Alog(likelihood) between models including and excluding the source
(Mattox et al. 1996).

38 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Table 3
Fermi-LAT Spectrum and Position of NGC 253
R.A. (J2000) Decl. (J2000) 95 F(0.2-200 GeV) r TS
(deg) (deg) (deg) (1072 cm™2 57
11.982 —25.309 0.095 4.9 & 1.0 & 0.3y 2.24 £ 0.145 £ 0.03y5 105

Notes. Best-fit position and results of the maximum likelihood analysis between 200 MeV and 200 GeV.

Table 4
Fermi-LAT Spectral Results of NGC 253
Enin — Emax FnGeos3 Syst. Uncer.
(GeV) (1072 ergcm™2 s71) (%)
0.2-0.6 1.9+ 0.6 10
0.6-2.0 1.7+£0.3 10
2.0-6.0 0.8+0.3 15
6.0-20.0 1.2+0.5 20
20.0-60.0 <1.7 20
60.0-200.0 <8.7 20

Notes. HE y -ray spectral results of the maximum likelihood analysis in energy
bands as shown in Figure 3. 1o statistical errors and 95% upper limits are given.
Systematic uncertainties have been obtained using the bracketing method (see,
e.g., Abdo et al. 2009).

The positional and spectral results of the likelihood analysis are
summarized in Table 3.

The flux in each energy band as summarized in Table 4 and
shown in Figure 3 has been reconstructed in the same way as
for the full energy range, where the photon index and integral
flux in that band were left as free parameters again. Note that all
spectral points agree within 1o statistical error with the spectral
points and upper limits as reported in Abdo et al. (2010a).

The systematic uncertainty on the total spectrum has been
estimated following the bracketing method (e.g., Abdo et al.
2009), where the effective area is shifted up- and downward
according to its systematic uncertainty in the corresponding
energy range. Following Abdo et al. (2010b), the systematic
uncertainty on the flux as inferred by the systematic uncertainty
of the effective area is of the order of 10% at 100 MeV, 5% at
0.5 GeV, and 20% at 10 GeV. As for the VHE y-ray light curve,
there is no significant variability seen in the yearly HE y-ray
emission.

4. THE HE-VHE y-RAY SPECTRUM

Within the 1o statistical errors, the H.E.S.S. measurement and
the Fermi results are compatible, in respective value of photon
index as well as respective normalization. A simultaneous,
single power-law fit to the H.E.S.S. and Fermi-LAT spectral
points results in a photon index of I' g, = 2.34 £ 0.03 and an
energy flux at 1 GeV of (1.5 £0.2) x 1072 erg cm™2 s71.%
This corresponds to an integral energy flux above 0.2 GeV of
F™3(>0.2GeV) ~ 5.3 x 107!2 erg cm™2 s~!. The fit has a x?
ot 8.27 for 7 degrees of freedom and a p-value of 30%. Note that
the somewhat steeper index for the simultaneous fit compared
to the individual measurements is fully compatible within the
lo statistical uncertainties of the Fermi and H.E.S.S. photon
index. Even when taking into account a 30% downward shift to
account for the systematic error in reconstructed normalization

3 Note that no forward-folding technique has been applied and the fit is
performed only taking into account statistical errors.

of the VHE y-ray spectrum as presented in Section 2.5, the
single power-law fit has a p-value of 8.8%.

The fit of a broken power law to the HE and VHE y-
ray points with a break energy between 10 and 300 GeV
(between H.E.S.S. and Fermi) results in a best-fit index change
of AI' = 0.1 & 0.3 with break energy at 300 GeV. Although a
photon index change between the Fermi and H.E.S.S. energy
range cannot be excluded, the hypothesis of no index change
is favored given the available data. This result suggests that
in order to explain the available data no spectral model that
includes a break or turnover is needed.

The integral (HE-VHE) flux above 200 MeV corresponds to
a y-ray luminosity of L (>200MeV) =~ 7.8 x 10** erg s, for
a distance of 3.5 Mpc. This is about a factor of 10 larger than
the y-ray luminosity L™ (>200MeV) == (7-10) x 10* erg s~
for the Milky Way, as estimated by Strong et al. (2010).

5. DISCUSSION

The results presented in the previous sections have a number
of interesting implications for the nature and properties of the
y-ray source in the starburst nucleus of NGC 253. Note that
the discussion is based on the observationally favored result
that the spectrum of NGC 253 can be described by a single
power law from the HE to the VHE y-ray regime. Quantities
used in the following are summarized in Table 5. This section
is organized as follows: First, the aspect of dominance of
a hadronic scenario is discussed. Second, arguments for an
energy-independent particle transport in the starburst region are
given, the consequences of this picture are explored, and limits
on the diffusion coefficient are presented. Third, the y-ray flux
estimated from the SN rate is compared to the experimental
results. Fourth, the magnetic field in the starburst region is
estimated. And finally, the contribution of discrete sources to
the y-ray luminosity of NGC 253 is assessed.

5.1. Dominance of Hadronic y -ray Emission

Early model predictions for the various contributions to the
overall HE and VHE y-ray spectral energy distribution (e.g.,
Paglione et al. 1996) and subsequent more detailed calculations
(e.g., Domingo-Santamaria & Torres 2005; Rephaeli et al. 2010;
Lacki et al. 2010, 2011) all consider diffuse y-ray emission and
neglect the contributions of discrete sources. They are roughly
compatible with the observational results. Three such model
curves are shown in Figure 3.

These largely phenomenological models use primary
electron-to-proton ratios similar to those inferred for the ISM
of the Milky Way and parameterize the diffusive escape times
from the starburst region, while assuming advection speeds of
the order of several hundred km s~!. Also the secondary lep-
tonic component from the decay of charged pions is included
in the calculation of the expected bremsstrahlung and inverse
Compton y-ray emission. In detail, the three model spectra
in Figure 3 are based on very different assumptions regarding



THE ASTROPHYSICAL JOURNAL, 757:158 (12pp), 2012 October 1

ABRAMOWSKI ET AL.

Table 5

Symbols, Units, and Descriptions of Quantities Used in the Discussion
Symbol Units Description
€ GeV Energy of individual particle
EZ, GeV Total non-thermal energy of pion-producing particles
0 GeV~!lem™3 57! Differential volumetric particle source term
0] GeVs™! Volume-integrated particle source term
o7 GeV s~ Volume-integrated source term of pion-producing particles

the relative magnitudes of the advective (t,q) and energy-
dependent diffusive (yisr) particle escape times on the one hand
and on the assumed source spectra on the other. These mod-
els assume T4 = To(€p/(1 GeV) %%, where €p is the proton
energy. In Paglione et al. (1996), 1, > 74y for all energies
observed.*’ With an assumed proton differential source spec-
tral index s = 2.2, the y-ray spectral energy density (SED)
has a rather steep dependence e, *’ on the y-ray energy €,
due to the dominance of diffusive escape. Rephaeli et al. (2010)
obtain 7,g > 74r. However, their source spectrum is assumed
to be quite hard (s = 2.0). These authors model the emis-
sion from the galactic disk as a whole and find approximately
an SED o €, 035 (see their Figure 3). No spatial profiles are
given. Domingo-Santamaria & Torres (2005) use for their main
plot 7p = 10 Myr and 7, = 0.3 Myr, resulting in t,q < Tgisr for
€p < 1 TeV. Therefore, their SEDs for low y-ray energies should
be advection-dominated and correspond to the source spectrum.
The corresponding curves in their Figures 5 and 9 indicate this
source spectrum for an assumed particle source index s ~ 2.3
up to €, equal to some hundreds of GeV. These curves indicate
a significant softening beyond about 1 TeV. For a smaller value
of 7 their SED should fall off strongly oce; ¢~ already
beyond some considerably lower value of €, .

The above model results show hadronically dominated y-ray
emission up to several TeV, where the y-rays are primarily
produced in inelastic collisions between nuclear CRs and
target nuclei from the ambient ISM and subsequent 7° decay.
Bremsstrahlung and inverse Compton emission from primary
and secondary electrons is not entirely negligible and in some
of these models only by a factor of a few below the hadronic
emission. This is in particular the case for y-ray energies below
100 MeV, where the 7°-decay emission drops off, and at the
HE end, where the harder inverse Compton emission in the
Thomson limit can win over the 7°-decay emission (if electrons
at these energies do not experience significant radiative losses).
Note, however, that the ratio of hadronic to leptonic emission
depends on the assumed source spectrum, the form of g (ep),
and the assumed electron-to-proton ratio (which has to be >
than the canonical value of 1/100 that electrons dominate over
the hadronic component and overcome energetics problems;
see, e.g., Ohm & Hinton 2012). Therefore, it is very likely that
the hadronic emission dominates over the leptonic emission.
That this is possible is basically a consequence of the very high
gas density n, in the starburst region. Aharonian et al. (2005)
find an n, = 580 cm™ for a total gas mass of 6 x 107 M,
the value preferred by Engelbracht et al. (1998). Lower and
higher gas masses as found by Mauersberger et al. (1996)
and Sorai et al. (2000), respectively, imply an uncertainty of
this estimate of ~20%. Note that this estimate only takes into

40 Due to a misprint in that paper, the 7y in their Figure 6 is in fact 1 Myr
instead of the quoted 7y = 10 Myr (T. A. D. Paglione 2012, private
communication).

account the uncertainty in total gas mass and neglects any
uncertainty in the starburst volume due to possible projection
effects. Clearly this density is an average value—the actual gas
density is probably extremely inhomogeneous, given the large
localized energy inputs from stars and in particular from their
SN explosions. Therefore, the local density for p—p interactions
could differ from the average density. However, it is unlikely
that protons escape from the denser regions without significant
losses. Adopting this ng corresponds to an average loss time
due to inelastic p—p collisions of 7,, ~ 1.1 x 10° yr (this value
is mildly dependent on the observed spectral index due to the
energy dependence of the p—p cross-section opp; a derivation
of this value is given in the Appendix). Finally, it has to be
noted that Ty, scales inversely linear with the inelasticity factor
of the p—p collision (see the Appendix). This can introduce an
additional uncertainty on 7,, of ~20%.

We conclude that the y-ray emission from the starburst
region is likely to be dominated by hadronic interactions. In the
following we will discuss the impact of system parameters such
as SN rate, outflow velocity, and particle diffusion coefficient on
the y-ray emission within the hadronic scenario. The possible
additional role of discrete y -ray sources will be briefly discussed
in Section 5.6.

5.2. Cosmic-ray Escape

In the hadronically dominated case, there are three main sce-
narios for the expected y-ray emission, depending on the (po-
tentially energy dependent) probability of CRs escaping the
starburst region. In the case that the escape probability is <1
at all energies, the system can be said to be calorimetric. The
measured y -ray flux is significantly lower than the flux expected
in the calorimetric limit for the canonical parameters, such as
the CR acceleration efficiency as used in Section 5.4. CR escape
must therefore be considered. There are two competing mecha-
nisms to remove CRs from the system: diffusion and advection.
Dominance of advection (which is an energy-independent pro-
cess) over the full energy range would result in a y -ray spectrum
that approximately resembles the source spectrum. Diffusion, on
the other hand, is an energy-dependent process and would lead
to a spectral steepening of the source spectrum. At very low
energies, the diffusion loss timescale 74 becomes very long
and eventually comparable to the advective loss timescale T,q4.
At the critical energy, where the diffusive transport takes over
from advective transport and tgif = T.q, @ Spectral break in the
source spectrum is expected.

Empirically, for the Milky Way, the measurements of the
CR secondary-to-primary ratio (Strong et al. 2007) suggest
a softening of the CR source spectrum by a factor ocE~%,
with 0.3 < o < 0.6, above a few GeV per nucleon as a
result of energy-dependent diffusion. This is consistent with
a comparatively modest production rate of hot gas and CRs per
unit area of the Galactic disk that allows most of the thermal gas
to cool radiatively. At the same time, the excitation of magnetic
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field fluctuations by the escaping CR particles and their coupling
to the thermal gas is equally modest. Although a CR-driven
wind will develop at large distances from the disk, the observed
particle spectrum in the Galactic disk is dominated by diffusive
escape (Ptuskin et al. 1997). On the other hand, the wind from
the starburst region in NGC 253 is very strong as a result of
very strong gas heating that cannot be compensated by radiative
cooling. The energy flux density in CRs driving magnetic
fluctuations is expected to be very large as well, given the
high SN rate in the small starburst volume (see, e.g., Aharonian
et al. 2005, and Section 5.5). These nonlinear effects massively
diminish the role of particle diffusion relative to global advection
in the wind. Indeed, as shown in the next section, the observed
y-ray flux F***(>200 MeV) is well explained quantitatively by
pure particle advection in the wind from the starburst nucleus,
which requires a CR production ©@ Esy ~ 10 erg per SN (e.g.,
Drury et al. 1989) for the starburst parameters of NGC 253.

The diffusion time in NGC 253’s starburst nucleus can be
expressed as fgif = (H/ 2)%k !, where k denotes the diffusion
coefficient and H ~ 60 pc is the height of the starburst region,
positioned symmetrically to the galactic mid-plane. If t,g < tgifr
is required, then « should not exceed about 3 x 10?7 cm? s~ for
all energies below the last H.E.S.S. flux point at 4.7 TeV that
corresponds to a CR energy of ~30 TeV (see, e.g., Kelner et al.
2006). Such a small diffusion coefficient could be the result
of strong wave excitation by the exceedingly concentrated CR
production in the small starburst volume (Aharonian et al. 2005).
This value can be compared to that of Bohm diffusion, which
should be considered the slowest possible form of diffusion for
a randomized magnetic field configuration. The Bohm limit is
given by kgohm ~ 3 X 1072 (eGev/ B,c) cm? s~!, where egey
is the CR energy in GeV and B, is the magnetic field in
nG. For a particle energy of 30 TeV and a magnetic field of
100 uG, as estimated in the next section, the Bohm diffusion
coefficient is about 3 x 10?* cm? s~! and thus still three orders
of magnitude smaller than the maximum diffusion coefficient
deduced from the single power-law spectrum of the y-ray data.
The upper limit to the diffusion coefficient estimated for the
starburst region in NGC 253 can also be compared to the
average value inferred for the Milky Way which is given by
Keat ~ 1.5 x 10°%E/1TeV)"! cm? s™! (Ptuskin et al. 1997;
Abharonian et al. 2005). With such a comparison, extrapolating
to a particle energy of 30 TeV, k < 5 x 10k is found. This
is an interesting requirement on the scattering strength of the
magnetic field fluctuations*! in the starburst region, but certainly
not an outrageous one, comparing with the Bohm scattering
level.

Dominant transport by advection is suggested by the observa-
tion of a rather hard y-ray spectrum and the smooth alignment
of the spectrum in the HE and the VHE y -ray regime—the most
noticeable observational result of this paper (see Section 4).
Therefore, taking the combined Fermi and H.E.S.S. spectra as a
single power law as indicated in Figure 3 with differential index
Isim = 2.34 argues that energy-dependent diffusion is not im-
portant in the energy range covered.*? In fact, advection alone
already explains the magnitude of F"**" quantitatively.

41 This value can also be compared to the gyroradius of a proton with 1 TeV
energy in a 100 uG field, which is rg &~ 3.3 x 1013(6’[6\//3100#(‘,) cm ~ 2 AU.
42 Energy-independent diffusion can in principle occur as a result of
large-scale turbulent motions in the gas and may also contribute to
energetic-particle confinement in the gas that is systematically streaming with
Vwind (€.g., Bykov 2001; Parizot et al. 2004). This effect is not included here
explicitly.
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Therefore, two conclusions may be drawn here: (1) the
observed spectrum is most likely the result of an energy-
independent transport mechanism, i.e., advection and adiabatic
expansion in the starburst wind and inelastic nuclear energy
losses, and (2) the combined observed y-ray spectrum in the
HE and VHE y-ray regimes might in this case correspond
approximately to the mean spectrum of the ensemble of CR
sources in the starburst region.*’

5.3. y-ray Flux Estimate

If, as argued in the previous section, CR escape from the
starburst region is independent of particle energy, the expected
total y-ray energy flux F,"" can be estimated simply from the
parameters of the system. This independence is approximately
true also for the loss rate with respect to inelastic p—p collisions;
in fact, this loss rate will be approximated by an average over the
range of particle energies corresponding to the observed y-ray
spectrum (see the Appendix). In this case, the particle transport
equation can be simply integrated over the energy range of the
pion-producing particles. In a leaky-box-type approximation
for the starburst region (e.g., Berezinskii et al. 1990), the
result can in addition be integrated over the starburst volume.
Given that the lifetime of the starburst is about (2-3) x 107 yr
(see Engelbracht et al. 1998), which is large compared to the
advective loss time of about 103 yr, the system is in a quasi-
steady state. This results in the following balance relation for
the total non-thermal energy E7, of pion-producing particles in
the starburst region:

1 1 1
Egp |:—+ +_—:| ~ Qn. (D)
Tad  Tadiab  Tpp

In the derivation of Equation (1) the source spectrum and the
resulting spectrum of pion-producing particles in the starburst
region are both assumed to have approximately the form of
a power-law spectrum in momentum ocp~Tim*2) | as expected
from the theory of diffusive shock acceleration (e.g., Blandford
& Eichler 1987; see the Appendix).

In Equation (1) the quantity Q" = f; Q is the fraction f; <
1, due to pion-producing particles, of the total input rate Q of
non-thermal energy from the CR sources. Approximately f, ~
3—Tgim = 0.66, assuming that the observed y -ray spectrum with
Iim = 2.34 resembles the source spectrum. The quantity t,q =
(H/2)/vyina &~ 10° yr denotes the advective loss time, where
Vwind &~ 300 km s~! (Zirakashvili & V6lk 2006) is the velocity
of the starburst wind at the top/bottom of the starburst region.
The adiabatic loss time is given by Tup in the accelerating
outflow. In a first approximation the flow speed V rises from zero
at the galactic symmetry plane in the perpendicular direction
z as |V| = vwinallzl/(H/2)] km s~!, yielding an adiabatic
loss rate 1/Tagiab ~ (I'sim — DVV/3 = (Tsim — 1)/(BTaa).
Finally, 7, =~ (ng0.5¢(0pp))~! is an average energy loss
time for inelastic, catastrophic proton—proton collisions, which
is inversely proportional to the effective gas density ny. The
inelasticity is taken as 0.5. With the mean cross section (opp) ~
33 mb (see the Appendix), this leads to a mean collisional energy
loss time 7, >~ 1.1 x 10° (ng/580 em )7l yr

The total hadronic y-ray energy flux density F,"" and E7, are
connected by

exp Egpn
4 drd?Ty,’

@)

43 1In fact, the y-ray spectrum is slightly harder than the parent proton
spectrum (Kelner et al. 2006; Kamae et al. 2006; Karlsson 2008).
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where n ~ 1/3 is the w%-fraction from overall pion production
through hadronic collisions.

Equation (2) assumes an optically thin y -ray emission region.
Indeed, the optical depth 7, for yy-absorption in the diffuse
radiation field in the starburst region and the remaining part of
NGC 253 is small compared to unity for the y-ray energies
considered, i.e., 7, < 0.1 fore, <2 TeV (see Inoue 2011).

Assuming that the CR energy sources in the starburst region
are the SN remnants, then Q = vsn®Esy, wWhere vgy is the
SN rate, ©® < 1 is the CR production efficiency, and Egy is the
total hydrodynamic energy release per event. In order to comply
with the overall energetics of CRs in the Milky Way, an average
energy release @ Esy ~ 10°° erg into nuclear CRs should be
assumed (Drury et al. 1989), with an uncertainty of about a
factor of two. For Esy = 10°! erg this implies © ~ 0.1.

It is of interest to compare this expected flux with the
measured flux FJ'**(>200MeV) ~ 5.3 x 10~"? erg cm™2 57"
For this purpose, a nominal value of 0.03 yr~ for vgy is assumed
(Engelbracht et al. 1998). Inserting E, from Equation (1) into

Equation (2) leads to**

Fy? ~2.6x 107" ergcm 257!
-2
E; o fr d
x |:(]051g2rg) (o) (o.ogs;]r—') (m) (2.6Mpc> ]

3
x [(fpp/1.1x105 70/ (taa/ 10° yr)x1.1r<im+3]’ 3)

where all parameters like (t,q/10° yr) are written in terms of
their nominal values. In the following, the first bracket on the
right-hand side of Equation (3) is referred to as the production
term and the second bracket is referred to as the loss term.

Considering nominal parameter values in Equation (3), the ex-
pected flux F,"* ~ 10~ ergcm™2s7!, and then F,?/F™
1.9. Given the uncertainties in the measurements of the nu-
merous multi-wavelength parameters involved, the two fluxes
are quite close. This supports the general picture on which
Equation (3) is based.

The question is to what extent this result leads to physically
relevant bounds on physics quantities like the efficiency parame-
ter ® Esn. There are two possibilities to reduce the expected Fy,"
to the observed value F)"***. The first of them can be achieved by
reducing ® Egy compared to its value inferred for the Milky Way
and/or by reducing the astrophysical parameter vsy/d?, i.e., by
reducing the CR production term in Equation (3). The second
possibility is to increase the ratio Tp, /7.4 €ither by decreasing
the effective gas density n, seen by the pion-producing particles
during their advective escape, relative to the average gas density
observed, or by increasing vying. In this second case, the source
term could be kept at its nominal value, especially ® Esn could
be kept at the value of 10°° erg. Decreasing Tpp/ Taa relative
to its nominal value, on the other hand, is quite implausible for
two reasons: first, the wind velocity cannot become significantly
smaller without causing difficulties to explain the spatial extent
of the starburst region as seen in radio observations (Zirakashvili
& Volk 2006); second, the total gas density cannot significantly
increase, given the observations of the molecular gas mentioned
earlier. This means that the /oss term in Equation (3) has a max-
imum value for the default parameters in Equation (3). As a

44 The assumption that the parent proton spectrum and the resulting y-ray
spectrum have the same power-law index infers an error of ~20% in Egp (see
also the Appendix).
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consequence, the product vsN® Egy should at most decrease by
a factor 1/1.9, if at all, from its value 10°° erg x 0.03 yr~! for
the nominal parameters. Effectively, ® Esn depends on the value
vsn. Only for vy > 0.03 yr’1 should ©® Esy on average be small
compared to 10 erg, i.e., in contrast to the average situation in
the Milky Way and theoretical expectations for individual SN
remnants there.

To derive the quantities of NGC 253, the reference distance
of d = 2.6 Mpc has been used most widely in the literature.
However, as discussed in the Introduction, this distance has
recently been revised to d = 3.5 Mpc. Therefore, an appropriate
scaling of the astronomical parameters in Equation (3) needs to
be considered. Indeed, the total gas mass as determined from
the CO line flux scales as @2, whereas the starburst volume
scales as d°. This implies that the gas density scales as d~!
and 7,, o< d. The SN rate is derived from the FIR continuum
flux and scales as vgy o d?. The wind velocity is derived to be
consistent with the geometry of the radio brightness distribution,
yielding vying ¢ d. As a consequence, T,q is independent of d.
For d = 3.5 Mpc, the nominal value of F,™* in Equation (3) is
therefore about 8.3 x 1072 erg cm~2 s~!. Following the above
physical arguments and changing the distance to d = 3.5 Mpc,
the production term on the right-hand side of Equation (3) must
not become smaller by more than a nominal factor ~1/1.6, in
order to reduce F,'" to Fm1eas,

In general, the simple model presented here agrees quite well
with the observed values, given the observational uncertainties
of the astronomical parameters and the possibility that for SN
remnants in such a dense medium the total non-thermal energy
generated per event © Egy might indeed be lower by a factor
~1/1.6 than typically assumed for an object in the average ISM
of the Milky Way.

5.4. Hadronic Calorimetry

In this scenario, to find the extent to which the starburst
region behaves calorimetrically in the presence of advective and
diffusive escape, the total energy production rate in hadronic
collisions Loy = 4md? F;‘eas /n is compared with the total
production Lcr(w) = frvsn®Egn of CRs capable of producing
hadronic y -rays. Such a comparison for NGC 253 has previously
been made by Aharonian et al. (2005), Loeb & Waxman (20006),
and Thompson et al. (2007). Lcr(r) depends on the fraction of
energy available for pion production f; &~ 3 — s, with s being
the source spectral index. In the present scenario f; >~ Iy, and
therefore f,; = 0.66.

Adopting a value of 0.03 yr~! for vsy (Engelbracht et al.
1998) and assuming @ Esy &~ 10°° erg again results in

7 ~ 021 x

Fnlei\s
y
Ler(m) 5.3x10~12ergem—2 5—1)

) (80 (o) () (o) ]

“4)

This fraction of about 20% is then a measure of the extent to
which the starburst region is calorimetric with respect to its
hadronic interactions, dissipating its own non-thermal output;
and since vgy is proportional to the FIR luminosity and hence
to d?, this result is formally independent of the distance d. The
ratio Lcon/Lcr(r) is comparable to the value found by Lacki
etal. (2011). Like F)'?/ F'**, it is affected by the uncertainties
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of the input parameters. Adopting a larger ratio of vsn/d>
would decrease this value, whereas a lower efficiency ©Egy
would increase it. The difference between F;xP and F;neas,
discussed above, shows that the value of the production term
of Equation (3) should possibly be smaller than unity but not
smaller than ~1/1.6 for d = 3.5 Mpc. This suggests that the
calorimetric fraction may be larger than 20%, possibly reaching
up to about 30%.

5.5. Cosmic-ray Energy Density and Magnetic Field Strength

Within this framework the non-thermal energy density Uy, of

the 7°-producing particles in the starburst region can be simply
calculated from Equation (2) by substituting F,"" = v
and dividing the resultmg E” by the estimated volume ThlS
gives Up, ~ 230 eV cm™ 3, independent of d. This is a lower
limit for the total non-thermal energy density Up,. Since it
is difficult to estimate the contribution of the lower-energy
particles produced in the sources, because of their poorly
determined ionization losses in the outflow, one can only give an
upper limit Up, < UJ%/f ~ 340 eV cm ™. The values in this
range are more than a hundred times larger than the CR energy
density in the Milky Way and, by implication, on average in the
disk of NGC 253 (see the Introduction). Assuming, as for the
Milky Way, a CR scale length of about 1 kpc for the extended
disk of NGC 253 in comparison to the 240 pc gradient scale in
the starburst region (for d = 3.5 Mpc), the latter’s CR pressure
gradient is almost four orders of magnitude larger than that on
average in the disk.

Equating Uy, with the magnetic field energy density B?/8x in
the sense of a conventional equipartition argument for magnetic
field and CRs results in a range for the rms magnetic field
strength 90 uG S Beg < 120 uG. Note that the estimates
of Uy and By are also affected by the uncertainty of the
inelasticity factor for p—p collisions that could be ~20% lower
(Musulmanbekov 2004). This is to be compared with the
(160 £ 20) uG equipartition field strength for the so-called
nuclear region, estimated recently by Heesen et al. (2011)
from radio continuum observations and assuming a proton-to-
electron ratio of 100.

5.6. Contribution of Discrete Sources

It has recently been suggested that the HE y-ray emission
from NGC 253 might indeed come from interactions of diffuse
nuclear CRs with the ambient gas, but that this contribution
should substantially diminish at energies >10 GeV as a result
of energy-dependent diffusion losses from the starburst region
(Mannheim et al. 2012). The observed TeV emission was argued
to be due to inverse Compton emission from unresolved pulsar
wind nebulae (PWNe) instead, i.e., from a separate population
of discrete sources. For such PWNe, the evolution was assumed
to be the same in the disk of the Milky Way and in the extremely
high-density environment of the starburst nucleus of NGC 253.
It has to be noted, however, that electron cooling times in typical
starburst environments are very short and electrons are expected
to cool on timescales of a few hundred years (Ohm & Hinton
2012).

While in the present paper it is argued that advective removal
should dominate over diffusive losses of energetic nuclear
particles deep into the TeV range, a discussion of the role
of PWNe in such an environment is beyond the scope of the
present work. On the other hand, the observations show that the
spectrum of NGC 253 can be well described by a single power
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law over the combined HE and VHE energy range, disfavoring
two distinct spectral components and suggesting that the same
physical processes dominate over the entire energy range in
question. Therefore, additional discrete y-ray sources seem to
play a minor role.

6. SUMMARY AND OUTLOOK

The analysis results of 177 hr of H.E.S.S. data obtained in
observations of the starburst galaxy NGC 253 are reported. The
reconstructed energy spectrum is best described by a power law
with differential photon index I' = 2.14 £ 0.18, & 0.304y,
and differential flux normalization at 1 TeV of Fy = (9.6 £
1.55a(+5.7, =2.9)5y5) x 107*TeV~' em=2s7!. In addition to
the H.E.S.S. data, the analysis of the 30 month Fermi-LAT
data set revealed an improved best-fit position compatible with
the optical center of the galaxy and with the H.E.S.S. source
within statistical errors. The reconstructed differential photon
index is I' = 2.24 &£ 0.144, & 0.03,y, and the integral flux
between 0.2 and 200 GeV is F(0.2-200GeV) = (4.9 1.0, *
0.34s) x 107 cm™2s~!. The HE and VHE y-ray spectra of the
starburst region can be described by a simultaneous power-
law fit with differential photon index Iy, = 2.34 £ 0.03
and a fit probability of 30%. This result implies that no
spectral break or turnover is required to explain the y-ray data.
The corresponding total energy flux density corresponds to
FE(>200MeV) ~ 5.3 x 107!? erg cm™2 s~!. Assuming the
remaining disk of NGC 253 to be quantitatively similar to the
Milky Way, the starburst region outshines the rest of NGC 253
by an order of magnitude in HE and VHE y-rays, consistent
with the detection of the object as an H.E.S.S. point source.

Model predictions that assume a dominantly hadronic origin
of the y-ray emission are roughly compatible with the spectral
results presented in this work. For a set of reasonable parameters
the CR energy, which is lost in p—p interactions and partly re-
appears in w’-decay y-ray production, is inferred in the present
work as ~20% and possibly up to ~30% of the total non-thermal
energy produced in the starburst region, assuming a distance of
3.5 Mpcand a 10% efficiency for CR acceleration in starburst SN
remnants. Note, however, that the multi-wavelength observables
are only known within a considerable error margin, which can
change these percentages significantly. CRs are also removed
by diffusion and advection from the starburst region. Since the
former process is energy dependent, a spectral steepening with
energy would be expected. The smooth alignment of the HE and
VHE y-ray spectra over four decades in energy hence indicates
that advective losses in NGC 253 most likely dominate from a
few GeV to more than 10 TeV. Even at such HEs the diffusion
coefficient would still be more than two orders of magnitude
larger than the Bohm diffusion coefficient. It therefore seems
likely that the observed spectrum can be characterized by the
same photon index as the average particle accelerator in the
starburst region.

The form of the y -ray spectrum of NGC 253 can be compared
with another starburst galaxy, M82 in the Northern Hemisphere,
detected by the Fermi-LAT (Abdo et al. 2010a) and VERITAS
(Acciari et al. 2009) Collaborations, respectively. If one looks
at the corresponding HE and VHE y-ray spectra of M82, the
overall shape looks rather similar to the one presented in this
paper for NGC 253. Even though the starburst in M82 is in
all probability triggered by the interaction with the companion
galaxy MS8I1, the spectral similarity is consistent with the
assumption that the CR sources in both galaxies produce similar
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energetic particle spectra and may therefore be of the same
nature.
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APPENDIX

Equation (1) of the main text can be derived from the
transport equation for the isotropic part f(x, p, t) of the particle
momentum distribution in a simple model, neglecting the speed
of the scattering fluctuations compared to the fluid mass velocity
V as well as diffusion in momentum space (e.g., Blandford &
Eichler 1987):

~ )
Qx,p.1)= a—]: — V&V ) +V(Vf)

L3 (,p
S L2 (per
pap 3
where «(p) denotes the spatial diffusion coefficient, 7,, is the
average energy loss time as a result of inelastic, catastrophic
nuclear collisions (assumed to be energy independent for p >
2myc and infinite for p < 2myc; see below), and Q(x, p,t)is
the particle production rate of the CR sources. The adiabatic loss
rate of a particle in the accelerating flow is given by p/3VV.In
the energy range of pion-producing nuclei ionization losses are
neglected. Assuming a steady state (df/dt = 0) and neglecting
particle diffusion (x = 0), the flow velocity V is approximated
to be perpendicular to the galactic disk mid-plane, varying as
V = (0,0, vying X 2(H/2)"") for 0 < |z| < H/2, where the
constant parameter vying 1S the wind velocity at the starburst
boundary.

To obtain the balance relation for the kinetic energy of the
pion-producing CRs E = [, d’x 4w fp"‘“ dpp?Eyin f in the
starburst region, Equatlon (Al) is multlphed by the particle
kinetic energy Eyi, and integrated over the relevant momenta
as well as over the spatial starburst volume Vgg. In a leaky box
approximation for the starburst region (e.g., Berezinskii et al.
1990), f(x, p) and t,, are assumed to be spatially uniform.
It is then clear for this particle distribution that it has the
same momentum dependence as the spatially averaged source
production rate fvSB d*xQ(x, p)/ Vsg for pmn < P < Pmax.
In addition, it is assumed that the production spectrum in the
sources is not strongly influenced by energy-dependent losses in

UHEES

pp

(AD)
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the sources themselves. The averaged particle source production
rate can then be assumed to have a power-law dependence
op~¢*? in particle momentum p for all momenta above the
injection energy, consistent with an origin of the CR particles
from diffusive shock acceleration (e.g., Blandford & Eichler
1987). And s = Iy, where Iy, = 2.34 is the power-law index
of the observed y-ray flux. The minimum momentum py, in
Equation (A1) roughly corresponds to GeV energies. Here ppin
is taken as 2mpc. Since the maximum observed y -ray energy is
4.7 TeV, corresponding to a proton energy of cpm.x ~ 30 TeV,
momenta p > pnax Mmake a negligible contribution. Therefore,
it is possible to put ppax = 0.

In order to obtain an analytical estimate, the above integral for
E7, is approximated by using the relativistic formula Eyin = cp,
for p > 2mpc (Drury et al. 1989).

Integrating the individual terms in Equation (A1) by parts
over momentum results in

1 1 1
EL|—+ +— |~ Q%, (A2)

Tad Tadiab Tpp
where T,q = (H/z)/vwmd, Tadiab ~ 3Tad/(T'sim — 1), and
o7 ~ 4w me Cdpp Q. This quantity Q7 = f,Q defines

the fraction fn < 1 of the total particle energy production
0=/ Ven d*x 4m [ dpp® Exin 0, integrated over all momenta,
that is available for pion production. Consistent with the
approximation for Q7, the integral for Q is approximated by
using the Newtonian formula Ej, = p® /2my, for p < 2m,c
and the relativistic formula Ey, = ¢p for p > 2mpc (Drury
et al. 1989).

Assuming 2 S s S 3, pinj < 2myc, for the injection
momentum piyj, and pmax > 2m,c then gives

Pmax

Q0" ~ 4 Q / dpp*ep(p/2mpc) 7>

2mpe

~ 4 Qoc/(s — 2)(2mpe)’ (A3)

and

2mpc
0- 0 ~ax 0y [ dppp?/amy(p/mpey

~ 4 Qoc/(3 — 5)(2mpe)*. (Ad)

Therefore, Q" ~ (3 — s)Q and f,; & 3 — s for the assumed
momentum spectrum. For s = I'y, = 2.34, f; = 0.66. For a
very hard source spectrum with s close to 2, f; would be close
to 1. Equation (A2) corresponds to Equation (1) of the main
text.

The approximate quantity T,p , i.e., the mean loss time that
appears in Equation (A1), arises from averaging the energy loss
rate 7, 1(E) over the differential energy spectrum of the colliding
partlcl%s Approximating the differential energy dependence of
the particle spectrum by that of the observed y-ray spectrum
implies that the average can be taken over a power-law spectrum

f (Exin) o< Ey r““‘ , which has the same index I';,, = 2.34 as the
differential y ray flux as a function of the y-ray energy €, in
the energy region observed for NGC 253, thus defining

1 dEE f(E)/T,
1 _JAEEJ(E)/my s
Tpp JdEEf(E)
The integration limits are the particle (proton) energies corre-
sponding to the observed energy range of the y -ray energy spec-

trum. Since tppl = ngCfinopp(Ekin) With the total cross section
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opp for inelastic pp collisions and inelasticity factor fi, ~ 0.5
(see Aharonian 2004), this amounts to the following average
over the inelastic nuclear cross-section opp:

| ngcfin [ dEE 0py(E) f(E)

= = A6
J dEE f(E) (A0

Tpp

It is a convenient approximation to choose the integration limits

as EMM" = 1 GeV, and as EP™ ~ (4.7 TeV/0.17) ~ 30 TeV ac-
kin kin

cording to the maximum y-ray energy €, = 4.7 TeV observed.
For Ey;, > 1 GeV, the cross section oy, is approximated in the

following form (Aharonian 2004):

pp( Exin) & 30[0.95 +0.06 In(Eyin /Ge V)] mb. (A7)

The corresponding integrals can be calculated analytically.
Since the spectrum is relatively soft, the resulting effective cross
section (op,) A~ 33 mb corresponds to a rather low effective
particle energy (Ekin) =~ 12 GeV. Due to the slightly softer
source spectral index compared to the resulting y-ray spectral
index (s ~ 2.4 versus i, = 2.34), the assumption of equal
spectral indices infers an error of ~20% of the proton energy
density Egp in Equations (3) and (4) of the main text (S. R. Kelner
2012, private communication). This is certainly a negligible
effect, compared to all other uncertainties.
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