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In star-forming galaxies, gamma rays are mainly produced through the collision of high-energy
protons in cosmic rays and protons in the interstellar medium (i.e., cosmic-ray induced 7° y-
radiation). For a “normal” star-forming galaxy like the Milky Way, most cosmic rays escape the
galaxy before such collisions, but in starburst galaxies with dense gas and huge star formation rate,
it is thought that most cosmic rays “die” in these interactions. To test this, we construct a “thick-
target” model for the starburst galaxies, in which cosmic rays are accelerated by supernovae, and
escape is neglected. This model gives an upper limit to a galaxy’s gamma-ray emission, and
tests the calorimetric relation between gamma rays and cosmic rays for starbursts. Only two free
parameters are involved in the model: the cosmic-ray proton acceleration energy per supernova
€, and the proton injection spectral index s. We apply our model to five observed starburst
galaxies: M82, NGC 253, NGC 1068, NGC 4945 and the Circinus galaxy, and find most of these
starbursts are consistent with being proton calorimeters, with & ~ (0.1 —0.25) x 103'erg and
s~ 2.1 —2.4. But we confirm that for Circinus, other gamma-ray sources are needed to explain
its GeV luminosity.
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1. Introduction

Cosmic rays (CRs) are accelerated by supernova explosions (e.g., [1, 2, 3]), and thus cosmic
rays should be present in all galaxies hosting supernovae. As CRs propagate in the interstellar
medium (ISM), inelastic collisions between CR and interstellar nuclei-both dominantly protons—
yield pionic gamma rays via pe;pism — ppr’, ©° — yy [4, 5]. This hadronic process occurs in the
Milky Way, but should also in other star-forming galaxies (e.g., [6, 7, 8, 9, 10, 11]). Fermi-LAT is
the first GeV gamma-ray telescope to study external star-forming galaxies as a population. Fermi
has detected three ordinary external star-forming galaxies: the Large Magellanic Cloud (LMC
[12]), the Small Magellanic Cloud (SMC [13]) and M31 [14]. Fermi also detects five starburst
galaxies: M82 and NGC253 [15], NGC4945 and NGC1068 [16], as well as the Circinus galaxy
[17]. The two nearest and brightest starbursts, M82 and NGC253, are also detected at TeV energies
by VERITAS [18] and H.E.S.S. [19, 20], respectively.

Starburst galaxies are a particularly interesting class of star-forming galaxies. Compared with
normal galaxies like Milky Way, starbursts have exceptionally high star-formation rates and harbor
regions of very dense gas. Thus cosmic rays accelerated in starbursts are expected to “die” in col-
lisions with ISM rather than escape. In the limit where all the CR nuclei interact with ISM, a large
fraction of proton energy is emitted as gamma rays, making such a galaxy a “proton calorimeter”
(e.g., [21, 22, 20]). This situation has the maximum efficiency to convert supernova blast energy
into gamma rays.

Our aim is to self-consistently calculate the pionic emission from starbursts in a closed box,
and to use starburst data to test this calorimetric scenario. Existing models for nonthermal particles
in starbursts have included both hadronic and leptonic processes such as synchrotron radiation,
inverse Compton scattering and pion production (e.g., [23, 24, 22, 25]). Many-but not all-of these
models predict that hadronic processes dominate above a few GeV. By construction, our more
focused model is economical and thus easy to test: it contains only two parameters, the cosmic-ray
acceleration energy per supernova &, and the cosmic-ray injection index s. The next section will
briefly introduce the model. Results are presented in section 3. In section 4, further discussions
and conclusions are given. For detailed model construction and results, see [26].

2. Theoretical model: the Thick-Target/Calorimetric Model

Our model is a thick-target “closed-box” model which has the following basic assumptions: 1)
cosmic-rays and ISM particles distributions are spatially homogeneous (one zone); 2) cosmic-rays
are initially accelerated by supernovae (SN) with acceleration energy per SN &; 3) the injected
cosmic-ray/proton spectrum is a power law in momentum, of spectral index s in GeV and TeV
energy range; 4) all the cosmic rays will interact with ISM, i.e., the escape rate of protons is zero;
5) among the gamma-ray production mechanisms, pion production and decay dominates.

We adopt an injected cosmic-ray spectrum is g, = dg/dp = dN, /dV dtdE < p~*, with p is the
proton momentum, and the free parameter s > 2 is the proton injection index. Thus the cosmic ray
injected power, i.e., luminosity dE.;/dt = L. = [E g, dp dV. Let cosmic rays be accelerated by
supernovae that explode at a rate Rg,. Then the normalization of g, is fixed via energy conservation:
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Ler = €Rgn, which gives g, o< &,Rs,p~°. Here & is the mean energy per SN going into CRs. This
is our other free parameter.

We describe cosmic-ray propagation (e.g., [27]) with a one-zone, closed-box, equilibrium
model. Losses are only due to cosmic-ray interactions with ISM, and omit escape. Considering
the elastic [28] and ionic energy loss rate [2], energy loss (per nucleon) per time is b(rgas, Ep) =
—dE /dt = binelastic + Pelastic 1 Dionics E,, is the total energy of proton, ng, is the atomic hydrogen
density of ISM. This fixes the calorimetric propagated proton flux to be:

__daNy, Yp
"~ dAdtdE ~ b(ngs, Ep)

0, (E) /E " 4o (E) dE o eaRaul (> E,,5) @

where v, is the velocity of proton, I is here a function of E}, and s.

Adopting ref. [5]’s approach in getting 7° productions’ differential cross-section, we can cal-
culate bipelasiic self-consistently. And using the pion spectrum g and gamma-ray spectrum gy
equations, our model’s gamma-ray number flux from a starburst galaxy is:

F— dN%observed — . 1 .dNy(EyQ Scras) )
" dE,dAdt 4rd? dE, .

(2.2)

where d is the distance of the galaxy, Ej is the total energy of photon. The gamma-ray flux is
an observable from Fermi. Ny gpserved 18 the gamma-ray number measured by the telescope. The
galaxy’s “effective” gamma-ray number yield per supernova Ny (gamma-rays are indirectly created
by supernovae) is calculated in our model (Ny o< &;). The total gamma ray production rate is the
production of N, and Rg,. To account for the contribution from particle interactions involving
nuclei with atomic weights A > 1 in both CRs and ISM, a nuclear enhancement factor of .oz = 0.59
is included in the calculation [26].

We can see that, for a certain starburst galaxy, our model’s gamma-radiation results only de-
pend on two parameters: cosmic-ray proton acceleration energy per supernova & (direct propor-
tionality) and the injected proton spectral index s. So we only need to vary the two parameters &

and s to find the best fit of the model to observed data by Chi-squared test.

3. Results

3.1 Individual Starbursts

We apply our thick-target, closed-box model to five starbursts with GeV data. For each
galaxy we adopt/infer an observed star-formation rate (SFR), and then calculate the pionic flux
E%dN,HW/ dEydAdt asin (&;,s) space. We perform x? test with the observed gamma-ray data to
get the best-fit model parameters, which appear in Table 1, with & in units of 1foe = 10°'erg =
1Bethe.

We plot the best-fit pionic gamma-ray spectra of NGC253 and Circinus in Figure 1. These
cases bracket the extremes, and illustrate general features of our model spectra: (1) the shape
only depends on the injected proton spectrum; (2) the magnitude is proportional to &.; (3) at high
energies, the gamma-ray spectral index is the same as the proton injection index s, and is flatter
than in the escape-dominated galaxies; (4) the peak energy is insensitive to s, and corresponds to
the “pion-bump” feature [4, 5]. For NGC253, we see that our best fit to GeV and TeV data is quite



Are Starburst Galaxies Proton Calorimeters? Xilu Wang

Galaxy | SN Rate Rsn CR source CR acceleration energy [ Fermi GeV data TeV data
Name [century ] index § per SN g [foe/SN] reference  reference
MS82 574+0.9 2.2754+0.102 0.106 +0.025 2.25+0.13 [29] [18]
NGC253 26+04 2.35040.037 0.1164+0.013 2.18+0.09 [30] [20]
NGC4945 32409 2.400+0.446 0.210(> 0.103) 2.054+0.13 [29]
NGC1068 35£9 2.100+0.617 0.253(> 0.128) 2.294+0.19 [29] [31]
Circinus 1.9+0.5 2.300+0.486 0.619(> 0.310) 2.194+0.12 [17]

Table 1: Results and parameters set for the starbursts in the “Thick-Target” Model. Fermi power-law fits for
the gamma data of starbursts are from ref. [17] with dN /dE o E -T
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Figure 1: Left panel: Differential pionic gamma-ray spectrum (solid curve) for NGC253 with the best-fit
parameters: source CR index s and accelerated CR energy per SN &. Fermi points are stars (red), H.E.S.S
points are squares (blue), and black dotted line is Fermi’s power-law fit to GeV data. References see Table 1.
Right panel: Similar spectrum for Circinus.

good and fairly well constrained thanks to the relatively large energy range. For Circinus, only
GeV data is available and even our simple model is poorly constrained.

For all starbursts, y? contours appear in Figure 2. Both NGC253 and M82 have TeV data
and good GeV data, and thus both s and & are well-constrained. For these galaxies, we find
& ~ 0.10 foe, in good agreement with canonical estimates for Milky Way cosmic rays [2]. For
NGC1068, NGC4945 and Circinus, lack of TeV data leaves the parameters poorly constrained,
with large uncertainties in both €. and s. For these galaxies, Table 1 thus reports the minimum &,
consistent with the data.

We adopt a maximum value of € max = 0.3foe in order to judge the proton calorimetry of the
starbursts: if € < & max, the starburst is a proton calorimeter with the calorimetric efficiency to be
Scr/ecr.,max, i.e., M82 has a calorimetric efficiency of 35%, NGC253 is 39%, NGC1068 is 84% and
NGC4945 is 70%; if € > €crmax, calorimetry fails for that galaxy as our model gives an upper-
limit to the gamma-ray spectrum, other dominant gamma-ray sources must exist (e.g., AGNs) to
explain the gamma-ray signal, therefore the Circinus galaxy is not a proton calorimeter.
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Figure 2: Contour plots for the y? test of five starburst galaxies: best-fit value is the black dot; (red, magenta,
blue) lines represent (70% CL, 95% CL, 99% CL). Above: Starbursts with well-constrained CR parameters
s and & (has TeV data). Below: Starbursts with less-constrained CR s and &.; (lack of TeV data).

3.2 Calorimetric Limit

In a calorimeter case (again taken to be & max = 0.3foe), eq. 2.2 gives F, o< Rsy o« SFR vy,
therefore Ly/y depends only on s. Using far-IR luminosity as a proxy for y, the expected calori-
metric limit ratio L~ Gev/ Lg_100um = 5.2 X 10~* in our model with s = 2.0. Ref. [22] calculated
the ratio to be 3.1 x 10~* while Fermi group’s result is 2.5 x 107 [29].

The gamma-ray over far-IR luminosity ratio Lo.1—100Gev /L8 —100um €xpected in the calorimetric
limit for CR nuclei is plotted in Fig 3. Our calorimetric limits agree with Fermi group’s [29]
result within 30%, with different choices of the CR proton index s. Normal star-forming galaxies
are about an order of magnitude below the calorimetric limits; starburst galaxies M82, NGC253,
NGC1068 and NGC4945 are close to the limits, showing that good calorimetry relations hold
for these galaxies, and starbursts have higher calorimetric efficiency than normal galaxies. The
Circinus galaxy lies well above the limits, indicating other gamma-ray sources dominate.
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Figure 3: Plot of ratio of gamma-ray luminosity (0.1-100GeV) to total IR luminosity (8-100um). Star-
forming galaxies are indicated with blue squares (IR and gamma-ray data of the Milky Way is calculated
from [11], IR data for other galaxies is from [32], gamma-ray data for SMC is from [13], LMC is from [12],
M31 is from [14]). Starburst galaxies are marked with black dots (IR data is from [33], gamma-ray data
is from [29], except for Circinus [17]). The black dotted line is Fermi’s best-fit power law relation [29].
The upper abscissa indicates SFR estimated from the IR luminosity according to the Kennicutt relation [34].
The colored dashed lines represents the expected gamma-ray luminosity in the calorimetric limit assuming an
average CR acceleration energy per supernova of &, = 0.3foe with various source CR index s = 2.0,2.2,2.4.
The black solid line indicates Fermi’s calorimetric result (s = 2.2, &, = 0.1foe) [29].

4. Discussion

In this paper, we construct a two-parameter, closed-box, thick-target model to test the cosmic-
ray calorimetry in starburst galaxies. For the best-measured starbursts, our model gives good fits
to the gamma-ray data in both GeV and TeV range with s and & values consistent with those
of Galactic cosmic rays. The goodness of our fit to starbursts M82, NGC253, NGC1068 and
NGC4945 suggests that starburst galaxies are proton calorimeters with various calorimetric effi-
ciencies. These efficiencies may be different in reality if the actual supernova acceleration of CR
rate in starbursts differs from the calorimeter value & max = 0.3foe adopted. For the Circinus
galaxy, our model’s gamma-ray over-luminosity result agrees with ref. [17], indicating additional
gamma-ray sources are needed to explain the observed data.

However, more data is needed to fill in the energy gap to do a further check of our model’s
results. There is a lack of data at energy ~30-100 MeV for the starburst galaxies, so it is diffi-
cult to tell whether the actual gamma-radiation has the characteristic “pion bump”. TeV data for
NGC1068, NGC4945 and Circinus is also needed to constrain the choices of parameters (both s
and &) in our model with smaller uncertainty. Moreover, recent NuStar X-ray limits on NGC253
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in the 7-20 keV band disfavors leptonic processes dominating in the GeV and TeV energy range
[35].
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