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Abstract. During the past few years, first observations of starbulsixigs at> GeV ener-
gies could be made with the Fermi Gamma-ray Space TelesGmé ange) and Imaging
Air Cherenkov Telescopes (TeV range). The two nearestustsid) M82 and NGC253 were
detected, and most recently, the detection of two stad@egtert composites (NGC1068
and NGC4945) were reported. The emission for the two starbls best explained by
hadronic interactions, and thus providing a first, uniqupasfunity to study the role of
cosmic rays in galaxies. In this paper, the role of cosmis ffay the non-thermal com-
ponent of galaxies is reviewed by discussing the entirethermal frequency range from
radio emission to TeV energies. In particular, the intetgdfen of radio emission arising
from electron synchrotron radiation is predicted to be @lated to TeV emission coming
from interactions of accelerated hadrons. This is obsefivetthe few objects known at TeV
energies, but the correlation needs to be established igitifisantly higher statistics. An
outlook of the possibility of tracing cosmic rays with maléar ions is given.
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1. Introduction action of hadronic cosmic rays with the gas in

. . . _ the galaxy.
Galaxies with a high star formation rate pro- g 4

vide the opportunity to study the influence of
massive stars on the large-scale behavior of In this paper, the multifrequency spec-
galaxies in detail. In particular, the role of gagrum of starburst galaxies will be reviewed.
heating by star formation can be studied bin Section[2, the correlation between the far
the observation of far-infrared emission anéhfrared and radio emission is discussed. In
the role of supernova remnants can be inveSection[B, hadronic interactions at energies
tigated by looking at non-thermal radio emisE > GeV are discussed in the context of neu-
sion from electron synchrotron radiation. Mostral secondary production. In Secti@h 4, cos-
recently, first gamma-ray detections using thaic ray-induced ionization is mentioned as a
Fermi Gamma-ray Space Telescope (FGSTiyture method of tracing hadronic cosmic rays
and Imaging Air Cherenkov Telescopes likén galactic environments. In particular, a su-
H.E.S.S. and VERITAS were made. The neapernova remnant interacting with a molecular
est starburst galaxies M82 and NGC253 wer@doud provides an optimal environment for the
detected above GeV energies, tracing the intgeroduction of H, at a level which should be
detectable in the future with instruments like
Send offprint requests to: J. K. Becker Herschel and ALMA.



http://arxiv.org/abs/1107.4235v1

Becker: Starburst galaxies 283

2. The Radio-FIR correlation burst galaxies is the apparent co-existence be-
. . tween starburst galaxies and active Seyfert
The correlation between the total radio and fagz ;) .ag Figur&ll shows those galaxies that re-
infrared emission in starburst galaxies is exze4| an active core in a starburst galaxy as filled

perimentally well established. As an exampl3riangles. Thus, when the emission cannot be

a sample of local starburst galaxies with re asolved spatially. ambiquities can arise con-
shifts belowz = 0.03 is shown in Figur&]l. P Y, 9

frared emissi . h Vb cerning the electromagnetic contribution from
Far-infrared emission arises when newly bory, o oy activity and the starburst part of the
massive stars heat the surrounding gas. Ra

emission, on the other hand, is directly cor-glaxy'

related to the death of massive stars: elec-

trons are accelerated at supernova remnaitHadronic interactions at E > GeV
shock fronts and lose their energy via syn-

chrotron radiation at radio wavelengths. Thud} Significant part of the total energy budget
from this very general statement, a correldf @ galaxy goes into the acceleration of cos-
tion between radio and far-infrared emissioflliC rays. It is known from the observation of
is expected. A detailed modeling of the corth® charged cosmic ray flux at Earth, that the
relation, however, remains fllcult when try- to_tal energy carried by Galactic cosmic rays
ing to explain all observations. While a caloriWith energies above 100 ZGeV corresponds to
metric model, in which all electrons lose thei@ total luminosity of~ 10% ergs. The shock
entire energy to synchrotron radiation seenf§onts of supernova remnants are one of the
feasible in the theoretical framework as prePrimary candidates for the acceleration of cos-
sented by Volk [(1989), observations of the raliic rays up to 18 eV or higher|(Stanev et al.
dio spectral index in starburst galaxies sho#993;.Biermann etall 2009, 201Ca,b). When
relatively flat spectra: On average, radio speddteéracting with the local gas of the consid-
tra in the GHz range behave asy°7. The ered galaxy, a significant amount of the pri-
synchrotron spectral indexaqo and primary Mary cosmic rays’ energy is put into the pro-
particle spectral indexy, are directly con- duction of high-energy photons and neutrinos.

nected as (Rybicki & Lightmah_1979) While neutrino telescopes have not yet reached
ST - the sensitivity to detect ffluse emission from
@p =2 radio+ 1. (1) the Milky Way, gamma-ray emission is de-

tected at a level of 1§ erg’s. Thus, the trans-

Thus, a synchrotron spectral index@tgio ~ port of cosmic rays in a galaxy is expected to
0.7 reveals a primary electron population wittplay a significant role considering the dynam-
a spectral index ok, ~ 2.6. In the calorimet- ics of the galaxy itself. The diculty in pin-
ric model, however, higher energy electronpointing the sources of cosmic rays themselves
should lose all their energy, resulting in spedies in the complexity of the transport of the
tra as steep a@3. An alternative model, basedcharged particles through the galactic magnetic
on a cosmic ray driven wind model for starfield. For the Milky Way, the observed flux of
burst galaxies, is discussed by Becker et atosmic rays contains information about the to-
(2009). Here, the non-thermal radio flux, intal energy budget and the spectral behavior af-
duced by electron synchrotron losses, turns otér transport. However, no direct information
to be only weakly dependent on the magnetion the direction of the sources of cosmic rays
field of the starburstR, « B%2), even without or about the primary spectra at injection can be
the assumption of a calorimeter. The questioeduced from observations. Concerning star-
remains whether or not electrons can partly eburst galaxies, compared to the high cosmic
cape the starburst galaxies and more detailedy flux from the Milky Way, any possible sig-
calculations have to be performed in order taal in charged cosmic rays would be negligi-
match all observational features. ble. So, in general, in order to understand the

An additional complication in the interpre-role of cosmic rays in a galaxy, the search for
tation of electromagnetic radiation from starneutral secondaries like photons and neutrinos
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Fig. 1. FIR-radio correlation for a sample of local starburst geaxtz < 0.03, showing a linear correlation
between the two wavelengths. Luminosities are given insumiitergs. The sample contains a significant
fraction of sources which, apart from the starburst betranfiche galaxy, reveal Seyfert-like properties of
the galaxy core. While those galaxies with no Seyfert coeatification are shown as open triangles, the
supposed Seyfert-starburst composites are shown as fikedles.

from hadronic interactions is one of the mostracer of the cosmic ray spectrum after trans-
interesting approaches. port. Measurements concerning the transport
High-energy photons and neutrinos aref cosmic rays through the Milky Way's mag-
produced in hadronic interactions, in environnetic field indicate that diusion steepens the
ments with a high flux of high-energy cos-njection spectrum by a factor of E=03 —
mic rays j,(Ep) and a large target density; E%® (Gupta & Webber| 1989). With the ob-
(Becker et al. 2009): served spectrum being close Eo?7, the ex-
_ pected cosmic ray energy spectrum at injec-
pp— NG /x/7%) + X. @) tion is expected to be close © 2! — E-24,
Here, N(z*/n~/=°) denotes that multiple pi- At gamma-ray energies above300 MeV, the
onsN are created in the process. Charged photon spectrum roughly follows the charged
ons contribute to the production of high-energgosmic ray spectrum in the case of hadronic

neutrinos, interactions. Thus, the observation of the spec-
. . L tral behavior of gamma-rays from a galaxy can

T Ve € VeV Yy (3) help to identify if the interactions on average

T = U V= € VeV, V. (4) take place close to the remnant, at injection, or

rather in the interstellar medium, after trans-

Noeutral pions produce high-energy photong,or. while observations of our own Galaxy

=YY , indicate that propagation steepens the cosmic
Assuming _that the domman_t part Ofray spectrum before interactions take place, the
charged cosmic rays below #0eV is accel- yyo starburst galaxies with observed gamma-
erated in supernova remnants, the target de'l’é—y spectra, M82 and NGC253, reveal a quite
sity directly at the acceleration site is im+ 4 spectral behavior of arouri23. Thus, it
portant as a local feect. At high hydrogen s expected that a large fraction of the cosmic

densities, cosmic rays interact directly at th‘aay interactions happen in the vicinity of the
source and the neutral interaction products rgg) rces.

veal the spectral shape at injection. For sources
that have proton-proton optically thin environ-
ments, most protons will escape the acceler-
ation region and change their energy spec-
trum due to transportfiects. Then, interactions
with the difuse gas in the galaxy serve as a
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3.1. Gamma-ray observations of portunity to draw conclusions about the pri-
starburst galaxies mary cosmic ray flux.

: . First of all, the gamma-ray spectra for
As of today, there are six objects observed &g> and NGC253 appear to be very flat, i.e.

gamma-ray energies, where the emission ag-23 anq flater. In the observed energy region
pears to arise from hadronic interactions: (> GeV), the hadronic gamma-ray flux follows

— M82 (Starburst galaxy) the spectral behavior of the primary cosmic
rays.

— NGC253 (Starburst galaxy) Since the gamma-ray spectrum reproduces
the same spectral shape as the interacting

— The Milky Way primary particles, most of the interactions

must happen close to the acceleration re-

— Star-forming region 30 Doradus (Large 9ion: while the injection spectrum is expected
Magellanic Cloud) to be close toE2° — E~?3 (Stanevetal.

1993;| Biermann et all_2009, 2010a,b), trans-

— NGC1068 (Starburst-Seyfert composite) POrt through the galactic magnetic field steep-
ens the charged primaries’ spectrumgo®’.

— NGC4945 (Starburst-Seyfert composite) Interaction after transport into the ISM would
therefore lead to a steep gamma-ray spectrum
of close toE~27,

Although the statistics with only six objects re-
vealing hadronic interactions is still low, itis. dN, 5
worth to have a first look at what kind of cor-1? = dE, dt dAgarth ®)
relations to expect and to investigate if those
show up in this still very small sample. It iSin units of Gev! st cm 2.
clear that there are many caveats when looking The number of pion-decay induced
for correlations in this small sample: the onlygamma-rays of a single SNR in a starburst
true starburst galaxies are M82 and NGC25®er _unit time, volume and energy is given
The star-forming region 30 Doradus is only dKelner et alll 2006),
part of the dwarf galaxy. The Milky Way is _
a regular galaxy with contributions to the FIR ©y (B) =
emission from stars that do not explode as su-, foo : Ji ) (5 ) dg,

¢ - inel(Ep) - jp(Ep) - Fy » Ep .(6)
pernovae. Thus, the Milky Way is not expected E, Ep Ep
to lie on the FIR-radio correlation curve. The _ . . .
two starburst-Seyfert composites could hav&l€ré:nw is the density of the ambient medium

contributions from the active core in all wave-"’,‘nd inel(Ep) 1S th_e cross section of mglas-
proton-proton interactiofls The function

length ranges. Thus, future observations of (% E,) implies the number of photons in the

larger sample of pure starburst galaxies wil ergy interval X, x + dx) per collision and

have to confirm or reject the results presentqua dimensionless probability density distribu-

below. tion function. The flux of relativistic protons at
the source is given as
3.2. Interpretation of measured Io(Ep) = ap - O(Ey). @)
gamma-ray spectra as the product
of hadronic interactions Here, j, is given per energy, time and area

interval. The spectral shape of the interacting

From Fermi- and IACT-observations, theyrston flux is contained in the functioh(Ep)
gamma-ray flux from M82, NGC253, thegng can be expected to follow a power-law,
Milky Way and the star-forming region 30

Doradus in the LMC are known_(Abdo etal. 1 [Kelner etall [(2006) use the cosmic ray density,
2010a). The measurements give a unique ophile here the cosmic ray flux is used.
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® ~ E7P, while a, is defined as the normal-the speed of light. Solving the equation &y
ization factor, i.e. how many protons there argives:
per energy, time and area interval. This normal-
ization can be done at an arbitrary energy, wg _ Wp-c
choseE, = 1 GeV to normalize the spectra. i V'f: D(Ep) Ep.dE,
Using other values yields the same result when m
applying the same units consistently throughFhus, the normalization of the photon spec-
out the calculation. trum can be written as
To account for the total gamma-ray flux as We - C- - N
observed at Earth, in units of per time, area angl _ p-C-MH-Nenr -
energy interval, Equatiofil(6) needs to be multi-” 4792 . f‘x’ ®(Ep) Ep dEp
plied by the volume of the interaction regivh Enin
of asingle SNR and the number of SNR&wr,  Given the distance to the source and determin-
which scales directly with the SN raRsy of jng the average shape of the primary particle
the galaxy. Further, assuming isotropic Zem'SS'pectrum from the shape of the gamma-ray
?_'r?n' tt?e detgﬁted_ ﬂltﬁ( sc;les t\lNltbl(47r d t)' 4Spectrum, the product of the total cosmic ray
€ observed fux IS then directly connecte 8nergy budget, the target density and the num-

the produced density as ber of SNRs,W, - ny - Nsnr determines the

(13)

(14)

-1 amma-ray flux normalization. Alternativel
®l, = ®,(E,) V- Nsnr- (4r o g Y ay , Y
lo /(&) e (4r o) ®  the cosmic ray energy densjtyr = W,/V can
_ M vV ) be used, and in this case, it is the product with
4r d? the total interacting mass,

" roalEs)- E )

f;y Tinel(Ep) - p(Ep) FV(Ep’ B Ep, = Pcr*M:Nsnr=pcr-NH V- Nsnr (15)
Assuming a proton flux at the source followds the determining factor. Thus, assuming a
ing a power-law with normalizatioa, and a constant cosmic ray energy density and a di-

spectral shap®(Ep) yields rect scaling of the number of SNRs with the
B ” supernova ratBsy would result in a direct pro-
Dlp =ay- J (10) portionality between the observed gamma-ray
00 E . . . .
f Tnel(Ep) - Op(Ep) - F, (EE Ep) E_p . emission and t_he total interacting gas mass.
E P P First Fermi results seem to suggest that

. a correlation between the gamma-ray lumi-
with nosity and the product of the supernova rate
ap- Ny - V- Nsnr and the total gas mass is present (Abdo et al.

ST 42 (11) 2010a). However, the calculation has several

) ) ) caveats: For once, it is not likely that the cos-
This factor needs to be flxed to a certain VQIUﬁ«]iC ray energy density is constant for all star-
to match the observations, and conclusiongyrst galaxies. In addition, it is assumed here
about the parameters on the right-hand side cgiit all SNRs have the same cosmic ray energy
be drawn. o spectrum, although it is known that the spec-
The proton spectral normalizatioa, can ,m actually strongly depends on their age and

be calculated using the conservation ofenerg)fhe local environment of the sources, see e.g.
o o0 Blasi et all [(2005) and references therein. One
fE» ipEpdEp ap'fE‘ ®(Ep) Ep dEy might consider to rather search for a correla-
" Weoc tion between the product of the SN rate and

= 2 (12) the gas density with the total gamma-ray flux.
v However, even in this case, the above calcu-

whereW, is the total proton energy budgetations rely on the fact that the energy budget
of protons with a minimum energy dn,, for each SNR is the same. However, it is ex-
assuming the protons travel approximately gtected that it depends on the total mass of the
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stars and the energy put into cosmic rays migl_,
not even be a constant for the same progers
tor star mass, but depend on the local enviromz
ment. Further, the spectral behavior of the co:= |
mic rays might vary depending on the local en [
vironment. And, finally, the average observe
density of the galaxy might not represent th
average density in which the secondary phe
tons are produced. I f

10°r

100
3.3. A correlation between radio and
gamma-ray emission

10t
The non-thermal radio emission at GHz fre s
quencies is expected to come from synchrotr¢
radiation of electrons accelerated at superno 10*——————————————— —
shock fronts. The gamma-ray emission, ontr ~ °" 1w 1 he 0% erg}g;
other hand, is believed to have the same ori- o ‘ .
gin, following the interpretation of the signalFig. 2. Luminosities at gamma-ray energies as

as the interaction of cosmic rays with the amr_neasured by Fermi versus radio luminosities at
§SGHZ. Shown are the LMC, the Milky Way, M82,

bient medium. Thus, a correlation between th GC253 NGC1068 and NGC4945, using the data

radio and gamma-ray luminosities is expecte summarized by Lenain etial. (2011). The line
to b.e pr_esent. F'gL,‘ 2_ shows the gamma'_r%(presents a powér-law fit to the data. Due to the
luminosity for the six objects versus their radigmai number of sources, the error of the correlation
luminosity. A clear trend of increased gammays still too large to make a quantitative statement.
ray emission at enhanced radio emission is olpualitatively, the result is compatible with a linear

served. While the performed power-law fit iscorrelation.

compatible with a linear correlation of the two

emission features, the lack of statistics does h 99%. Th in back d
not allow for the formulation of a quantitative™Or€ than 939%. The main background are

statement on this correlation. This might stil eutrinos produced in the Earth’s atmosphere.

be afirst hint that there is a connection betwe nomt source searches can be performed for

the two wavelengths, which could further beZ'ngle sources as well as by the stacking of

used to study acceleration processes. source list. If a contribution f_rom_unresolv-
able sources is expected, which is the case

for instance for several classes of active galac-
3.4. High-energy neutrinos tic nuclei, a search for a fluse flux can be

performed. Since astrophysical sources are ex-
Due to the co-production of high-energy phopected to produce relatively flat neutrino en-
tons and neutrinos, hadronically producedrgy spectra for interactions at the souree (
gamma-rays are always accompanied by B2 - E-23), the explicit search for enhanced
neutrino flux. Due to their low interactionemission at the highest energies reduces the
probability, the detection of neutrinos requirebackground of the very steep atmospheric neu-
the use of kilometer-scale natural water otrino flux (~ E=37).
ice reservoirs, see e.g. Becker (2008). As of Concerning the case of starburst galaxies,
December 18, 2010, the first cubic-kilometethe gamma-ray detection from M82 gives a
scale neutrino detector IceCube was completdidst concrete test case of the expected neu-
at the geographic South Pole. The detectianino flux from a point source. It turns out
technique allows for the observation of the erthat the flux of M82 as a single source is rel-
tire northern hemisphere at a duty cycle oétively low and it is not expected to be de-
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tected within the first years of operation with{Abdo et al!| 2009), W44 (Abdo et al. 2010c),
IceCube. It may still be possible to observ&V28 (Abdo et al.l 2010b), IC443 (Abdo et al.
M82 after a longer period of measuremen010d) and W49B| (Abdo et al. 2010e) with
as the lifetime of IceCube is expected to béhe Fermi Gamma-ray Space Telescope are
longer than 10 years. On the other hand, tHeest-fit with a hadronic interaction model. The
stacking of a source catalog of nearby starburgbserved gamma-ray spectra can be used to es-
galaxies strongly improves the detection sigimate the primary cosmic ray spectra at the
nificance. As the significance roughly scalesource above GeV energies. Extrapolating the
with the signal over the square root of the backspectrum down to below GeV energies then
ground, adding more signal to the search helggves the opportunity to perform calculations
to reveal the signal over background. A firstoncerning interaction of the low-energy part
stacking search for starburst galaxies has beehthe cosmic ray spectrum leading to the ion-
performed with partially completed configuraization of the local medium. Details of the cal-
tions of the IceCube detector, see Dreyer et atulation are presentedlin Becker et al. (2011).
(2010); Abbasi et al.| (2010). Itis expected thabDue to the enhanced flux of cosmic rays, the
within the next few years, the limits can be im4{onization level is expected to be enhanced by a
proved using a detector of more than twice thfew orders of magnitude at the discussed SNR-
size. The detection of afliuse flux from star- MC systems. In such an environment, the de-
burst galaxies is rather challenging, since thiection of line emission spectra from;+and
maximum neutrino energy may be as low abl} would be the most direct tracer for cosmic
10" eV. ray ionization.

Line emission from H has been dis-
cussed previously in the context of cosmic
ray ionization, and it represents one of the
tracers molecules observed in astrophysical contexts,

While protons with GeV energies and abov§€€ €9 (Black 1998) and references therein.
contribute to the neutrino- and photon flux ofVith the launch of the Herschel telescope, de-
a galaxy, low-energy cosmic rays in the ke\iailed observations of the abundance df i
GeV range ionize the interstellar medium. I}OW possible in astrophysical environments. In
the Milky Way, the average ionization levelndriolo etal.(2010), for instance, argtabun-

is observed to be of the order gf ~ 2 - dance clo5rrespond|ng to an ionization rate of
1016 s (Gerin etall [ 2010] Neufeld etal. ~ 2: 10/s was observed.

2010). Hydrogen ionization immediately leads _ Although Hy is the first product of cos-
to the formation ofH}, which in turn initi- MIC ray ionization, it is usually destroyed too
ates the formation of farger molecules likg, duickly to produce significant line emission.
OH*, H,O" etc., see e.gl (Black 1998) andowever, in an environment of extreme ioniza-
references therein. Those molecules can be dif2 1evel as it seems to be the case for SNR-
served by detectors like Herschel and ALMAMC systems, the detection of;seems to be
and can be used as direct tracers of cosmoSsible and would provide a unique method to
ray ionization. The search for molecular ion&race the sources of cosmic rays.

at potential cosmic ray acceleration sites with Due to their high star formation rate, star-
suitable targets might help to trace the sourcd¥/rst galaxies are bound to host a larger num-
of cosmic rays and by that improve the undef€r of SNR-MC systems. In the future, it

standing of the role of cosmic rays in the dywould therefore be interesting to try to com-
namical processes of galaxies. bine gamma-ray measurements with the search

In the Milky Way, several systems of Su_for molecular line emission in order to be able
pernova remnants and molecular clouds (SNAQ Pin-point the cosmic ray component of the
MC systems) have been detected at gamm@alaxies.

ray energies in the past years. In particAcknowledgements. The authors would like to
ular, the detections of the sources W51@hank S. Aalto, P. L. Biermann, J. H. Black, S.

4. Molecular ions as cosmic ray
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