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Non-thermal Diffuse Emission in 
Starburst Galaxies
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FIG. 8.— The predicted γ-ray luminosity spectrum of NGC 253’s starburst, compared to X-ray (Cappi et al. 1999; Bauer et al. 2008) and γ-ray (Abdo et al.
2010f; Acero et al. 2009) observations. The different components to the emission are synchrotron (dash/dotted), positron annihilation (long-dashed/short-dashed),
nucleosynthetic γ-ray lines (grey lines), bremsstrahlung (short-dashed), IC (dotted), and pionic emission (long-dashed). The total emission are the solid lines,
black including γγ absorption on the sightline to Earth and grey without it. The plotted models show the case for when primary e± are purely electrons, with
no primary positrons. Emission from CCSNe is not included. The X-ray emission mostly comes from X-ray binaries and thermal emission from gas and is not
included in our fitting. As in Figure 2, note the different energy binnings for the different lines.

to the original γ-ray, and cool mainly by Inverse Compton
scattering of the CMB.
The typical rest-frame energy of upscattered CMB light is

then

E ′′
γ ≈ 32 MeV(1+ z)

!

Ee
100 GeV

"2

, (8)

where z is the redshift where the scattering takes place. Thus
intergalactic cascades shift energy from TeV bands, where pi-
onic emission can be important, to MeV bands. Normal star-
forming galaxies have a pionic spectrum that goes as E−2.7,
with little γ-ray emission above 100 GeV, so they will con-
tribute little cascade emission. Starburst galaxies, on the other
hand, are observed to have hard E−2.2 spectra between GeV
and TeV energies. Nearly 1/3 of their ≥ GeV luminosity is
above 100 GeV and can be affected by the cascade process.
Recently, Broderick et al. (2012) have proposed that plasma

instabilities alter the evolution of cascades from bright TeV
sources like blazars. These instabilities would effectively stop
e± before they could radiate IC, and quench all of the cas-
cade emission. However, the TeV luminosities required for
this process are much higher than from M82 and NGC 253.
Chang et al. (2012) conclude that only HyperLIRGs would be
affected by the plasma instability by assuming that the IR/γ-
ray ratio is the same as in M82 and NGC 253. We note that
purely proton calorimetric galaxies would be expected to have
IR/γ-ray ratios∼ 2−3 times higher than M82 and NGC 253’s
starburst, and so TeV emission from brighter ULIRGs (which
are numerous at z≈ 2) may not cascade. However, since most
star-forming galaxies are relatively faint, we ignore the effects
of plasma instabilities.

4.1. Calculation of Cascade Radiation
Suppose the star-forming galaxy lies at redshift zs and emits

a spectrum dNsourceγ /dE ′ over some time interval. Then the

cascade spectrum observed at redshift zobs can be calculated
as
dNcasc
dE ′′

γ

(E ′′
γ
,zobs) =

# zs

zobs
dz
# Eγ (1+z)/(1+zobs)

0

dNe
dzdE ′′

e

dQIC
dE ′′

γ

(E ′′
e ,E

′′
γ
)

×tlife exp(−τγγ(Eγ ,zobs,z))dE ′′
e (9)

where E ′′
γ = (1 + z)Eγ is the cascade-frame energy, E ′

γ =
(1 + zobs)Eγ is the source-frame energy, and Eγ is the Earth-
frame energy. The key ingredients in this calculation are
dNe/(dE ′′

e dz), the spectrum of pair e± generated in the red-
shift step z to z − dz from both the primary γ-ray spec-
trum and the cascade γ-rays at previous redshift steps;
dQIC/dEγ(Ee,Eγ), the IC emission at Eγ from one CR e± of
energy Ee; tIC, the IC cooling time for e±; and τγγ(Eγ ,zobs,z),
the γγ optical depth to a photon observed at Eγ from redshift
zobs to z.
Accurate source functions for pair production are given in

Aharonian et al. (1983) and Böttcher & Schlickeiser (1997).
We consider the emission from star-forming galaxies at red-
shift zs separately. We then calculate the cascade emission in
redshift steps, each from zi to zi − dz. At each step, the input
photon spectrum (in the cascade rest frame) is
dNγ

dE ′′
γ

=
dNsource

γ

dE ′
γ

1+ zs
1+ z

exp(−τγγ(zobs,z))+
dNcasc
dE ′′

γ

(E ′′
γ
,z) (10)

which includes both the attenuated primary spectrum and
the attenuated cascade spectrum from previous redshift steps.
Within the redshift step, the UV-IR background effectively
forms a screen to the γ-rays with optical depth:

∆τγγ = τγγ(E ′′
γ
,zi −∆zi,zi) (11)

So the generated pairs are calculated as
dNe
dzdE ′′

e
=
#

dNγ

dE ′′
γ

dQe(E ′′
γ
)

dE ′′
e

dt
dz
1− exp[−∆τγγ]

∆τγγ
dE ′′

γ
, (12)
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FIG. 4.— PSF-convolved point source image fits to our 4 energy bands, from top to bottom: 4-25 keV, 4-6 keV, 6-12 keV, and 12-25 keV. In the leftmost panels,
the image displays the smoothed, background-subtracted counts data from all 3 epochs, with the overlaid yellow contours following the data image. The middle
panels show the best-fit model (described in Section 4.1.1) with the same color scale as the data, and the white contours (also reproduced in the left and right
panels) follow the underlying smoothed model image. In the right panels, the residual of the other two panels (data−model) is displayed with its own, smaller
scale given by the associated color bar. All images have all been smoothed by a Gaussian kernel of 2 pixels (∼ 5′′), and the contours have square-root spacing
between the minimum and maximum values of the model images; both the yellow (data) and model (white) contours follow identical intensities. During fits,
the raw data (left) is compared to the model (middle), which includes a component for the background as well as for each point source, and the pre-determined
position and PSF shape of sources remain fixed during fits. In the left panels, note how well the white contours track the yellow contours, even where the signal-
to-noise is only moderately high, which is only possible thanks to the excellent PSF calibration of the NuSTAR telescopes. The lack of significant structure in the
residual images also demonstrates the success of the fitting process and suggests we have identified all detectable sources of emission in the central 7.4′(8.5 kpc)
of NGC 253.

Wik et al. 2014

NuSTAR’s Look  
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Fig. 1.— Test statistic maps obtained from photons above 200 MeV showing the celestial
regions (6◦ by 6◦) around M82 and NGC 253. Aside from the source associated with each

galaxy, all other Fermi-detected sources within a 10◦ radius of the best-fit position have been
included in the background model as well as components describing the diffuse Galactic and

isotropic γ-ray emissions. Black triangles denote the positions of M82 and NGC 253 at
optical wavelengths; gray lines indicate the 0.68, 0.95, and 0.99 confidence level contours
on the position of the observed γ-ray excess; green squares show the positions of individual

background sources. The color scale indicates the point-source test statistic value at each
location on the sky, proportional to the logarithm of the likelihood ratio between a γ-ray

point-source hypothesis (L1) versus the null hypothesis of pure background (L0); TS ≡

2(ln L1 − ln L0) (Mattox et al. 1996).

Table 1: Results of maximum likelihood analyses (gtlike) of M82 and NGC 253.

RAa Deca ra
95 F(> 100 MeV)b photon indexb significancec

(deg) (deg) (deg) (10−8 ph cm−2 s−1)

M82 149.06 69.64 0.11 1.6±0.5stat ± 0.3sys 2.2±0.2stat ± 0.05sys 6.8
NGC 253 11.79 -25.21 0.14 0.6±0.4stat ± 0.4sys 1.95±0.4stat ± 0.05sys 4.8

aSource localization results (J2000) with r95 corresponding to the 95% confidence error radius

around the best-fit position.
bParameters of power-law spectral models fitted to the data: integrated photon flux > 100
MeV and photon index.
cDetection significance of each source.
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Summary
❖ With its enhanced imaging capability in hard X-rays, 

NuSTAR has placed the deepest constraint to date on 
the Inverse Compton emission in NGC 253. 

❖ Further modeling in light of  the NuSTAR constraint 
and updated observations from Fermi and HESS will 
allow us to constrain the physical parameters of  NGC 
253 (e.g., cosmic ray energy density, magnetic field, 
etc.). 

❖ Similar analyses and modeling will performed using 
existing and upcoming observations for M82.


