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Abstract

NuSTAR, the first satellite with hard X-ray focusing optics, opens up the possibility to not only detect
starburst galaxies above 10 keV for the first time but also characterize their hard X-ray properties. Here we
present an overview of a NuSTAR program to survey six normal/starburst galaxies: NGC 253, M82, M83,
NGC 3256, NGC 3310 and Arp 299 and data analysis strategies. NGC 253 and Arp 299 have been observed,
both coordinated with Chandra observations, and M83 has had an initial observation coordinated with an
XMM-Newton observation. The upcoming NuSTAR observations of M82, M83, NGC 3256 and NGC 3310
will be coordinated with approved Chandra observations. The main goals are: 1) characterize the typical
starburst spectrum above 10 keV 2) identify the nature of individually-detected X-ray sources (neutron
star HMXB vs. black hole candidate) 3) look for short-term (hours to weeks) variability and establish a
baseline for long-term variability studies (weeks to years) 4) characterization of the unresolved contribution
to the NuSTAR flux (unresolved X-ray binaries and “diffuse” emission such as inverse-Compton scattering
off of cosmic rays). We will present the initial results of the program.
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1. Introduction

Prior to the launch of NuSTAR, very few nearby star-
burst galaxies could be unambiguously detected above 10
keV. NuSTAR, with imaging hard X-ray optics, opens
the possibility of systematically studying nearby star-
burst galaxies in the 10-70 keV band for the first time
(although c.f., Koss et al. 2013). A detection of M82 by
the Suzaku PIN suggested that the spectrum is cut-off
above 7 keV (Miyawaki et al. 2009). Is this behav-
ior typical of starburst galaxies, indicating a different
mode of accretion in the X-ray binary population? Since
NuSTAR has the ability to resolve individual sources in
nearby galaxies (the NuSTAR PSF FWHM is ∼ 18”),
there is the possibility of isolating the flux of individ-
ual point sources. This will allow us to determine if an
obscured or low-luminosity AGN is likely to be present
and to constrain the shape of the spectrum of individual
X-ray binaries through X-ray colors. Finally, the γ-ray
detection of M82 and NGC 253 by Fermi suggests that an
inverse-Compton component may be detected as a dif-
fuse non-thermal component to the hard X-ray emission
(Lacki et al. 2011).

2. The NuSTAR Starburst Program

To date NuSTAR has observed NGC 253, M83 and Arp
299 as part of its starburst program (see Figure 1). All
observations have been coordinated with Chandra (NGC
253, Arp 299) or XMM-Newton (M83). Our team has
been awarded Chandra time for coordinated observations
for M83, NGC 3310, NGC 3256 and M82. M82 was ob-
served for ∼ 1 Ms by NuSTAR due to the explosion of
an SN 1a. During this campaign Chandra also observed
M82 for ∼ 20 ks. Our upcoming Chandra/NuSTAR ob-
servations of M82 will improve our understanding of hard
X-ray variability in starbursts galaxies, or at least pro-
vide additional data on the long-term behavior of the
bright nuclear ULXs M82 X-1 and X-2. Similarly, NGC
253 was observed multiple times (see below) and the ex-
isting NuSTAR/XMM-Newton observations of M83 will
be compared with the upcoming NuSTAR/Chandra ob-
servations.

2.1. NGC 253

The initial results of the NuSTAR/Chandra observing
campaign were presented in Lehmer et al. (2013). They
found that while there are nuclear X-ray sources detected
by Chandra, the hard X-ray emission is dominated by a
bright point source close to but not coincident with the
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Fig. 1. NuSTAR (left, middle) and star-formation (midIR + UV) images of NGC 253 (top) and M83 (bottom).

dynamical center of NGC 253 (see Figure 2). A source
that is coincident with the dynamical center, possibly
a low-luminosity AGN in NGC 253, was dormant dur-
ing the NuSTAR/Chandra observations. In addition, the
hard (E> 10 keV) power-law slope of the nuclear region
was also very soft (Γ = 3), consistent with ULXs but
not AGN. A detailed analysis all point sources detected
by NuSTAR in NGC 253 and constraints on any diffuse
emission will be presented in Wik et al. (in prep.).

2.2. Arp 299

The merging system Arp 299 was observed by Chandra
and NuSTAR simultaneously in March 2013. Figure 3
shows the NuSTAR images of Arp 299 in various energy
bands. The emission clearly becomes increasingly point-
like and concentrated in Arp 299-B. Any AGN in Arp
299-A must be obscured or have very low luminosity.
Similarly, X-ray binaries contributing to the flux above
10 keV likely have a soft spectrum, as observed in NGC
253.

3. Conclusions

Initial analysis of M83 shows that its hard (E>10 keV)
spectrum is also soft (Γ ∼ 3). Detailed analysis of the
M83 data will be presented in Yukita et al. (in prep.). So
far all three starburst galaxies observed have exhibited
steep X-ray emission from their X-ray binary population.
This implies that the X-ray binary spectra are cut-off and

similar to ULXs observed to date by NuSTAR (Walton
et al. 2013, Bachetti et al. 2013). The NuSTAR ob-
servations of the remainder of the starburst sample, plus
hopefully future observations of a larger sample of galax-
ies, will demonstrate to what extent this is systematically
true for starburst galaxies, implying that a small number
of ULXs or ULX-like X-ray binaries dominate the E>10
keV X-ray emission of starburst galaxies.
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Fig. 2. (left) Chandra images of the nuclear region of NGC 253 during the three NuSTAR/Chandra observations and an archival 2003 image.
Source B is variable during the 2012 observations, while a source at the dynamic center (marked with a cross) was detected in 2003 but
not in the 2012 observations. (right) the4-7 keV light curve of the total nuclear region (filled circles), source B only (filled stars) and the
nuclear region excluding source B (empty circles), showing that source B is clearly dominating the 4-7 keV emission. From Lehmer et al.
(2013).

Fig. 3. NuSTAR images of the Arp 299 system in the 6-10 keV (top left), 10-20 keV (top right), 20-30 keV (bottom left) and 30-40 keV(
bottom right) energy bands. The positions of the nuclear X-ray sources detected by Chandra in Arp 299-A and Arp 299-B are marked.
The Chandra position of a serendipitous source to the south of Arp 299 is also marked and demonstrates that there are no significant
astrometric errors in the NuSTAR data). From Ptak et al. (in prep.).
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