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Fi1G. 3.— Hubble Space Telescope(left) images alongside Chandra X-ray Observatory soft-band (SB; 0.5 - 2 keV; center) and hard-band
(HB; 2 - 7 keV; right) images of our > 30 objects. The red x’s mark the galaxy position, while the 90% enclosed energy radii are shown in

orange (SB) and red (HB).

There are 151 dwarf galaxies selected from the NMBS
with X-ray fluxes above the detection threshold. As de-
scribed in detail below, we find 10 sources with > 3o
detections and 29 sources with > 20 significant detec-
tions (Section 3.1). We give the optical properties of our
> 20 sources in Table 1, and their X-ray properties in
Table 2. We discuss the nature of these X-ray sources in
Section 3.2.

3.1. X-ray Detections

We consider any > 30 sources (those with false de-
tection probability < 0.27%) to be a robust X-ray de-
tection. These ten sources are shown circled in blue
in Figure 2 and their properties are given in Table 3.
Their HST and Chandra X-ray Observatory images are
given in Figure 3. Of the ten, seven are significant in the
FB and one other band, two are only significant sources
in the SB, one is only significant in the HB, and two
sources are significant in all three bands. Note that the
observed SB and HB correspond to rest-frame 0.75 — 3
keV and 3 — 10 keV, respectively at z = 0.5. The red-
shifts range from z =~ 0.08 — 0.53, although most of the
sources are below z ~ 0.3. This could be due to the
incompleteness of the DEEP2 spectra, which we discuss
further in Section 4.2. The rest frame X-ray luminosities

of these sources range from Lx ~ 4 x 103 erg s™! to

2 x 10*2 erg s7!. The median hardness ratio for these
sources is —0.09 and the median SFR is ~ 0.3 My yr— .
Goulding et al. (2012) performed a blind X-ray search
in the AEGIS field, and found three sources that corre-
spond to galaxies in the NMBS within our stellar mass
range. Two of those sources, 17650 and 34347, are also
identified by our method. Our estimated Lx agrees with
that from Goulding et al. (2012) for both sources. The
final source they identified, 31041, was removed from our
sample because it is a merging system.

Using the HST data, we can glean some basic infor-
mation about the morphologies of our sources. Most are
late-type spirals at a variety of inclinations (see Figure
3). However, one (19957) is irregular, and one at high
redshift (34347) is compact with little else about its mor-
phology readily identifiable. A more quantitative anal-
ysis of the morphologies (e.g., to determine their bulge-
to-disk ratios) is beyond the scope of this paper.

Our > 20 sources (those with false detection probabil-
ity < 4.55%) are included as grey x’s in Figures 4 and
5, and their properties are included in Tables 1 and 2.
As described in Section 2.2, because our > 20 sources
are at known galaxy positions, the vast majority are real
sources. We include these sources as they enable us to
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Lx as a function of M, (left) and redshift (right) for our > 30 X-ray sources (colored points), > 20 X-ray sources (grey points),

and sources found in |Goulding et al|(2012) that correspond to galaxies in the NMBS (black points). The colors correspond to the SFR,
as given by the NMBS. The black, dashed line shows our mass cut (M, < 3 x 109 Mg).

have a large enough sample to give better statistics on

the AGN properties of our sample as a whole (Section
4).

3.2. Nature of the X-ray Sources

There are multiple processes that may produce X-ray
emission in a star-forming galaxy other than SMBH ac-
cretion. High-mass X-ray binaries (HMXBs) are the
dominant source of X-rays from star-forming regions (e.g.
[Fragos et al.|[2013)). Hot gas associated with supernovae
remnants can also emit in the X-ray, although this should
be a very small factor for such low star formation rates
(see Mineo et al.|2012b). At Lx > 10%° erg s=!, HMXBs
contribute many orders of magnitude more to the lumi-
nosity than the low-mass X-ray binaries (see, for exam-
ple, Lehmer et al|[2010; [Mineo et al.|[2012a). Thus, we
will mostly consider the contribution from HMXBs, but
will also discuss LMXBs and X-ray emitting hot gas from
supernovae remnants as AGN contaminants.

Although we cannot measure detailed X-ray spectra
with so few counts, we can use hardness ratios as a proxy
for the type of X-ray emission we are observing. Ob-
scured AGN (intrinsic Ng = 1 x 10?2 cm~2) normally
have the highest hardness ratios of HR > 0, followed by
unobscured AGN with HR ~ —0.5. HMXBs and X-ray
emitting hot gas associated with supernovae remnants
normally have very low hardness ratios of HR < —0.8
(Brandt & Hasinger|[2005). The hardness ratios for our
> 20 and > 30 sources are given in Tables [2 & [3] and
plotted versus the spectroscopic redshift in Figure|b] We
plot the expected hardness ratio as a function of red-
shift for an obscured AGN with I' = 1.9 and intrinsic
Np = 3 x 1022 em~2 (black, solid line), an unobscured
AGN with T' = 1.9 (blue, dashed line), an HMXB with
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Fi1G. 5.— Hardness Ratio versus z for > 20 sources selected from
the NMBS. The Hardness Ratio, (H — S)/(H + S), is calculated
using the Bayesian Estimation of Hardness Ratio Code. The col-
ored points are all of the sources selected from the NMBS with
> 30 X-ray detections, while the grey points indicate the > 20
X-ray sources. The colors correspond to the SFR, as given by the
NMBS. The various lines give hardness ratios for different models
as calculated by the PIMMS online calculator.

I’ = 3 (green, dotted-dashed line), and hot gas, for which
we use the APEC model provided by Sherpa, at ~ 0.5
keV (red, dotted line). We calculate each of these with
the PIMMS online calculator® and allow for a constant
galactic Ny = 1 x 10?2 em™2. As shown in the figure,
three of our sources (7290, 19957, & 31097) are clearly
obscured AGN as they fall well above the track shown for
the model unobscured AGN. Most of our other sources
are consistent with being either an obscured or unob-

3 http://cxc.harvard.edu/toolkit/pimms.jsp



