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ABSTRACT

Binary population synthesis combined with cosmological models suggest that X-ray emission from
star-forming galaxies, consisting primarily of emission from X-ray binaries (XRBs) and the hot in-
terstellar medium (ISM), could be an important, and perhaps dominant, source of heating of the
intergalactic medium prior to the epoch of reionization. However, such models rely on empirical con-
straints for the X-ray spectral energy distributions (SEDs) of star-forming galaxies, which are currently
lacking for low-metallicity galaxies. Using a combination of Chandra, XMM-Newton, and NuSTAR
observations, we present new constraints on the 0.3—30 keV SED of the low-metallicity starburst galaxy
VV 114, which is known to host several ultra-luminous X-ray sources (ULXs) with luminosities above
100 erg s7!. We use an archival Chandra observation of VV 114 to constrain the contributions to
the X-ray SED from the major X-ray emitting components of the galaxy, and newly acquired, nearly
simultaneous XMM-Newton and NuSTAR observations to extend the spectral model derived from
Chandra to cover the 0.3-30 keV range. Using our best-fit galaxy-wide spectral model, we derive the
0.3-30 keV SED of VV 114, which we find is dominated by emission from the XRB population, and
in particular ULXs, at energies > 1.5 keV, and which we find to have an elevated galaxy-integrated
X-ray luminosity per unit star formation rate relative to higher-metallicity star-forming galaxies. We
discuss our results in terms of the effect of metallicity on XRB populations and the hot ISM, and the

importance of X-ray emission from star-forming galaxies in the high redshift Universe.

Keywords: Starburst galaxies, X-ray binary stars, interstellar medium

1. INTRODUCTION

X-ray binaries (XRBs), systems in which a compact
object (a black hole [BH] or neutron star [NS]) accretes
material from a less evolved stellar companion, are im-
portant probes of stellar and binary evolution, com-
pact object populations, and physical accretion mech-
anisms. Studies of XRB populations in nearby galaxies
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have revealed important scalings between XRB popu-
lations and host galaxy properties, including star for-
mation rate (SFR), stellar mass, and metallicity (e.g.,
Prestwich et al. 2013; Lehmer et al. 2019). In par-
ticular, the galaxy-integrated emission from high-mass
XRBs (HMXBs), systems in which the donor star is mas-
sive (> 8 M), has been shown to scale with SFR, (e.g.,
Grimm et al. 2003; Fabbiano 2006; Mineo et al. 2012a;
Lehmer et al. 2010, 2019; Kouroumpatzakis et al. 2020),
while the emission from low-mass XRBs (LMXBs), sys-
tems with low-mass donor stars, has been observed to
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scale with stellar mass (e.g., Colbert et al. 2004; Gil-
fanov 2004; Boroson et al. 2011; Lehmer et al. 2010,
2019, 2020). These scalings can be explained by stel-
lar evolution timescales: the high-mass donor stars in
HMXBs die off rapidly (< 40 Myr) following a star form-
ing episode, while the low-mass donors in LMXBs will
live for billions of years following an episode of star for-
mation.

These locally-derived scaling relations for galaxy-
integrated Lx with SFR and mass have also been shown
empirically to evolve with redshift (Basu-Zych et al.
2013a; Lehmer et al. 2016; Aird et al. 2017), and very
recently Fornasini et al. (2019, 2020) demonstrated that
the increase of galaxy-integrated Lx per unit SFR with
increasing redshift is likely tied to the metallicity evolu-
tion of the Universe. This metallicity dependence of
Lx per unit SFR (Lx/SFR) is supported by studies
of HMXBs and ultra-luminous X-ray sources (ULXs),
XRBs with Lx > 103? erg s~!, whose galaxy-integrated
Lx/SFR has been shown to increase with decreasing
metallicity (e.g., Prestwich et al. 2013; Douna et al.
2015; Brorby et al. 2014, 2016; Basu-Zych et al. 2013b,
2016). This metallicity scaling for HMXBs and ULXs
is corroborated by theoretical binary population syn-
thesis models (e.g., Linden et al. 2010; Fragos et al.
2013a; Wiktorowicz et al. 2017, 2019), which find order-
of-magnitude differences in galaxy-integrated Lx/SFR
between environments at solar and 0.1 Zg metallici-
ties. The inverse correlation between XRB Lx /SFR and
metallicity is due to the effects of metallicity on stellar
and binary evolution, namely the production of more
massive BHs and/or more compact binaries, and there-
fore brighter systems, at lower metallicities (e.g., Mapelli
et al. 2010; Linden et al. 2010).

A key implication of these empirically derived and the-
oretically corroborated scalings of Lx with host galaxy
properties is the importance of XRBs to normal galaxy
emissivity across cosmic time. Theoretical binary popu-
lation synthesis models, when coupled with prescriptions
for the cosmic star formation history (SFH) and metal-
licity evolution of the Universe predict that HMXBs
will begin to dominate normal galaxy emissivity over
LMXBs at z 2 1-2, and further that the normal galaxy
emissivity due to XRBs may begin to dominate over ac-
tive galactic nuclei (AGN) at z 2 5-6 (e.g., Fragos et al.
2013a; Madau & Fragos 2017).

The rising dominance of XRBs in the early Universe
coupled with cosmological models suggests that emission
from XRBs may provide a non-negligible heating source
to the intergalactic medium (IGM) during the “epoch
of heating” at z = 10-20, prior to reionization (e.g.,
Mesinger et al. 2013, 2014; Pacucci et al. 2014; Mirocha

2014; Fialkov et al. 2014, 2017). This further suggests
that XRBs could have a significant imprint on the 21-
cm signal observed from these redshifts (e.g., Das et al.
2017). In the near future, 21-cm interferometers like
the Hydrogen Epoch of Reionisation Array (HERA) and
Square Kilometre Array (SKA) are expected to observe
the signals from this epoch of heating, thus providing
constraints on the ionizing properties of X-ray sources
during this epoch (e.g., Greig & Mesinger 2017; Park
et al. 2019). However, interpreting the 21-cm results
in the context of XRB populations, and further refining
predictions from binary population synthesis models for
the importance of XRBs at different epochs requires em-
pirically constraining the metallicity dependence of the
X-ray spectral energy distribution (SED). In particu-
lar, it is critical to constrain the X-ray SED for low-
metallicity, star-forming galaxies, which serve as better
analogs to the first galaxies, and in the rest frame soft
band (0.5-2 keV), which is the energy band of inter-
est for the photons that most strongly interact with the
IGM at high redshift (e.g., McQuinn 2012). In this work,
we present the 0.3-30 keV SED of the low-metallicity,
starburst galaxy VV 114, providing an important em-
pirical benchmark for the metallicity dependence of the
X-ray SED in both the soft (0.5-2 keV) and hard (2-30
keV) bands.

VV 114 is a prime target for calibrating the metallic-
ity dependence of the X-ray SED as it is a relatively
nearby (D = 88 Mpc!) Lyman break analog (LBA).
LBAs are highly star-forming, yet relatively dust- and
metal-poor galaxies at z < 0.3 that resemble higher red-
shift (z > 2) Lyman break galaxies (e.g., Heckman et al.
2005; Hoopes et al. 2007; Basu-Zych et al. 2009). With
VV 114’s gas phase metallicity of 12++log(O/H) = 8.4%,
global UV + IR SFR of ~ 38 Mg yr~! as measured
from GALEX and WISE, and stellar mass of log M, =
10.65 Mg (Basu-Zych et al. 2013b), scaling relations dic-
tate that it should host a substantial XRB population.
With a specific star formation rate (SFR/M,) > 10710
yr~', VV 114 is further expected to be dominated by
HMXBs or ULXs, as opposed to LMXBs (e.g., Lehmer
et al. 2010). Indeed, previous X-ray studies of VV 114
have revealed a galaxy with a well-populated X-ray lu-
minosity function (XLF), comprised of six ULXs, which

T We calculate the distance for VV 114 taking z = 0.02 from NED
and assuming Hop = 70 km s~ Mpc™1, Q7 = 0.3, and Q5 = 0.7

¥ We calculate the gas-phase metallicity for VV 114 from the
[O111] A5007 and [N11] A6584 emission line ratios taken from
Moustakas & Kennicutt (2006), and using the method outlined
in Pettini & Pagel (2004, “PP04 O3N2’). In what follows, we
adopt a global metallicity of 0.51 Z for VV 114, assuming Z
corresponds to 12+log(O/H) = 8.69 (Asplund et al. 2009).



X-rAY SED ofF VV 114 3

Table 1. Archival and New Observations Used in This Work

Obs. Start Date Obs. ID Inst. Eff. Exposure (ks) PI
(1) (2) 3) (4) ()
Chandra
2005-10-20 7063 ACIS-S 59 T. Heckman
XMM-Newton
2019-01-10 0830440101 EPIC-pn 26 B. Lehmer
2019-01-10 0830440101 EPIC-MOS1 30 B. Lehmer
2019-01-10 0830440101 EPIC-MOS2 26 B. Lehmer
NuSTAR
2019-01-19 50401001002 FPMA 205 B. Lehmer
2019-01-19 50401001002 FPMB 204 B. Lehmer

Note. Col. (1): observation start date. Col. (2): observation ID. Col. (3): instrument. Col.
(4): good time interval effective exposure times in ks after removing flared intervals. Col. (4):

observation PI.

put VV 114 above the “normal” Lx/SFR derived from
nearby star-forming galaxies (Basu-Zych et al. 2013b,
2016). Thus, VV 114 offers a unique environment for
studying the X-ray SED in that it is highly star form-
ing, relatively low metallicity, and is known to host six
ULXs (Basu-Zych et al. 2016).

In this paper, we use new nearly-simultaneous obser-
vations of VV 114 from XMM-Newton and NuSTAR
coupled with archival Chandra data to characterize its
0.3-30 keV SED in terms of both the galaxy-wide X-
ray emission and the resolved X-ray source population.
This paper is organized as follows: Section 2 discusses
the data sets in use, as well as the reduction procedures
and spectral fitting techniques employed in the analy-
sis of these datasets. Section 3 provides the results of
the custom spectral modeling of both the point source
population and galaxy-wide X-ray emission of VV 114
using all three data sets. Section 4 presents a discussion
and interpretation of these results for the low-metallicity
SED in the context of previous works, the theoretical
scalings of XRB emission with SFR and metallicity, and
future 21-cm measurements. Finally, in Section 5 we
summarize this work, and discuss future directions.

Throughout this paper we assume a Kroupa (2001)
initial mass function (IMF) and, when comparing to any
previous works, correct all SFRs following this assump-
tion. Furthermore, we standardize all quoted gas-phase
metallicities to values determined using the O3N2 Pet-
tini & Pagel (2004) calibration.

2. OBSERVATIONS & DATA REDUCTION

In this section we describe the observations, both
archival (Chandra) and new (XMM-Newton and NuS-

TAR), used as part of this analysis, as well as an
overview of the data reduction procedures.

2.1. Chandra Imaging & Spectra

We used archival Chandra data to assess the point
source population in VV 114, as only Chandra has the
required spatial resolution to resolve the galaxy-wide
emission of VV 114 into individual point sources. The
archival Chandra observation is listed in Table 1, where
the observation was performed with ACIS-S in “Very
Faint” (VFAINT) mode, and the listed effective expo-
sure time includes only good time intervals (GTIs).

We reduced the archival Chandra observation using
the standard reduction tools included with CIAQ version
4.10 and CALDB version 4.8.17". The level=1 event files
were reprocessed to level=2 event files using the latest
calibration and script chandra_repro. We subsequently
filtered the 1level=2 event files on GTIs determined from
background light curves filtered with the task 1c_clean
with default filtering parameters.

We then created an exposure map and point spread
function (PSF) map using regions that encompassed
90% of the encircled energy of the PSF using the CIAOD
tools fluximage and mkpsfmap. We used the im-
ages from these procedures as input to wavdetect to
determine positions and PSF-corrected extraction re-
gions for each of the six point sources in the galaxy.
We then extracted spectral files for each of the six
point sources using the task specextract with the
wavdetect-determined source positions and extraction
regions and the flag psfcorr = yes. The specextract

1 http://cxc.harvard.edu/ciao/download /
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10 arcsec / 4 kpc

Figure 1. Adaptively smoothed three-color (red: 0.3—1
keV, green: 1-2 keV, and blue: 2-7 keV) Chandra image of
VV 114 showing the six Chandra-detected point sources as
green crosses, annotated in order of decreasing brightness, as
well as the hot, diffuse gas which permeates the galaxy. The
white dashed curves overlaid represent the 4-25 keV NuS-
TAR intensity contours (1.2 x 1075 counts s %, 1.0 x 107°
counts s™%, 8.6 x 107% counts s™'), which are comparable
to a single source PSF for VV 114.
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Figure 2. Three-color (red: F814W, green: F435W, and
blue: F336W) HST image of VV 114 with the positions of
the six Chandra-detected point sources overlaid as green cir-
cles, where the region size is scaled by the point source lumi-
nosity. The white dashed curves are the 0.3—12 keV XMM-
Newton intensity contours (2.3 x 1073 counts s~ !, 1.2 x
1072 counts s7!, 4.0 x 107* counts s 1), comparable to a

single point source as for the NuSTAR observations.

task produces not only source spectra, but also response
matrix files (RMFs), ancillary response files (ARFSs),
and background spectra when provided with a back-
ground extraction region. We use this task for extracting

all subsequent Chandra spectral products, as described
next.

For extracting background spectra we chose regions
encircling VV 114 free of point sources and uncontami-
nated by diffuse emission from the galaxy. We estimated
the diffuse extent (~ 13 kpc) of the galaxy visually us-
ing a combination of soft-band (0.3-1 keV and 1-2 keV)
Chandra and optical HST images. We also extracted
spectral products for the point-source-free diffuse emis-
sion using a region encompassing the diffuse extent as
described above, but excluding the 90% encircled energy
fraction regions for all six detected point sources. We
likewise extracted spectral products for the galaxy-wide
emission, including all six detected point sources, the
diffuse emission, and any unresolved component. These
Chandra spectral products are used in constraining the
components of the galaxy-wide emission and compared
with the XMM-Newton and NuSTAR data, for which
the galaxy appears as a single source, as described in
Section 3.1.

Finally, we created exposure-corrected images in the
soft (0.3—-1 keV), medium (1-2 keV), and hard (2-7 keV)
bands using the task fluximage. We imposed a ~ 1”
x 1" pixel binning (2 X 2 native pixels) on the resul-
tant images, which we subsequently used to create a
three-color, adaptively smoothed image using csmooth.
The three-color, adaptively smoothed image is shown
in Figure 1, and highlights the locations of each of the
six Chandra-detected point sources (VV 114 X-1 to X-
6), along with the hot, diffuse gas, which suffuses the
galaxy.

2.2. XMM-Newton Imaging & Spectra

In addition to using the archival Chandra observation
to measure the resolved components of VV 114, we ob-
tained new XMM-Newton observations of the galaxy to
provide additional constraints on the galaxy-wide emis-
sion. Observational data files (ODFs) for these new ob-
servations were processed using the XMM-Newton Sci-
ence Analysis System (SAS version 17.0)*. We created
event lists from the ODFs for the EPIC-MOS (Turner
et al. 2001) and EPIC-pn detectors (Striider et al. 2001)
using the SAS tasks emchain and epchain, respectively.
We applied standard filters for the EPIC-MOS detectors
to include single, double, and quadruple events (PAT-
TERN < 12 && flag== #XMMEA_EM), and similarly
applied standard criteria to include single and double
events with conservative flagging for the EPIC-pn de-
tector (PATTERN < 4 && FLAG == 0).

H https://www.cosmos.esa.int /web/xmm-newton /sas


https://www.cosmos.esa.int/web/xmm-newton/sas

X-rAY SED ofF VV 114 5

With the filtered event lists for each detector, we next
constructed X-ray light curves from the entire field, from
which we determined the rate thresholds for filtering the
event lists for background flaring events. For the MOS
detectors we created > 10 keV light curves, creating
GTIs by filtering out periods with count rates > 0.2
counts s~!, and for the pn camera we created a 10-12
keV light curve, filtering out periods with count rates >
0.5 counts s~1. The effective exposures for each obser-
vation after filtering on these GTIs are listed in Table 1.

Following GTI correction, we performed source detec-
tion on images in five bands for each detector using the
task edetect_chain. We cross-correlated 29 of the de-
tected point sources with counterparts from the Chandra
observation to determine the translation shift between
the observations, finding shifts of +0725 in R.A. and
+1766 uncertainty in decl. necessary to bring the im-
ages into astrometric alignment.

As VV 114 is consistent with being a single source in
XMM-Newton, we determined the appropriate galaxy-
wide spectral extraction region for VV 114 in the XMM-
Newton observations by simulating the combination of
the Chandra-detected point source PSFs on each XMM-
Newton detector, using the point source physical posi-
tions determined from source detection after astromet-
ric correction was applied. To determine the overall
expected PSF of VV 114 in each XMM-Newton expo-
sure we used the SAS task psfgen to simulate the PSF
for each point source at its physical position on the
XMM-Newton detectors, and then combined the sim-
ulated PSFs for each of the six point sources, account-
ing for the physical offsets between each source. The
80% encircled energy fraction spectral extraction regions
in each EPIC exposure determined from this procedure
were found to be in good agreement with the optical
extent of VV 114 from HST imaging. In Figure 2, we
show a three-color HST image of VV 114 with 0.3-12
keV intensity contours from XMM-Newton overlaid in
white, where the contours approximate the extent of the
galaxy-wide spectral extraction region constructed from
the PSF simulation procedure.

We extracted source spectra for VV 114 for each de-
tector with the task evselect using the source regions
described above and a spectral bin size of five for the
pn and 15 for the MOS exposures. For the pn detector
we extracted a background spectrum using evselect
from a source-free region at a similar RAWY position
as VV 114 on the detector, while for both MOS detec-
tors we chose background regions from source-free areas
on the same CCD as VV 114. We produced the as-
sociated RMFs and ARFs for each spectrum using the
tasks rmfgen and arfgen. These XMM-Newton spec-

tral products are used in the analysis of the galaxy-wide
spectrum of VV 114 as described in Section 3.2.

2.3. NuSTAR Imaging & Spectra

The NuSTAR data were reduced using HEASoft v6.24
and the NuSTAR Data Analysis Software NuSTARDAS
v1.8.0 with CALDB version 20190627. We produced
level 2 data products by processing the level 1 data
files through nupipeline, which filters out bad pixels,
screens for cosmic rays and high background intervals,
and projects the detected events to proper sky coordi-
nates.

The NuSTAR PSF has an 18” FWHM core and a 58"
half power diameter (Harrison et al. 2013) resulting in
all six point sources in VV 114 appearing blended as one
source in the NuSTAR observations (see white, dashed
contours, Figure 1). Given the extent of the NuSTAR
PSF, we chose a 30" region for extracting the galaxy-
wide source spectra to encompass most of the emission
from VV 114 while minimizing background contamina-
tion. We defined a region for extraction of background
spectra from a source-free area on the same detector
as VV 114, but separated by at least 20" from the
galaxy. We produced source and background spectra
using these regions, as well as RMFs and ARFs for both
the FPMA and FPMB using the task nuproducts, en-
suring no background subtraction was performed on the
source spectra during extraction. These spectral prod-
ucts were used in our analysis of the 3-30 keV spectrum
of VV 114, as described in Section 3.2.

2.4. X-ray Spectral Fitting Technique

All spectral fitting was performed with XSPEC
v12.10.0c (Arnaud 1996) using the Cash statistic (Cash
1979) as the fit statistic. Because the Cash statistic does
not yield a straightforward way to evaluate goodness-of-
fit (gof), we evaluated the gof of spectral models using
the Anderson-Darling (ad) test statistic and the XSPEC
Monte Carlo command goodness. For each model, we
ran the goodness command for 1000 realizations with
the ‘‘nosim’’ and ‘‘fit’’ options. This procedure
simulates spectra based on the current best-fit model,
fits these simulated spectra to the model, and then cal-
culates the new test statistic. The goodness command
returns the distribution of test statistics for the sim-
ulated data, which can then be compared to the test
statistic for the actual data. Our reported “gof” for
each model fit is the fraction of simulations returned
from goodness with a test statistic as large, or larger
(i.e., statistically worse fits) than the test statistic for
the actual data (e.g., Maccarone et al. 2016). There-
fore, gof = 0.5 is expected for data consistent with the
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model, and gof ~ 1 can be interpreted as overfitting the
data, since it implies nearly all simulations produced
worse fits than the data itself. If all simulations returned
smaller test statistics (better fits) than the actual data,
the model is rejected (gof < 1073). It is important to
note that the gof calculated in this way provides a mea-
sure of the confidence level with which a model can be
rejected, not a probability for whether the model is cor-
rect. Errors on all free model parameters are reported
as 90% confidence intervals, and are computed using the
XSPEC error command using the output of the XSPEC
mcme routine. In all models we set abundances relative
to solar using the Asplund et al. (2009) abundance ta-
bles.

All spectral fits were performed on the unbinned
source spectra, without any background subtraction. To
perform such fits, we must define a model for the back-
ground for each instrument. For each observation, we
modeled the background with both a sky component,
representing the contribution from the diffuse back-
ground and the unresolved cosmic X-ray background
(e.g., Kuntz & Snowden 2000; Lumb et al. 2002), as well
as an instrumental component, representing the contri-
bution from the instrumental continuum and detector
lines. We describe the details of the sky and instrumen-
tal background components for each instrument below.

We modeled the sky background for both Chandra and
XMM-Newton as an absorbed two-temperature thermal
plasma (APEC) plus power-law. These model compo-
nents represent the diffuse Galactic and extragalactic
cosmic X-ray background, respectively, where we fix the
photon index for the cosmic X-ray background to I' =
1.42 (Lumb et al. 2002). For NuSTAR, we modeled the
sky background as an absorbed single temperature ther-
mal plasma plus power-law, accounting for the “Solar”
and cosmic X-ray background components, respectively
(Wik et al. 2014a). For each sky background model
we fixed the foreground Galactic absorption component
(Tbabs) to Ny = 1.20 x 10%° em~2 (HI4PI Collabora-
tion et al. 2016). From our best-fit background mod-
els to the background spectra we found sky background
APEC temperatures of k77 = 0.1 keV and kTy = 0.24 keV
for Chandra, and kT; = 0.1 keV and kTy = 0.27 keV
for XMM-Newton. We set kT = 0.27 keV for NuSTAR
following XMM-Newton.

The instrumental background for Chandra was mod-
eled as a power-law continuum superposed with Gaus-
sians, representing detector lines, with the energies and
widths of the Gaussian lines fixed following Bartalucci
et al. (2014), but line normalizations allowed to vary
relative to the continuum. For all XMM-Newton detec-
tors, the instrumental background was composed of a

broken power-law for the continuum with detector flu-
orescence lines as described in Garofali et al. (2017).
The NuSTAR instrumental background was modeled as
a broken power-law overlaid with 29 Lorentzians follow-
ing Wik et al. (2014a), where the line normalizations are
allowed to vary relative to the continuum, and FPMA
and FPMB were handled independently.

We fit the above described background models to the
background spectra for each observation to determine
the shape of the background at the location of VV 114
for each observation and detector. In subsequent fits
to the source region, which includes source plus back-
ground data, we include this background as a model
component, albeit with nearly all free parameters fixed
to their best-fit values (e.g., plasma temperatures listed
above), and the normalization fixed to the best-fit nor-
malization for the background spectrum scaled by the
ratio of the source to background extraction region ar-
eas. In this way, we fix the shape of the background
in the fits to the source region based on the best-fit
models for the background spectra, and constrain the
contribution of the background to the source spectra via
the known source and background spectral extraction
region areas. Thus, we fit the spectra for the source
region without performing any background subtraction
while still minimizing the number of free parameters.

3. RESULTS

To construct the galaxy-wide X-ray SED of VV 114
and estimate the XRB contribution, we use the archival
Chandra observation of VV 114 in conjunction with the
newly obtained, nearly-simultaneous XMM-Newton and
NuSTAR observations. In Section 3.1, we present our
overall spectral modeling approach and fit results for
each major component of VV 114, including the point
source population and the hot, diffuse gas component
of the galaxy. As the Chandra observation was taken
~ 13 yr prior to the newly obtained XMM-Newton and
NuSTAR observations, we consider the potential impact
of variability from the sources of compact emission in
VV 114 (ULXs and possible AGN) on this analysis. To
mitigate the impact of variability, we analyze separately
the Chandra spectra from the XMM-Newton and NuS-
TAR observations, applying the constraints from the
Chandra spectral fits, particularly for the non-time vari-
able hot gas component of the galaxy, to the newly ob-
tained XMM-Newton and NuSTAR data. In Section 3.2
we present a comparison of results between the different

epochs, as well as the galxy-wide spectrum and associ-
ated X-ray SED for VV 114.

3.1. Chandra Point Source Decomposition
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Table 2. Spectral Fit Results for Chandra-detected Point Sources

kTy Aw. Nu,2 kT2 AkTg Nu3 Arp log(Lo.5-8 kev) log(La—10 kev)
Source  Counts Crr (keV) (1075) (1022 cm—2) (keV) (10—%4) (1022 cm—2) r (1079) (erg s™1) (erg s™1) gof
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
—ra F0.26 Fi.47 F0.23 F0.11 2oF0.18 F0.27 F0.50 F0.02 F0.08
diffuse 2477 S 0367058 467137 0.4477-32 0.80F 005 13610 32 _ 1787047 1.5570.32 41237002 40.76700? 0.65
b +0.12 +0.36 +0.93 +0.59 +1.2 +0.05 +0.0
X-1 519 S . + 0.1870 02 2117959 + 2.2070-32 . 0 1-0178%4 0.97T 128 41‘0170'82 41‘0570'87 0.06
c +0.06 +0.10 +0.22 +0.50 +0. +0.08
X-2 744 0'0478'83 + + + + + 0.22780g 2.02;832 2‘44783&8 409278.8;1 407578.08 0.14
c +0. +0.1 .45 +0.35 +0. +0.11
X-3 293 0'0378'82 + + + + + 0.0378'05 1'53-7-8'5%:?;’ 0.55;8%5 40577882 4045786g 0.27
c +0.05 +0.1 . . +0. +0.
X-4 545 0'1478'82 + + + + + 0'1878'88 2'50_7_5"‘7‘2 1.09_7_8_8g 4061_18483 40A14;8482 0.98
c +0. +6. . . . .
X-5 178 o.osjrg_82 + + + + + 0.2570-0% 2.17jrggg 0'281352 40416;8'8? 39,7618_%,? 0.72
c . 3! ) : :
X-6 196 0.097 705 + + + + + > 0.10 2.347)9% 0101000 40.167 707 39.557 057 0.09

Note. Best-fit model parameters from spectral fits to the Chandra observation of each component of VV 114: hot gas and point sources VV 114 X-1

T

a

b

c

to X-6. Quoted uncertainties are 90% confidence intervals. Col. (1): source name, footnote describes the spectral model employed in XSPEC. Col. (2):
total number of counts used in spectral fit. Col. (3): multiplicative constant modifying fixed diffuse model component. Col. (4): plasma temperature
in keV of lower temperature APEC model component. Col. (5): normalization for lower temperature APEC component. Col. (6): column density in
units of 1022 cm~2 for higher temperature APEC component. Col. (7): plasma temperature in keV for higher temperature APEC component. Col. (8):
normalization for higher temperature APEC component. Col. (9): column density in units of 1022 cm™2 for power-law component. Col. (10): photon
index for power-law component. Col. (11): normalization for power-law component. Col. (12): 0.5-8 keV luminosity, corrected for foreground Galactic
absorption and assuming D = 88 Mpc. Col. (13): 2-10 keV luminosity, corrected for foreground Galactic absorption and assuming D = 88 Mpc. Col.
(14): goodness-of-fit measure (see Section 2.4).

Parameters fixed to best-fit values from the fit to the point-source-free spectrum (“diffuse”).

XSPEC model: tbabsgai*(apec; + tbabsa*apeca + pow), where the foreground Galactic absorption was fixed (tbabsgar; Ng = 1.2 X 1020 cm™?2), and the
thermal models assumed Z = 0.51 Zg.

XSPEC model: tbabsg, *(apec; + tbabsgo*(apecy + pow)), where the foreground Galactic absorption was fixed (tbabsga; Ng = 1.2 X 1020 cm™?).

XSPEC model: tbabsga* (constant,r*(apec; + tbabsg*apecs) + tbabsg*pow), where the foreground Galactic absorption was fixed (tbabsga; Ng = 1.2
x 1020 cm~2).

We began our investigation of the galaxy-wide SED of for the APEC model components to 0.51 Zg, a direct
VV 114 through a spectral decomposition of the major conversion assuming Asplund et al. (2009) abundances,
galaxy components using the archival Chandra obser- where Zg corresponds to 12 + log(O/H) = 8.69.
vation. With Chandra, VV 114 is resolved into six dis- The choice of the two-temperature thermal plasma
crete point sources embedded in hot, diffuse gas (see Fig- model with intrinsic absorption is physically motivated
ure 1). All six point sources are ULXs with Ly_1¢ kev & assuming the diffuse emission detected with Chandra is
(3-110) x 103 erg s71, and are detected with sufficient produced via a hot disk seen through an intrinsic obscur-
counts (2 200) for simple spectral fitting (Table 2). The ing column (higher temperature, absorbed APEC compo-
brightest point source in the eastern region of the galaxy nent), as well as a relatively unobscured hot halo (lower
(VV 114 X-1) is a possible AGN (Iono et al. 2013; Saito temperature, unabsorbed APEC component) (e.g., Mar-
et al. 2015), and we devote more attention to discussion tin et al. 2002; Strickland et al. 2004). Such a model is
of possible AGN contamination in Section 4.1. For each consistent with hot, diffuse emission produced by feed-
of the six point sources, as well as the point-source-free back from supernovae and stellar winds (e.g., Strickland
diffuse emission component we fit the unbinned source et al. 2004; Grimes et al. 2005). The model choice is
spectra with an appropriately scaled background model further motivated by previous empirical studies, which
as described in Section 2.4. Below we describe the spec- have found that a two-temperature thermal plasma with
tral models for each component resolved with Chandra. intrinsic absorption well-describes the diffuse emission in

We first assessed the point-source-free hot, diffuse star-forming galaxies across a range of SFRs (e.g., Sum-
gas component using an absorbed (foreground Galactic mers et al. 2003; Hartwell et al. 2004; Mineo et al. 2012b;
and intrinsic) two-temperature thermal plasma (APEC) Lehmer et al. 2015; Smith et al. 2018). The choice to fix
model along with a power-law continuum to account for the abundances of the APEC components to the measured
any unresolved XRB emission from undetected XRBs gas-phase metallicity for VV 114 is supported by previ-
and the wings of the PSFs of X-ray detected point ous X-ray investigations of the hot interstellar medium
sources. Given the measured gas-phase metallicity for (ISM) in star-forming galaxies, which have found spec-

VV 114 (12 + log (O/H) = 8.4), we fixed the abundance tral degeneracies when attempting to fit for metal abun-
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dances using X-ray spectra (e.g., Weaver et al. 2000;
Dahlem et al. 2000), and further that the gas-phase
metallicity is a good proxy for the metal abundance of
the hot ISM (e.g., Ott et al. 2005a; Grimes et al. 2005,
2006).

The best-fit values for the free parameters from this
diffuse component spectral model are listed in the first
row of Table 2, with the XSPEC description of the model
listed in the table notes. The diffuse gas in VV 114 is
well described by ~ 0.4 keV and ~ 0.8 keV components,
consistent with plasma temperatures measured for the
hot ISM in other star-forming galaxies (e.g., Ott et al.
2005a; Grimes et al. 2005; Mineo et al. 2012b; Smith
et al. 2018). Previous X-ray analysis of VV 114 using
the same Chandra data was performed by Grimes et al.
(2006), finding k7' = 0.310:7% and kT = 0.62£0.03 keV.
While the lower temperature component from Grimes
et al. (2006) is consistent with our findings, the high
temperature component of their model is inconsistent
with our kT = 0.807) s keV component. This incon-
sistency despite the same dataset may be due to differ-
ences in the spectral extraction and modeling approach.
In particular, the Grimes et al. (2006) analysis did not
explicitly separate the diffuse emission from the point
source emission as we do here, and further employed a
vmekal model for the hot gas, fitting for the abundances
using the angr abundance tables (Anders & Grevesse
1989) in XSPEC, while in this work we have employed
the APEC model with fixed abundances relative to the
Asplund et al. (2009) abundance tables.

In subsequent modeling of the six point sources, we in-
cluded the diffuse gas component listed in Table 2 as a
fixed component modified by a free multiplicative con-
stant to account for any residual hot gas in the point
source extraction regions. For the point sources them-
selves, we employed simple absorbed power-law models,
appropriate for either XRBs or AGN. Each point source
was therefore fit with four freely varying components
for the source (i.e., diffuse gas normalization, intrinsic
column density, photon index, and power-law normal-
ization).

Using the above described power-law-plus-hot-gas
model for VV 114 X-2 to X-6, we find steep photon
indices (I' > 1.5), relatively low column densities modi-
fying the power-law components, and minimal contribu-
tions from the surrounding hot gas, as indicated by the
small values of the normalizations to the fixed diffuse
gas components. The best-fit parameters and their as-
sociated uncertainties (90% confidence intervals) along
with the 0.5-8 and 2-10 keV luminosities for each source
from this model are summarized in Table 2. The mod-
els for point sources VV 114 X-2 to X-6 are consistent

with their being either collections of unresolved XRBs
or ULXs embedded in hot gas, indicative of recent star
formation.

We initially applied the default power-law-plus-hot-
gas model with fixed parameters to VV 114 X-1, but
found gof = 0.03, suggesting the model could be im-
proved. We next attempted to fit VV 114 X-1 with a
simple absorbed power-law, but found the fit left residu-
als at energies < 0.5 keV and at the location of emission
line complexes between 1-2 keV, indicating the need to
include one or more thermal components. Given these
results and that the multiwavelength data available for
VV 114 (e.g., Figure 2) indicates heavy obscuration in
the eastern portion of the galaxy where VV 114 X-1 is
located, we next adopted a slightly altered version of
the default model. The new model for VV 114 X-1 con-
sists of an unabsorbed APEC component (unobscured hot
halo), as well as an absorbed APEC-plus-power-law com-
ponent, representing the obscured emission from the hot
disk and VV 114 X-1. In this model for VV 114 X-1 we
fixed the APEC temperatures to the values from the de-
fault model (kT7 = 0.36 keV and kT> = 0.80 keV), but
allowed the APEC normalizations to freely vary. We like-
wise allowed the intrinsic column density and power-law
parameters to freely vary. The fit to VV 114 X-1 us-
ing this model yields gof = 0.06, a slight improvement
over the default model, returning a high column density
(Ng = 2.11703% x 10?2 cm~2) modifying the power-law
and higher temperature APEC components, and a pho-
ton index of T' = 1.0170:59. The best-fit values and as-
sociated uncertainties from this model are listed in the
second row of Table 2. Importantly, the values for the
column density and photon index from this model are
consistent with values from Grimes et al. (2006) (their
source VV 114E) using the same Chandra data, albeit
a slightly different source model than the one employed
here (see discussion in Section 4.1). This lends addi-
tional support for the adoption of this model for VV 114
X-1. We discuss the significance of this spectral fit re-
sult for VV 114 X-1 as a possible AGN in more detail
in Section 4.1.

3.2. Galaxy-Wide Spectral Analysis

We extend the results from the spectral decompo-
sition of VV 114 to construct a galaxy-wide spectral
model and determine the dominant spectral component
at higher energies. In fitting the Chandra observation
of the galaxy-wide spectrum we consider all major spec-
tral components as derived from the spectral decomposi-
tion described in Section 3.1, and then apply these spec-
tral constraints as appropriate in building a galaxy-wide
spectral model to be applied to the XMM-Newton and
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Table 3. Spectral Fit Results for Galaxy-Wide Models

Ny xrp Epreak Argrp log Lu 5-8 keV log L’ 10 keV
Model Inst. Cxmum CNuSTAR Crr (1022 cm—2) S (keV) Txpp.2 (1075) (erg s™1) (erg s 1) gof
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 1) (12) (13)
» Py o014 F0.05 F0.19 FT.60 ~F0.02 F0.03
POWyns + POWacn Chandra 1267017 0.1370.02 2.0770-19 6.04T100 416570027 41437003 0.07
, b +0.15 0.0 011 +0.76 +0.02 +0.04
POV Chandra 1.28+0-15 0.08+3-04 1o+ 11 6377076 41647002 41427004 0.43
POWynn + POW.ow  XMM+NuSTART 0. 07*0 0o 56+0 e + + S S + 41.60179-02 41.30T0-08 < 10-3
POWxnn XMM+NuSTARPY 0. 96f8 o o ezfg o t t i e t 41501062 41301098 <1073
bknpow,, XMM + NuSTAR®  1.3970-12 1627033 0.0178-0% 1441008y 03"’1 37 2517038 2617025 41547002 41271004 0.06

Note. Best-fit model parameters from spectral fits to galaxy wide Chandm XMM- Newton and NuSTAR spectra of VV 114. Quoted uncertainties are 90%
confidence interval. Col. (1): model descriptor. Col. (2): instrument(s), footnote descrlbe the spectral model employed in XSPEC. Col. (3): multiplicative
constant for XMM-Newton spectra (XMM-Newton + NuSTAR fits only). Col. (4): multiplicative constant for NuSTAR spectra (XMM-Newton + NuSTAR
fits only). Col. (5): multiplicative constant modifying the diffuse model component (Chandra fits only). Col. (6): column density in units of 1022 cm~2 for
XRB power-law or broken power-law component. Col. (7): photon index for XRB power-law or first photon index for broken power-law component. Col. (8):
break energy in keV for XRB broken power-law component. Col. (9): second photon index for XRB broken power-law component. Col. (10): normalization
for XRB power-law or broken power-law component. Col. (11): galaxy-integrated 0.5-8 keV Lx derived from the model, corrected for foreground Galactic
absorption and assuming D = 88 Mpc. Col. (12): galaxy-integrated 2-10 keV Lx derived from the model, corrected for foreground Galactic absorption and
assuming D = 88 Mpc. Col. (13): goodness-of-fit measure (see Section 2.4).

2 XSPEC model: tbabsga*(constantr*(apec; + tbabsg*apeca) + tbabsg*powagN + tbabsg*powxrp), where foreground Galactic absorption (tbabsgar)
was fixed to Ng =1.20 x 1020 cm~2, all (apec; + tbabsp*apecs) components were fixed to values from the fit to the point-source free spectrum, the
(tbabsg*powagn) components were fixed to the values from the fit to the spectrum of VV 114 X-1, and the (tbabsg*powxgrp) components are allowed to
freely vary.

® XSPEC model: tbabsg,i* (constant,r*(apec; + tbabsg*apeca) + tbabssz*powxrp), where foreground Galactic absorption (tbabsg,)) was fixed to Ny =1.20
x 1020 cm~2, all (apec1 + tbabsg*apecs) components were fixed to values from the fit to the point-source free spectrum, and the (tbabss*powxgrp) components
were allowed to freely vary.

atXSPEC model: tbabsga* (constantiyst*(apec; + tbabsg*apecy + tbabsg*powagn + tbabss*powxrp)), where the only freely varying parameter is the instru-
mental constant (constanti,s;). The foreground Galactic absorption (tbabsgal) was fixed to Ny =1.20 x 1020 cm~2, all (apec; + tbabsg*apecs) components
were fixed to values from the fit to the point-source free spectrum, the (tbabss*powacn) components were fixed to the values from the fit to the spectrum of
VV 114 X-1, and the (tbabss*powxrp) component was fixed to the best-fit values from the galaxy-wide fit to the Chandra observation (model a).

PIXSPEC model: tbabsga*(constanti,gt*(apec; + tbabsg*apecy + tbabsg*powxrp)), where the only freely varying parameter is the instrumental constant
(constanti,st). The foreground Galactic absorption (tbabsga)) was fixed to Ny =1.20 x 1020 cm~2, all (apec] + tbabsa*apecs) components were fixed to
values from the fit to the point-source free spectrum, and the (tbabss*powxrp) component was fixed to the best-fit values from the galaxy-wide fit to the
Chandra observation (model b).

¢ XSPEC model: tbabsga*(constanti,st*(apec; + tbabsg*apecy + tbabsgz*bknpow)), where the only freely varying parameters are the instrumental constant
(constanti,s;) and the parameters of the (tbabsz*bknpow) model component. The foreground Galactic absorption (tbabsga)) was fixed to Ny =1.20 x 1020
cm~2, and all (apec; + tbabsg*apecy) components were fixed to values from the fit to the point-source-free Chandra spectrum.

NuSTAR observations, in which VV 114 is consistent population component (model: powxgrp + powacn). In

with being a single source (see contours in Figures 1—
2). We note that it is not as straightforward to inter-
pret the gof measure for the galaxy-wide fits as for the
point source fits. This is because the goodness com-
mand simulates spectra assuming variance due only to
counting statistics, whereas in fitting the galaxy-wide
spectra we may be dominated by systematics. Thus,
for the galaxy-wide fits, we caution against interpreting
very low gof values as indicating the need for additional
model components or free parameters, or interpreting
gof ~ 1 as “overfitting,” as proper inclusion of system-
atic error would likely serve to widen the distribution of
test statistics for the simulated spectra.

We first fit the galaxy-wide Chandra spectrum of
VV 114 using a model comprised of a hot gas compo-
nent, an obscured AGN-like component, and an XRB

this powxrp + powagn model we fixed the hot gas com-
ponent to the best-fit model for the point-source-free
spectrum (first row of Table 2), allowing this compo-
nent to be modified only by a freely varying multiplica-
tive constant. We likewise fixed the obscured AGN-like
component to the column density and power-law slope
and normalization from the best-fit model to VV 114
X-1 (second row of Table 2), under the assumption X-1
is an AGN candidate distinct from the other detected
point sources. We consider the XRB population compo-
nent of VV 114 to consist of the known ULXs VV 114
X-2 to X-6 as well as the unresolved XRBs (e.g., the
power-law component in the diffuse-only spectrum), for
which the best-fit models return varying levels of in-
trinsic absorption and a range of photon indices and
power-law normalizations. In all galaxy-wide models for
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Figure 3. Spectral fit to the Chandra spectrum (grey

points), where the data points have been binned to a min-
imum significance of five per spectral bin for plotting pur-
poses. The best-fit total model is shown as the solid black
line. Each component of the model is also displayed: the hot
gas component (two-temperature thermal plasma model) as
a dotted red line, the XRB component (absorbed power-
law model) as a dashed blue line, and the background, both
sky and instrumental, as the solid gold line. We display the
residuals for the powxrs, bknpowyrx, and powxre + PowAGN
models as applied to the Chandra observation in the bottom
three panels, annotated with the gof for the fit. The model
consisting of a single absorbed power-law is the most con-
sistent with the Chandra data; however, as shown by the
residuals, the quality of the Chandra data, particularly at
energies > 5 keV is not sufficient to effectively rule out any
of the models tested here.

VV 114 we therefore model the XRB population with
a single absorbed power-law component to account for
the combination of all known ULXs and the unresolved
XRBs. The assumption of a single absorbed power-law
for the XRB population is consistent with a fit to the
stacked spectra of sources VV 114 X-2 to X-6. We allow
all parameters associated with this absorbed power-law
model (i.e., intrinsic absorption, photon index, normal-
ization) to be freely varying in order to determine the
best-fit parameters for the ensemble XRB population on
the galaxy-wide emission.

The results for the fit to the galaxy-wide Chan-
dra spectrum using the powxgrp + powagn model are
recorded in the first row of Table 3, where we list the
best-fit values for the free parameters and their associ-
ated uncertainties, as well as the gof value for the model.
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Figure 4. Spectral fit to joint, nearly-simultaneous XMM-
Newton (pn: grey) and NuSTAR (FPMA + FPMB: cyan)
spectra, where the data points have been grouped by in-
strument and to a minimum significance of five in XSPEC for
plotting purposes only. The total best-fit spectral model is
displayed as a solid black line, with each major component
of this model also labeled. The dotted red line shows the hot
gas component (a two-temperature thermal plasma model),
the dashed blue line represents the ULX component (an ab-
sorbed broken power-law), and the solid gold line shows the
combined sky and instrumental background (described in
Section 2.4). Below the plotted spectra with best-fit model
we show the residuals for all three models listed in the last
three rows of Table 3 that were fit to the joint XMM-Newton
and NuSTAR spectra. In each residual panel we list a short-
hand for the model type and the gof for the fit. Only the
model with the broken power-law component is consistent
with the data, indicating that the global emission of VV 114
is dominated by ULXs.

The powxrp + powagn model produces an acceptable
fit (gof = 0.07) to the galaxy-wide Chandra spectrum
(residuals in the bottom panel of Figure 3), returning
a photon index I' = 2.077012 for the XRB population
power-law component, and a power-law normalization
consistent with the summation of normalizations for the
known ULXs and unresolved XRBs from the decomposi-
tion fits in Table 2. We also tested a simpler model con-
sisting of the same hot gas component, with parameters
fixed to the best-fit values from the point-source-free
spectrum, but only a single absorbed power-law com-
ponent with freely varying absorption, photon index,
and normalization (model: powxgrp). In this model, the
single power-law represents the combination of all six

20.0 30.0
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point sources (ULXs and possible AGN) and unresolved
XRBs. The results from this powxgrp model fit to the
galaxy-wide Chandra spectrum are listed in the second
row of Table 3 and shown in the top panel of Figure 3,
with associated residuals in the panel just below. The
powxgrp model returns a photon index of T' = 1.6970 11,
consistent with expectations for a population of XRBs.
The gof = 0.43 further suggests that this powxrp model
is a somewhat more acceptable fit to the galaxy-wide
Chandra spectrum, indicating that an additional power-
law component describing VV 114 X-1 is not required to
model the galaxy-wide X-ray emission.

We next applied these two models (i.e., powxgrp +
powacN, and powxrp alone), to the XMM-Newton and
NuSTAR spectra. To start, we simply applied each
model to the joint XMM-Newton and NuSTAR spec-
tra with the parameters of all model components fixed
to the best-fit values from the fits to the Chandra spec-
trum, save for an overall multiplicative scaling constant
for each instrument, which we allowed to vary to account
for flux calibration differences or intrinsic variability. We
record the results from applying these Chandra-derived
models to XMM-Newton and NuSTAR in the third and
fourth rows of Table 3, finding that neither model is con-
sistent with the XMM-Newton and NuSTAR data (gof <
1073). We also attempted fitting the XMM-Newton and
NuSTAR spectra with powxrp + powacgn and powxgrp
models with freely varying power-law parameters, i.e.,
without fixing these parameters to the Chandra-derived
values, but found unacceptable fits in both cases (gof <
1073).

The residuals from the Chandra-derived powxrp +
powagn and powxgp models (bottom two panels of Fig-
ure 4) indicate a reasonable fit to the XMM-Newton +
NuSTAR data at E < 2-3 keV, but an overestimate of
the E > 2-3 keV emission (overall gof < 1073). These
results suggest that the extension of an XRB-like +
AGN-like power-law or a single XRB-like power-law to
higher energies using parameters derived from fits to the
Chandra data is inconsistent with the observed XMM-
Newton and NuSTAR spectra. We discuss these results
in the context of the potential AGN source VV 114 X-1
in Section 4.1.

We next swapped the power-law component in
the powxrp model for a broken power-law (model:
bknpowyrx ), a component which is physically and obser-
vationally motivated assuming a ULX-dominated pop-
ulation (e.g., Gladstone et al. 2009; Wik et al. 2014b;
Walton et al. 2013, 2015; Rana et al. 2015; Lehmer et al.
2015; Yukita et al. 2016). As in previous fits, we fixed all
the diffuse gas model parameters to the best-fit values
to the Chandra point-source-free spectrum, but allowed

all broken power-law parameters as well as the over-
all multiplicative constant for each instrument to vary.
This bknpowyrx model yields a fit consistent with the
XMM-Newton and NuSTAR observations (gof = 0.06),
demonstrating that the data are consistent with a spec-
tral turnover at ~ 4 keV. We record the values for the
free parameters and their associated uncertainties from
the bknpowyrx model in the last row of Table 3.

Given the success of this bknpowyrx model in fitting
the XMM-Newton and NuSTAR spectra, we test this
model on the Chandra observation as well, allowing only
the broken power-law normalization and intrinsic ab-
sorption to freely vary. We show the residuals for the
bknpowyrx as applied to the Chandra data in the mid-
dle panel of Figure 3, demonstrating that this model
provides an acceptable fit (gof = 0.27) to the Chandra
observation. However, as shown by the residuals in Fig-
ure 3, the quality of the Chandra data, particularly at
energies > 5 keV, is not sufficient to distinguish between
the different models tested here. In fact, in order to ob-
tain an acceptable fit to the Chandra spectrum with the
bknpowyrx model we must freeze the majority of the
model parameters to the best-fit values obtained from
fits to the XMM-Newton and NuSTAR spectra, indicat-
ing that the Chandra spectrum alone cannot constrain
parameters such as the broken power-law photon indices
and break energy. This underlines that, while Chan-
dra is powerful for resolving point sources from the hot,
diffuse emission in the galaxy, XMM-Newton and NuS-
TAR are critical for high energy (> 5 keV) constraints,
where spectral turnover from a ULX population (or lack
thereof) is more apparent.

We display the best-fit bknpowyrx model and its as-
sociated components (hot, diffuse gas, broken power-
law, and background) as applied to the XMM-Newton
and NuSTAR spectra in the top panel of Figure 4, with
the residuals for this model in the second panel from
the top. The residuals from the Chandra-derived mod-
els (powxrp *+ powacn and powxgrp), which were poor
fits to the XMM-Newton and NuSTAR observations, are
shown in the bottom two panels of the same figure for
reference. The preference for a broken power-law over
power-law component(s) as constrained by the nearly-
simultaneous XMM-Newton and NuSTAR spectra is
consistent with the galaxy-wide emission of VV 114 be-
ing dominated by ULXs at energies 2 2 keV (e.g., Glad-
stone et al. 2009). We discuss this ULX-dominated in-
terpretation as it relates to the possible AGN in VV 114,
as well as metallicity effects, in Sections 4.1-4.3.

In columns 11-12 of Table 3 we list the galaxy-
integrated total X-ray luminosity in the 0.5-8 keV and
2-10 keV bands (log L&% ¢ .y and log L&, | \/) cor-
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Table 4. Luminosity of Galaxy Components from Best-Fit Spectral Models

gas XRB gas XRB gas XRB

log L§575 kev log Ls™5 wev log L5575 kev log Lt ey log L3700 kv log L35 kev

Inst. Model (erg s— 1) (erg s— 1) (erg s— 1) (erg s—1) (erg s—1) (erg s— 1)

(1 (2) (3) (4) (5) (6) (7 (8)

" F0.03 F0.04 F0.03 F0.02 F0.03 F0.04

Chandra POWsns 41.0670‘02 41.0470.011 41.0970.02 41.5070.02 39.9870.02 41.3970.02

, +0.0 +0.0 +0.0 +0.0 +0.0 +0.0

XMM-Newton + NuSTAR ~ bknpow,.  41.09700% 40.871004 41137907 41331009 40.0170-0% 41.25T002

Note. Luminosities in three different bands of the components (hot gas and XRB population) comprising the
galaxy-integrated Lx of VV 114 from the best-fit spectral models to the Chandra and XMM-Newton and
NuSTAR spectra. Col. (1): 0.5-2 keV luminosity of the hot gas component. Col. (2): 0.5-2 keV luminosity
of the XRB population component. Col. (3): 0.5-8 keV luminosity of the hot gas component. Col. (4): 0.5-8
keV luminosity of the XRB population component. Col. (5): 2-10 keV luminosity of the hot gas component.
Col. (6): 210 keV luminosity of the XRB population component.

rected for foreground Galactic absorption from each of
the spectral models applied to the Chandra and XMM-
Newton + NuSTAR spectra. In Table 4 we likewise
list the galaxy-integrated luminosities of the components
which constitute Lial, namely the luminosities of the
hot, diffuse gas (log L) and XRB population (log
LERB) in the 0.5-2 keV, 0.5-8 keV, and 2-10 keV bands
derived from the best-fit model to the Chandra spectrum
(powxgrp) and the best-fit model to the XMM-Newton
and NuSTAR spectra (bknpowyrx).

The discrepancy between the model XRB component
luminosities listed in Table 4 as measured with Chan-
dra versus XMM-Newton + NuSTAR can be attributed
to multiple factors, including flux calibration differences
between instruments, model differences, and the differ-
ent integration times and epochs between observations.
In Table 4 we list XRB component luminosities derived
from the best-fit models for each set of observations, thus
some disagreement between Chandra and XMM-Newton
+ NuSTAR is expected given these observations are fit
with different best-fit models (powxrp and bknpowyrx,
respectively). However, when we calculate the XRB Lx
from the bknpowypx model fit to the Chandra spec-
trum we find log LYBB, = 41.47 £ 0.02 and log
LERB . v = 41.33 £ 0.02, still inconsistent with the
XMM-Newton and NuSTAR derived XRB component
luminosities listed in Table 4 using this same model.
That the inconsistency is larger in the 0.5-8 keV band
indicates that the depth of the observations is at least
partly to blame for the discrepancy between luminosi-
ties. In particular, we use the XMM-Newton spectra to
constrain the luminosity in the 0.5-8 keV band given
its increased sensitivity across the entirety of the band-
pass relative to NuSTAR; however, XMM-Newton is the
shallowest of all observations used here, thus the XRB
component luminosity in the 0.5-8 keV bandpass as con-
strained by XMM-Newton is likely systematically low
compared to Chandra. By contrast, the discrepancy in

the 2-10 keV band, where we use both NuSTAR and
XMM-Newton to constrain the XRB component lumi-
nosity, is within the range expected due to flux cali-
bration differences between instruments (Madsen et al.
2015). It is also possible that variability between epochs
affects the derived luminosities, however, as we further
demonstrate in Section 4.4 using a set of archival XMM-
Newton observations, the inconsistency between Chan-
dra and XMM-Newton + NuSTAR derived luminosities
does not necessarily suggest substantial variability be-
tween epochs.

All luminosities listed in Tables 2—4 are calculated as-
suming D = 88 Mpc for VV 114, and using the cflux
convolution model in XSPEC as a component modifying
either the overall model (luminosities in Table 2 and Ta-
ble 3) or the appropriate model component (luminosi-
ties in Table 4). Therefore, all luminosities are based
on fluxes corrected for Galactic extinction, but not in-
trinsic extinction. In the cflux model component, we
fixed the minimum and maximum energy parameters to
return the flux in the appropriate band, and likewise
fixed the normalizations of any model component mod-
ified by cflux to the best-fit values from Tables 2-3.
In refitting the models with cflux to produce a galaxy-
integrated total or component flux, we allowed only the
flux parameter of the cflux component and any free
parameters excluding the component normalizations in
the model to freely vary.

Finally, in Figure 5 we present the SFR-normalized,
unfolded 0.3-30 keV SED of VV 114 derived from the
best-fit bknpowyrx spectral model to the XMM-Newton
and NuSTAR spectra, where the solid green line in Fig-
ure 5 represents the total X-ray SED of VV 114, and
the dotted red and dashed blue lines represent the con-
tributions from the hot, diffuse gas and XRB population
in the galaxy, respectively. On this same plot, we over-
lay the unfolded data points from the XMM-Newton and
NuSTAR spectra, which have been binned to a minimum
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Figure 5. The 0.3-30 keV SED of VV 114 (solid green line) from the best-fit model to the joint XMM-Newton + NuSTAR
spectra, with the major components of the SED included: hot gas component (dotted red line), and the XRB component
(dashed blue line). The SED has been normalized by the SFR of VV 114 (38 Mg yr—'). We display the background-subtracted
unfolded data points from XMM-Newton and NuSTAR binned to a minimum significance of ten per spectral bin to roughly
indicate how well the SED is constrained at different energies, although we note that we fit the unbinned spectra without any
background subtraction to produce the SED shown in green. In the background as a light grey line we show the simulated
SED for a star-forming galaxy at 0.5 Zg (see Figure 6 for simulated SEDs at other metallicities, and Section 4.3 for details on
the construction of simulated SEDs). The SFR-normalized SED of VV 114 is consistent with the simulated SED for a 0.5 Zg
galaxy, in line with its measured global, gas-phase metallicity of ~ 0.5 Z5.

significance of ten per spectral bin and background sub-
tracted for display purposes only. We display the data
in this way to give a sense for the uncertainty associ-
ated with the galaxy SED, particularly at higher en-
ergies where the data become more highly background
dominated.

4. DISCUSSION

Previous studies of VV 114 have found an elevated
galaxy-integrated Lx/SFR relative to the average value
of local star-forming galaxies (Basu-Zych et al. 2013b,
2016). In this section, we discuss the possible explana-
tions for the elevated Lx/SFR in VV 114, namely the
potential presence of an AGN and the sub-solar metal-
licity of the galaxy, ultimately ruling out a significant
contribution from an AGN to the galaxy-integrated Lx
in VV 114. We present a further discussion of the SFR-
scaled 0.3-30 keV SED of VV 114 in the context of
metallicity effects on XRB populations and future 21-
cm measurements.

4.1. Potential AGN Contribution

Previous X-ray analyses of VV 114 have explored the
possibility that the galaxy contains an AGN in its heav-
ily obscured eastern region, but have been inconclusive

as to the definitive presence of an accreting supermas-
sive BH (e.g., Grimes et al. 2006; Basu-Zych et al. 2016).
Multiwavelength analysis beyond X-rays offers evidence
in favor of the AGN interpretation for VV 114 X-1. Us-
ing ALMA, Tono et al. (2013) and Saito et al. (2015)
showed evidence of compact and broad molecular emis-
sion component coincident with the eastern nucleus of
VV 114, where the high detected HCN (3-4)/ HCO™ (4~
3) ratio is indicative of the presence of a dust-enshrouded
AGN, possibly surrounded by compact star-forming re-
gions. In the mid-IR, Le Floc’h et al. (2002) demon-
strated that the strong continuum emission in the east-
ern portion of the galaxy may be indicative of a heav-
ily obscured AGN. However, Basu-Zych et al. (2013b)
used optical line ratio diagnostics to demonstrate that
VV 114 lies squarely in the star-forming region of the
Baldwin, Phillips, and Terlevich diagram (Baldwin et al.
1981), indicating that an AGN is unlikely to be the dom-
inant source of ionizing photons in VV 114.

Using the same Chandra data as analyzed in this work,
Grimes et al. (2006) performed a spectral fit to VV 114E
(our source VV 114 X-1), finding that their fits required
the addition of Gaussian line components centered at
1.39 and 1.83 keV superposed on the continuum emis-
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sion, roughly line energies corresponding to enhanced
Mg and Si, respectively. These authors note that such
emission lines may be associated with the presence of a
low-luminosity AGN, but are also consistent with emis-
sion features expected from a region of intense star for-
mation.

Whereas the Grimes et al. (2006) spectral model for
VV 114E (our source VV 114 X-1) consists of a sin-
gle thermal plasma, Gaussian lines, and an absorbed
power-law, our model for this source does not require
additional Gaussian lines at 1.39 and 1.83 keV to pro-
duce an acceptable fit to the source. Rather, our model
consists of a two-temperature thermal plasma plus ab-
sorbed power-law as summarized in the second row of
Table 2. We find that adding the Gaussian lines at the
energies included in Grimes et al. (2006) is degener-
ate with the features of our two-temperature thermal
plasma with k7" = 0.36 keV and kT = 0.80 keV. Fur-
thermore, under the assumption that the hot gas compo-
nent in VV 114 is associated with starburst activity, our
model is strongly motivated by previous studies which
have found that the hot gas component in star-forming
galaxies is well-described by a two-temperature thermal
plasma with characteristic temperatures < 1 keV (e.g.,
Strickland et al. 2004; Ott et al. 2005a,b; Grimes et al.
2005; Tiillmann et al. 2006b,a; Mineo et al. 2012b; Smith
et al. 2018). Despite these model differences for the
hot gas component, we find a photon index and column
density for the power-law component of our model for
VV 114 X-1 that is consistent with the values found by
Grimes et al. (2006) for VV 114E using the same Chan-
dra data.

These fit results, both from this work as recorded in
Table 2 and from Grimes et al. (2006) for the same Chan-
dra data, demonstrate that VV 114 X-1 is unique rela-
tive to the other five point sources resolved by Chandra.
In particular, VV 114 X-1 is consistent with a power-law
spectrum with I' ~ 1.0, while the point sources present
in the western portion of the galaxy are consistent with
power-law models with I" > 1.5 . This harder spectrum
is to be expected given that VV 114 X-1 sits behind
a much higher column density than any sources in the
western region of the galaxy (see Figure 2). The photon
index returned from our fit to the Chandra spectrum
of VV 114 X-1 (T' = 1.0179:5}) differs from expectations
for a population of HMXBs or a ULX (e.g., Remillard &
McClintock 2006; Berghea et al. 2008; Gladstone et al.
2009); however, within the upper range of the 90% con-
fidence interval on the best-fit value the photon index is
consistent with the power-law slope for a population of
more heavily obscured XRBs or perhaps a single ULX
(e.g., Lehmer et al. 2013).

Photon indices in the range I' ~ 1, such as the best-
fit value for VV 114 X-1, have been measured both for
a subset of ULXs with Lx> 10 erg s~!, possibly in-
dicative of ULXs in the power-law dominated very high
state (e.g., Berghea et al. 2008), as well as for some
Compton-thick AGN (e.g., Winter et al. 2008). We can-
not distinguish between these possibilities based on the
Chandra data alone, though our measured column den-
sity for VV 114 X-1 does not support the interpretation
of this source as a Compton-thick AGN. We note that
Prestwich et al. (2015) find a similarly hard spectrum
for the highly luminous source Haro 11 X-1 (T' = 1.2),
a source which they report is consistent with being a
single compact accretor. It is possible that the I' ~ 1
photon index measured for VV 114 X-1 is a function of
the limited data quality, where we are not sensitive to
features such as a spectral turnover, which would point
more definitively to a ULX versus AGN interpretation.
In any case, in the absence of higher quality spectra
or long-term monitoring to detect possible state transi-
tions, we cannot distinguish between an AGN or ULX
for VV 114 X-1 on the basis of the Chandra data alone.

Although we cannot definitively determine the nature
of VV 114 X-1, it is important to note that our spectral
analysis using the newly obtained XMM-Newton and
NuSTAR data indicates that the galaxy-wide emission
of VV 114 is not dominated by an AGN at energies >
2 keV. For an AGN-dominated galaxy we would expect
a spectrum well-fit by a simple power-law (e.g., Win-
ter et al. 2008, 2009). We find that the spectral fits to
the joint XMM-Newton and NuSTAR observations fa-
vor a broken power-law model with Fy eak ~ 4 keV, and
that the inclusion of a I' ~ 1 power-law model compo-
nent (i.e., VV 114 X-1) extended to higher energies is
inconsistent with the data (see Figure 4). While AGN
may exhibit spectral turnover features, the break ener-
gies typically occur at 2 50 keV (e.g., Molina et al. 2006;
Winter et al. 2009). The break energy at ~ 4 keV found
from our model is consistent with the spectral behavior
measured from high-quality ULX spectra, indicative of
disk and Comptonized corona components around ac-
creting stellar mass compact objects (Gladstone et al.
2009).

Thus, the X-ray spectral analysis presented here
demonstrates that VV 114 X-1 does not dominate the
global 0.3-30 keV emission of VV 114, and that in fact
the galaxy-integrated emission is dominated by emission
from ULXs. Notably, this finding is corroborated by
previous X-ray studies of VV 114: Grimes et al. (2006)
showed that if VV 114 X-1 is an AGN it does not domi-
nate the global emission of VV 114, and similarly Basu-
Zych et al. (2016) concluded that the removal of VV 114
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X-1 from the XLF results in a luminosity distribution
consistent with a collection of blended HMXBs drawn
from a “standard” HMXB XLF. Both of these studies
thus conclude that the galaxy-integrated X-ray emission
from VV 114 is consistent with expectations for a galaxy
with 2 2 keV emission dominated by XRBs. In the
following sections, we therefore discuss our results for
VV 114 assuming the 2 2 keV emission is dominated by
such sources.

4.2. Comparison with SEDs in other Star-Forming
Galaxies

In this section we present the 0.3-30 keV SED of
VV 114 relative to the X-ray SEDs from a small sam-
ple of star-forming galaxies at different metallicities al-
ready in the literature to discuss the effects of metallicity
and SFH on the X-ray SED. In Figure 6 we show the
SFR-normalized SED of VV 114 (green) relative to the
SFR-normalized SEDs of NGC 253 (yellow, Wik et al.
2014b), NGC 3256 (red, Lehmer et al. 2015), M 83 (dark
red, Yukita et al. 2016), and NGC 3310 (blue, Lehmer
et al. 2015). All the galaxies in Figure 6 have a similar
overall SED shape, with spectral turnovers at energies
between ~ 3-8 keV, indicating that all these galaxies
have substantial ULX populations.

While the basic SED shape indicates the same class of
source provides the bulk of the hard (2-30 keV) X-ray
emission in all these galaxies, the normalizations for the
sub-solar metallicity galaxy SEDs of VV 114 and NGC
3310 are noticeably elevated with respect to the normal-
izations of the solar to super-solar metallicity galaxies
(NGC 253, NGC 3256, and M 83; Zaritsky et al. 1994;
Mas-Hesse & Kunth 1999; Trancho et al. 2007). In par-
ticular, the SED of VV 114 is elevated by a factor of ~
3-11 relative to the solar metallicity SEDs, a factor con-
sistent with theoretical predictions for the enhancement
in the bright XRB population at half solar metallicity
from Fragos et al. (2013a). Furthermore, the SED of
VV 114 appears elevated in the soft band relative to the
solar metallicity galaxies, which, as will be discussed in
Section 4.3, is possibly the result of different ISM con-
ditions at lower metallicity.

The SED of NGC 3310 likewise appears elevated in
the soft band relative to the solar metallicity galaxies,
and furthermore displays an even higher normalization
than VV 114 at energies > 1 keV (enhancement by a
factor of ~ 8-25 relative to solar). This enhancement
factor for NGC 3310 is more consistent with theoreti-
cal predictions for an XRB population at 0.1 Z, as the
theoretical simulations suggest a nearly order of magni-
tude difference between the galaxy-integrated Lx/SFR
between XRB populations at solar and 0.1 Zg (Linden

et al. 2010; Fragos et al. 2013a). However, the reported
gas phase metallicity for NGC 3310 is closer to 0.3 Zg
(de Grijs et al. 2003a; Engelbracht et al. 2008), which is
only slightly lower than the half solar value reported for
VV 114. It is possible that the simulated SEDs based on
theoretical predictions presented in Figure 6, although
simplified, are actually constraining the metallicity of
NGC 3310, indicating that the galaxy may have a gas
phase metallicity closer to the low end (~ 0.2 Zg) of the
measured uncertainty range (Engelbracht et al. 2008).

Alternatively, statistical scatter due to XLF sampling
can affect galaxy-integrated XRB Lx and therefore SED
normalization (e.g., Lehmer et al. 2019). Given M, ~
x 109 My, and SFR ~ 6 M, yr~—! for NGC 3310 (Lehmer
et al. 2015), and M, ~ 4 x 1019 M and SFR ~ 38 M,
yr~! for VV 114 (Basu-Zych et al. 2016), we would ex-
pect the statistical scatter in XRB Lx for these galaxies
to be on the order of 0.3 dex and 0.2 dex, respectively
(Lehmer et al. 2019). The SED normalizations of VV
114 and NGC 3310 are elevated with respect to the SEDs
of NGC 253, NGC 3256, and M 83 by more than 0.5 dex
in all cases, and the measured difference in normaliza-
tion between NGC 3310 and VV 114 is ~ 0.4 dex. Thus,
statistical scatter cannot explain the difference in SED
normalization between the sub-solar and solar metallic-
ity galaxies, and it is not likely to be responsible for the
difference in normalization between NGC 3310 and VV
114.

Another possible factor affecting the normalization of
the SED is the SFH of the galaxy. HMXBs and ULXs
represent a snapshot in the evolution of massive stars in
binaries, and thus appear at early times (< 50 Myr) fol-
lowing a burst of star formation and evolve rapidly (~
Myrs) away from their X-ray bright phase following core-
collapse of the secondary donor star. Binary population
synthesis models thus predict that the underlying SFH,
or age of the stellar population, will affect the integrated
Lx from such a population, in addition to the aforemen-
tioned metallicity effects. Such models predict a peak
in the number of bright XRBs produced at Z = 0.4Z
on timescales 5-10 Myr post-starburst (Linden et al.
2010). In these models the lowest metallicity popula-
tions (Z < 0.1Zg) produce vastly more HMXBs, and
therefore higher Lx /SFR, than solar metallicity environ-
ments, but only on timescales > 10 Myr post-starburst.
A number of recent observational studies have corrobo-
rated this SFH-dependence for HMXB production using
spatially and temporally resolved SFHs in the vicinities
of HMXBs (e.g., Antoniou et al. 2010; Antoniou & Zezas
2016; Lehmer et al. 2017; Antoniou et al. 2019; Garofali
et al. 2018).
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Figure 6. The SFR-normalized 0.3-30 keV SED of VV 114 (green), based on the best-fit spectral model to the nearly-
simultaneous XMM-Newton and NuSTAR data. The light grey lines in the background are simulated SEDs for a star-forming
galaxy at 1.5 Zg, Zo, 0.5 Zg, and 0.1 Zg, annotated going from low to high normalization (see Section 4.3 for details). We
display the observed SFR-normalized SEDs of four other star-forming galaxies at different metallicities for comparison: NGC
253 (yellow, ~ 1.1 Zg; Zaritsky et al. 1994), NGC 3256 (red, ~ 1.5 Z; Mas-Hesse & Kunth 1999, Trancho et al. 2007), M83
(dark red, ~ 0.96 Zn; Zaritsky et al. 1994), and NGC 3310 (cyan, ~ 0.30 Zg; Engelbracht et al. 2008). The SFR-normalized
SED of VV 114 is notably elevated relative to the roughly solar metallicity star-forming galaxies (NGC 253, NGC 3256, and

MS83), in line with theoretical predictions.

As we do not have a detailed SFH of VV 114 or mea-
surements of individual cluster ages, a joint analysis of
the effect of both stellar population age and metallicity
on the SED is beyond the scope of this work. However,
we can make some conjectures as to the differences be-
tween the host environment in NGC 3310 and VV 114
using measured star cluster ages in NGC 3310. These
cluster ages, derived from SED-fitting of HST data, re-
veal a peak in the cluster age distribution at ~ 30 Myr
post-starburst (de Grijs et al. 2003b,a), well beyond the
most favorable timescale (< 10 Myr post-starburst) for
boosted HXMB or ULX production at Z = 0.4Z, dis-
cussed above. On its surface, this would seem to indicate
that NGC 3310 does not have a more favorable SFH
in terms of XRB production relative to VV 114, and
that instead metallicity, perhaps as low as 0.1 Zg, is the
primary effect driving the enhanced SED normalization
for NGC 3310. Of course, this analysis is highly simpli-
fied, as it assumes simple bursts of star formation when
galaxies in fact have much more complex SFHs (e.g.,
Eufrasio et al. 2017). In fact, recent work exploring the
Lx-SFR scaling relation for XRBs using sub-galactic re-
gions in NGC 3310 identified stellar population age as
the likely dominant factor in driving the excess of XRB
emission relative to galaxy-wide scaling relations (Anas-

tasopoulou et al. 2019). This highlights the need for
further studies exploring both the age and metallicity ef-
fects on XRB production, ideally for a larger sample of
galaxies across different metallicities, in order to provide
improved empirical constraints for the scaling of XRB
Lx with these host galaxy properties.

4.3. The Effect of Metallicity on the X-ray SED

As demonstrated in Section 4.2 for the small sample
of nearby, star-forming galaxies, metallicity appears to
be a key property affecting the emergent X-ray SED of a
galaxy. Likewise, studies of nearby, star-forming galax-
ies have demonstrated that galaxy-integrated Lx/SFR
increases with decreasing metallicity, an effect which is
corroborated by theoretical binary population synthesis
work (e.g., Mapelli et al. 2010; Linden et al. 2010; Fragos
et al. 2013a; Prestwich et al. 2013; Douna et al. 2015;
Brorby et al. 2016; Basu-Zych et al. 2016; Wiktorow-
icz et al. 2017, 2019). This behavior can be attributed
to the effects of metallicity on stellar and binary evolu-
tion and thus the characteristics of the resultant XRB
population, namely the formation of more massive BHs
at lower metallicities given weaker stellar winds (e.g.,
Mapelli et al. 2010), the formation of more high accre-
tion rate Roche lobe overflow (RLOF) systems due to
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Figure 7. Simulated SFR-normalized SEDs for a star-forming galaxy at three different metallicities, from left to right: Zg,
0.5 Zo, and 0.1 Zg. In each panel the solid black line shows the total, galaxy-integrated SED, while the dotted red and dashed
blue lines show the hot gas and XRB components, respectively. The Z; model is constructed to approximate an average of
the SED from star-forming galaxies presented in Wik et al. (2014b), Lehmer et al. (2015), and Yukita et al. (2016). The 0.5
Zo and 0.1 Zg models are constructed by scaling the normalization of the XRB component of the solar metallicity SED in
the left-hand panel following the theoretical predictions of Fragos et al. (2013a). The progression of panels from left to right
illustrates the theoretical expectation for how the elevation of galaxy-integrated Ly /SFR due to an enhanced XRB population

with decreasing metallicity is reflected in the galaxy-wide SED.

the more compact nature of the binaries at lower metal-
licities (e.g., Linden et al. 2010), and the wider parame-
ter space leading to survivable common envelope phases
and therefore production of RLOF systems at low metal-
licity (e.g., Belczynski et al. 2010; Linden et al. 2010).
The net effect of metallicity on XRB production is there-
fore the appearance of not only more HMXBs with de-
creasing metallicity, but also possibly the presence of
more luminous HMXBs, leading to the expectation of a
population whose XLF has both a higher normalization
and a flatter slope.

While observational and theoretical studies alike sug-
gest that there are more luminous XRBs per unit SFR
at lower metallicity, the effect of this enhanced Lx/SFR
on the emergent X-ray SED is not yet constrained em-
pirically. To understand where our newly measured low-
metallicity SED for VV 114 fits in with theoretical ex-
pectations for the metallicity dependence of XRB popu-
lations we must first build up a theoretically-motivated
picture of the changes to the X-ray SED with metallicity.

To simulate X-ray SEDs for star-forming galaxies at
different metallicities we begin with a baseline X-ray
SED informed by the SED studies of the nearby star-
forming galaxies shown in Figure 6 from Wik et al.
(2014b), Lehmer et al. (2015), and Yukita et al. (2016).
Our baseline SED is constructed from a Tbabs* (apec +
vphabs*apec + vphabs*bknpow) model in XSPEC. This
model choice is empirically motivated: the hot gas
component in star-forming galaxies has been shown to
be well-fit by two-temperature thermal plasma models
(e.g., apec + vphabsxapec) across a range of SFRs as
described in Section 3.1 (Strickland et al. 2004; Ott et al.
2005a,b; Grimes et al. 2005; Tillmann et al. 2006b,a; Li
& Wang 2013; Mineo et al. 2012b; Smith et al. 2018), and

studies of Milky Way XRBs and extragalactic ULXs, the
dominant sources of compact emission in star-forming
galaxies, show spectra well-described by broken power-
laws (McClintock & Remillard 2006; Gladstone et al.
2009; Fragos et al. 2013b). In this model we set the
column densities (both foreground and intrinsic), ther-
mal plasma temperatures and normalizations, and bro-
ken power-law break energy, photon indices and nor-
malization to reproduce the average SED of M83, NGC
3256, NGC 253, and NGC 3310 which represent the best
current empirical constraints on the form of the X-ray
SED for star-forming galaxies (Wik et al. 2014b; Lehmer
et al. 2015; Yukita et al. 2016).

In what follows, we use this toy model to address how
the emergent SED evolves away from the solar metallic-
ity benchmark described above due to changes in gas-
phase metallicity; however, our approach is simplified,
as we cannot address all the complexities of the effect
of metallicity on both the hot gas and XRB emission
given the relative lack of observational constraints on
the X-ray emission from star-forming galaxies across a
range of metallicities. We thus account for metallic-
ity effects on this baseline spectrum in two ways: (1)
through the abundances of the vphabs components; and
(2) through a change to the bknpow normalization. Al-
tering the vphabs abundances for a chosen metallicity is
straightforward, where we use the Asplund et al. (2009)
abundance tables in XSPEC to set the abundances rel-
ative to solar. To account for the increase in galaxy-
integrated Lx/SFR with decreasing metallicity due to
XRBs, we scale the bknpow normalization from the base-
line model by a factor determined from the theoretical
scalings of galaxy-integrated XRB Lx with metallicity
from Fragos et al. (2013a). We choose to scale the XRB
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component normalization using theoretical scalings, as
such scaling relations provide a physically-motivated es-
timate of XRB Lx as a function of metallicity that is
broadly consistent with empirical constraints. We leave
the APEC model parameters fixed with changes in metal-
licity, as we do not yet have strong observational or the-
oretical constraints to show how the underlying hot gas
component varies with metallicity and SFR; however,
we do not expect the shape of the intrinsic hot gas com-
ponent to vary strongly with stellar mass or SFR of a
star-forming galaxy (e.g., Ott et al. 2005a; Grimes et al.
2005; Smith et al. 2005; Mineo et al. 2012b; Anasta-
sopoulou et al. 2016; Smith et al. 2018; Anastasopoulou
et al. 2019).

In the above described model, the APEC abundances
are thus fixed at solar metallicity for all simulated SEDs,
regardless of assumed gas-phase metallicity. This is in
contrast to our fits to the spectra of VV 114, where
we set the APEC abundances to the measured gas-phase
metallicity of the galaxy. In the case of VV 114, we
are able to constrain via fits to the observed spectra the
characteristics of the hot gas (e.g., temperature and nor-
malization) given the sub-solar abundance. In the case
of our simulated SEDs, the APEC component tempera-
tures and normalizations are set based on observed con-
straints from largely solar metallicity galaxies, thus the
adopted values in the toy model are appropriate assum-
ing solar metallicity abundances. Because the emission
from hot gas in star-forming galaxies may be a complex
function of metallicity, we choose not to change the APEC
abundances in the simulated SEDs in order to keep the
shape of the intrinsic hot gas component fixed as a func-
tion of metallicity. We stress that these are simplifying
assumptions, meant to produce toy models of the X-ray
SED for star-forming galaxies at different metallicities
for the purposes of comparison with observed SEDs, as
described below. A much larger sample of star-forming
galaxies across a range of metallicities would be required
to produce a more universal model for the X-ray SED on
the basis of host galaxy properties such as metallicity,
SFR, and stellar mass.

In Figure 7, we show our simulated X-ray SEDs for
star-forming galaxies at Zg, 0.5 Zg, and 0.1 Z5. By
construction, the shape of neither the intrinsic XRB nor
the intrinsic hot gas component changes in our simu-
lated SEDs from Zg to 0.1 Zg; however, the overall
normalization of the SED changes with metallicity. In
particular, the flux from the XRB component at 0.1 Zg
is ~ 10x higher than at Zg in the 0.5-8 keV band. The
flux due to hot gas likewise increases from Z, to 0.1 Zg,
albeit by a factor of ~ 3x in the 0.5-8 keV band. The
nearly order of magnitude change in the normalization

of the XRB component from Zg to 0.1 Z is due to the
theoretical increase in XRB Lx per unit SFR with de-
creasing metallicity, while the increase in normalization
for the hot gas component at 0.1 Zg relative to solar can
be ascribed to decreased absorption, particularly of soft
band photons, given the sub-solar metallicity assumed
for the ISM.

We show the simulated SED at 0.5 Z as a light grey
labelled line relative to the observed SED of VV 114
(green line) in Figure 5, and similarly display simulated
SEDs at 1.5 Zg, Z, 0.5 Zg, and 0.1 Zg, relative to other
star-forming galaxies in Figure 6. The measured SED
of VV 114 becomes ULX-dominated at energies = 1.5
keV and is entirely consistent with the simulated SED
at 0.5 Zg in this energy range. In other words, with the
newly measured 0.3-30 keV SED of VV 114 we confirm
theoretical predictions for the effect of metallicity on
the high energy SED of a star-forming galaxy, namely
an elevated normalization relative to solar indicative of
an enhanced XRB population at lower metallicity.

By contrast, the soft band (0.5-2 keV) portion of the
SED of VV 114 does not agree well with the soft band of
the simulated SED at 0.5 Zg. In particular, the emer-
gent 0.5-2 keV flux of VV 114 is ~ 20x higher than the
flux of our simulated 0.5 Zz SED in this same band.
This discrepancy is further highlighted when comparing
the hot gas versus XRB population contributions to the
total soft band emission for VV 114 relative to the sim-
ulated SED. From Table 4, we find that LIEB, | . is
~ 40% of the total emergent soft band luminosity for
VV 114, while it is ~ 20% of the total for the simulated
SED at 0.5 Zg. Similarly, the soft band portion of the
SED of NGC 3310 (blue line, Figure 6) appears elevated
relative to the simulated soft band SED at 0.5 Zg. Re-
cently, Anastasopoulou et al. (2019) measured that the
hot diffuse component of NGC 3310 constitutes ~ 57%
of the soft band emission in NGC 3310, implying that
the XRB component in this galaxy likewise provides a
larger share of the total soft band emission relative to
expectations from the simulated SED at similar metal-
licity.

These results imply that the disagreement between the
measured and simulated soft band SEDs at low metal-
licity may stem from incorrect assumptions about ISM
properties and, notably, the level of intrinsic absorp-
tion, which is most important at energies < 1.5 keV and
likely varies galaxy to galaxy. In the low-metallicity sim-
ulated SEDs, the hot gas component is modeled with the
simplified assumption that it approximates the hot ISM
of a solar metallicity galaxy, where metallicity is only
accounted for in the abundances set in the vphabs, or
intrinsic absorption, component modifying the hot gas



X-rAY SED ofF VV 114 19

model. Asnoted above, this assumption is made in order
to keep the intrinsic hot gas shape constant as a function
of metallicity, and because there is a lack of observa-
tional constraints in the literature on how detailed ISM
abundance patterns affect the hot gas emission. Addi-
tionally, the broken power-law normalization represent-
ing the XRB contribution to the simulated SED is scaled
by the theoretical predictions for the change in XRB Lx
with metallicity from Fragos et al. (2013a); however,
these theoretical scalings for XRB Lx with metallicity
are predicated on X-ray SEDs modeled after Milky Way
XRBs, and therefore assume Milky Way-like intrinsic
absorption modifying the XRB flux.

It is quite possible that the ISM properties of a so-
lar metallicity galaxy are different from those of a lower
metallicity galaxy such as VV 114 or NGC 3310 at the
same SFR. Comparing the measured SED of VV 114 to
our toy model for the X-ray SED at 0.5 Z5 suggests that
the assumption of intrinsic absorption measured primar-
ily from solar metallicity galaxies (e.g., M83, NGC 3256,
and NGC 253) may be inappropriate for lower metallic-
ity galaxies. This is possibly because more metal-poor
galaxies have lower intrinsic column densities, an effect
which is manifested most strongly in the soft band por-
tion of the SED. As we do not yet have strong observa-
tional constraints on how the ISM properties change as a
function of host galaxy properties (e.g., metallicity and
SFR) we leave it to a future work to provide more rigor-
ous investigation of the origins of the differences in the
soft band SED in star-forming galaxies across different
metallicities.

4.4. Comparison of Galaxy-Integrated Properties with
Empirical and Theoretical Scaling Relations

As discussed in Section 4.2, the 0.3-30 keV SED of
VV 114 displays a clearly elevated normalization rela-
tive to the X-ray SEDs of solar metallicity star-forming
galaxies. In this section, we focus on comparing our re-
sults for the galaxy-integrated Lx/SFR of VV 114 with
results from previous works, as well as expected theo-
retical and empirical scalings of XRB Lx /SFR for star-
forming galaxies as a function of metallicity.

As reported in Table 3, we measured a galaxy-
integrated total luminosity of log L%illo ey = 41.27
+ 0.04 and log L8, v = 41.41 £ 0.04 from the
bknpowyrx model fit to the XMM-Newton and NuS-
TAR spectra and the powxrp model fit to the Chan-
dra spectrum, respectively. The only other comparable
spectral analysis in the literature for VV 114 was per-
formed by Grimes et al. (2006), using the same Chandra
data as presented in this work, in addition to using shal-
low, archival XMM-Newton data (not used here). Their

analysis found log L%illo ey = 41.38 for the galaxy-
wide emission from fits to the Chandra spectra of the
eastern and western components of the galaxy, consis-
tent within the uncertainties of our Chandra-derived to-
tal X-ray luminosity (log L%illo ey = 41.41 £ 0.04).
They do not report a luminosity from their best-fit
model to the archival XMM-Newton data, so we input
the best-fit parameters from their model (Table 5 in
Grimes et al. 2006) in XSPEC and use the flux com-
mand to derive log L%illo ey = 41.23 (corrected for
foreground Galactic absorption), consistent with our
log L%illo ey = 41.27 £ 0.04 for the newly obtained
XMM-Newton and NuSTAR observations. We note that
this agreement is significant, as the luminosity derived
from the Grimes et al. (2006) XMM-Newton model is
based on archival XMM-Newton data taken at a differ-
ent epoch than the XMM-Newton and NuSTAR obser-
vations presented here. This agreement therefore sug-
gests that variability, in a galaxy-integrated sense, is
not significant between the epochs at which the archival
and new XMM-Newton observations were obtained.

We next turn to the comparison of XRB Lx /SFR for
VV 114 with recent theoretical and empirical constraints
on the scaling of these quantities with metallicity. To get
a “clean” estimate of XRB Lx a thorough accounting
of the different contributions, including resolved point
sources (ULXs), unresolved XRBs, the hot ISM contri-
bution, and any possible AGN contamination, is impor-
tant. In this work, we measure XRB Lx from the broken
power-law component of the bknpowyr,x model fit to the
XMM-Newton and NuSTAR spectra. We convert lumi-
nosities reported in different energy bands from other
works to the 0.5-8 keV band using conversion factors
determined from webPIMMSs under the assumption of a
simple power-law spectrum with I' = 1.7, appropriate
for XRBs.

In Figure 8 we show the LIEB, | /SFR of VV 114,
assuming a SFR of 38 Mg yr~!, (black circle) rela-
tive to the best-fit Lx/SFR in the same band based on
fits to the XLF of star-forming galaxies from Lehmer
et al. 2019 (hashed green region) and Mineo et al.
2012a (hashed purple region). The horizontal extents
of each region show the mean metallicity of all galaxies
in each sample and the standard deviations, which for
the Lehmer et al. (2019) sample come from their Table 1
and for the Mineo et al. (2012a) sample are taken from
the calculations of Fornasini et al. (2019). The vertical
extents of the hashed regions represent the lo uncer-
tainties on both scalings. Both the Mineo et al. (2012a)
and Lehmer et al. (2019) scalings should be taken as
appropriate for roughly solar metallicity environments.
We find the measured Lff??s wv/SFR of VV 114 from
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Figure 8. Galaxy-integrated XRB Lx (0.5-8 keV) per unit
SFR as a function of gas-phase metallicity for a selection
of empirical and theoretical studies. We show the results
for VV 114 from this work as the black, labelled circle, as
well as from a sample of LBAs (salmon squares; Basu-Zych
et al. 2013a), z = 0.1 — 0.9 galaxy stacks (yellow triangles;
Fornasini et al. 2020), and z = 2 galaxy stacks (maroon
triangles; Fornasini et al. 2019). The salmon square out-
lined in black is the value for VV 114 from Basu-Zych et al.
(2013a). We likewise show the canonical Lx/SFR values
derived from XLF-fitting of resolved XRB populations in
star-forming galaxies from Mineo et al. (2012a) and Lehmer
et al. (2019) as the hashed purple and green regions, respec-
tively, where the extent of the regions shows denotes the
mean metallicity and standard deviations of the galaxies in
each sample. Finally, we show the empirically derived scal-
ing for the Lx-SFR-Z plane from Brorby et al. (2016) as the
solid blue line, with the dispersion in the relation shown in
light blue, and the theoretical scaling of galaxy-integrated
XRB Lx/SFR with metallicity from Fragos et al. (2013a) as
the dashed grey line. The observed galaxy-integrated XRB
Lx /SFR value for VV 114 is consistent with the empirical
and theoretical scalings of Lx/SFR which account for the
effects of metallicity on XRB populations.

the bknpowyrx model fit to the XMM-Newton + NuS-
TAR spectra is a 1o outlier from the Mineo et al. (2012a)
relation, but consistent with the Lehmer et al. (2019) re-
lation within the 1o uncertainties on their XLF-derived
scaling.

We next compare our derived Lx/SFR for VV 114
to theoretical and empirical scalings for the dependence
of Lx/SFR on metallicity from Fragos et al. (2013a)
and Brorby et al. (2016), respectively. In Figure 8 we
show the theoretical Fragos et al. (2013a) evolution of
Lx/SFR for XRBs with metallicity from binary popu-
lation synthesis models as a dashed grey line (absorbed
SED model from Fragos et al. (2013a)), and the empir-
ical findings of Brorby et al. (2016) based on analysis
of the X-ray emission from a sample of Lyman break
galaxies as a solid blue line, with the dispersion in their

relation shown as light blue. Our measured value for
V'V 114 is consistent with the Brorby et al. (2016) empir-
ical relation, though this is expected as their Lx-SFR-Z
scaling is derived from a sample of highly star-forming
galaxies similar to VV 114. Likewise, VV 114 is consis-
tent with the theoretical predictions from Fragos et al.
(2013a), despite the different assumptions for the un-
derlying SED in the Fragos et al. (2013a) models, which
come from analyzing the spectra of Galactic BH and NS
XRBs in different accretion states (Fragos et al. 2013b).

We also show three observational samples for com-
parison in Figure 8, namely a selection of LBAs from
Basu-Zych et al. (2013a), the high-sSFR sample of z = 2
galaxy stacks binned by metallicity from Fornasini et al.
(2019), and the sample of z = 0.1 — 0.9 galaxy stacks
binned by metallicity from Fornasini et al. (2020), all
of which are selected to be HMXB-dominated samples.
VV 114 is included in the original Basu-Zych et al.
(2013a) sample, so we plot VV 114’s XRB Lx /SFR from
Basu-Zych et al. (2013a) as the salmon square with black
outline. The value for VV 114 from Basu-Zych et al.
(2013a) is taken from galaxy-wide 2-10 keV luminos-
ity from the Grimes et al. (2006) analysis. To make an
appropriate comparison, we therefore correct the Basu-
Zych et al. (2013a) Lx value for VV 114 to the 0.5-8 keV
band, and subtract the contribution from the hot gas
component based on the galaxy-wide spectral model pre-
sented in Grimes et al. (2006). With this correction, we
find the values from this work and Grimes et al. (2006)
and Basu-Zych et al. (2013a) are in good agreement.
Notably, all observed samples (VV 114, LBAs, z = 2
stacks, and z = 0.1 — 0.9 stacks) are elevated with re-
spect to the scalings derived from XLF fitting for nearby
star-forming galaxies (Mineo et al. 2012a; Lehmer et al.
2019), but are consistent with the theoretical and em-
pirical scalings which account for the metallicity depen-
dence of XRB populations. These results underscore the
necessity of accounting for metallicity effects in studies
of XRBs in star-forming environments, including future
empirical constraints on the dependence of the XRB
XLF on metallicity.

4.5. Soft Band SED and Relevance to IGM Thermal
History

In Section 4.2, we showed that the normalization of
the hard band (2-30 keV) SED of VV 114 agrees with
theoretical predictions for enhanced XRB Lx/SFR at
lower metallicity. There are no such theoretical predic-
tions currently in the literature for how the shape or
normalization of the soft band (0.5-2 keV) SED scales
with metallicity; however, there are past observational
works which have investigated the scaling of the hot gas
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Lx (as measured in the 0.5-2 keV band) in star-forming
galaxies with SFR (e.g., Strickland et al. 2004; Ott et al.
2005a,b; Grimes et al. 2005; Mineo et al. 2012b; Smith
et al. 2018). In particular, the Mineo et al. (2012b) study
used Chandra data for a sample of 21 star-forming galax-
ies, covering a range of SFRs from 0.1-20 Mg yr—!, to
parametrize the linear scaling between L§® and SFR.
Below, we discuss our results for the hot gas Lx of
VV 114 derived from our best-fit SED relative to the
Mineo et al. (2012b) empirical scaling, and connect this
discussion to the importance of the soft band SED to
the thermal history of the IGM.

From the APEC components of the bknpowyrx model
fit to the NuSTAR + XMM-Newton spectra (Table 3),
we find L§°(0.5-2 keV) = 1.23 x 10* erg s7! for
VV 114. By contrast, the linear L§*-SFR scaling de-
rived from the Mineo et al. (2012b) sample predicts
L§*(0.5-2 keV) ~ 3 x 100 erg s=! given the SFR for
VV 114, a difference of ~ 0.6 dex from our measured
hot gas Lx. It is possible the lower metallicity of VV 14
is what results in this discrepancy, as the Mineo et al.
(2012b) study does not explicitly account for metallic-
ity in deriving the hot gas Lx—SFR scaling and quotes
a dispersion of only ¢ = 0.34 dex in the relation.

Several previous X-ray studies with Chandra have also
investigated the scaling of L§"™ with SFR across a range
of star-forming galaxies, from ULIRGs to dwarf star-
bursts (Grimes et al. 2005; Ott et al. 2005a,b). Notably,
Ott et al. (2005a,b) studied a sample of eight dwarf star-
bursts using Chandra, of which the majority were low-
metallicity (Z < 0.3Z), finding that the diffuse gas Lx
was linearly correlated with “current” (i.e., Ha-based)
SFR. While Ott et al. (2005a,b) did consider the gas-
phase metallicity of the dwarf starbursts in their sample
in the context of their study, they did not find any ex-
plicit correlation between the diffuse gas Lx per unit
SFR as a function of metallicity. Two of their lowest
metallicity galaxies did not have any detected diffuse
component, though they note this may because such
emission was below their detection thresholds, while four
of their low-metallicity (Z < 0.3 Zg) dwarf starbursts
had substantial diffuse emission detected. Interestingly,
they found that the diffuse emission in these dwarf star-
burst galaxies constituted 60-80% of the 0.3-8 keV pho-
tons from the galaxy (Ott et al. 2005a), a much higher
percentage contribution from hot gas Lx than predicted
from our simulated low-metallicity SEDs presented in
Section 4.3, but in line with the measured percentage
contribution from diffuse emission to the soft band for
the low-metallicity galaxies VV 114 and NGC 3310 (~
60%, this work and Anastasopoulou et al. 2019, respec-
tively).

The scaling of L§*(0.5-2 keV) with SFR and metal-
licity has implications for the importance of X-ray pho-
tons from star-forming galaxies at high redshift, and
their effect on the thermal history of the IGM. In par-
ticular, the soft band (0.5-2 keV) portion of the X-ray
SED is most important for the epoch of heating, prior
to the epoch of reionization (e.g., Pacucci et al. 2014;
Das et al. 2017). The mean free paths of photons at
2z ~10-20 approach the Hubble length at energies = 2
keV, thus photons with energies 2 2 keV will effectively
“free stream” through the IGM during this epoch (e.g.,
McQuinn 2012).

Theoretical studies have shown that the cosmic 21-cm
signal, which should be measurable with second genera-
tion interferometers such as HERA and SKA, will there-
fore be sensitive to the shape of the soft band SED of
the first galaxies and its scaling with SFR, (e.g., Mesinger
et al. 2014; Greig & Mesinger 2017). Likewise, theoret-
ical work indicates that the timing of IGM heating is
affected by the shape of the X-ray SED, with “early”
heating which precedes reionization predicted for softer
SEDs, and “late” heating which occurs during reion-
ization predicted for harder SEDs (e.g., Fialkov et al.
2014). Critically, these theoretical studies often assume
that the X-ray photons which heat the IGM are pro-
duced solely by XRBs in the first star-forming galax-
ies, without accounting for the hot gas emission from
such galaxies (e.g., Fialkov et al. 2014; Madau & Fra-
gos 2017). As we have shown here, the hot gas emis-
sion can be substantial in the soft band, especially for
low-metallicity galaxies. Thus, work such as this, which
constrains both the form of the X-ray SED as well as its
component parts, is critical to constraining when signif-
icant IGM heating may occur and predicting the 21-cm
fluctuations measurable by next generation interferom-
eters.

The best current empirical constraints on the soft
band X-ray SED from star-forming galaxies do not ac-
count for the host galaxy metallicity and its effect on
the hot gas versus XRB contribution to the emergent
soft band flux (e.g., Grimes et al. 2005; Mineo et al.
2012b). Theoretical studies based on these empirical re-
sults show that there may be a factor of three difference
in the 21-cm power on large scales between assuming hot
gas versus XRBs dominate the soft band emission (soft
versus hard spectrum, respectively) (e.g., Pacucci et al.
2014). As we might expect the pristine, low-metallicity
galaxies in the early Universe to have different ISM prop-
erties than local galaxies, nearby low-metallicity galax-
ies such as VV 114 serve as better analogs for the first
galaxies when it comes to constraining the form of the
X-ray SED as it applies to the epoch of heating and
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the cosmic 21-cm signal. Modeling of the expected 21-
cm signal shows that tuning model predictions to con-
straints based on local star-forming galaxies (ostensibly
at solar metallicity) can lead to estimates of 5x fewer
soft photons escaping the galaxy compared to a “metal-
free” ISM, which is more transparent (e.g., Das et al.
2017). This, in turn, affects the thermal history of the
IGM; if the ISM conditions in the early Universe are
similar to star-forming galaxies today, this implies fewer
soft photons escape galaxies at high redshift, leading
to inefficient heating of the IGM which occurs closer to
reionization.

We present evidence that VV 114 has a higher than
expected elevation of Lx per unit SFR in the soft band
relative to other highly star-forming galaxies at solar
metallicity (e.g., Mineo et al. 2012b; Wik et al. 2014b;
Lehmer et al. 2015; Yukita et al. 2016). This may im-
ply more soft photons escape galaxies at low metallicity
at high redshift, ultimately leading to larger fluctuations
in the IGM temperature, and therefore higher amplitude
for the large-scale 21-cm power spectrum (Pacucci et al.
2014). As noted above, the soft band portion of the SED
is in general not well calibrated down to low metallici-
ties, but VV 114 offers tantalizing evidence that X-rays
from star-forming galaxies may play a critical role in
heating the IGM.

5. SUMMARY & FUTURE WORK

Here we have measured, for the first time, the 0.3—
30 keV SED of the low-metallicity, star-forming galaxy
VV 114. Through detailed spectral fitting of archival
Chandra as well as the newly obtained, near simul-
taneous XMM-Newton and NuSTAR observations we
showed that the SED of VV 114 has (1) an elevated
normalization relative to the X-ray SEDs of solar metal-
licity galaxies; and (2) a characteristic break at high en-
ergies (~ 4 keV). These SED characteristics are indica-
tive of an enhanced ULX population, which dominates
the global X-ray emission from VV 114. Our findings
for VV 114 are consistent with theoretical expectations,
which predict a factor of at least two enhancement in
the galaxy-integrated Lx from XRBs at 0.5 Zg relative
to production of XRBs at solar metallicity.

We further show that the X-ray SED has a similar
shape for star-forming galaxies of different metallicities,
namely that the SED is ULX-dominated at high ener-
gies with a substantial hot gas contribution in the soft
band. We also present evidence, for the first time, that
VV 114 has an elevated soft band (0.5-2 keV) lumi-
nosity relative to predictions for the scaling of diffuse
gas emission with SFR from previous empirical studies.
This elevated soft band Lx for VV 114 is due possibly

to the more pristine ISM conditions in the galaxy given
its lower metallicity. This work underlines the impor-
tance of broadening the sample of low-metallicity galax-
ies across a range of SFRs for which there are measured
X-ray SEDs, with constraints on the contribution from
both hot, diffuse gas, as well as compact sources of emis-
sion such as XRBs, to offer the best possible empirical
framework for interpreting future high redshift measure-
ments and informing binary population synthesis work.
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