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Science BG: Seed black holes for SMBHs

(http://www2.iap.fr/users/volonter/BHformation.html)

+ The remnant of massive Population III stars  
+ The result of the direct collapse of primordial dense gas  
+ The end-product of very massive stars formed through stellar mergers 
    in dense star clusters 

What is the main process that forms seed black holes? 



BH occupation fraction

404 to find a likely black hole mass of B5! 105 M}. Neumayer
and Walcher34 find upper limits of B106 M} for nine bulgeless
spirals, confirming that such galaxies contain low-mass black
holes if they contain a central black hole at all.

Bulgeless galaxies with active nuclei. M33 taught us that not all
low-mass galaxies contain central supermassive black holes. The
galaxy NGC 4395, a galaxy very similar in mass and shape to
M33, shows that some low-mass galaxies do contain nuclear black
holes35. Like M33, NGC 4395 is small and bulgeless. Unlike M33,
NGC 4395 contains unambiguous evidence for a central massive
black hole (Box 1), including extremely rapid variability in the
X-rays36 and a radio jet37. While we do not know precisely, the
black hole mass is likely 104–105 M} (refs 38–40).

NGC 4395 highlights the utility of using nuclear activity as a
fingerprint of low-mass black holes when their gravitational
signature is undetectable. In 2004, Aaron Barth reobserved the
forgotten active galaxy POX 52 (refs 41,42), which has a near-
identical optical spectrum to NGC 4395. POX 52 also appears to
contain a B105 M} black hole. NGC 4395 went from being an
unexplained oddball to the first example of a class of objects, with
POX 52 being the second example. But are there more? Greene
and Ho43 were inspired to perform the first large systematic
search for this new class of ‘low-mass’ accreting black holes.

In 2003, the SDSS44 had just started to provide pictures and
spectra of objects over one-quarter of the sky, exactly what was
needed to search for the rare and elusive low-mass black holes.

Greene and Ho43 went through hundreds of thousands of galaxy
spectra to pick out the accreting black holes with fast-moving gas
at their centres (Box 1). They then picked out the B200 systems
with masses o106 M} (refs 43,45). Greene and Ho chose this
mass because it is similar to the mass of the black hole at our
galaxy centre, and serves as the anecdotal low-mass cutoff of
supermassive black holes. Dong et al.46 also searched through the
SDSS for low-mass black holes with similar criteria, increasing the
total sample by B30%.

Subsequent searches of the SDSS have adopted different
approaches. While looking for galaxies with pristine, metal-free
gas, Izotov and Thuan47 present evidence for accreting black
holes in four vigorously star-forming galaxies, again based on the
detection of fast-moving gas that is most likely orbiting a black
hole with MBH B104–106 M} (Box 1). In contrast, a number of
groups are now first selecting low-mass galaxies, and then
searching for signatures of accretion (ref. 48).

Multiwavelength searches. Searches for low-mass black holes
using the SDSS were an important first step, and allowed us to
comb through hundreds of thousands of galaxies. However, they
are fundamentally limited in two ways. First, in galaxy nuclei with
ongoing star formation, dust obscuration and emission from star
formation hides the evidence of nuclear activity. Second, the
SDSS takes spectra of a biased sample of relatively bright galaxies,
which makes it very difficult to calculate a meaningful occupation
fraction49.

An obvious way to circumvent these biases, and complement
the original optical searches, is to use other wavebands. X-rays,
for instance (Box 1), are such high-energy photons that they can
only be hidden by very large quantities of gas. Radio and mid-
infrared wavelengths are also relatively unaffected by dust
absorption. On the other hand, multiwavelength searches to
date have been restricted to small samples.

The fraction of low-mass (Mgalo1010 M}) galaxies with X-ray
emission coming from the nucleus has been studied both as a
function of stellar mass50,51 and galaxies comprising old stars
morphology52,53. The former studies focused on galaxies com-
prises old stars, while the latter focused on star-forming galaxies.
Less than 20% of non-star-forming galaxies with Mgalo1010 M}
have nuclear X-ray sources with L X\2.5! 1038 erg s" 1, while in
star-forming galaxies of similar mass, B25% of galaxies contain
X-ray nuclei above the same luminosity. The difference in
detection rate is likely due to a lack of gas to consume in the red
galaxies. Below, I will use these detection fractions to estimate the
occupation fraction in galaxies with Mgalo1010 M}.

The X-ray luminosities probed here are very low. If a 105 M}
black hole has very little to accrete, it will only shine very weakly,
in this case with an X-ray luminosity as low as L Xt1038 erg s" 1.
However, stellar-mass black holes can sometimes shine with this
luminosity as well, although they are not very common; the best
guess is that B10% of the sources are actually powered by 10 M}
black holes while the rest are powered by B105 M} black
holes50. However, as we look at less and less luminous X-ray
sources, more and more of them will be powered by stellar-mass
black holes. A luminosity of L Xt1037 erg s" 1 is a typical
luminosity for a radiating stellar-mass black hole and so at this
luminosity nearly all detected sources will be stellar-mass black
holes. Owing to confusion about the nature of the detected
objects, we are reaching the limit of what X-ray searches alone
can tell us about the demographics of low-mass black holes. It is
possible that including X-ray variability information will also help
weed out the stellar-mass black holes54.

The high-ionization [Ne V] line, detected in mid-infrared
spectroscopy, is a reliable indicator of active galactic nuclei

Theory: Stellar death

Theory: Direct collapse
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Figure 2 | The Occupation Fraction. We show the expected fraction
of galaxies with Mgalt1010 M} that contain black holes with MBH\
3! 105 M}, based on the models of ref. 20, as presented in ref. 7, for high
efficiency massive seed formation (solid purple line), as well as stellar
deaths (green dashed line). Using data from the literature, the large circles
show the fraction of galaxies containing black holes greater than 106 M}

(lower points) and greater than 3! 105 M} (higher points) based on
Desroches et al.52 (blue) and Gallo et al.50 (red). The difference between
the two roughly represents the systematic errors in the methods. See text
for details. Although the uncertainties are very large, we find tentative
evidence in support of the efficient massive seed models (purple solid line).
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(soft X-ray study by Greene 12)

+ The BH occupation fraction  
   has information of seed BHs.
+ The fraction is 
    (#AGN/fagn)/#all galaxies 
   (fagn = 0.1: active BH fraction)

+ The current sample is biased  
   against heavily obscured  
   systems.

+ A lower fraction favors the  
   direct collapse scenario  
   as a primary process.

Direct collapse is 
favored ?



BH occupation fraction
+ The BH occupation fraction  
   has information of seed BHs.

+ The current sample is biased  
   against heavily obscured  
   systems.
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W1−W2 color of 0.48, just below the lowest color cut discussed
in this work. The discovery of AGN activity in bulgeless and
low-mass galaxies is therefore not unprecedented. Furthermore,
there are 57 optically identified AGNs in our bulgeless sample,
16 of which also have W1 − W2 greater than 0.5, suggesting
that the AGN dominates over the host galaxy emission in these
16 galaxies. In AGN-dominated galaxies, the W2 luminosity is
expected to originate almost entirely from the AGN (Stern et al.
2012). In the 16 optical AGNs that also have red WISE colors,
the W2 luminosities range from log(LW2 (erg s−1)) = 42.3 to
44.6, with a mean of 43.7. By comparison, the W2 luminosi-
ties of our full sample of 337 optically normal galaxies with
W1 −W2 ! 0.5 range from log(LW2 (erg s−1)) = 41.6 to 45.0,
with a mean of 43.8 (erg s−1). Thus, even if a putative AGN in
these galaxies dominates over its host, the implied total AGN
luminosity is by no means extreme.

Based on all available data and the published work on WISE
colors of galaxies thus far, the red mid-infrared colors of the
bulgeless galaxies presented in this work are difficult to explain
without invoking the presence of obscured AGNs. Follow-up
multi-wavelength investigations of the full W1 − W2 > 0.5
should be conducted. If these galaxies are discovered not to host
obscured AGNs, we emphasize that they are extremely unusual,
and that the origin of the host dust needs to be understood in
this population.

7. COMPARISON OF WISE AND
OPTICAL AGN SELECTION

If the red mid-infrared colors of the galaxies in our sample
are indeed due to AGN activity, our investigation has revealed
a completely unexpected population in optically quiescent
bulgeless galaxies. It is well known that the AGN fraction,
based on optical studies, is highest in massive bulge-dominated
galaxies (Kauffmann et al. 2003), and drops dramatically in the
low-mass regime. While the fraction of bulgeless galaxies that
host mid-infrared selected AGNs is still low, if a significant
fraction of the galaxies with W1 − W2 > 0.5 are confirmed to
host AGNs, the AGN detection rate based on WISE could be a
factor of up to ≈6 larger than the optical AGN detection rate,
at least in galaxies that are not massive and bulge-dominated.
In order to compare the general dependence of WISE AGN
selection with optical AGN selection as a function of stellar
mass, we obtained the WISE colors for all galaxies in the
Simard et al. (2011) catalog for all host morphologies. Again
we cross-matched the Simard et al. (2011) catalog with the
WISE all-sky data release catalog to within < 1′′, requiring a
detection threshold above 5σ in the W1, W2, and W3 bands.
In Figure 5, we show the fraction of galaxies classified as AGN
by WISE according to the various color cuts as a function of
stellar mass. Although the reliability of AGN selection is a
function of the adopted color cut, Figure 5 clearly shows that
the AGN fraction, based on infrared color selection, is highest at
the lowest stellar masses and drops dramatically at higher stellar
masses. This result is in direct contrast with results from optical
spectroscopic surveys. In the Kauffmann et al. (2003) study of
22,623 narrow-line AGNs drawn from SDSS, the AGN fraction
approaches nearly 100% for all emission line galaxies at the
highest masses and drops dramatically with decreasing stellar
mass (see Figure 5, solid histogram in top panel, in Kauffmann
et al. 2003). A key and striking result from this study is that
WISE reveals a population of optically hidden AGNs in the
lowest mass galaxies, and that the incidence of WISE AGNs
remarkably follows an opposite trend with mass than that which

Figure 5. Fraction of AGN candidates identified by WISE as a function of stellar
mass in the cross-matched WISE/Simard et al. (2011) catalogs.
(A color version of this figure is available in the online journal.)

is found in optical spectroscopic studies. We also note that,
as discussed above, WISE detects AGNs in galaxies where the
AGN dominates over the host galaxy emission. Indeed, as can be
seen from Figure 5, none of the WISE color cuts select the bulk of
the optically identified AGNs at higher masses, since the AGNs
do not dominate over the host galaxy emission. Mid-infrared
color selection is therefore selecting a more extreme population
of AGNs that is more prevalent in the low-mass regime.

8. SUMMARY

We have conducted an investigation of the WISE colors
of 13,862 low-redshift galaxies drawn from and classified as
bulgeless from the SDSS catalog of bulge/disk decompositions
from Simard et al. (2011). Our main results can be summarized
as follows:

1. We have identified a population of bulgeless galaxies that
display extremely red mid-infrared color indicative of hot
dust, which is highly suggestive of a dominant AGN.
Depending on the WISE color selection employed, the
number of AGN candidates ranges from 25 to over 300.

2. The vast majority of these galaxies display no optical AGN
signatures in their SDSS spectra, and many appear to be
“pristine” isolated galaxies with no signs of interactions.

3. Based on existing data, we have explored other known
scenarios that can heat the dust to high temperatures
including extreme star formation and star formation in
low-metallicity environments, but none of these scenarios
appear to explain the observed colors of this sample.

4. If these galaxies do host AGNs, the AGN detection rate
can be up to a factor of ≈6 larger than the optical AGN
detection rate in this host galaxy demographic.

5. We compare the AGN detection rate based on infrared
color selection with the optical AGN detection and find
that the fraction of all galaxies identified as candidate
AGNs by WISE is highest at the lowest stellar masses and
drops dramatically in the highest mass galaxies, in striking
contrast to the findings from optical studies.

The discovery of optically quiescent bulgeless with AGNs
will add to the growing evidence that SMBH growth takes place
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+ MIR diagnostics studies suggest 
   high AGN fractions of > 10%, thus  
   the occupation fraction > 100%!?
+ Hard X-ray observations are  
   crucial for drawing a robust  
   conclusion.
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Figure 12. Color–color diagram showing the locations of interesting classes of
objects. Stars and early-type galaxies have colors near zero, while brown dwarfs
are very red in W1–W2, spiral galaxies are red in W2–W3, and ULIRGS tend to
be red in both colors.

4.1. Brown Dwarf Stars

Brown dwarf stars are very faint, since they are not massive
enough to fuse hydrogen into helium. As a result, they gradually
fade and cool, and old brown dwarfs will be very cool and
faint. Both Jupiter with L = 10−9 L⊙ and Gliese 229B with
L = 10−5 L⊙ have very strong emission at 4.6 µm due to
a lack of methane absorption at this wavelength (Kirkpatrick
2005). Thus, the 4.6 µm band of WISE is a powerful tool for
finding cool brown dwarfs. Most of the brown dwarfs found prior
to WISE have been discovered using the z′ band of SDSS or
the J band of 2MASS or UKIDSS, but fairly high temperatures
are required before there is substantial emission in either of these
short-wavelength bands. As a result the currently known sample
of brown dwarfs is biased toward the hotter, and thus younger,
objects. WISE is able to find 10 Gyr old brown dwarfs and thus
should detect a high density of stars in the solar neighborhood.
The expected number density of brown dwarfs is one to two
times the density of ordinary stars (Reid et al. 1999; Chabrier
2002).

The expected number of brown dwarfs that WISE will see
can be computed using models for the emitted spectra of brown
dwarfs and the luminosity and effective temperature of brown
dwarfs as a function of mass and age (Burrows et al. 2003).
These model spectra are plotted as νFν/Fbol in Figure 13. The
spectra can also be used to compute the dimensionless ratios
of νFν/Fbol for each WISE band, which turn out to be well
described by simple functions of the effective temperature Te.
The functional forms plotted in Figure 14 are given by

νFν

Fbol
= 0.16
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(3)

with x = hν/(1.34kTe) for band 1 in blue,
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Figure 13. Brown dwarf spectra selected from Burrows et al. (2003) smoothed
to 1% resolution. Curves are labeled with the effective temperature from 797 K
at the top to 312 K at the bottom.
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Figure 14. Flux in the WISE bands compared to the bolometric flux as a function
of Teff for the models of Burrows et al. (2003). Simple functional fits are shown.

with x = hν/(2.29kTe) for band 2 in green,
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fagn = 10% 

+ A lower fraction favors the  
   direct collapse scenario  
   as a primary process.

+ The fraction is 
    (#AGN/fagn)/#all galaxies 
   (fagn = 0.1: active BH fraction)
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Green Pea galaxies

SDSS J0749+3337 SDSS J0822+2241

+ Green Pea galaxies were identified in an SDSS catalog, and their 
   appearances are interpreted as strong [O III] emission w/ high EWs. 
   (Cardamone+09). 

+ They are low stellar-mass and metallicity species, and regarded  
   as those resemble to galaxies in an early phase of the galaxy formation. 

log M★/Msun  
           ~ 9.5

log M★/Msun  
           ~ 8.4



AGN-like MIR properties 

- Red colors  
   → Hotter dust emission from the AGN torus?A NuSTAR and XMM-Newton Study of GPs 3

apparent discrepancy could be explained if a mass ac-
cretion black hole is deeply buried in the surrounding
material and therefore the narrow line region remains
absent (e.g., Imanishi et al. 2001, 2006, 2008, 2010;
Ueda et al. 2007; Ichikawa et al. 2014). To provide new
insights into this discussion, we present the first hard X-
ray data obtained with NuSTAR (Harrison et al. 2013),
currently the most sensitive hard X-ray (3–80 keV) ob-
servatory. Additionally, soft X-ray properties are exam-
ined using XMM-Newton (Jansen et al. 2001) archival
data. The NuSTAR and XMM-Newton observations
were conducted in 2018 (PI: Kawamuro) and in 2013
(PI: Ehle), respectively, and the log of these X-ray ob-
servations is given in Table 2.
The remainder of this paper is organized as follows.

First, we briefly summarize the MIR properties of
J0749+3337 and J0822+2241 based on the WISE data
in Section 2. In Section 3, we present an analysis of the
NuSTAR data, and report the non-detection of the GPs
in the hard X-ray band. In Section 4, we perform spec-
tral analysis of the XMM-Newton data. A discussion
and summary are given in Sections 5 and 6, respectively.
Throughout this paper, we assume a ΛCDM cosmology
with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
We utilize HEASoft version 6.22 for X-ray data reduc-
tion, and XSPEC version 12.9.1p (Arnaud 1996) for
spectral analysis. The solar abundance table provided
in Wilms et al. (2000), where the oxygen abundance
ratio of 12 + log(O/H) is 8.69, is adopted. Errors at-
tached to X-ray spectral parameters are given at 90%
confidence limits for a single parameter of interest by
following convention, while others are quoted at the 1σ
confidence level unless otherwise stated.

2. WISE MIR PROPERTIES

We present that in the MIR (3–22 µm) band
the GPs have red colors, steep spectral indices,
and luminous emission, consistent with the pres-
ence of an AGN. Their MIR data were taken from the
AllWISE data release, which combined the data taken
from the four-band cryogenic phase (Wright et al. 2010)
and the NEOWISE post-cryo phase (Mainzer et al.
2011). The GPs were detected in all four bands (W1:
3.4 µm, W2: 4.6 µm, W3: 12 µm, and W4: 22 µm)
with S/N above 12 (i.e., ph qual = A) and little satu-
ration (i.e., w[1,2,3,4]sat ≈ 0). The photometry flag
of ccflag = 0 guaranteed that our sources were unaf-
fected by known artifacts (e.g., contamination and/or
biased flux due to proximity to an image artifact). The
observed magnitudes were converted into flux densities
by assuming a spectral index of α = 2 in the form of
Sν ∝ ν−α, close to those obtained by our spectral energy
distribution (SED) fits (see below).
Figure 1 shows a WISE color–color plot of the GPs

together with two AGN selection regions proposed by
Stern et al. (2012) and Jarrett et al. (2011):
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Figure 1. MIR 4.6–12.0 µm versus 3.4–4.6 µm color-

color plot. Black dashed and dot-dashed lines represent the

AGN selection criteria proposed by Jarrett et al. (2011) and

Stern et al. (2012), respectively. Only those whose stellar

masses were constrained by Izotov et al. (2011) are color-

coded according to the right-hand color bar for the sSFR.

Four star-forming GPs are located outside the figure and are

generally in the upper right direction.

and

[4.6] - [12] > 2.2 mag
& [4.6] - [12] < 4.2 mag
& [3.4] - [4.6] > (0.1 x [4.6 - 12] + 0.38) mag
& [3.4] - [4.6] < 1.7 mag.

Here, we additionally add another 28 GPs that were de-
tected in the four WISE bands with S/N > 3. The
additional sample consists of 20 star-forming GPs and 8
AGN, or narrow-line Seyfert 1 galaxies (NLS1), GPs, the
details of which (i.e., R.A., and Dec.) are available in
Cardamone et al. (2009). J0749+3337 and J0822+2241
satisfy both of the AGN criteria within uncertainty. All
of the optically identified AGN GPs can be classified as
AGNs, and a large fraction of the star-forming GPs fall
also within the criteria. However, Hainline et al. (2016)
suggested that the selections do not guarantee the pres-
ence of an AGN, particularly for low-stellar-mass, high
SFR, or high sSFR (log(sSFR/Gyr−1) > 0.1) galaxies.
Indeed, our GPs have high sSFRs (Figure 1)ii.
MIR SEDs have often been used to identify AGNs

by detecting a power law component originating in
AGN-heated dust (e.g., Polletta et al. 2007). Spec-
tral indices of luminous AGNs are typically α !
0.5 in the form of Sν ∝ ν−α (Alonso-Herrero et al.
2006; Mullaney et al. 2011). The spectral indices of
J0749+3337 and J0822+2241 derived from single power
law fits to W1, W2, and W4 band photometry were

ii By following Hainline et al. (2016), SFRs were calculated with
Hα luminosity as log(SFR/M⊙ yr−1) = log(LHα/erg s−1)−41.27.

+ The two GPs are consistent with having AGNs in the MIR band. 
- MIR luminosities are higher than expected from the SFRs 
   → A further energy source, or AGN? 
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Figure 2. Top: Hα-based SFRs vs. 12 µm (left) and 22 µm (right) luminosities. The data points are indicated as gray-scale density maps for better visibility. The red
solid lines are the best fits to the galaxies with SFR > 3 M⊙ yr−1. The blue solid lines are the same, but by fixing the slope to be unity. The dashed lines are extensions
of the solid lines. Bottom: SFR calibrations based on 12 µm (left) and 22 µm (right) luminosities of Donoso et al. (2012, green line), Shi et al. (2012, cyan line), Jarrett
et al. (2013, black line), and this study (red and blue lines). The solid lines indicate the SFR ranges used for deriving the relations (see Table 1), and the dashed lines
extend these relations.
(A color version of this figure is available in the online journal.)

Table 1
SFR Calibrations Based on Monochromatic MIR Luminosities

Band m n c σ Reference SFR Range

Spizter 8 1.09 ± 0.06 −10.03 ± 0.16 −9.20 ± 0.19 1 0.2–20
Spitzer 8 0.93 ± 0.03 −8.59 ± 0.08 −9.19 ± 0.19 0.18 4 0.1–30
AKARI 9 0.99 ± 0.03 −8.84 ± 0.32 0.18 6 0.2–150
WISE 12 1.01 ± 0.01 −8.85 ± 0.01 7 0.1–100
WISE 12 0.67 −6.45 8 0.01–100
WISE 12 −9.13 ± 0.03 0.03 9 0.03–4
WISE 12 1.03 ± 0.01 −9.02 ± 0.02 −8.78 ± 0.03 0.20 10 3–100

Spizter 24 0.89 ± 0.06 −7.82 ± 0.17 −8.81 ± 0.19 1 0.2–20
Spizter 24 0.87 −7.82 2 0.01–50
Spizter 24 0.89 ± 0.03 −7.97 ± 0.97 0.30 3 0.01–50
Spitzer 24 0.85 ± 0.02 −7.47 ± 0.06 −8.85 ± 0.17 0.16 4 0.1–30
Spitzer 24 −8.93 0.13 5 1–10
AKARI 18 0.90 ± 0.03 −7.85 ± 0.30 0.20 6 0.2–150
WISE 22 0.70 −6.75 8 0.01–100
WISE 22 −8.94 ± 0.01 0.01 9 0.03–4
WISE 22 0.96 ± 0.01 −8.37 ± 0.02 −8.80 ± 0.03 0.21 10 3–100

Notes. m and n are the coefficients for the fit with log SFRMIR = m log LMIR +n, and c is for log SFRMIR = log LMIR + c.
σ is the standard deviation of the fitting residuals. Each calibration is derived in a given SFR range and is matched to the
Salpeter IMF. Here the SFR and luminosity are expressed in units of M⊙ yr−1 and L⊙, respectively.
References. (1) Wu et al. 2005; (2) Alonso-Herrero et al. 2006; (3) Calzetti et al. 2007; (4) Zhu et al. 2008; (5) Rieke
et al. 2009; (6) Yuan et al. 2011; (7) Donoso et al. 2012; (8) Shi et al. 2012; (9) Jarrett et al. 2013; (10) this study.

4

The Astrophysical Journal, 774:62 (10pp), 2013 September 1 Lee, Hwang, & Ko

-2

-1

0

1

2

3

lo
g 

SF
R

H
α 

(M
  y

r-1
)

y = 1.03 x - 9.02
y = 1.00 x - 8.78

y = 0.96 x - 8.37
y = 1.00 x - 8.80

7 8 9 10 11
log LW3 (L )

-2

-1

0

1

2

lo
g 

SF
R

 (M
  y

r-1
)

This study (non-linear)
This study (linear)
Jarrett+13
Shi+12
Donoso+12

7 8 9 10 11
log LW4  (L )

This study (non-linear)
This study (linear)
Jarrett+13
Shi+12

Figure 2. Top: Hα-based SFRs vs. 12 µm (left) and 22 µm (right) luminosities. The data points are indicated as gray-scale density maps for better visibility. The red
solid lines are the best fits to the galaxies with SFR > 3 M⊙ yr−1. The blue solid lines are the same, but by fixing the slope to be unity. The dashed lines are extensions
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et al. (2013, black line), and this study (red and blue lines). The solid lines indicate the SFR ranges used for deriving the relations (see Table 1), and the dashed lines
extend these relations.
(A color version of this figure is available in the online journal.)

Table 1
SFR Calibrations Based on Monochromatic MIR Luminosities

Band m n c σ Reference SFR Range

Spizter 8 1.09 ± 0.06 −10.03 ± 0.16 −9.20 ± 0.19 1 0.2–20
Spitzer 8 0.93 ± 0.03 −8.59 ± 0.08 −9.19 ± 0.19 0.18 4 0.1–30
AKARI 9 0.99 ± 0.03 −8.84 ± 0.32 0.18 6 0.2–150
WISE 12 1.01 ± 0.01 −8.85 ± 0.01 7 0.1–100
WISE 12 0.67 −6.45 8 0.01–100
WISE 12 −9.13 ± 0.03 0.03 9 0.03–4
WISE 12 1.03 ± 0.01 −9.02 ± 0.02 −8.78 ± 0.03 0.20 10 3–100

Spizter 24 0.89 ± 0.06 −7.82 ± 0.17 −8.81 ± 0.19 1 0.2–20
Spizter 24 0.87 −7.82 2 0.01–50
Spizter 24 0.89 ± 0.03 −7.97 ± 0.97 0.30 3 0.01–50
Spitzer 24 0.85 ± 0.02 −7.47 ± 0.06 −8.85 ± 0.17 0.16 4 0.1–30
Spitzer 24 −8.93 0.13 5 1–10
AKARI 18 0.90 ± 0.03 −7.85 ± 0.30 0.20 6 0.2–150
WISE 22 0.70 −6.75 8 0.01–100
WISE 22 −8.94 ± 0.01 0.01 9 0.03–4
WISE 22 0.96 ± 0.01 −8.37 ± 0.02 −8.80 ± 0.03 0.21 10 3–100

Notes. m and n are the coefficients for the fit with log SFRMIR = m log LMIR +n, and c is for log SFRMIR = log LMIR + c.
σ is the standard deviation of the fitting residuals. Each calibration is derived in a given SFR range and is matched to the
Salpeter IMF. Here the SFR and luminosity are expressed in units of M⊙ yr−1 and L⊙, respectively.
References. (1) Wu et al. 2005; (2) Alonso-Herrero et al. 2006; (3) Calzetti et al. 2007; (4) Zhu et al. 2008; (5) Rieke
et al. 2009; (6) Yuan et al. 2011; (7) Donoso et al. 2012; (8) Shi et al. 2012; (9) Jarrett et al. 2013; (10) this study.
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Figure 2. Top: Hα-based SFRs vs. 12 µm (left) and 22 µm (right) luminosities. The data points are indicated as gray-scale density maps for better visibility. The red
solid lines are the best fits to the galaxies with SFR > 3 M⊙ yr−1. The blue solid lines are the same, but by fixing the slope to be unity. The dashed lines are extensions
of the solid lines. Bottom: SFR calibrations based on 12 µm (left) and 22 µm (right) luminosities of Donoso et al. (2012, green line), Shi et al. (2012, cyan line), Jarrett
et al. (2013, black line), and this study (red and blue lines). The solid lines indicate the SFR ranges used for deriving the relations (see Table 1), and the dashed lines
extend these relations.
(A color version of this figure is available in the online journal.)

Table 1
SFR Calibrations Based on Monochromatic MIR Luminosities

Band m n c σ Reference SFR Range

Spizter 8 1.09 ± 0.06 −10.03 ± 0.16 −9.20 ± 0.19 1 0.2–20
Spitzer 8 0.93 ± 0.03 −8.59 ± 0.08 −9.19 ± 0.19 0.18 4 0.1–30
AKARI 9 0.99 ± 0.03 −8.84 ± 0.32 0.18 6 0.2–150
WISE 12 1.01 ± 0.01 −8.85 ± 0.01 7 0.1–100
WISE 12 0.67 −6.45 8 0.01–100
WISE 12 −9.13 ± 0.03 0.03 9 0.03–4
WISE 12 1.03 ± 0.01 −9.02 ± 0.02 −8.78 ± 0.03 0.20 10 3–100

Spizter 24 0.89 ± 0.06 −7.82 ± 0.17 −8.81 ± 0.19 1 0.2–20
Spizter 24 0.87 −7.82 2 0.01–50
Spizter 24 0.89 ± 0.03 −7.97 ± 0.97 0.30 3 0.01–50
Spitzer 24 0.85 ± 0.02 −7.47 ± 0.06 −8.85 ± 0.17 0.16 4 0.1–30
Spitzer 24 −8.93 0.13 5 1–10
AKARI 18 0.90 ± 0.03 −7.85 ± 0.30 0.20 6 0.2–150
WISE 22 0.70 −6.75 8 0.01–100
WISE 22 −8.94 ± 0.01 0.01 9 0.03–4
WISE 22 0.96 ± 0.01 −8.37 ± 0.02 −8.80 ± 0.03 0.21 10 3–100

Notes. m and n are the coefficients for the fit with log SFRMIR = m log LMIR +n, and c is for log SFRMIR = log LMIR + c.
σ is the standard deviation of the fitting residuals. Each calibration is derived in a given SFR range and is matched to the
Salpeter IMF. Here the SFR and luminosity are expressed in units of M⊙ yr−1 and L⊙, respectively.
References. (1) Wu et al. 2005; (2) Alonso-Herrero et al. 2006; (3) Calzetti et al. 2007; (4) Zhu et al. 2008; (5) Rieke
et al. 2009; (6) Yuan et al. 2011; (7) Donoso et al. 2012; (8) Shi et al. 2012; (9) Jarrett et al. 2013; (10) this study.
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Spacecraft  Telescopes (2 modules)  
Launch (Orbital Pegasus) June 13, 2012 Focal length 1014 cm 
Bus Orbital LeoStar-2 Field of view 12.2 x 12.2 arcmin 
ACS 3x DTU Star trackers Angular resolution 58!! HPD 18!!FWHM 
Mass 350 kg Aspect reconstruction (bright source) 1.5!! (1σ) 
Power 600 W Absolute astrometry 8!! 
 
Orbit (2014) Focal plane CdZnTe detectors (2x2 array/module)  
Inclination 6 degrees      Size 2 x 2 cm 
Altitude 610 to 650 km Physical pixel number 32 x 32 
Period 97.126 minutes Pixel pitch 604.8 µm 
Ground station Malindi (ASI), Kenya Sky plate scale 2.45 arcsec 
  Maximum readout rate 400 events s-1 
Operations  Energy range 3 to 78.4 keV 
Sun / Full-Moon avoidance* > 50 / 14 degrees Spectral resolution 400 / 900 eV at 10 / 68 keV 
Slew rate 0.06 degrees s-1 Temporal resolution 2 x 10-3 s (RMS) 
ToO response time < 24 hours 
Settling time (typical) 200 s *NuSTAR is designed to be able to observe the Sun 
 
Sensitivity (106 s, 3σ, ΔE/E = 0.5) Background in HPD  
6-10 keV 2 x 10-15 erg cm-2 s-1 10 – 30 keV 1.1 x 10-3 counts s-1 
10-30 keV 1 x 10-14 erg cm-2 s-1 30 – 60 keV 8.4 x 10-4 counts s-1 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Effective collecting area of NuSTAR 
compared to selected operating X-ray focusing 
telescopes. NuSTAR provides good overlap with 
these soft X-ray observatories and extends 
focusing capabilities up to 79 keV 

 

 

 

2.2 Primary mission science observations 

The NuSTAR primary mission science working groups for the 2-year NuSTAR baseline mission have guided the target 
selection and provided the SOC with information about target positions, expected count rates, and scheduling 
constraints. An up-to-date list of publications based on NuSTAR observations can be found on the NuSTAR homepage 
(http://www.nustar.caltech.edu/page/publications). Approximately 50% of the available observing time was made 
available to conduct surveys of large areas of the sky: 

• Galactic center and plane, including Sgr A*. 
• Extragalactic surveys in the COSMOS, ECDFS, & GROTH fields. 
• Short exposures of a large sample (>200) of active galaxies chosen from the Swift-BAT 70-month catalog[12]. 

Table 2 NuSTAR observatory performance parameters 

+ Currently, XMM-Newton (<  10 keV) and NuSTAR (> 10 keV) provide  
   high-quality broadband X-ray spectra.

Chandra Swift 

NuSTAR 

Suzaku 

XMM-Newton

(NuSTAR observatory guide)

+ We obtained and analyzed NuSTAR and XMM-Newton data for the GPs.



Soft X-ray emission from XMM-Newton
+ Significant soft X-ray emission was detected in both the GPs. 
+ X-ray luminosities of ~1042 erg s-1 are comparable to those of  
   low-luminosity AGNs. 
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

events) and FLAG = 0, corresponding to the most con-
servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

events) and FLAG = 0, corresponding to the most con-
servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

events) and FLAG = 0, corresponding to the most con-
servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with

SNR (0.4-7 keV) ~ 6

SNR (0.4-7 keV) ~ 7



Soft X-ray emission from XMM-Newton
+ Significant soft X-ray emission was detected in both the GPs. 
+ X-ray luminosities of ~1042 erg s-1 are comparable to those of  
   low-luminosity AGNs. 
+ However, it may be ascribed to emission from the SF. 
   - low metallicity and young galaxies may have enhanced soft  
     X-ray emission from HMXBs. 
   - Because of low metal, inefficient outflow leads to the massive XRBs,  
     or X-ray luminous populations (e.g., Fragos+13) The Astrophysical Journal, 764:41 (13pp), 2013 February 10 Fragos et al.

Figure 2. Evolution of an XRB population formed from a single-burst
population of stars. Top panel: specific bolometric X-ray luminosity, i.e.,
luminosity per unit stellar mass, of a coeval stellar population as a function of the
population’s age for our “reference” model (Model 245; see also Sections 2.4
and 4.2) and for solar metallicity, broken down into HMXB (blue dotted)
and LMXB (red long-dashed) contributions. After an initial ∼5 Myr ramp-
up, HMXBs dominate the X-ray power output for ∼100–300 Myr. Following
this, LMXBs take over, peak in formation at ∼0.5–1 Gyr, and then passively
fade with increasing age. The bumps and wiggles present at !4 Gyr are due
to statistical fluctuations as bright sources turn on and off. Bottom panel: XRB
evolution for the cases of metallicities Z = 0.1 Z⊙ (green short-dashed) and
Z = 1.5 Z⊙ (magenta dot-dashed) compared to solar (i.e., LX[Z]/LX[Z⊙]).
(A color version of this figure is available in the online journal.)

detailed discussion). Some evidence has already indicated that
the X-ray luminosity from XRBs per unit of SFR (LX/SFR) for
low-metallicity dwarf galaxies may be enhanced compared to
more typical galaxies (Kaaret et al. 2011).

The Millennium II simulation and the Guo et al. (2011)
semi-analytic galaxy catalog provide us information about the
evolution of the properties of each galaxy in the simulation.
In this first study, we consider only the global characteristics
and scaling relations of the XRB evolution across cosmic time.
Having this in mind, we consider the whole simulation box of the
Millennium II simulation as representative of the universe, and
we keep track of the total new stellar mass that is formed between
each snapshot of the simulation. In addition, we keep track of
the metallicity of the new stellar mass formed. In practice, we
consider nine metallicity bins, centered at the values reported in
Table 1, and calculate how much new stellar mass was formed
at each snapshot and at each metallicity bin. Finally, we assume
that the new stellar mass is formed with a constant SFR between
each snapshot. This results in a self-consistent prescription of the
star formation history and metallicity evolution of the universe.

We now have all the necessary information in hand to
construct models for the evolution of XRBs across cosmic
time. We convolve the relations we derived in the first step,
with the star formation history for different metallicity ranges.
The result is a mixed XRB population, with a broad range of
ages and metallicities, representative of the XRB population of
the universe, at each redshift. From this convolution we derive
model predictions such as the X-ray luminosity from XRBs per
unit volume, stellar mass, or SFR, as a function of redshift.

2.4. Parameter Study

StarTrack PS models have a significant number of free
parameters that can be categorized into two groups. In the
first group there are parameters that usually correspond to the
distributions of the initial properties of the binary population,
such as the initial mass function (IMF), the initial binary mass
ratio (q), and the distribution of initial orbital separations.
For these parameters, we primarily use fixed values derived from
the most updated observational surveys. Only in the case where
there is an ongoing debate regarding a parameter we actually
treat it as a free parameter. In the same group one should add
parameters such as the stellar wind prescriptions and the natal
kick distribution of NSs, as these parameters are also derived
from observational data. The second group is that of the few
“true” free parameters that correspond to poorly understood
physical processes which we are not able to model in detail. In
this second group belong parameters such as those involved in
the CE phase modeling.

We created the largest ever grid of 288 PS models. Each
of these 288 models was run at nine different values of
metallicity (Z = 10−4–0.03), where we followed the evolution
of ∼45 million binaries per model. The whole set of simulations
required ∼2 million CPU hours of computational time. In this
grid, we varied six parameters (in addition to the metallicity)
known from previous studies (Belczynski et al. 2007, 2010;
Fragos et al. 2008, 2010; Linden et al. 2009) to affect the
evolution of XRBs and the formation of compact objects in
general. Namely, we varied the CE efficiency (αCE × λ =
0.1–0.5), the IMF (Kroupa 2001 or Kroupa & Weidner 2003),
the initial mass ratio (q) distribution (flat with q = 0–1,
twin with q = 0.9–1.0, or a mixture of 50% flat and 50%
twin), the stellar wind strength (ηwind = 0.25, 1.0, or 2.0;
parameter with which we multiply the stellar wind prescription
described in Belczynski et al. 2010), and the distribution of
natal kicks for BHs formed though direct core collapse (zero
kicks, or 10% of the standard kicks for NS). Finally, we allow
for various outcomes of CE phase, in particular taking into
account the possible CE inspirals with Hertzsprung gap donors
that terminate binary evolution barring the subsequent XRB
formation (Belczynski et al. 2007). The grid of 288 models we
created includes all the possible combinations of the parameters
we varied. The various parameter values used are shown in
Table 1.

We note that in our calculations we combine αCE and
λ into one CE parameter, where λ is a measure of the central
concentration of the donor and the envelope binding energy. In
the rest of the text, whenever we mention the CE efficiency αCE,
we refer in practice to the product αCE ×λ (see Belczynski et al.
2008 for details).

3. BOLOMETRIC CORRECTIONS TO THE
CHANDRA X-RAY BANDS

StarTrack, our PS synthesis code, keeps track of the mass-
transfer rate as a function of time for every modeled XRB. From
this mass-transfer rate, we derive the bolometric luminosity
based on the prescriptions presented by Fragos et al. (2008,
2009), which also take into account the transient behavior
of XRBs. However, in order to compare our models with
observational data, we need to estimate the X-ray luminosity
in the specific energy band where the data were taken.

McClintock & Remillard (2006) and Wu et al. (2010) com-
piled two samples of RXTE observations of Galactic NS and

4

(Fragos+13)

4086 M. Brorby et al.

Figure 4. Various projections of LX–SFR–metallicity. The sample of Douna et al. (2015) consisting of mostly BCDs are shown as circles (green) with upper
limits given by upside–down triangles (black). The subset of Douna et al. (2015) that includes M12 spiral and irregular galaxies are plotted as squares (blue).
The set of LBAs from this paper are plotted as triangles (magenta). Upper left: LX–SFR relation for the various subsets of star-forming galaxies. The dashed
lines represent linear fits to the LX–SFR relations. We find log (LX/SFR) = 40.30 ± 0.14, 39.59 ± 0.06, 39.85 ± 0.10 for the green, blue, and magenta data
points, respectively. The BCDs and LBAs exhibit enhanced X-ray emission relative to the spirals and irregulars. Upper right: the LX/SFR–metallicity relation
shows a negative correlation with metallicity with slope =− 0.59 ± 0.13 (dashed, red line). The linear fits from the LX–SFR relations are plotted as dashed lines
with surround shaded regions representing the errors on the means. The black solid line is the prediction from Fragos et al. (2013b) and the grey dot–dashed
line represents the projected fit from Douna et al. (2015) (see Section 5.1). Lower: the best-fitting LX–SFR–metallicity relation is shown (dashed line) where
a = 1 is assmumed and we find b = −0.59 ± 0.13, c = 39.49 ± 0.09, χ2/d.o.f. = 91.39/37, and dispersion σ = 0.34 dex. Allowing a to vary, we find a =
1.03 ± 0.06, b = −0.64 ± 0.17, and c = 39.46 ± 0.11 with χ2/d.o.f. = 88.2/36 and dispersion σ = 0.34 dex. The forced fit (a = 1) is consistent with and
indistinguishable from the model with a as a free parameter. Therefore, the model with a set to unity is favoured and is consistent with previous studies that
find a linear relation between LX and SFR.

Testing for a correlation between metallicity and LX/SFR over all
39 galaxies in the combined data set, we find a negative correlation
at the 99.9 per cent significance level, based on a Spearman’s rank
correlation test.

We then fit an LX–SFR–metallicity relation of the form

log
(

L X

ergs−1

)
= a log

(
SFR

M⊙yr−1

)
+ b log

(
(O/H)

(O/H)⊙

)
+ c,

where LX is measured in the 0.5–8 keV range and a = 1.03 ±
0.06, b = −0.64 ± 0.17, and c = 39.46 ± 0.11 with χ2/d.o.f. =

88.2/36. The dispersion about this best fit is 0.34 dex. Since a is
consistent with being linear, we force the LX–SFR relation to be
linear by setting a = 1. Doing this we find b = −0.59 ± 0.13, c
= 39.49 ± 0.09, and χ2/d.o.f. = 91.39/37 with a dispersion of
0.34 dex. This model provides an equally good fit as the model with
a as a free parameter. The lower plot in Fig. 4 shows this result.
Thus, we confirm that LX is linearly, positively correlated with SFR
and we find that LX is negatively correlated with metallicity. Douna
et al. (2015) find a fit, with a set to unity, where b = −1.01 and
c = 39.26. Correcting for unresolved versus resolved emission,

MNRAS 457, 4081–4088 (2016)Downloaded from https://academic.oup.com/mnras/article-abstract/457/4/4081/2589088
by National AstronomicalObservatory, Japan user
on 25 July 2018

Lx-SFR-Z empirical relation 
(Brorby+16)
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with

Energy (keV)

+ Even the most sensitive hard X-ray observatory of NuSTAR cannot  
   detect X-rays, direct evidence for the presence of an AGN

SNR (3-50 keV) ~ 1.2

SNR (3-50 keV) ~ 0.7
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with
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Figure 3. NuSTAR 3–50 keV and XMM-Newton 0.2–9 keV spectra taken from the source (black crosses with circles) and

background (blue dashed crosses with diamonds) regions. The figures suggest that the GPs are detected in the soft band, but

not in the hard band.

servative screening criteria. For the MOS data selec-
tion, PATTERN ≤ 12 (single, double, triple, and quadru-
ple events) was adopted. Central circular regions with
20′′ and 25′′ radii, larger than the FWHM of the XMM-
Newton PSF (≈ 6′′), were set to extract J0749+3337
and J0822+2241 source events, respectively. The larger
region was adopted for J0822+2241 because its X-ray
image seemed to be slightly extended, although this
was likely due to low photon statistic fluctuation. Each
background spectrum was extracted from an off-source
circular region with the same radius as that used for
the source events. The spectra from the MOS1 and
MOS2 detectors were combined into one. We analyzed
the spectra in the 0.4–7.0 keV band, where J0749+3337
and J0822+2241 were significantly detected with S/N
= (5.5, 4.1) and (6.6, 3.9) for (PN, MOS), respectively.
The response files were generated in a standard manner
for a point source.

4.1. XMM-Newton Spectral Analyses

We simultaneously fit the PN and MOS spectra (Fig-
ure 4) to increase the S/N. The spectra are binned so
that each energy bin had at least one count. We thus
determine best-fit models based on the C-statistic (Cash
1979), appropriate for low photon counts. Goodness
of fit is examined by following the procedure given in
Kaastra (2017), where the expected C-statistic value
(Cexp) and variance (σCexp) from a model is compared
with the observed value (Cobs). Note that the best-

fit models found in the following sections are consistent
with the non-detection by NuSTAR.
Essentially, we determine the best-fit models using the

following model,

constant*TBabs*zTBabs*zpowerlw (Model1),

expressed in XSPEC terminology. The main component
is the single absorbed power law (zTBabs*zpowerlw),
and is adopted for a consistent comparison with the work
by Brorby et al. (2016) (Section 5.1). They parameter-
ized the X-ray emission of low-mass galaxies by single
power law fits and discussed its association with SF.
The power law component may be ascribed to emission
from high-mass X-ray binaries (HMXBs) and an AGN,
if present. We also include the Galactic absorption,
whose hydrogen column density is estimated from the
nh command in HEASoft (Kalberla et al. 2005), with
TBabs. We fix NGal

H = 4.65 × 1020 cm−2 and NGal
H =

4.13 × 1020 cm−2 for J0749+3337 and J0822+2241, re-
spectively. To absorb systematic uncertainty in the nor-
malization between the PN and MOS spectra, we ap-
ply the constant model, whose value is represented by
CMOS/PN. To avoid implausible values, we allow it to
vary only within 10%, a canonical range (e.g., see Fig-
ures 6 and 7 of Madsen et al. 2017). We finally ob-
tain four free parameters: the photon index (Γ) and
normalization of zpowerlw, the absorbing column den-
sity (NH), and the cross-normalization between the spec-
tra (CMOS/PN). Errors in intrinsic luminosity from the
power law are constrained by replacing zpowerlw with
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+ Even the most sensitive hard X-ray observatory of NuSTAR cannot  
   detect X-rays, direct evidence for the presence of an AGN

SNR (3-50 keV) ~ 1.2

SNR (3-50 keV) ~ 0.7

(1) No AGN exist, thus suggesting that low stellar-mass have  
     AGN-like MIR properties.

However, …
(2) Heavily obscured AGNs w/ NH > 2e+24 may be present,  

but cannot be detected even in the hard X-ray band.



Summary

+ We analyzed the first broadband X-ray data of two GPs  
   by using XMM-Newton and NuSTAR. 
   - Soft X-ray emission was found but may be ascribed to SF. 
   - Hard X-ray emission was not found. 

+ IR and optical data of representative low stellar-mass GPs 
   are controversial for the presence of an AGN. 
   → X-ray observations ! 

+ Indeed, two possibilities still remain unfortunately… 

+ The BH fraction is a clue to distinguish b/w the BH seed  
   scenarios. → Need to built an unbiased AGN sample.

(2) Heavily obscured AGNs are present, but cannot be   
     detected even in the hard X-ray band. 

(1) No AGN exist, thus suggesting that low stellar-mass have  
     AGN-like properties. 
     We may need to care about this fact in studying such objects.


