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Introduction



Importance of statistical study of ULXs

Why ULXs are important

• physics at extreme accretion rates (> LEdd, beaming)
(see Kaaret at al. 2017; King 2008)

• heating of the universe during the epoch of reionization
(e.g. Jeon et al. 2014)

• exotic objects like IMBHs
(e.g. Earnshaw et al. 2016)

• progenitors of GW sources
(e.g. Belczynski et al. 2016)

Di�iculties…

• measuring compact objects mass

• identifying donors (e.g. M31: Yukita et al. 2017)

• various challenges (e.g. analyzing spectra, exposure times)
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Statistical studies

Statistical studies of ULXs

• indirect way to understand their nature & evolution
(e.g. Liu 2005; Swartz 2011; Wang 2016)

• direct comparison with population synthesis codes
(e.g. Fragos et al. 2013; Zezas et al. 2014)

Usual suspects

• # of ULXs per galaxy, luminosity functions
(see Fabbiano 2006)

• dependence on the type of galaxy
(Swartz et al. 2011; Plotkin et al. 2014)

• host galaxy properties (SFR, M?, metallicity)
(e.g. Basu-Zych et al. 2016)
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Swartz et al. 2011
The Astrophysical Journal, 741:49 (10pp), 2011 November 1 Swartz et al.
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Figure 3. Distribution of revised Hubble types for (top panel) galaxies hosting
ULX candidates, (middle panel) galaxies without ULX candidates, and (bottom
panel) galaxies hosting ULXs with estimated luminosities in excess of 3 ×
1039 erg s−1.

1010 M� and 1 ULX per 0.28ε M� yr−1 SFR (where ε ∼ 1.7 is
the scaling to the full FIR bandpass). Fifty-five of the 127 sam-
ple galaxies host ULXs. Galaxies hosting ULXs account for
71% of the total mass in the sample and 83% of the total SFR.
If we assume that 85% (following K04) of the actual number
of galaxies in the sample volume are dwarf galaxies excluded
in the current sample, then there are 850 galaxies in the sample
volume and the number of galaxies hosting ULXs is 6.5% of
the total by number.

The number of potential background sources included in
the search fields can be estimated from the published fits to
the 2.0–10.0 keV cosmic X-ray background log N − log S
distribution (Moretti et al. 2003) as follows. If the 2.0–10.0 keV
flux from a ULX of luminosity 1039 erg s−1 in a galaxy is S (a
function of the adopted distance) and the total search area of the
galaxy is A, then the expected number of background sources
above this flux value is N (>S) = A/(3.26S1.57 + 0.0073S0.44).
Applying this to all galaxies in the present sample results in
an estimated 14 background sources. This is a conservative
estimate in that the actual cumulative luminosity function for
ULXs (Section 4.3) is much flatter than the ∼S−1.57 that
dominates the background log N − log S distribution at fluxes
typical of the present study. In fact, by this same analysis, only
0.4, or about 4%, of the ULX candidates more luminous than
1040 erg s−1 are expected to be background interlopers.

The number of potential ULX candidates within the sample
volume hosted by dwarf galaxies, and therefore excluded by
our search criteria, can be estimated from the detailed work
of Karachentsev et al. (K04) on the Local Volume galaxy
population. Assuming the number of ULXs scales with SFR
(e.g., Grimm et al. 2003; S04) and that the SFR scales with
the H i mass (Kennicutt 1998; but see also, e.g., Kennicutt
et al. 2007; Bigiel et al. 2008), then we expect an additional
19 ULXs within the sample volume hosted by dwarf galaxies
because the fraction of H i mass contained in dwarf galaxies is
15% according to K04. Assuming that the additional ULXs are
distributed among 19 individual dwarf galaxies, then the number
of galaxies hosting ULXs (including dwarfs) rises to 8.7% of
the total number of galaxies (∼850) in the sample volume. The
number of additional ULXs estimated by scaling by mass is less

Figure 4. Surface distribution of ULX candidates. The abscissa is the depro-
jected radial position, fD25 (Table 1), expressed as a fraction of the host galaxy’s
angular radius (≡ 0.5D25) and the ordinate is the number of ULX candidates
per unit area fdf , on the range f to f + df. The thick curve is the best-fitting
generalized exponential, A exp(−f/h)1/n. The best fit is centrally peaked with
a value h ∼ 0.001 and n ∼ 3.6. The thin curve is the best-fitting function with
fixed parameters h ≡ 0.06 and n ≡ 1.6 corresponding to the best-fit values
determined by S04 for a larger sample of 3413 discrete X-ray sources; only the
model norm was allowed to vary in determining the thin curve.

than the uncertainties that can be ascribed to random fluctuations
since only 4% of the mass is contained in dwarf galaxies (K04).

As with previous surveys, ULX candidates are found in all
galaxy morphological types. Figure 3 displays the distribution
of revised Hubble types of galaxies in the sample with no ULXs,
those hosting ULXs, and those hosting ULXs more luminous
than 3 × 1039 erg s−1. The latter category typically excludes
ULXs in elliptical galaxies (Irwin et al. 2004; S04). There are
no statistically significant differences among the Hubble type
distributions of galaxies with and without ULXs. There are few
early-type galaxies hosting ULXs but there are also few early-
type galaxies in the sample (cf. also Figure 1). There are more
ULXs per late-type (T > 0) sample galaxy, 0.48, compared to
the rate in ellipticals, 0.23, but this is only a 2σ decrease in the
ellipticals compared to the expected value based on the spirals
(three observed ULXs and 6.2 ± 2.5 expected in 13 T � 0
galaxies). There is no difference between the number of ULXs
per galaxy in early-type spirals (1 < T < 4) and in late-type
spirals in our sample. Recently, Walton et al. (2011b) found a
slight preference for ULXs in early-type spirals but only at the
1σ level. Walton et al. (2011b) did find a higher incidence of
ULXs in spirals, 0.59, compared to our sample. This is likely due
to the usual bias toward more massive and luminous galaxies
inherent in X-ray-selected galaxy samples.

Figure 4 displays the radial distribution of all ULX candi-
dates normalized to their host galaxy deprojected D25 isophote
radius. The distribution was fitted to a generalized exponential
function (Sérsic profile) of the form A exp−(fD25/h)(1/n)

. The best-
fit parameter values (resulting in the thick curve of Figure 4)
approximate a de Vaucouleurs profile, n = 4. Fixing the index
to n = 4 results in a best-fitting scale height h = 3.0+2.4

−1.2 ×10−4

(90% confidence for one interesting parameter, χ2 = 6.9 for
8 dof). This indicates a much steeper slope at small values of
the abscissa than found previously by S04 for ULXs and for
∼3400 fainter sources, h = 0.06 ± 0.03. Fixing the index to
n = 1.6 and the scale height to h = 0.06, the best-fitting

7
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Wang et al. 2016
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Fig. 20.— (a) Number of sources with luminosities LX > 1037 erg s−1 versus stellar mass.

The data for galaxies are shown by circles and triangles for early- and late-type galaxies

respectively. (b) The collective X-ray luminosity verse stellar mass. A clear trend can be

seen, but the distribution is more diffuse than that reported by Gilfanov (2004).
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Fig. 21.— (a) Number of sources with luminosities exceeding 2 × 1038 erg s−1 versus SFR

for galaxies. The data for galaxies are shown by circles and triangles for early- and late-type

galaxies respectively. (b) The collective X-ray luminosity verse SFR. The trend is clear, but

more diffuse than those from previous studies (e.g., Gilfanov et al. 2004a).
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Our approach: first steps

• Master catalog of nearby galaxies with accurate positions, distances, · · ·

• Cross-matching with multi-wavelength surveys:
multiple star-formation indicators, estimates on stellar mass and metallicity

• Cross-matching with Chandra Source Catalog 2.0:
data release in the end of the summer

• Description of ULX hosts / correlations

7 / 21



Master catalog



Master catalog: HyperLEDA subsample

• HyperLEDA catalog of 5.1M extragalactic objects (Makarov et al. 2014)

• homogeneous parameters and multiple designations

• volume-limited subsample: heliocentric velocity < 14000 km/s (169K)

• astrometric uncertainty < 10 arcsec
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Master catalog: NED-D redshi�-independent distances

∼ 126K distance measurements for ∼ 31K objects (Steer et al. 2017)
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Figure 1: NED-D measurements for Small Magellanic Cloud
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Master catalog: combining distances

Subsample: only 18 out of 77 methods — ignore non-galaxies
Resolver: manual check of > 500 references
Monte Carlo: sample N points from M distributions (mean, std.err of
measurement) with weight defined by uncertainty and year of measurement.
Advantage: accounts for spread & individual uncertainties
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Figure 2: M101 distance measurements
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Master catalog: accounting for peculiar velocities

For some galaxies no uncertainties are reported or no measurements in NED-D.
Hubble law does not consider peculiar velocities: use NED-D galaxies of same D
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Master catalog: cross-matching with other catalogs

SFR, M?, metallicity:

• GALEX

• SDSS

• WISE

• AKARI

• IRAS

• 2MASS

More to be included
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Figure 4: Range of star-formation rates & stellar masses
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Preliminary results



Cross-matching with Chandra Source Catalog

Preliminary results (waiting for August!)

• 24300 point sources in 1514 galaxies (D . 200Mpc)

• 2289 ULX candidates in 1279 galaxies (×3 improvement)
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Figure 5: Luminosity of the X-ray sources in our galaxies. Line: ULX lower limit
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Stellar mass
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Star-formation rate
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Metallicity
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Number of ULXs per galaxy
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Next steps…

1 Compute as a function of SFR, sSFR, M? and metallicity:

• # of ULXs per galaxy

• ratio of sources
N
(
1038 < LX < 1039

)
N (> 1039)

reflecting the slope of the LF)

• rate of hyperluminous X-ray sources (HLXs; LX > 1040)

2 Detailed SED modeling to add age to the parameters

3 Method to address confusion e�ects:

• semi-analytical approach

• simulations with population synthesis
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Summary

• A catalog of all observed galaxies in the nearby universe + distances

• Hundreds of parameters. To be enriched in the future.

• The most up-to-date catalog of ULXs.

• Occupation fraction as a function of host galaxy parameters.

• Models to account for source confusion.
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