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Thousands of X-ray unidentified sources 
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•  Different populations of X-ray sources 
•  Interesting srcs might lurk among them 

Periodic signals 
are key to 

understand the 
nature of a 

source! 

~50,000 objects from past missions 

>500,000 with XMM, Chandra, Swift 
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X-ray pulsators 
In general, modulation is discovered through timing analysis of the 

source targeted by an observation 

Enormous discovery space 
in serendipitous sources 



Highlights from GLI’s previous searches 

AXPs and SGRs host magnetars, NSs with B ~ 1015 G 

Ramifications in all directions and across many fields 
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•  EXOSAT: 4U 0142+614, prototype of the AXP class (I+94)  
•  ROSAT PSPC: HD 49798, a very massive WD in a post common 
envelope phase (I+96, Mereghetti+09)  
•  ROSAT HRI: the 2-WD system HM Cnc (I+99,02; E+14), the 
binary with the shortest orbital period known: 5.4 min! 



Highlights from GLI’s previous searches 

A promising candidate precursor of SN Ia 

ES
A/

S.
 M

er
eg

he
tti 

N
ASA/C

XC
/M

. W
eiss 

•  EXOSAT: 4U 0142+614, prototype of the AXP class (I+94)  
•  ROSAT PSPC: HD 49798, a very massive WD in a post 
common envelope phase (I+96, Mereghetti+09)  
•  ROSAT HRI: the 2-WD system HM Cnc (I+99,02; E+14), the 
binary with the shortest orbital period known: 5.4 min! 



Highlights from GLI’s previous searches 

HM Cnc: the brightest persistent Galactic source of GWs!  

A new emission mechanism (UIM) possibly identified  
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RX J0806.3+1527 
aka HM Cnc 

aka ‘The Stinker’ 

•  EXOSAT: 4U 0142+614, prototype of the AXP class (I+94)  
•  ROSAT PSPC: HD 49798, a very massive WD in a post common 
envelope phase (I+96, Mereghetti+09)  
•  ROSAT HRI: the 2-WD system HM Cnc (I+99,02; E+14), the 
binary with the shortest orbital period known: 5.4 min! 



Individual sources 
New member of the X Persei class: 
low-luminosity persistent Be/X-ray 
pulsars in a wide and circular orbit 

1RXS J225352.8+624354 
(E+13, MNRAS 433, 2028) 

1st of 3 new CATS’ Be XRBs in the SMC 
A 2-week long type I burst fortuitously 

recorded in 17 2010 observations 

CXOU J005047.9–731817 
(E+13, MNRAS 433, 3464) 

A 6.4-h part-time, borderline ULX, most 
likely a WR + BH system 

CXOU J123030.3+413853 
(E+13, MNRAS 436, 3380) 

An HMXB with off-states due to sudden 
transitions to ineffective accretion regime 

CXOU J172005.9−311659 
(E+14, MNRAS 441, 1126) 

The fourth totally eclipsing intermediate 
polar discovered in ~60 yr 

Sw J201424.9+152930 
(E+15, MNRAS 450, 1705) 

CXO J1414, J1413 & CG X-1 
(E+15, MNRAS 452, 1112) 

New polars and another ULX / WR+BH 
candidate in the Circinus region 
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CXOU J123030.3+413853 in NGC 4490 

•  Multiple CXO observations 
•  Modulation at P = (6.4 ± 0.1) h 

 (confirmed also by XMM) 
•  Pulsed fraction: ~90 per cent 

(First observed by Roberts et al. 2002) D = 8 Mpc K. B. Quattrocchi 

NGC 4490 

NGC 4485 



CXOU J123030.3+413853 in NGC 4490 

•  Multiple CXO observations 
•  Modulation at P = (6.4 ± 0.1) h 

 (confirmed also by XMM) 
•  Pulsed fraction: ~90 per cent 

(First observed by Roberts et al. 2002) 



A 6.4 hr BH binary in NGC 4490 

D = 8 Mpc K. B. Quattrocchi 

NGC 4490 

NGC 4485 

P = 6.4 h, 90% PF 

L from ~0.2 to 2 × 1039 erg s–1 

~2.5 kpc from NGC 4490’s 
nucleus 

L > LE for a 5–10 M! object  
(similar lower limit from diskbb fit) 

NGC 4490 is a spiral galaxy 
interacting with the irregular 

NGC 4485  



Circinus Galaxy X−1 

CG X-1

Bauer et al. 2001: P ~ 7.2 h 

15’’ from the nucleus 

LX = (1−5) × 1040 erg s−1 

Strictly speaking, not a CATS@BAR 
source, we sort of bumped into it  

D = 4.2 Mpc 

Seyfert 2 active galaxy 

See Weisskopk+2004 



NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 
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NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

Foreground polars? 
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NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

P < 0.03% 
no counterparts, nH > Gal. nH 

LMXBs:   
•  Transients; 
•  Very different pulse profiles! 
low-amplitude orbital modulation (if any): 
sharp eclipse ingresses/egresses (small 
X-ray emitting regions), dips 
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NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

P < 0.03% 
no counterparts, nH > Gal. nH 

LMXBs:   
•  Transients; 
•  Very different pulse profiles! 
low-amplitude orbital modulation (if any): 
sharp eclipse ingresses/egresses (small 
X-ray emitting regions), dips 

UNLIKELY! 

11.3 LOW-MASS X-RAY BINARIES 207

name the ‘Big Dipper’! Note, however, the com-
mon feature of all these light curves, which is that
there is no total eclipse present. In most cases,
our line of sight to the X-ray-emitting object just
misses the companion star but intercepts from
time to time part of the edge of the accretion disc.
The orbital inclination is very slightly lower than
in the case of EXO 0748-676.

11.3.3.1 Accretion disc coronae
If the inclination is slightly higher (i.e. our line of
sight is slightly closer to the orbital plane of the
binary), then according to Fig. 11.40, we should see
no X-rays at all. This is true if the X-ray-emitting
region is confined to the immediate vicinity of the
compact object. However, if there were an extended
X-ray-emitting region, then it might be possible to
see this if the luminous central source were per-
manently occulted. There is a small group of X-ray
sources that display such behaviour, of which one
of the best examples is 2A1822-371, whose light
curve is displayed in the upper part of Fig. 11.43.
There is an X-ray eclipse here, but it is partial. Note
also the gradual ingress and egress as the com-
panion star passes across our line of sight, the
hallmark of an extended X-ray source. We can-
not be observing the compact object itself, but
the phasing of the partial eclipse tells us that
the X-rays are in the same direction as the com-
pact source. Hence this extended source must be

←
Fig 11.44 Montage of EXOSAT light curves of X-ray
dippers. The orbital period is evident from the repetitive
nature of the dips. The structure is more complex in some
sources (e.g. XB1254-69 and 4U1624-49 compared to
X1755-33), which may indicate slight differences in viewing
angle (see Fig. 11.40). However, the disc structure in individual
sources can evolve substantially with time, as shown in the
observations of A1916-05, which are separated in time by
many months. In the central panel, the disc has expanded to a
height that creates substantial dipping structure for almost
the entire orbital cycle. The very regular dips that are always
present on the 50-min orbital period are marked with a series
of vertical dashes. Note also that the X-ray bursts have been
truncated here to make the dip structure stand out more
clearly (diagrams based on EXOSAT Observatory originals).

Foreground polars? 



NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

P < 0.03% 
no counterparts, nH > Gal. nH 

206 X-RAY BINARIES

Fig 11.42 (bottom) A single 20-hour EXOSAT observation
of the transient LMXB EXO0748-676. This source was
discovered by EXOSAT during its manoeuvres around the sky
(between other observations) and was found to exhibit dips,
eclipses and bursts. (top) For comparison, this same light
curve as it would have appeared to a conventional
low-Earth-orbit satellite (courtesy of EXOSAT Observatory,
ESA).

of the orbital motion of the two stars (and the
fact that the mass donor is co-rotating), the mass-
transfer stream will follow the path shown in
Fig. 11.39. Since phase 0 is the time of X-ray eclipse
by the companion star, the bulged part of the disc
absorbs X-rays in the interval immediately preced-
ing the eclipse.

X-ray dipping behaviour was discovered in Ein-
stein observations of A1916-05 (Walter et al., 1982).
Because of its exceptionally short period (50 min),
the regularity of the dips was recognised immedi-
ately (see Fig. 11.44). With EXOSAT, detailed study
of this source was possible.

A1916-05 demonstrates very clearly that discs
are not stable, rigid bodies, and the structure can

Fig 11.43 Comparison of the (top) EXOSAT light curves of
2A1822-371 and (bottom) EXO0748-676 using the data from
Fig. 11.42 but with the X-ray bursts removed. Each shows 1.5
orbital cycles for clarity, with phase 0 defined as mid-eclipse;
2A1822-371 suffers a partial and broad X-ray eclipse
combined with a smooth modulation, whereas EXO0748-676
exhibits a narrow but almost total eclipse combined with
erratic variations. If these variations were smoothed out (as
would be the case if the inclination were slightly higher), then
the two light curves would be remarkably similar. The erratic
variations are simply due to structure on the edge of the disc
occasionally obstructing the view of the central X-ray source.
In 2A1822-371, the central source is never visible at all (the
inclination is higher), and so the eclipse and modulation are of
an extended X-ray region, making the light curve appear much
smoother (diagram courtesy of EXOSAT Observatory, ESA).

vary over long periods of time. Although the 50-
min period is always visible (and is marked), the
degree of obscuration presented by the disc edge
can vary dramatically on a timescale of months.
However, the dipping source most difficult for
early satellite observations to have recognised was
4U1624-49. With its 21-hour binary period and
quite spectacular light curve, its discoverers (Mike
Watson and colleagues at Leicester) gave it the
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Foreground polars? 

LMXBs:   
•  Transients; 
•  Very different pulse profiles! 
low-amplitude orbital modulation (if any): 
sharp eclipse ingresses/egresses (small 
X-ray emitting regions), dips 

UNLIKELY! 



NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

LMXBs:   
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low-amplitude orbital modulation (if any): 
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X-ray emitting regions), dips 
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Foreground polars? 

P < 0.03% 
no counterparts, nH > Gal. nH 



NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

LMXBs:   
•  Transients; 
•  Very different pulse profiles! 
low-amplitude orbital modulation (if any): 
sharp eclipse ingresses/egresses (small 
X-ray emitting regions), dips 

UNLIKELY! 

HMXBs:   
Possible only with a WR star 
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Foreground polars? 

P < 0.03% 
no counterparts, nH > Gal. nH 



Wolf−Rayet stars 
•  Final phase (prior to 

core collapse) of 
massive stars 

•  H envelope stripped 
away via stellar wind or 
close binary evolution, 
revealing products of 
CNO (WN) or He 
burning (WC) 

•  Strong emission lines, 
intense (10-5 M!yr-1) and 
fast (~(1−3)×103 km s-1) 
winds 

•  Compact, R < 2R! for 
 M ~ 20M! 

HST/Judy Smith 



NGC 4490’s J123030 & CG X−1 
P = 6.4 / 7.2 h, ~90% PF 

L ~1038/39 and 1039/40 erg s–1 

LMXBs:   
•  Transients; 
•  Very different pulse profiles! 
low-amplitude orbital modulation (if any): 
sharp eclipse ingresses/egresses (small 
X-ray emitting regions), dips 

UNLIKELY! 

HMXBs:   
Possible only with a WR star 

 
WR + BH 

A NS cannot be excluded, LX~1039 
maybe 1040 erg s–1 for the NuSTAR 

one in M82 (Bachetti+14) 
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P < 0.03% 
no counterparts, nH > Gal. nH 



Pulse profile 
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Carbon copy of the WR/HMXB 
light curves! 

The nature of the hard state of Cygnus X-3 281

In this source, the luminosity never falls below 0.3LE, which prevents
it from entering a hard state (Done, Wardziński & Gierliński 2004).
Its spectral variability is limited to that of a varying strength of the
emission above 10 keV, with a strong disc component always being
present. Its variability does not show a bimodal pattern in either the
soft or the hard flux nor in the hardness distribution.

2.3 Orbital modulation

Apart from the observed state transitions, the main variability pat-
tern of the light curve at all energies is a strong modulation on the
orbital period of 4.8 h (Parsignault et al. 1972). The modulation is
quasi-sinusoidal in shape and present in both soft and hard X-rays.
The strength of the modulation, here defined as the difference be-
tween the maximum and minimum count rates divided by the maxi-
mum, varies with energy from an average strength of approximately
60 per cent in the ASM bands (below 12 keV) to 50 per cent in
the BATSE range above 20 keV, with the slope of the rising phase
and the place of the minima changing slightly with energy (V03;
Hjalmarsdotter et al. 2004b, hereafter Hj04b). The preferred expla-
nation for the modulation is attenuation in the wind of the companion
(Willingale, King & Pounds 1985; Kitamoto et al. 1987), even if ob-
scuration by a disc bulge or accretion disc corona (White & Holt
1982) still remains a possibility.

If a dense stellar wind serves as the cause of the modulation, any
change in its optical depth and/or distribution would be reflected
in a change in the depth and/or shape of the modulated light curve,
since the wind distribution is centred on the companion WR star and
thus asymmetric to the X-ray source. In particular, if the changes in
absorption were large enough to cause the apparent state transition,
they are also likely to affect the orbital modulation. An important
aspect is therefore whether the modulation is present with the same
strength in both the apparent hard and the soft spectral states. To in-
vestigate this, we selected sections of the ASM light curve, based on
daily averaged ASM flux levels: <10 s−1, representing the apparent
hard state, and >20 s−1, representing soft state(s), and folded them
separately, using the parabolic ephemeris of Singh et al. (2002). The
results are shown in Fig. 6. We find that the modulation is clearly
present in both states, with a strength of approximately 55 per cent
in the hard state and 65 per cent in the soft state, and thus notably
stronger in the soft state.

Figure 6. The ASM 1.3–12 keV light curve from Fig. 2 folded over the or-
bital period for the soft state(s) (ASM count rate >20 s−1), magenta crosses,
and the hard state (ASM count rate <10 s−1), blue diamonds.

2.4 Radio/X-ray correlation

In recent years, a standard scheme for radio/X-ray correlations in
black hole X-ray binaries seems to have been established. According
to this scheme, steady radio emission, presumably from a compact
jet, is present throughout the hard state, and is then positively cor-
related with the soft X-ray flux. In the soft state, the radio emission
becomes strongly suppressed due to the disappearance of the com-
pact jet. A transient jet episode sometimes manifests itself as a radio
flare in the transition phase (e.g. Fender, Belloni & Gallo 2004 and
references therein).

Correlations between radio and X-ray emission in Cyg X-3
have been reported by several authors (e.g. Watanabe et al. 1994;
McCollough et al. 1997; Choudhury et al. 2002). Apart from the
strong flaring episodes, observed at high soft X-ray flux levels in
Cyg X-3, and the very high radio-to-X-ray ratio, about an order of
magnitude higher than in other sources (a part of which is due to
the strong absorption of X-rays in this source), the overall correla-
tion pattern in Cyg X-3 is in fact similar to that of other black hole
X-ray binaries (Gallo, Fender & Pooley 2003). Fig. 7 shows the
radio flux from Cyg X-3, as measured at 15 GHz by the Ryle tele-
scope, plotted against the ASM 1.3–12 keV soft X-ray count rate.
There is a clear difference in the radio behaviour on either side of the
limit marking the apparent state transition. At low ASM flux levels,
the radio emission is rather stable with flux densities ranging from
∼50 to 300 mJy, and positively correlated with the ASM flux. At
ASM flux levels above ∼20 s−1, the radio behaviour is completely
different, ranging from quenching at levels much below 10 mJy,
similar to that observed in other sources, to the giant radio flares
reaching above 10 Jy. It is interesting to compare here once again
the behaviour of Cyg X-3 to that of Cyg X-1 and GRS 1915 + 105.
All three sources are included in the radio versus RXTE/ASM flux
plot in Gallo et al. (2003). Cyg X-1 displays a radio behaviour in ac-
cordance with the scheme outlined in the beginning of this section.
Throughout the hard state, the radio emission is stable and posi-
tively correlated with the ASM flux. At flux levels corresponding to
the soft state, the radio emission is quenched. The same seems
to be true for all Galactic black hole systems which experience
a state transition between a hard state with a truncated disc and
a soft disc-dominated state. The strong radio flares displayed by
Cyg X-3 at high X-ray flux levels are, however, not observed. In
GRS 1915+105, which never displays a hard state, the left-hand
branch of stable radio emission is not present. Its radio behaviour is
instead similar to that of Cyg X-3 at high ASM flux levels, above the

Figure 7. The 15-GHz flux density as observed by the Ryle telescope plotted
against the ASM 1.3–12 keV count rate.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 384, 278–290
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Fig. 1.—Swift light curve of IC 10 X-1 in 100 s time bins. Overplotted in
gray is the Chandra light curve in 1000 s bins. The Chandra count rate is
reduced by a factor of 5 to approximate the lower effective area of Swift. The
Chandra data are also shifted forward in time by , where P is the Lomb-13P
Scargle period. Times are relative to the start of Swift observations, 2006
November 21 at 05:11:05 UTC. The black curve is the period derived by the
Lomb-Scargle periodogram. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 2.—Power spectrum of IC 10 X-1. The horizontal dotted lines corre-
spond to the false-alarm probability corresponding to 1, 2, and 3 j significance.

false-alarm probability (FAP) of the signal. The first was a
Monte Carlo simulation, in which fake spectra were generated
with Gaussian noise set to the standard deviation of the actual
data. The second was a bootstrap method, which creates a fake
periodogram by randomly rearranging real data values. Ob-
servation times were taken from the real data, and 51 # 10
fake spectra were generated for each method. The number of
simulated spectra with peak amplitudes greater than the ob-
served peak amplitude (i.e., the FAP) was 0 in both Monte
Carlo and Bootstrap simulations. Thus, the FAP was !1 #
10!5, and the significance was 14.5 j.

IC 10 X-1 was observed in 2003 by both Chandra and XMM-
Newton. The 30 ks Chandra observation of IC 10 X-1 showed
the source to be variable, but it did not show any evidence of
an eclipse (Bauer & Brandt 2004). A sharp increase in the X-
ray flux of IC 10 X-1 during the 45 ks XMM-Newton obser-
vation was probably due to an eclipse egress (Wang et al. 2005).
The data in these observations are consistent with the period
derived in this Letter.

3. DISCUSSION

The most plausible explanation for the regular flux modu-
lations is that orbital eclipses of the X-ray–emitting object by
the donor star were observed. It is unlikely that the observed
period is superorbital (e.g., due to a precessing warped accretion
disk) because it is shorter than most superorbital periods (most
are 10–100 days; e.g., Clarkson et al. 2004). Although we
cannot rule out an alternative explanation without a fully sam-
pled optical radial velocity curve, for this Letter, we assume
that the modulation is orbital.

3.1. Constraints on the Accretion Mechanism

The period can be used to constrain the accretion mechanism,
in particular, to determine whether the donor fills its Roche
lobe or whether accretion occurs via a wind. Here we test the
hypothesis that the accretion is the result of Roche lobe over-
flow by determining whether the observed period is consistent
with theoretical values of the period for compact object masses
in the range 1–100 M,.

The orbital period (P) is related to the mass of the primary
( ), the mass of the donor ( ), and the separation betweenM M1 2
them (a) via Kepler’s third law:

3/22pa
P p . (1)1/2[G(M "M )]1 2

Here we assume that the inclination of the system is close
to 90!, as implied by the existence of an eclipse. If we assume
that the donor fills its Roche lobe, then we can make the sim-
plifying assumption that the Roche lobe radius (RRLO) is equal
to the donor radius ( ). The separation can then be expressedR2
as (Eggleton 1983)

2/3 1/30.6q " ln (1 " q )
a p R , (2)2 2/30.49q

where . If the mass and radius of the donor star areq p M /M2 1
known, then equations (1) and (2) can be used to determine
values of the period for plausible masses of the compact object.

The mass of [MAC92] 17A derived from spectroscopic data
is ∼35 M, (Clark & Crowther 2004). The uncertainty on this
value is large. It is possible (but unlikely) that [MAC92] 17A
might have a mass as low as 17 M,. The radius of [MAC92]
17A is derived using standard mass-radius values for Wolf-
Rayet (WR) stars taken from Langer (1989). Assuming that
[MAC92] 17A is indeed the donor star, we find that for

, the period derived using equations (1) andM p 1–100 M1 ,

(2) is 2–3.5 hr. These conclusions still apply if the mass of
[MAC92] 17A is closer to 17 M, than 35 M,. Clearly, the
observed period is inconsistent with Roche lobe overflow and
implies that accretion is the result of a wind, as seen in many
other high-mass X-ray binaries.

3.2. The Mass of the Compact Object
The standard method for measuring the mass of stars in a

binary system is to determine the mass function (e.g., Mc-
Clintock & Remillard (2006):

3 3PK M sin i2 1f (M) { p , (3)22pG (1 " q)

where is the half-amplitude of the velocity curve of the sec-K2
ondary. The mass function is the minimum mass of the compact
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Pulse profile 
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L18 S. Carpano et al.: A 33 hour period for the Wolf-Rayet/black hole X-ray binary candidate NGC 300 X-1

X-ray source (αJ2000 = 00h55m10.s00, δJ2000 = −37◦42′12.′′06)
coincides with a WR candidate, WR 41 (Schild et al. 2003),
within 0.′′11±0.′′45. WR 41 has now been spectroscopically con-
firmed as an early-type WN star (Crowther et al., in preparation).

The four XMM-Newton light curves, lasting ∼10 h each,
showed irregular variability, and during one observation, the
flux increased by about a factor of ten in 10 h. No period be-
tween 5 s and 30 ks (8.3 h) was found in the data. The mean
observed (absorbed) luminosity in the 0.2–10 keV band was
∼2 × 1038 erg s−1. The unabsorbed X-ray luminosity reached
L0.2−10 keV ∼ 1 × 1039 erg s−1 suggesting the presence of a black
hole, altough beamed emission from a neutron star cannot be ex-
cluded. The spectrum could be modelled by a power-law with
Γ ∼ 2.45 with additional relatively weak emission, notably
around 0.95 keV.

In this Letter, we report the discovery of a 32.8 h period for
NGC 300 X-1. The remainder of the Letter is organised as fol-
lows. Section 2 briefly describes the SWIFT observations and
data reduction. In Sect. 3, we report analysis of the SWIFT XRT
light curve and search for periodicities using a Lomb-Scargle pe-
riodogram analysis. A folded XMM-Newton light curve is shown
in Sect. 4, while a discussion of our results is given in Sect. 5.

2. Observations and data reduction
NGC 300 X-1 was observed with the SWIFT Gamma-Ray Burst
Explorer (Gehrels et al. 2004) between 2006 December 26
and 2007 January 10, for a total of 83 ks. The light curve of
NGC 300 X-1 was extracted from the X-ray Telescope, XRT
(Burrows et al. 2005) which operates in the 0.2–10 keV energy
band. There are 146 XRT observations lasting between 10 and
1477 s. We kept only data from 124 observations lasting more
than 100 s.

For the production of the X-ray light curve, we analysed
the calibrated and screened PC event files (level 2) provided
in the set of data products. Source and background regions
were extracted using the FTOOLS1 ftselect task. The circular
source region was centred on the XMM-Newton source position
(αJ2000 = 00h55m10.s00, δJ2000 = −37◦42′12.′′06) with a radius
of 40′′, which is larger than the telescope PSF (18′′). A similar
sized region was extracted for the background, in a blank region
close to NGC 300 X-1.

3. Time analysis of SWIFT light curve
The SWIFT XRT background-subtracted light curve is shown
in Fig. 1. Times are given in hours from the beginning of the
observation. We overplotted the best-fit sinusoid function. For
clarity, the amplitude has been multiplied by a factor of 1.5. It is
clear that the flux varies in a regular way, with the minima likely
to be eclipses of the accreting companion.

We searched for a periodic signal between 5 and 100 h, us-
ing a Lomb-Scargle periodogram analysis (Lomb 1976; Scargle
1982). By means of Monte Carlo simulations, we evaluated
the confidence level assuming a null hypothesis of white noise.
Results are plotted in Fig. 2. The full, dashed and dotted lines
represent the 68%, 90% and 99% confidence level respectively.
We found that the 32.84 h period is significant at a confidence
level >99%. To estimate the error, we fitted a sine function using
the IDL task curvefit keeping trial periods fixed. The reduced
chi-square, χ2

ν with ν = 121, is shown in Fig. 3. The full, dotted

1 http://heasarc.nasa.gov/lheasoft/ftools
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Fig. 1. SWIFT XRT background-substracted light curve of
NGC 300 X-1. Overplotted is the best-fit sinusoid function.
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Fig. 2. Search for periodicities for the SWIFT XRT light curve of
NGC 300 X-1 using a Lomb-Scargle periodogram analysis. The full,
dotted and dashed lines represent the 68%, 90% and 99% confidence
level respectively.

and dashed lines represent ∆χ2 = 1.00, 2.71 and 6.63 respec-
tively. The corresponding 1, 2 and 3 σ period range are [32.67–
33.00], [32.57–33.12] and [32.42–33.28] respectively. Note that
the χ2

ν larger than 1 shows that the light curve cannot be de-
scribed by a pure sinusoid function.

The SWIFT XRT light curve folded at 32.84 h is shown
in Fig. 4. Phase zero is associated to the beginning of the
first SWIFT observation. From Figs. 1 and 4, we confirm ir-
regular high variability outside the eclipse as observed in the
XMM-Newton data (Carpano et al. 2007).

We estimate the X-ray luminosity by converting the mean
count rate, 0.012 count s−1 to flux with WebPIMMS2, using the
spectral parameters derived by Carpano et al. (2007). The mean
absorbed luminosity in the 0.2–10 keV energy band is 1.5 ×
1038 erg s−1, which is close to that found from the XMM-Newton
data, L0.2−10 keV ∼ 2×1038 erg s−1 (Carpano et al. 2007) and close
to the ROSAT value, L0.1−2.4 keV ∼ 2.2 × 1038 erg s−1 (Read &
Pietsch 2001).

2 http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Figure 1. Left: the XMM image of the same region, with the WCS matched between the two images, taken during observation 0152020101 (Observation F).
Right: the Chandra image from observation 3931 of the candidate Wolf–Rayet X-ray binary (Observation G). The green circle has a 2.5 arcsec radius around
the brightest pixel of the Wolf–Rayet binary candidate. Both images show photons from 2 to 7 keV. Of particular importance to note is that there is no strong
extended structure in the Chandra image near the position of the bright source, so that any emission there must be from point sources. The images have been
cleaned to remove flaring background periods.

Figure 2. Left: the Chandra light curve for the source. Right: the XMM–Newton pn light curve for the source.

subtraction than Chandra, but show results consistent with those
from the pn data. The MOS data are shown in Fig. 3.

3 R ESULTS

Some early results for our Chandra-NuSTAR observations of
NGC 253, focused on its variable nucleus, have already been re-
ported in Lehmer et al. (2013). Our analysis of the Chandra data
taken during 2012 for that project shows CXO J004732.0−25172.1
with about 100 source counts on September 2, 60 source counts on
September 18, and an upper limit of 8 source counts on November
16, with all counts reported in the 2–7 keV band. The location of
the source, in J2000 coordinates, at right ascension of 0:47:32.0 and

declination of −25: 17: 22.1 is 17 arcsec from the centre of NGC
253 (Veron-Cetty & Veron 2010).

Given this unusually fast variability, we examined the older ob-
servations of the source to determine whether it was a transient. We
found it to be bright in several past observations. We then examined
its intra-observation variability in the two longest observations – F
and G in Table 1. The source count rate varies by a factor of about 8
on time-scales of a bit more than half a day (see Fig. 2). The nature
of the variability is suggestive of a periodic system with a large
amplitude of variability, but given that fewer than two cycles are
seen if the source is periodic, no definitive statement can be made
on the basis of the Chandra data alone.

We next extracted light curves with 5000 second binning from
all the observations and computed a Lomb–Scargle (Lomb 1976;

MNRAS 439, 3064–3072 (2014)
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Signature pulse profile produced by 
absorption and Compton scattering of 
the X-rays through the WR stellar wind 
(even for i ~ 30°; Zdziarski et al. 2010) 



Counterparts 

(~V filter) 3 rather bright 
and blue objects 
 

MV = –6.4 
B–V = –0.4 

 
MV = –4.8 

B–V = –0.1 
 

MV = –3.0 
B–V = –1.2 

NGC 4490’s J123030 

A 

B 

C 

CG X–1 HST: MV > −6.8 

MV from −2.5 to −7 for WRs 



Luminosity 
A BH needs a disc to shine  

MBH ! 1.5 v4w, 1000δ
2 M⊙

Carpano+2007; Illarionov & Sunyaev 1975 

LX ≈ η
Ṁwc2G2M2

BH

a2v4w

Easily more with RLO 
Canonical stellar-mass BH if moderately beamed / super-Edd  

(e.g. Crowther 2007) 
Ṁw = 10−5 M⊙ yr−1

vw = 1000 km s−1

LX > 3 × 1039 erg s−1 for M > 10 M!
 

For CG X–1, LX up to 2 × 1040 erg s−1 
If LE holds, M > 75 M! for a He or C/O donor 

For 75 M!: LX = 2 × 1040 erg s−1 



WR/BH binaries 

IC 10 X–1 
33 M! BH; P = 34.9 h 
(Prestwich et al. 2007) 

WR/BH binaries are the 
progenitors of 2BHs with 

merger time scales shorter 
than a Hubble time 

+ NGC 4490 and CG X–1 
+ candidate in NCG 253:  
P ~ 15 h, L ~ 1038 erg s–1  
(Maccarone et al. 2014) 

Cyg X–3 
2 M! NS or a 3–5 M! BH 
P = 4.8 h, L ~ 1038 erg s–1 

NGC300 X–1 
20 M! BH; P = 32.3 h 
(Carpano et al. 2007) 

M101 ULX–1 
>5 M! BH; P = 8.2 d 

(Liu et al. 2013 ) 



WR/BH binaries 

Host galaxy Source Period BH mass WR mass SFR Z tGW

(h) (M⊙) (M⊙) (M⊙ yr−1) (Z⊙) (Gyr)
IC 10 X–1 34.9 33 35 0.07 0.22 1.4
NGC300 X–1 32.8 20 26 0.14 0.19 1.7
NGC4490 CXOJ123030 * 6.4 – – 4.5 0.23 0.038
NGC253 CXOJ004732 * 14.5 – – 4.0 0.24 0.33
Circinus CGX–1 * 7.2 – – 1.5 0.10 0.052
M101 ULX–1 196.8 20 19 3.1 0.17 200
Milky Way CygX–3 4.8 3 7 0.25 0.31 0.051

Natal kick? Mass of the 2nd compact object? 

•  WR forms a 10 M! BH via direct collapse 
•  Orbital parameters left unchanged 

•  If BH mass unknown, we assume 10 M!  

Theoretical predictions from population synthesis: 
0.4 < 20 < 1000 events/yr for aLIGO or Virgo 

(Abadie+2010) 



WR/BH binaries 
Host galaxy Source Period BH mass WR mass SFR Z tGW

(h) (M⊙) (M⊙) (M⊙ yr−1) (Z⊙) (Gyr)
IC 10 X–1 34.9 33 35 0.07 0.22 1.4
NGC300 X–1 32.8 20 26 0.14 0.19 1.7
NGC4490 CXOJ123030 * 6.4 – – 4.5 0.23 0.038
NGC253 CXOJ004732 * 14.5 – – 4.0 0.24 0.33
Circinus CGX–1 * 7.2 – – 1.5 0.10 0.052
M101 ULX–1 196.8 20 19 3.1 0.17 200
Milky Way CygX–3 4.8 3 7 0.25 0.31 0.051

R = ρSFR(z)
∑

i

(tGW, i + tevol, i)
−1 (SFRi)

−1 yr−1 Mpc−3

tGW =
5

256

c5 a4 (1− e2)7/2

G3 m1 m2 (m1 +m2)
•  ρSFR(z) cosmic SFR density 
•  tevol ~  3 Myr 

(Mapelli+2010) (Peters 1964) 



WR/BH binaries 
Host galaxy Source Period BH mass WR mass SFR Z tGW

(h) (M⊙) (M⊙) (M⊙ yr−1) (Z⊙) (Gyr)
IC 10 X–1 34.9 33 35 0.07 0.22 1.4
NGC300 X–1 32.8 20 26 0.14 0.19 1.7
NGC4490 CXOJ123030 * 6.4 – – 4.5 0.23 0.038
NGC253 CXOJ004732 * 14.5 – – 4.0 0.24 0.33
Circinus CGX–1 * 7.2 – – 1.5 0.10 0.052
M101 ULX–1 196.8 20 19 3.1 0.17 200
Milky Way CygX–3 4.8 3 7 0.25 0.31 0.051

R = ρSFR(z)
∑

i

(tGW, i + tevol, i)
−1 (SFRi)

−1 yr−1 Mpc−3

tGW =
5

256

c5 a4 (1− e2)7/2

G3 m1 m2 (m1 +m2)
•  ρSFR(z) cosmic SFR density 
•  tevol ~  3 Myr 

(Mapelli+2010) (Peters 1964) 

ρSFR(z = 0.3) ~ 3.6 × 10-2 M! yr−1 Mpc−3 (Hopkins & Beacom 2006) 



WR/BH binaries 
Host galaxy Source Period BH mass WR mass SFR Z tGW

(h) (M⊙) (M⊙) (M⊙ yr−1) (Z⊙) (Gyr)
IC 10 X–1 34.9 33 35 0.07 0.22 1.4
NGC300 X–1 32.8 20 26 0.14 0.19 1.7
NGC4490 CXOJ123030 * 6.4 – – 4.5 0.23 0.038
NGC253 CXOJ004732 * 14.5 – – 4.0 0.24 0.33
Circinus CGX–1 * 7.2 – – 1.5 0.10 0.052
M101 ULX–1 196.8 20 19 3.1 0.17 200
Milky Way CygX–3 4.8 3 7 0.25 0.31 0.051

0.4 <20 <1000 yr–1 (Abadie+2010) / ~10 yr–1 (1.4 Gpc) (Maccarone+2014) 

<16 yr–1 for distance range 1 Gpc 

R = ρSFR(z)
∑

i

(tGW, i + tevol, i)
−1 (SFRi)

−1 yr−1 Mpc−3

tGW =
5

256

c5 a4 (1− e2)7/2

G3 m1 m2 (m1 +m2)
•  ρSFR(z) cosmic SFR density 
•  tevol ~  3 Myr 

(Mapelli+2010) (Peters 1964) 



The Future - I 
CATS @ BAR  

•  Every 3/4 months we run the pipeline on the new 
ACIS data; new pulsators are coming 

•  Z2-like algorithms, better suited for low-counts 
sources  

•  X-ray/optical follow-ups & classification 
•  Search the XMM EPIC archive (6–73 ms 

sampling) in the EXTraS project 

NGC 4490’s 6.4 h BH binary  
•  Identification of the companion star 

•  Dynamical measurement of the BH mass 
•  New estimates of the metallicity of NGC 4490/85  



The Future - II 
•  Dearth of WR HMXBs. Yet they should be relatively common 

and very bright. Are there others known systems which may 
have been misclassified? 

•  The sample is still small, but 
 growing (from 3 to 7 in 2 yr!) 

•  Can a significant fraction of 
 ULXs be powered by WRs? 

 
•  Stellar massive BHs >20 M! 

•  Population synthesis and 
 common envelope phase 

•  Rate of (stellar) 2-BH mergers 
 to be seen (Advanced Ligo) 


