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Thermonuclear (type-I) X-ray bursts	

•  Thermonuclear (type-I) X-ray bursts occur in 
neutron stars accreting from low-mass binary 
companions; ~90 bursters known	

•  Understood since the `80s as resulting from 
unstable ignition of accreted H/He on the NS 
surface (e.g. Fujimoto et al. 1981, ApJ 247, 267)	
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Neutron star spin measurements	

•  Requires timing precision of <1ms, and high 
effective area	

•  Such capability has been available since the 
1995 launch of NASA’s Rossi X-ray Timing 
Explorer	
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•  Success soon after launch 
with detection of 363 Hz 
oscillations during 
thermonuclear bursts from 
4U 1728-34 	

	(Strohmayer et al. 1996, ApJL 469, L9)	
•  Could this be the spin 
frequency?	



Nuclear-powered pulsations?	
•  Other detections soon followed; these “burst 
oscillations” were always found at the same 
frequency for each source, and only in 
bursts, but not in every one	

•  Highly coherent, although small (~1Hz) 
frequency drifts while present	
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•  Seen to date in ~14 
sources, at 
frequencies of 
~200-600 Hz	

•  Possible link with kHz 
QPOs, also seen in 
burst sources	



Accretion-powered pulsations	

•  Confirmation that the burst oscillation 
frequency was almost certainly the spin 
frequency came with the detection of burst 
oscillations at the spin frequency of SAX 
J1808.4–3658	

	(Chakrabarty et al. 2003, Nature, 424, 42)	
•  These accretion-powered pulsars, of which 
there are now 10, are transients discovered 
during bright outbursts	

•  Since then, we have also detected 3 systems 
with intermittent pulsations in their 
persistent flux; with burst oscillations at 
the same frequency (where detected)	

	(e.g. Galloway et al. 2007, ApJ 654, 73)	
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Increasingly scarce oscillations	

•  Discovery rate has slowed somewhat in recent 
years	
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The latest detection: EXO 0748–676	

•  A blind search for burst oscillations in 
bursts from this system revealed two 
detections at 552 Hz, in bursts separated by 
~11 months (Galloway et al., 2010, ApJ 711, 148)	
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•  Probability for two 
noise peaks this 
strong, at virtually 
the same frequency, is 
~10-10	

•  This is the second 
detection in this 
system; previously at 
45 Hz!	



Not just your average LMXB	
•  EXO 0748-676 is also the only system which 
has shown (in an XMM-Newton spectrum) 
evidence for redshifted absorption lines 
arising from the neutron star surface (Cottam et 
al. 2002, Nature 420, 51)	

•  This allows us to measure the gravitational 
redshift, and constrain the neutron star 
EOS; a long-sought result for LMXBs!	
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The XMM-Newton spectral lines	
•  The lines are narrow, which requires slow 
rotation; subsequent detection of 45 Hz 
oscillations appeared to support the 
detection (Villarreal & Strohmayer 2004, ApJL 614, L121)	
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•  Much excite-
ment and 
theoretical 
work on what 
we can learn 
from lines in 
LMXBs 
followed…	



So which is the spin frequency?	
•  The 45 Hz signal 
was detected in 
summed FFTs of 38 
bursts, and is not 
detected in a 
larger sample of 
~160 bursts 
accumulated since	

•  In contrast, the 
552 Hz signal was 
detected in 
individual bursts 
(although only 2 
of them)	
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Revisiting the sum FFT search	

•  Villarreal et al. 2004 detected the 45 Hz 
signal in summed, rebinned FFTs over 38 
bursts	

•  There are now ~160 bursts in the RXTE 
sample, so we carried out equivalent 
analysis on the larger sample…	

•  … without success	
•  Perhaps the 45 Hz signal only appears from 
bursts in a particular (low) flux state? A 
second search for a subset of the bursts 
matching this cut…	

•  … was also unsuccessful	
•  However we could confirm the original result	
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A disappointing conclusion	
•  The 552 Hz signal more closely resembles 
other burst oscillations	

•  Thus we conclude that the spin in EXO 
0748-676 is likely 552 Hz, meaning that the 
narrow spectral lines could not have arisen 
at the neutron star surface	
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•  Confirmed by Lin et 
al. (arXiv:1007.1451)	

•  No self-consistent 
solutions for 
νspin=552 Hz that can 
produce narrow lines 
and ~15% burst 
oscillation amplitude	
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Fig. 2.— Constraints on the inclination angle ! of an observer
at infinity and on the colatitude " of a localized emission region
on the neutron star surface responsible for the burst oscillations
during the rise phase of X-ray bursts for EXO 0748!676. The
rectangular hatched region shows the limit on the observer’s incli-
nation imposed by the narrow widths of the absorption lines re-
ported by Cottam et al. (2002). The gray shaded region shows the
constraints imposed by the 15% (rms) burst oscillation amplitude
reported by Galloway et al. (2010) and the phase-averaged flux ob-
served during the oscillations. Both calculations were performed
for a hot-spot radius of 5! on a neutron star with a mass of 1.4M"

and a radius that corresponds to a surface gravitational redshift of
z = 0.35. There are no pairs of inclination and colatitude angles
that are simultaneously consistent with both constraints.

3. RESULTS

We present here the constraints the two observations
impose on the geometry of the system for the value
of the gravitational redshift of z = 0.35 inferred by
Cottam et al. (2002). Figure 1 shows the fractional
width of an intrinsically narrow atomic line emitted from
the entire surface of the neutron star, as a function of
the cosine of the observer’s inclination !. As expected,
the line broadening due to rotation scales roughly as the
non-relativistic expression
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As the angle ! decreases (and hence 1 ! cos! also de-
creases), the projection of the rotation velocity along
the line of sight also decreases, causing the rotational
broadening of the line to be substantially reduced. For
a neutron star of 1.4 M!, the observed upper limit of
!"/" # 0.018 (Villarreal & Strohmayer 2004) on the
fractional width of the lines reported by Cottam et al.
(2002) can be satisfied only if cos! ! (1!2.6$10"3) or,
equivalently, if the observer’s inclination is within 4.1#

from the rotation axis of the neutron star.
The posterior chance probability that we are observ-

ing the neutron star in EXO 0748!676 within 4.1# of its
rotation axis is exceedingly small. Assuming a random
distribution in the orientation of observers in the sky,
i.e., a distribution that is flat in cos!, leads to a chance
probability of # 2.6 $ 10"3. More importantly, as we
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Fig. 3.— Same as Figure 2 for a neutron star with a mass of 2M"

and a radius that corresponds to a surface gravitational redshift of
z = 0.35.

show below, such a face-on orientation of the system is
inconsistent with the % 15% amplitudes of burst oscil-
lations reported by Galloway et al. (2010) in the same
source.
Figure 2 shows the constraint on the inclination angle

! of the observer and the colatitude $ of the hot emitting
region that gives rise to the burst oscillations during the
rise phase of X-ray bursts. This constraint is obtained
by imposing two requirements (see Psaltis et al. 2000):
The rotating hot spot should produce oscillations with
an rms amplitude of at least 15% and the phase aver-
aged flux in the 2.5!25 keV range should be larger than
3$10"10 erg s"1 cm"2, observed at the time when the os-
cillations were detected (Galloway et al. 2010). The first
requirement constrains the observer’s inclination ! and
the colatitude of the spot $ to be away from the rota-
tional pole of the star. The second requirement excludes
nearly antipodal orientations between the observer and
the hot-spot, in which case the spot is almost completely
hidden from view.
These two requirements can be met in the light gray

shaded region, i.e., only when the inclination of the ob-
server is ! > 11#, such that (1!cos!) > 2$10"2. If the
inclination of the observer is smaller than this value or
the colatitude of the emitting region is close to zero, then
the amplitude of the burst oscillations is reduced below
the detected value. If, on the other hand, the colatitude
of the hot-spot is ! 55#, so that cos$ " 0.6, then the
rms amplitudes can be very large but the phase-averaged
flux goes to zero. In our calculations, we assume that all
of the emission originates from the hot spot. Taking into
account any emission from the rest of the neutron star,
at a lower temperature, may help increase the observed
flux, but this would also significantly reduce the pulse
amplitude that can be detected.
The hatched region shows the area of the parameter

space that is consistent with the width of the narrow
lines reported by Cottam et al. (2002). As discussed ear-
lier, this places a constraint only on the observer’s incli-
nation ! because the entire neutron star is expected to
emit during the cooling tails of the bursts when the lines



Summary	
•  EXO 0748-676 spin frequency is almost 
certainly ~552 Hz	

•  The origin of the lines remains a mystery; 
further observations of the source failed to 
detect them (Cottam et al. 2008, ApJ 672, 504)	

•  The origin of the 45 Hz signal also 
unexplained; could it be a boundary layer 
oscillation? (ATel #2097)	

•  Scarcity of the oscillations in the bursts 
suggests perhaps that all systems exhibit 
burst oscillations, most just extremely 
rarely?	
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