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Accreting neutron star spinsand the equation of state
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Abstract. X-ray timing of neutron stars in low-mass X-ray binaries (KBis) with theRossi X-ray Timing Explorer has since
1996 revealed several distinct high-frequency phenom&mang these are oscillations during thermonuclear (typmsists,
which (in addition to persistent X-ray pulsations) are thioito trace the neutron star spin. The recent discoverig84Hz
burst oscillations in IGR J171912821, and 182 Hz pulsations in Swift J1756 2608, brings the total number of measured
LMXB spin rates to 22. An open question is why the majority ko £~ 100 known neutron stars in LMXBs show neither
pulsations nor burst oscillations.

Recent observations suggest that persistent pulsatiopbenaore common than previously thought, although detéetab
intermittently, and in some cases at very low duty cycles.dxample, the 377.3 Hz pulsations in HETE J196@455 were
only present in the first few months of it's outburst, and Haeen absent since (although X-ray activity continuesgrinittent
(persistent) pulsations have since been detected in &furtio sources. In two of these three systems the pulsatjzpeaa to
be related to the thermonuclear burst activity, but in th@ttAqgl X-1) they are not. This phenomenon offers new oppoities
for spin measurements in known systems.

Such measurements can constrain the poorly-known neutaoreguation of state, and neutron stars in LMXBs offer
observational advantages over rotation-powered pulshishwnake the detection of more rapidly-spinning examplesem
likely. Even so, spin rates of at least 50% faster than thegmtemaximum appear necessary to give constraints sttingen
enough to discriminate between the various models. Althdhg future prospects for such rapidly-spinning objectsioo
appear optimistic, several additional observational epgines are possible for LMXBs. The recent study of EXO 07815
is an example.
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INTRODUCTION may constrain the EOS are a high priority for observers.
Since the EOS affects the bulk properties (mass and
The equation of state (EOS) of cold matter at superfadius) of neutron stars, simultaneous measurement of
nuclear densities remains one of the foremost outthese parameters with moderate precision in an individ-
standing problems for fundamental physics (e.g. [1]).ual object would in some cases be sufficient to iden-
The major uncertainty in high-density quantum chromo-tify the EOS. However, such measurements have proved
dynamics theory (which has otherwise been so successurprisingly elusive. The masses of neutron stars in bi-
ful in explaining the properties and behaviour of sub-nary (rotation-powered) pulsars can be measured in some
atomic particles) is in the regime where the density iscases to a fraction of a percent (e.g. [3]) although simul-
at or above that reached in the atomic nucleus. Cold mataneous radius measurements are generally not available.
ter beyond nuclear density may be composed primarilywhile the maximum neutron star mass also provides a
of neutrons, as is normally thought, or it could be dom-constraint on the EOS, most of the measured masses
inated by exotic components such as hyperons, pion otluster around #Mg, which is not useful in distinguish-
kaon condensates, or quark matter (e.g. [2]). Such statésg between different models.
of matter arepurely theoretical at the present time, and  Measurement of the spin rate in rapidly-rotating neu-
their detection — whether it be via accelerator exper-tron stars provides a relatively model-independent way
iments, or in the astrophysical “laboratories” availableto constrain the EOS. The maximum spin rate of a neu-
to astronomers — would represent a significant step fortron star (above which it will break up due to centrifugal
ward for modern physics. forces) can be expressed in terms of the neutron star mass
Particle accelerators probe the conditions in matter aM and radiusR, roughly independent of the EOS [1]:

extreme temperatures and densities (up to a factor of ten
higher than nuclear). Matter within neutron stars is also
expected to reach super-nuclear densities, but at compar-  Vmax= 1045M/M.)Y2(10kmyR)*¥2Hz (1)
atively “cool” temperatures (no more than®K). Neu- )
tron stars thus play an important complementary role fohereM andR are the neutron star mass and radius. Con-

studies of condensed matter, and measurements whiciraining the possible candidates for the neutron star EOS
thus requires detection of ever-more rapidly spinning
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neutron stars. The fastest-spinning neutron star prgsent(e.g. [10]). A comparison of the spectral properties of
known is the radio pulsar PSR J1748446ad, at 716 Hz the pulsing and non-pulsing LMXBs does not support
[4]. Although it's mass is unknown, assuming a valuethe latter explanation ([11, 12], although see also [13]).
consistent with the measurements from other radio pulFurthermore, while the sources which exhibit pulsations
sars leads to an upper radius limit of 14.4 km. Withouttend to have low time-averaged X-ray fluxes (and hence
a mass measurement, this limit does not yet allow us t@ccretion rates), this condition is not sufficient for pul-
reject any individual EOS. sations to be detectable. The contrast with the rotation-
A compelling observational goal, then, is to detectpowered pulsars is even more marked when one consid-
ever-more rapidly spinning neutron stars. Despite muclers that even the LMXBs whictio exhibit pulsations, do
effort, progress in this regard has been slow; the detectionot exhibit pulsations at all times. Pulsations may only be
of PSR J17482446ad represented the first increase indetected from the accretion-powered millisecond pulsars
the known maximum neutron-star spin rate in 23 years(AMSPs) when in outburst; similarly, burst oscillations
In the radio band, selection effects make more rapidly-are only detected for a few seconds at the peak of some
spinning rotation powered pulsars significantly harderthermonuclear bursts. This property presents an observa-
to detect. Although these selection effects do not affectional challenge to the measurement of rapid neutron star
spin measurements via X-ray observations of accretionspins which is quite distinct from the difficulties encoun-
powered neutron stars, faster-spinning systems have ntgred in searches for rapidly-spinning rotation-powered
yet been convincingly detected, suggesting perhaps thatulsars.
some physical mechanism prevents further spin-up. In further contrast to the rotation-powered pulsars, the
Regardless, measurement of neutron-star spins ispin rate for neutron stars in LMXBs may be measured in
LMXBs remains a high observational priority. In this two distinct ways: burst oscillations and persistent pul-
paper | will discuss the phenomenology of the varioussations. In addition, intermittent (persistent) pulsasio
types of high-frequency timing phenomena detected tdhave been detected recently in three systems. Below |
date, and assess the prospects for future detections whickescribe each of these phenomena in more detail.
may provide the first strong constraints on the neutron-
star equation of state.

Burst oscillations

MEASUREMENT OF NSSPINSIN The presence of X-ray bursts are practically a defining

LMXBS characteristic of LMXBs (e.g. [15, 16]). Thermonuclear
(type-l) bursts are caused by unstable ignition of accu-
Evidence of rapid spins in neutron-star LMXBs has beermulated H/He on the surface of accreting neutron stars;
obtained exclusively via observations with the Propor-the X-ray intensity increases by an order of magnitude
tional Counter Array (PCA; [5]) aboard thRoss X-  within at most a few seconds, before decreasing back to
ray Timing Explorer (RXTE). The PCA is the only in- the persistent level within 10-100 s. Although there are
strument to date with the sensitivity (effective area  several observational aspects which continue to defy ex-
6500 cnt) and time resolutions 1 us) necessary to de- planation (e.g. [17]), the physics of the nuclear ignition
tect rapid variability from these systems. With the excep-and burning are reasonably well understood, and in some
tion of a few high-field neutron stars in LMXB systems cases are fully consistent with observations [18].
(including Her X-1 and GX 1+4), measured spin fre- Rapid (363 Hz) oscillations were first discovered
guencies fall in the range 45-620 Hz (Table 1), with allin bursts from the well-known persistent X-ray source
but one> 180 Hz. These rapid spins confirm the LMXBs 4U 1728-34 [19]. A power-density spectrum covering
as the evolutionary precursor to the “recycled” millisec- the maximum of the burst exhibited multiple closely-
ond radio pulsars [6, 7]. spaced peaks, that were later resolved into a continuous
The LMXBs for which spins have been measured rep-upwards frequency drift over the span of the oscillation.
resent only about 20% of the known population of moreFrequency drifts of a few Hz, as well a310% ampli-
than 100 (e.g. [8]). It remains an open question as to whyudes and sinusoidal pulse profiles, subsequently proved
it is so difficult to measure the spin in the majority of neu- to be typical of such oscillations. The high coherence
tron stars in LMXBs. The two conventional explanations of these oscillations long recommended them as tracers
are that either the non-pulsing neutron stars in LMXBs
have magnetic fields that are too weak to channel accre-
tion onto polar hotspots (perhaps due to suppression by Here | exclude measurement of the separation frequency id pa
the accreted material; e.g. [9]) or that the pulsations aref high-frequency quasi-periodic oscillations, which Hesg been

scattered by a surrounding region of high optical deptﬁﬂgagﬂt;‘;’etﬁ ﬁ;’pro’(imate'y equal to or half the spin freqyefal-




of the neutron star spin, and this conjecture was all buered during transient outbursts typically lasting a few
confirmed with the detection of burst oscillations at theweeks (see [27] for a review). Extensive observations
persistent pulsation frequency in two accretion-poweredvith RXTE and other instruments have revealed a number
pulsars [20, 21]. of properties largely characteristic of the class. The out-
Burst oscillations have been discovered to date in 14ursts tend to be of short duration, typically a few weeks
sources (e.g. [16]; Table 1), at frequencies in the rangé¢but as long as 50 d in XTE J1814838). Pulsations
45-620 Hz. The oscillations with the lowest frequencyare persistently detected at fractional amplitudes of typi
were detected by summing power-density spectra of 3&ally ~ 5% rms. Where thermonuclear bursts are present,
bursts detected from EXO 074&76 [22]. In this source, oscillations at the pulsation frequency and roughly the
the oscillations are uniquely not detectable in individualsame fractional amplitude are present throughout (e.g.
bursts. The highest frequency oscillations to date arg20, 21]).
from 4U 1608-52, at 620 Hz (Hartman et al., 2008, The most recently-discovered source,
in preparation). The most recent discovery has been irswift J1756.9-2508, is an exemplar of the class.
the rapid transient IGR J17192821. A thermonuclear This system was discovered when it began a transient
burst was detected from this system RYTE/PCA on  outburst and was detected by the Burst Alert Telescope
2007 May 4, in which high-frequency oscillations were (BAT) aboard theSwift satellite on 2007 June 7 [28].
present, increasing in frequency from 292 to 294 Hz [23].A subsequenRXTE observation of the field showed
As with the other burst oscillation sources, the highesta significant excess in the power-density spectrum at
fregency detected is assumed to be the neutron star spit82 Hz, confirming the source as an accretion-powered
frequency. millisecond pulsar. Pulse timing of subsequent observa-
Both the average and maximum spin frequencies ofions precisely measured Doppler delays from a 54.7 min
the burst oscillation sources are higher than those obinary orbit. The Roche lobe in such an “ultracompact”
the sources with persistent pulsations, so that this phebinary cannot accommodate a main-sequence donor, and
nomenon perhaps offers the best opportunity for increasthe likely companion is He-dominated, with a mass in
ing the maximum spin rate for rapidly-rotating neutron the range (6.7—-22«< 10~3 M. Approximately 13 days
stars. Evidence for a burst oscillation at 1000 Hz later the X-ray flux had dropped to several orders of
has already been reported, although the low significancenagnitude below the outburst maximum, and the system
of the signal means that it must be considered a canhad all but returned to quiescence. Searches for X-ray
didate, at best. A peak at 1122 Hz was detected iremission from the source over the preceding 2.5 yr for
the power-density spectrum of a 4-s interval late in thewhich BAT data was available, as well as the 11.4 yr
tail of a thermonuclear burst from the LMXB transient interval spanned byRXTE/PCA and ASM measure-
XTE J1739-285 [24]. However, no comparable power ments, were unsuccessful (although the sensitivity to
excess was detected at this frequency in other (nonfaint outbursts is reduced due to the nearby bright source
overlapping) intervals during the burst, nor in any of the GX 5-1). This suggests that the outburst recurrence time
other six bursts observed IBXTE. Furthermore, while  for Swift J1756.9-2508 is> 10 yr, similar to the other
the significance of the signal was estimated &78  ultracompact AMSPs.
based on Monte-Carlo simulations, a standard calcula- The characteristic short-duration outbursts coupled
tion taking into account the total number of trials (for with recurrence times of years result in low time-
overlapping 4-s time windows up to the Nyquist fre- averaged accretion rates for the AMSPs, of order
quency) suggests the significance is at mast3At this 1011 M. yr~1 [29]. Five of the eight known systems
relatively low significance, without corroborating detec- have been detected only once in outburst, so that the
tions in other bursts from this source (or at least in otheractual recurrence time is unknown. The three systems
independent, non-overlapping time intervals) this detecwhich have exhibited multiple outbursts, exhibit two
tion cannot yet be interpreted as a spin measurement. distinct recurrence patterns. First, in XTE J17RD5, a
strong (maximum 50 mCrab) outburst (which led to the
source discovery) in 2002 was followed by two much
Persistent X-ray pulsations shorter and weaker~ 20 mCrab) outbursts, 3 and 2
years later [30, 31]. The estimated fluence from the

The accretion-powered millisecond pulsars (AMSPs)latest mini-outburst, in 2007, a”0WlSZa roughzmelasure of
have emerged as a distinct class of LMXBs, beginninghe time-averaged flux of.@x 10" ergcm<s™*, at
with the discovery of pulsations in SAX J1808.3658  least an order of magnitude smaller than that of the other
in 1998 [25, 26]. Since then, seven more AMSPs (in-AMSPs (excluding possibly Swift J1756-2508).

cluding HETE J1900.4 2455, which is more accurately ~ The second characteristic pattern of outbursts is typ-
classified as an intermittent pulsar, below) were discovified by the behaviour of SAX J1808-8658. To date,

five outbursts with comparable durations, peak intensi-



ties, and fluences have been observed, that were sep-
arated by 2+ 0.6 yr on average [29] The similarity
of the outburst profiles extends to large-amplitude vari- ~
ations in X-ray flux for~ 15 d prior to the transiton o
to quiescence (see e.g. [32]), as well as the pattern oﬁg
X-ray pulse variation [33]. For IGR J00291+5934, the
system which is most similar in its system properties to
SAX J1808.4-3658, a retroactive search of the ASM in- -
tensity history revealed evidence for two previous out- ©
bursts, 3 and 6 yr earlier. The variability in the outburst ‘A/
intervals for IGR J00291+5934 was substantially less, al- =
though a fluence measurement was possible only for the
latest outburst, so that the degree of variation of the long-
term accretion rate from interval to interval is unknown.

In an earlier study the outburst fluences for
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SAX J1808.4-3658 were found to be roughly simi- —_— —
2010

lar, although the fluence measurement for the 2005 June 2000~ 2005
outburst was based on ASM data only, since no public Time (yr)
PCA data were available [29]. The now-public PCA ob-

servations, which offer excellent coverage of the outbursEIGURE 1. Evolution of the long-term time-averaged flux in

(even including the rise) allow a much more precise meaSAX J1808.4-3658. Each measurement is based on the inter-
sure of the fluence, of4.54- 0.08) x 10-3 erg ont2. val between outbursts and the fluence measured for the stitbur

. . . - which followed, as calculated by [29] but using an improved
With this more pr_eC|se measure, | find that the OUt'measure of the outburst fluence for the 2005 June outbusst (se
burst fluences deviate from a constant value at e 5 text). The right-hand-axis indicates the corresponding mass

level. These variations in the outburst fluence, coupledccretion rate for a.2 Mg, neutron star withR = 10 km at
with the significant variations in the outburst interval, 3.6 kpc. The dashed line is a linear line of best fit, projected
have the consequence that the mean accretion rate fArough the implied time for the next outburst.
SAX J1808.4-3658 has decreased by about 40% be-
tween 1996-1998 and 2002-2005. The mean flux (and
accretion rate) plotted for each outburst clearly show ghe divergence between the linear and quadratic models
steadily decreasing trend (Figure 1). is more significant, and in fact the linear model predicts
The reliability of predictions for subsequent outburststhe time for the next outburst as early as 2007 March
in these repeating transients is an important factor forlhus, | predict the next outburst to occur sometime be-
observers, not only in the X-ray band. In 2004 Decem-tween 2007 September and 2008 July.
ber, following an analysis of the recurrence times of the An alternative prediction for the next outburst in
outbursts of SAX J1808-43658 and IGR J00291+5934 SAX J1808.4-3658 may be made based on the trend of
observed until then, | compared predictions of linearthe long-term time-averaged flux. Extrapolating a linear
and quadratic fits of the outburst recurrence time. Thdit to the measurements suggests that sufficient material
quadratic fit to the outburst times for SAX J18083658  Will have been accreted to the disk to power an outburst
resulted in much smaller residuals, and predicted the nex@f fluence equal to that of 2005 June by MJD 55040
outburst in 2005 September—October. The outburst actu2009 July; Fig. 1). Thus, an outburst of fluence less
ally occured three months earlier, in 2005 June, an erthan or equal to that in 2005 June will likely occur no
ror of just 12% of the recurrence time. The early occur-later than 2009 July. Interestingly, extrapolating the lin
rence of this outburst compared to the prediction mayear trend further suggests that accretion will cease alto-
have been related to the fact that the outburst fluencgether by around 2013, although this seems implausible!
was the smallest yet measured for SAX J180&8858 The wide-field instruments onboal TEGRAL, Swift
[29]. Encouraged by the success of the phenomenologand (to a lesser exterfXTE andHETE-II have resulted
ical model fits in predicting the 2005 June outburst,in a discovery rate for these systems of about 1.4 yr
| make further predictions for the next outbursts in since 2002. That this level of coverage has been sus-
both SAX J1808.43658 and IGR J00291+5934. For
IGR J00291+5934, the projections of the linear and
guadratic fits do not diverge substantially through the? Since the X-ray observational coverage of the Galacticeoudgion
time of the next outburst (Fig. 2). The time range spannedhich includes SAX J1808-43658) is better than anywhere else in
by the two models are MJD 54390-54680., .. betweerﬁ)hce(;jrl(ryédwe can confidently rule out the sixth outburst hawligady
2007 October and 2008 July. For SAX J18083658,




5.6 1Q* T T searches by a number of observers, persistent pulsations
E had not been detected in any other LMXBs, even when
5.5%10"F ;ZOWO a measured burst oscillation frequency could be used to
15008 guide the search. Conversely, the pulsations in the first
5 ax10%F ] six AMSPs discovered were always present when the
' : 12006 sources were detectable wiKTE/PCA. This division
o g ] has since been weakened by the detection of intermit-
2 5.3x10% 12004 tent (persistent) pulsations, first in the long-duratiamsr
2 ] 2002 si_e_nt HETE J1900-12455, and subsequently in two ad-
= 5.0x10%E ] ditional sources.
i 12000 HETE J1900.1-2455 was discovered when a bright
. wwo“g ] thermonuclear. (type-l) burst was detected with the
' L/ 11998 HETE-Il satellite on 2005 June 14, and a subsequent
; 1GR J0029175934 A |1 RXTE/PCA observation revealed the presence of 377 Hz
5%10%E SAX J1808.4-36580 |1 1996 pulsations [34]. Pulse timing of the observations which
B followed revealed Doppler shifts from an 83.3 min bi-
L 2 35 4 5 6 nary orbit, with a companion likely having mass in the
Outburst number range (16-7Px 10~3 M. This system soon revealed

several properties distinct from the population of AM-
FIGURE 2. Outburst times and phenomenological model SPs known until that time. First, the system remained ac-
fits for the recurrent transients SAX J18083658 and tjve |ong after the usual outburst duration for the AMSPs,
IGR J00291+5934. The open symbols show the actual start 4 in fact is still active (as of 2007 November) at ap-

of each outburst detected BeppoSAX, the RXTE/ASM or . .
PCA. Linear flashed lines) and quadratic dontinuous lines) proximately the same mean X-ray flux since 2005 June.

fits to the recurrence times for each source are shown. Fopecond, the pulse amplitude was unusually low (at most
SAX J1808.4-3658, | also show the quadratic fit derived prior 3% rms), and decreased on a 10-d timescale following
to the 2005 June outbursddited line), which was accurate in  several thermonuclear bursts observed early in the out-
predicting the time of that occurrence to within 12% (of the pyrst [35]. Third, and perhaps most interestingly, was
outburst interval). The predicted time ranges for the next 0 5t the pulsations became undetectable on several oc-
gﬂférﬁifﬁgﬁgréeghcf\,'vcnufﬁﬂ eaf?”ter:fgsrgﬁgi the linear an asions in the first few months of the outburst, and since
’ ' 2005 August 20 have not been detected at all. Weekly
RXTE observations continue with the goal of detecting
tained now for 5 yr suggests that the sample of shorf™ change ir} the system fI_ux or.the return of pullsatio.ns.
(=~ 2-3 yr) recurrence time transient AMSPs is prac- The behawour of pulsatlon_s n t_h|s system Is enig-
matic, having a complex relationship with the presence

tically complete. If this is indeed the case, the future £ th | bursts. On th ) th |
discoveries are likely to be systems with substantiallyq ermonuciear bursts. On threé occasions the pulsa-
ons appeared strongly close to the times of thermonu-

longer recurrence times (such that they have not yet beetﬂ] . : )
in outburst since 2002, or even earlier). There are alread$ & bursts, and then decreasing gradually in amplitude

indications that the discovery rate for AMSPs is decreas- ntil the .next. While this suggesits that the bu_rsts them?
ing with time. Swift J1756.9 2508, discovered in 2007 selves triggered the appearance of the pulsations, and in

June. was the first transient AMSP discovered in 2.5 yrone case a burst preceded the first detection in that obser-
The new sources discovered in the future. as well as op’ation. in another case the detection of pulsations instead

servations of repeat outbursts of the known systems, Wilpreceded aburst by 2.4 hr. Furthermore, while the source

be critical to constrain the presently highly uncertain dis continued bursting after 2005 August 20, the subsequent

tribution of recurrence times (and hence accretion rateslfu_:_sr:s W(;re not acclomparr]ued tl))y pulsations at any level.
of these systems. e phenomenology has become even more com-

plex with the detection of persistent pulsations in two
more systems. Timing analysis of the entire 1.3 Ms of
. . RXTE/PCA data accumulated on the well-known tran-
Intermittent pulsations sient LMXB Agl X-1 resulted in a single detection of

) ) persistent pulsations on 1998 March 10, lasting approx-

Perhaps no less puzzling than the question of why per’mately 150 s [36]. The pulsation, at a frequency of
sistent pul_sations were only detected in the_h_a_ndful 0%550.27 Hz, wase 0.53 Hz higher than the asymptotic

AMSPs prior to 2006, was the fact that the division be-feqency of burst oscillations observed from the source.

tween the two classes of systems — the AMSPS ang( yrsts were observed within several days of the ob-

the non-pulsing LMXBs — was so sharp. Despite deePgeryation that exhibited pulsations, and no spectral varia



tion was detected while the pulsations were present. The
estimated duty cycle for the pulsation was just 30~“. Burst oscillations
In the globular cluster LMXB SAX J1748-92021, pul- 24 W Millisecond pulsars
sations at 442 Hz were detected on several occasions in| 22 ORadio pulsars H
2001 and 2005 [37, 38] The oscillations were present 20
during an interval in which several bursts were detected, 18
and exhibited Doppler variations in frequency consistent | .
with a binary orbit with period 8.76 hr.

It may appear an artifical distinction to separate the in-
termittent pulsars from the seven other “classical” AM-
SPs, but there are several other distinguishing character-
istics. Most notably, the properties of the pulsations in
two of the three intermittent systems appear to be re-
lated to the occurrence of thermonuclear bursts. Bursts
have also been observed from SAX J18083458 and
XTE J1814-338, although with no apparent effect on N R | !
the persistent pulsatio_ns._ While it seems i_mp_lausible that LSS EL LS PSSP
a separate pulse emission mechanism is involved, the Frequency (Hz)
mechanism behind the appearance and disappearance or
pulsations in these systems is presently a mystery. MOrelGURE 3. The neutron star spin frequency distribu-
detailed studies of the pulse and spectral properties in thion, plotted separately for different types of systems: ra

known sources, as well as observations of additional exdio (rotation-powered) pulsars (from the ATNF Pulsar Cata-
amples, may provide the solution. logue, as of.]upe 2007), accretion-powered ml||!SeCOI‘I§HDE|]
and burst oscillation sources. The overwhelming majority o

rotation-powered pulsars spin slowly; the bar at 0-50 Hats ¢
off by they-axis range and includes 1480 sources. The distribu-
DISCUSSION tion for the accreting sources is much flatter, and is notéfe

by any known selection effects which make detection of more
Having presented in some detail the phenomenology@pidly-spinning systems less likely.
of measuring accreting neutron-star spins, | turn to the
prospects for the future potential for stringent constsain
on the neutron-star equation of state. The combined spiftture constraints on the neutron star EOS.
frequency distribution for the 22 burst oscillation sowce  In the absence of any known selection effects, the
and millisecond pulsars is approximately flat betweenPresentlack of accretion-powered neutron stars spinning
45-620 Hz (Fig. 3). The spin distribution for rotation- faster than 620 Hz strongly suggests that such systems
powered pulsars, in contrast, is subject to significant seare rare, if they exist at all. One possible explanation
lection effects which mask the true distribution. Radio for this lack of faster-spinning objects is the increasing
pulsars are subject to pulse smearing due to dispersioiple of gravitational radiation which may prevent further
in the interstellar medium, which makes previously un-SPin-up (e.g. [40]). Regardless of the mechanism which
known examples harder to detect. This problem becomedpparently prevents further spin-up, this paucity of more
worse for very fast pulsars, and the increasing effecfapidly spinning systems has serious implications for
of eclipses by the outflowing pulsar wind further de- the prospects for future detections and corresponding
creases the sensitivity for detection. X-ray pulsationsCconstraints on the neutron star EOS.
on the other hand, are not Subject to either effect, and To eXplore these implications further, it is worthwhile
thanks toRXTE’s timing capability well above 1 kHz, to consider how much faster a neutron star need be dis-
the Sensitivity to X_ray puisars rotating at frequenciescovered before Signiﬁcant constraints on the pOSSible
well above the current maximum is effectively flat. Thus, EOS are achieved. In this respect the candidate 1122 Hz
accretion-powered pu|sars may offer the best chance tburst OSCi"ation, even though it has not been Conﬁrmed,

detect maximally-rotating neutron stars, and thus providd'as prompted a timely exploration of the consequences
for the EOS. According to [41], this result leads for the

first time to “strong, model-independent observational
3 SAX J1748.9-2021 had previously been reported as a 410 Hz burstconStramts_ to the n?u“’on star EOS (See also [42]) For
oscillation source [39], although that signal was deteotalgi brieflyin ~ such a rapidly spinning neutron star to be comprised of
a single burst, and at low significance. While a source witlsgiions nucleonic matter would require a rather Iarge mass of
and burst oscillations at different frequencies would léytremark- >~ 2 M- (perhaps providing an alternative explanation of
able, the burst oscillation detection was likely not real. ~ N . S

why extremely rapidly-spinning neutron stars have been
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so hard to find). The rotational mass-radius limit for an  Although this result is not without it's own caveats
1122 Hz neutron star just intersects the M-R trajectoriegsee e.g. [44]), many of the issues appear resolvable.
for several plausible equations of state at the highest posFhe energetics of both thermonuclear bursts and carbon-
sible mass ([1], Figure 2). This suggests that this spin ratéurning “superbursts” may also allow complementary
is a convenient empirical target for observers; neutrormeasurements of the heat flux from the neutron star crust,
stars spinning slower than this rate likely cannot signif-which also constrains the interior properties and hence

icantly constrain the EOS (unless other, complementaryhe EOS (e.qg. [45]).

constraints are available) while neutron stars spinning at
even higher rates have a good chance to constrain the
EOS.

It is also worth noting that the prospect for access to
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planned for the near future by ESA or NASA. The best
chance for a replacement high-sensitivity, high time res-
olution X-ray instrument is the Large-Area Xenon Pro- 1.
portional Counter (LAXPC) onboard the Indian mul-
tiwavelength satelliteASTROSAT®, currently scheduled 2.
for launch in December 2009. The LAXPC has compa-3'
rable spectral and timing resolution to tRXTE/PCA,

with improved high-energy sensitivity; in addition, the
satellite will also feature soft- and hard-X-ray imaging
telescopes, an all-sky monitor, and a UV telescope fob.
broadband coverage.

In the unfortunate event th&XTE ceases operation
beforeASTROSAT is launched, there will be no further
spin measurements for rapidly-rotating accreting neutrory,
stars in the meantime. Even if this situation is avoided, if
some phenomenon prevents the spin-up of neutron stafs
to spin rates much in excess of 750 Hz (as is suggested tg
the present distribution of measured spins), the prospec
for strong constraints on the neutron star EOS by mea
surement of rapid spins alone appear poor. However, the

prospects for constraints via multiple observational mea41.

surements remain promising. For the accretion-powered
neutron stars, this approach is illustrated by the recent
results from EXO 0748676, which combined the spin

rate with measurements of the surface gravitational red-""

shift, the peak flux of radius-expansion thermonuclear; 3
bursts (the Eddington limit) and the (apparent) black-

body radius of the star from the X-ray flux in the burst tail 14.
[43]. Although the spin rate in this system is the slowest15.

measured in any LMXB at 45 Hz, and so cannot alone

give any useful constraints on the EOS, the combination®:

of other measurements allowed those authors to rule out
all the “soft” equations of state for this system.

4 URL http://heasarc.gsfc.nasa.gov/docs/xte/
cyclel2.html
5 URL http://meghnad.iucaa.ernet.in/~astrosat

17.
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TABLE 1. Rapidly-rotating accreting neutron stars

Vspin ~ Porb d M

Source Typeé (Hz) (min)  (kpc) (101 Mg yr~1)* Ref.
Burst oscillation sources

EXO 0748-676 BDT 45 229 75 20-45 (120) [22]
4U 1916-05 BD 270 50 8.9 22-110 [46]
IGR J17191-2821 BT 294 <11 [23]
4U 1702-429 B 329 1320 55 35-80 [47]
4U 1728-34 B 363 ... 5.2 45-210 [19]
KS 1731-26 BL 524 e 7.2 85-350 [48]
A 1744-361 BT 530 ... <9 (< 230) [49]
MXB 1658—298 BDL 567 427 12 60-200 [50]
4U 1636-536 B 581 228 6.0 55-330 [51]
GRS 1741.9285F BT 589 ... 8 0.01 (1) [52, 53]
SAX J1750.8-2900 BT 601 e 6.8 20 (180) [54]
4U 1608-528 BT 620 773 41 100 (530)

Accretion-powered millisecond pulsars
Swift J1756.9-2508 T 182 54.0 8? > 0.14 (200) [28]

XTE J0929-314 T 185 436 >4 > 0.4 (30) [55]

XTE J1807-294 T 191 401 >5 > 0.3 (40) [56]

XTE J1814-3341 BT 314 257 <8 1.4-1.6 €60) [21]

SAX J1808.4-365d BT 401 1209 3.4-3.6 0.6-1.3 (75) [25, 26, 32]

XTE J1751-305 T 435 424 >8 > 1.2 (190) [57]

IGR 00291+5934 T 599 147.4 5-6 1.3 (90) [58, 29]
Intermittent pulsars

HETE J1900.1-2455 BL 377 83.3 5.0 7-70 [34, 35]

SAX J1748.9-2021 BT 442 520 8.1 8 (420) [37, 38]

Agl X-11 BT 550 1137 5.0 105 (510) [36]

* B = burster, T = transient, L = long-duratior (1 yr) transient, D = dipping source. Adapted from [8].

T For the sources with radius-expansion bursts, the distisrietermined from the mean peak flux of those
bursts [17]. For sources with only non-radius expansiostisuthe maximum peak flux of the bursts leads to
an upper limit on the distance. For sources with no bursgsratio of the long-term average X-ray flux and
the expected accretion rate driven by gravitational raatideads to a lower limit on the distance [29]

** The inferred mass accretion rate, based on the time-avktamadband X-ray flux and the distance
estimate, and assuming adll;, neutron star with radius 10 km. For transients, the peakobserved
during outburst is indicated in parentheses. For the lamgtébn transients, the rate is measured while the
source is X-ray active. For sources without bursts, thenegéd rate is a lower limit based on the minimum
companion mass and the orbital period (following [59]).

* The source of the bursts with 589 Hz oscillations assumed By [

§ Hartman et al. 2008, in preparation

T Also a burst oscillation source



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

D. K. Galloway, A. Cumming, E. Kuulkers, L. Bildsten,
D. Chakrabarty, and R. E. RothschilpJ 601, 466-473
(2004).

T. E. Strohmayer, W. Zhang, J. H. Swank, A. Smale,
L. Titarchuk, C. Day, and U. LeédpJL 469, L9-12
(1996).

D. Chakrabarty, E. H. Morgan, M. P. Muno, D. K.
Galloway, R. Wijnands, M. van der Klis, and C. B.
Markwardt,Nature 424, 42—44 (2003).

T. E. Strohmayer, C. B. Markwardt, J. H. Swank, and J. in49.

't Zand, ApJL 596, L67—-L70 (2003).

A. R. Villarreal, and T. E. StrohmayefApJL 614,
L121-1124 (2004).

C. B. Markwardt, M. Klein-Wolt, J. H. Swank, and

R. Wijnands,The Astronomer’s Telegram 1068 (2007).

P. Kaaret, Z. Prieskorn, J. J. M. i. Zand, S. Brandt,
N. Lund, S. Mereghetti, D. G6tz, E. Kuulkers, and J. A.
Tomsick,ApJL 657, L97—-L100 (2007).

R. Wijnands, and M. van der Klidlature 394, 344—-346
(1998).

D. Chakrabarty, and E. H. MorgaXature 394, 346—348
(1998).

R. WijnandsNucl. Phys. B 132, 496-505 (2004),

URL http://staff.science.uva.nl/~rudy/
admxp/index.html.

H. A. Krimm, C. B. Markwardt, C. J. Deloye, P. Romano,
D. Chakrabarty, S. Campana, J. R. Cummings, D. K.
Galloway, N. Gehrels, J. M. Hartman, P. Kaaret, E. H.
Morgan, and J. TuelleApJL 668, L147-L150 (2007).

D. K. Galloway, “Accretion-powered Millisecond Pulsar
Outbursts,” inThe Transient Milky Way: a perspective

for MIRAX, edited by F. D’Amico, J. Braga, and

R. Rothschild, AIP, Melville, NY, 2006.

S. A. Grebenev, S. V. Molkov, and R. A. Sunya&he
Astronomer’s Telegram 446 (2005).

M. Linares, R. Wijnands, and M. van der Klighe
Astronomer’s Telegram 1055 (2007).

D. K. Galloway, and A. CummingipJ 652, 559-568
(20086).

J. M. Hartman, A. Patruno, D. Chakrabarty, D. L.
Kaplan, C. B. Markwardt, E. H. Morgan, P. S. Ray,
M. van der Klis, and R. WijnandsipJ, submitted
(arXiv.org:0708.0211) (2007).

P. Kaaret, E. H. Morgan, R. Vanderspek, and J. A.
Tomsick,ApJ 638, 963—-967 (2006).

D. K. Galloway, E. H. Morgan, M. |. Krauss, P. Kaaret,
and D. ChakrabartyipJL 654, L73-L76 (2007).

P. Casella, D. Altamirano, R. Wijnands, and M. van der
Klis, ApJL, submitted (arXiv.org:0708.1110) (2007).

F. P. Gavriil, T. E. Strohmayer, J. H. Swank, and C. B.
Markwardt,ApJL 669, L29-L32 (2007).

D. Altamirano, P. Casella, A. Patruno, R. Wijnands, and
M. van der Klis,ApJL, submitted (arXiv.org:0708.1316)
(2007).

P. Kaaret, J. J. M. i. Zand, J. Heise, and J. A. Tomsick,
ApJ 598, 481-485 (2003).

L. Bildsten,ApJL 501, L89-L93 (1998).

G. Lavagetto, I. Bombaci, A. D’Ai’, |. Vidana, and N. R.
Robba,ApJL, submitted (astro-ph/0612061) (2006).

M. Bejger, P. Haensel, and J. L. ZdunA& A 464,
L49-L52 (2007).

F. OzelNature 441, 1115-1117 (2006).

47.

48.

50.

53.

54.

55.

. M. Alford, D. Blaschke, A. Drago, T. Klahn, G. Pagliara,

and J. Schaffner-Bielichature 445, 7-8 (2007).

. D.Page, and A. CummingpJL 635, L157-L160 (2005).
. D. K. Galloway, D. Chakrabarty, M. P. Muno, and

P. SavovApJL 549, L85-1L88 (2001).

C. B. Markwardt, T. E. Strohmayer, and J. H. Swank,
ApJL 512, L125-1.129 (1999).

M. P. Muno, D. W. Fox, E. H. Morgan, and L. Bildsten,
ApJ 542, 1016-0133 (2000).

S. Bhattacharyya, T. E. Strohmayer, C. B. Markwardt,
and J. H. SwankApJL 639, L31-L34 (2006).

R. Wijnands, T. Strohmayer, and L. M. Franép,JL 549,
L71-L75 (2001).

. W. Zhang, I. Lapidus, J. H. Swank, N. E. White, and

L. Titarchuk,lAU Circ. 6541 (1997).

. T. E. Strohmayer, K. Jahoda, A. B. Giles, and U. LAq&]

486, 355-362 (1997).

M. P. Muno, F. K. Baganoff, and J. S. Arabadfig,J 598,
474-480 (2003).

P. Kaaret, J. J. M. in't Zand, J. Heise, and J. A. Tomsick,
ApJ 575, 1018-1024 (2002).

D. K. Galloway, D. Chakrabarty, E. H. Morgan, and R. A.
Remillard,ApJL 576, L137-L140 (2002).

. C. B. Markwardt, M. Juda, and J. H. SwahilJ Circ.

(2003).

. C. B. Markwardt, J. H. Swank, T. E. Strohmayer, J. J. M.

in 't Zand, and F. E. MarshalApJL 575, L21 (2002).

. D. K. Galloway, C. B. Markwardt, E. H. Morgan,

D. Chakrabarty, and T. E. StrohmayépJL 622,
L45-148 (2005).

. L. Bildsten, and D. ChakrabartppJ 557, 292-296

(2001).



