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Abstract A low mass X-ray binary (LMXB) contains either a neutron siaa black
hole accreting materials from its low mass companion stas. dne of the primary
astrophysical sources for studying stellar-mass complajeicts and accreting phe-
nomena. As with other binary systems, the most importardrpater of an LMXB
is the orbital period, which allows us to learn about the retf the binary system
and constrain the properties of the system’s componertisidimg the compact ob-
ject. As aresult, measuring the orbital periods of LMXBsdsential for investigating
these systems even though fewer than half of them have kndvitalogperiods. This
article introduces the different methods for measuringottistal periods in the X-ray
band and reviews their application to various types of LMX&sch as eclipsing and
dipping sources, as well as pulsar LMXBs.
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1 INTRODUCTION

Compact objects, including white dwarfs, neutron starslaadk holes, are the endings of stellar
evolution, and play important roles in the stellar life @.cAn X-ray binary contains either a neutron
star or a black hole accreting material from a companion @tar emits strong X-rays from the
region close to the compact object. As a result, X-ray basaare important astrophysical objects
for studying stellar-mass black holes, neutron stars, #isaséheir accreting behavior. There are two
types of X-ray binaries that are classified by their mass doimstead of accretors. The companion
of a low mass X-ray binary (LMXB) can be a late-type star orresevhite dwarf or a brown dwarf
with mass typically less than a solar mass. The two compsnaithe binary are very close to
each other so that the companion fills its Roche lobe and theriabtransfers through the inner
Lagrangian point to the accretor side. Because the mataniaks a significant amount of angular
momentum, an accretion disk is formed around the compaetbbjhe material gradually loses its
energy due to viscosity and accretes onto the compact oljéatge amount of X-rays are emitted
around the compact object because of the strong gravittiaid. By contrast, a high mass X-
ray binary (HMXB) has a massive>(L0 M.)) early-type star as the companion. The high mass
companion loses its mass mainly through stellar wind andativeetor captures a large amount of
matter in the close orbit, generating the X-rays.
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The variability of X-ray binaries provides rich informatidor understanding the properties of
these sources, including the nature of compact objectsetme disks and the accretion process.
The variability can be periodic, quasi-periodic or evenraymic with time scales of less than a
millisecond to thousands of days, differing by about 12 csd&f magnitude. The amplitude of
variation may be as small as a few percent to a factor of thuwissd/arious time scale modulations
allow us to study different parts of a binary system. For epd@ymillisecond time scale variations
are believed to be caused by events in the region near theamimpject, allowing us to study
the compact object’s properties. Conversely, some long-teaodulations may be caused by the
accretion disk precession.

As with other binary systems, the orbital period, which dilereflects characteristics of the
binary system, is the most fundamental parameter for anyXsiaary. The orbital periods of X-
ray binaries range from less than an hour to hundreds of #¥XBs usually have longer orbital
periods, from days to hundreds of days. LMXBs are more commpad their orbital periods range
from tens of minutes to several hours. The size of the binaythe separation between the two
componentsd), can be estimated using Kepler’s third law,

1/3 2/3
U 9.03(ma+md) (P"rb) (1)
Rq 10M 1d
_ 0.50(ma+md)1/3(Porb)2/3’
Mg 1h

wherem, andmg are the masses of the accretor and donor respectively.iBga) demonstrates
the compactness of the X-ray binary systems; the size of aXBiM about tens of solar radii but
the size of an LMXB is typically less than or equal to a solaliua.

However, fewer than half of X-ray binaries have known oilgitariods. According to the 4th
edition of catalogs of HMXBs (Liu et al. 2006) and LMXBs (Liu al. 2007), only 45 out of 114
HMXBs and 74 out of 187 LMXBs have recorded orbital periodse3e orbital periods are obtained
from either optical or X-ray bands. Because the X-ray bemgre rather compact, it is almost im-
possible to resolve their orbits in images. Therefore, tleasurements of the orbital periods are
primarily achieved by variations in light curves or radialacities. In most cases, the orbital vari-
ations are easier to detect for systems with high inclimagingles. Probably the only exception is
the Be X-ray binary whose orbital period can be determinetkbyrring X-ray outbursts due to the
neutron star periodically passing through the disk arobede star and accreting large amounts of
gas fromit.

The orbital periods of many X-ray binaries are measured by tiptical emissions. These can
be obtained either from the periodic flux modulations or tiw#tal Doppler effect of the companion
stars. The optical emissions for an HMXB are mostly from iessidonor with little effect from the
X-ray source. Conversely, for an LMXB, both the compani@m aind accretion disk may contribute
to optical emissions. For persistent LMXBs or transient LB®during the outburst state, the opti-
cal emissions are dominated by the accretion disks, duesteefbrocessing of X-rays. The optical
emissions from the accretion disk can be asymmetric or gieadly blocked by the companion.
However, the optical modulation from an accretion disk maycbupled with the disk motion so
that the variation period can be different from the orbitalipd, which will be further discussed in
Section 2.4. For a transient LMXB in its quiescent state,dptcal emissions are from the com-
panion. Because the companion is tidally distorted, thesgionms are also asymmetric because of
gravitational darkening and ellipsoidal modulation isetved. Another way to detect the orbital pe-
riod in the optical band, like the single-lined spectroscdpnary, is to measure the radial velocity
variation of the companion star. The radial velocity vaoiatnot only provides the orbital period,
but also other orbital parameters, such as the projectethsgar axis ¢ sin ) of the companion’s
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orbit and eccentricityd). Furthermore, the mass function

Mg sin® 4 B Porn K3(1 — e?)3/?

(ma + mq) a 27 ’ (2)

f(m) =

where K4 is the semi-amplitude of the radial velocity of the companiallows us to constrain the
mass of the compact object.

However, there are still some difficulties with measuring ¢ibital periods in the optical band.
First, some X-ray binaries have no identified optical cotpdés. The Galactic HMXBs are mostly
distributed around the Galactic plane where the extindtiche optical band is high. For LMXBs,
some are located in globular clusters so their optical anpairts are difficult to identify in such
crowded regions with a large number of stars. Even if thecaptiounterparts are known, measuring
the orbital Doppler effects from the companion for some LMXB still very difficult because they
are too dim. An alternative way to probe the orbital periotiX-@ay binaries is from their X-ray
emissions. This article focuses on measuring the orbitabge of LMXBs. There are two major
methods for measuring the orbital periods of LMXBs in thea&-band: from variations in their
X-ray flux or from pulsations of neutron stars. Measuring diieital period with the X-ray flux is
introduced in Section 2, including general period searckthods (Sect. 2.1), the observed minus
calculated (O-C) method (Sect. 2.2), and further discassiothe eclipsing sources (Sect. 2.3) and
dipping sources (Sect. 2.4). It also covers other variati@fated to measurements of their orbital
period, such as dynamics of the accretion disk. Measurenwdrarbital periods for LMXBs using
pulsations from neutron stars are described in Section Binsary is given in Section 4.

2 MEASURING THE ORBITAL PERIOD WITH X-RAY FLUX MODULATION

One of the primary methods of measuring the orbital periodrof MXB is from variations in its
X-ray flux. The X-rays emitted from the region near the contjpdaject are periodically obscured,
either fully or partially by the companion, or absorbed bg tuter structure of the accretion disk,
which causes the orbital modulations in the X-ray band. Suoldulations can be seen only for a
binary system with a high orbital inclination angig.(According to Frank et al. (1987) (see Fig. 1),
no orbital variation can be observed for an LMXB system wittogbital inclination angle less than
60°. For a system with an orbital inclination angle betwééh and75°, periodic X-ray dips caused
by the absorption of X-rays by the vertical structure on tberetion disk can be detected in the
X-ray light curve. If the inclination angle is larger th@h°, an eclipse occurs. Interestingly, a total
eclipse, together with a dip, is seen for orbital inclinatietweery5° and80° if the X-ray emission
region is point-like. In principle, no X-rays can be detekter a higher inclination angle because
the X-ray source is completely blocked by the finite thicknekthe accretion disk. However, if the
X-ray emission region is extended due to the X-rays beingfeseal by the accretion disk corona
(ADC), the companion can only occult part of the X-ray engasregion and result in a partial
eclipse (White & Holt 1982). A typical partial eclipsing &y binary is X1822-371 (White et al.
1981).

2.1 Period Search Methods

Because the orbital modulation is periodic, the orbitaligubcan be obtained by various period
search methods, such as the Lomb-Scargle periodogramafteereS periodogram, Lomb 1976;
Scargle 1982) and the phase dispersion minimization (PCllii®werf 1978). The best method
for searching the orbital period depends on the modulatiofile. For example, the LS periodogram,
based on fitting a sinusoidal function to the light curve, mrensensitive to smooth variations. For
a highly non-sinusoidal profile, such as the X-ray dip (S2at) with a short duty cycle, PDM is a
better choice because the LS power of the signal would badpret to its harmonics and therefore
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Fig.1 Various types of X-ray flux modulations from orbital motion LMXBs caused by the
different inclination angles. Adopted from Frank et al. §T%

be buried by noise in the power spectrum. Different pericttete methods are usually applied to
confirm the periodicity, especially if the modulation prefis unknown prior to measurement. Many
period search methods, such as the LS periodogram, mustgedapo the binned light curve.
Furthermore, for the methods where the period is obtainedrbindex made by the folded light
curve that is folded with a trial period, such as PDM, the lae $n the folded light curve must be
specified. Consequently, results may be slightly differeith different bin sizes for the same light
curve. However, the X-ray data can be recorded as an evetitdisprovides the event arrival times
for the detected X-ray photons. The Z-test (Buccheri et @83) and H-test (de Jager et al. 1989)
directly operate on the event arrival time without binnimgla unique result can be obtained.

In addition to finding the orbital period, the primary purpax a period search is to verify the
significance of the signal. A periodic signal results in hpglwer and exhibits a peak in the power
spectrum (or a local minimum in the PDM spectrum). Howeueg, peak may be caused by noise
although this probability is small. The significance can &l@ated by hypothesis testing. The null
hypothesis is that there is no periodic signal in the lightreuso that all variations are due to noise.
The null hypothesis would be rejected if the probabilitytttiee peak is due to noise (also called the
false alarm probability) is smaller than a prior significanevel. Taking the LS periodogram as an
example, the probability distribution of pure white noigethe power spectrum is an exponential
distribution with a mean value of 1. A peak with power gredlen 6 indicates that the probability
that the peak is caused by noise is less thgs(—6.0) = 0.0025. In other words, we have a more
than 99.75% (3) confidence level for the detection of a periodic signal.

Once the orbital period is determined by the period seardhodethe error in the period must
also be specified. The uncertainty in the frequency is sonestiestimated as the width of the peak
in the power spectrum but this value can only be considerée tthe upper limit of the uncertainty
(Levine etal. 2011). The width of the peak is inversely pmtipoal to the time span of the light curve
and is independent of the power in the peak. However, we ¢xipaicin principle, the uncertainty in
the period is smaller for a more significant signal. Taking L% periodogram as an example, from
Horne & Baliunas (1986), the uncertainty in frequency magstmated as

3
8TVP'

whereT is the time span of the light curve arfd is the power in the signal. For a significant
detection of a periodic signal, the LS power is much larganth so the uncertainty in frequency

of = ©)
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is much smaller thaih/7". For a period search method where the uncertainty in pesibdid to be
determined, a Monte Carlo simulation can be used to estithatencertainty.

Like optical observations, X-ray light curves are usuallyevenly sampled so the discrete
Fourier transfer is improper for searching for the periagi®y contrast, the LS periodogram, which
is based on fitting a sinusoidal function, is suitable foruamdy sampled data. However, all period
search methods suffer from large gaps in the light curvesXF@y observations, the gaps may be
caused by the Earth occultation, which is more severe fetlgas in low orbits, or the observation is
terminated because the target is too close to the Sun. Thesevation gaps usually result in aliases
around the true signal. If the gaps are periodic, like thetEaccultation, whose period is the or-
bital period of the satellite, the aliases appear to be &gsphced around the signal in the spectrum
where the difference in frequency equals to frequency ofipes on the light curve. Furthermore, if
the gaps are too large, the aliases may be more powerfultieanue signal in the power spectrum,
giving an incorrect period for the light curve.

2.2 O-C Methods

An alternative way to obtain or refine the orbital period is ®—C method. The O—C method can
usually provide a more precise orbital period measurenadotit an order of magnitude better than
the period search methods given in Section 2.1. Furtherntdeeable to probe the orbital period
derivative (i.e.P,.1,, P, €tc.) To apply this method, a relatively stable orbital miatlan profile

is preferred, allowing a specific reference point, calleglfiducial point, in the profile to be well-
defined. The O—C method traces the change in the occurrenes tf the fiducial points. For a
given reference tim&;, and expanding the orbital frequenay,(,(¢)) as a polynomial, the observed
cycle count (V,1,5) can be expressed as

t t

1

Nobs(t) = /T Vorb(t/)dt/ = /T (Vorb,O + Dorb,O(t - TO) + iﬁorb,O(t - T0)2 + )dt/
0 0

1. 1.
= Nobs(TO) + Vorb,O(t - TO) + §Vorb,0(t - T0)2 + gyorb,O(t - TO)3 + ... (4)

The reference time, usually called the phase zero epockumlly chosen as an occurrence time of
a fiducial point so thalV,,s(7p) = 0. However, the observed cycle count number increases yapidl
with time so that it is almost always compared with a “caltedti cycle count number. The linear
ephemeris for the calculated cycle count is usually chosen a

Ne(t) = Ne(T) + veol(t — Tp). (5)

The frequency . o), sometimes called folding frequency, may be obtained leypiriod search
methods discussed above or using a previously reported.valhe difference in the cycle count can
be written as

(b(t) = NC(t) - NobS(t)
= NC(T0/> + Vorb,O(t - T(;)
1
2
1. 1.
= _[Vorb,O(TOI - TO) + §Vorb,O(T(; - T0)2 + gyorb,O(TO/ - T0)3]

1
_[Nobs(TO) + Vorb,O(t - TO) + Dorb,O(t - TO)2 + Eﬁorb,O(t - TO)3]

. 1.
+[VC,O — Vorb,0 — Vorb,O(T(; - TO) - §V0rb,O(T(; - TO)Q](t - TO/)

1.. . 1.
_E[Vorb,() + Vorb,O(T(; - TO)](t - TO/)Q - EVorb.,O(t - TO/)Sa (6)
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whereN.(Tj)) = Nobs(To) = 0 if T} andT; are the phase zero epochs for calculated and observed
cycle counts respectively(t) is called the phase and is usually less than one cycle. Theeptam

be obtained by the location of the fiducial point on the foléigtit curve. If bothT{ andv. ( are
close to their corresponding true valigsandv,,, o and the higher-order terms are small, the phase
drift can be continuously traced. The orbital parametegsoltained by fitting a polynomial to the
evolution of the phases of fiducial points from the data. gsire period as a parameter, Equation (6)
can be approximately written (up to quadratic terms) as

1 Porb

Porb,O - PC,O -
2
2 Porb,O

t—T))2. 7
Porb,OPC.,O ( O) ( )

o(t) ~ ¢o + (t —Tp) +

The phase of the fiducial point is sometimes obtained fronfdlued light curve folded by a
single linear ephemeris (.8}, = T} + P.oN), particularly for an orbital profile that is unclear for
a single orbital cycle in a light curve. However, cycle coamntbiguity must be treated with caution.
The measured phase shiftould actually bé¢+ / — N’) whereN’ is an integer. This could happen
if the folding period (or frequency) deviates by a large amtoperhaps due to a large error, from
the true orbital period and a large gap in the data. Phasetairdy due to deviation in the folding
period or error would accumulate with time and result in ey@bunt ambiguity. Therefore, a small
uncertainty in the folding period is essential for extraginlg the folding ephemeris to larger time
spans, especially if there are large gaps in the data. Maadeldiscussions about this issue can be
found in Chou et al. (2001).

The orbital ephemeris is usually written as a function ofleymount. Taking the quadratic
ephemeris as an example, the time of the fiducial point imttecycle is expressed as

1 .
Tn =~ To + PorboN + §Porb,oPorbN2. (8)

Thus, using the O—C method, the time delay compared to tHeuleded” linear ephemerig;y, =
Ty + P.oN,is

1 .
At = TN - T]/V ~ (TO - Té) + (Porb,O - PC,O)N + §P0rb,OP0rbN2- (9)

The parameters can be obtained or refined by fitting a polyaldmthe time delay as a function of
cycle count. The application of the O—C method to measurerthigal period and its derivative will
be further discussed in the following sections for ecligsaimd dipping LMXBs.

2.3 Eclipsing X-ray Sources

In addition to the radial velocity variation from the orizoppler effect, the most direct evidence
for binary orbital motion is eclipsing. For an X-ray binarytlwvsufficiently high inclination angle,
the X-ray emissions may be totally blocked by the comparfitimei X-ray emission region is point-
like and exhibits a total eclipsing profile. A typical X-ragtél eclipsing profile is shown in Figure 2.
Because the total eclipsing profile can be very well definleel @—C method is usually applied to
refine the orbital period or trace the change in orbital gkridhe most commonly used fiducial point
is the mid-eclipse time obtained by fitting a defined modehwrofile. The simple step and ramp
model is usually adopted to fit the eclipsing profile (Parma €1991; Hertz et al. 1997).

To date, total X-ray eclipses have been detected in 12 LMXB$¢Q 0748-676, Her X-1,
X1658-298, XTE J1716-281, AX J1745.6-2901, GRS 1747321, CXOGC J174540:0290031,
Swift J1749.4-2807, 1RXS J175721-2304405 and 4U 212047, and two quiescent sources, X5
and W37, in globular cluster 47 Tuc (Heinke et al. 2003, 2D0Byr the newly discovered total
eclipsing source 1RXS J17572%.304405, only a part of the eclipsing profile was observed so



Measuring the Orbital Periods of Low Mass X-ray Binarieshia X-ray Band 1373

--------- I e e e L S S e B e Y B e e e A S S B

Final Fitted Model 93074-06-04-01 ‘

t Rate
20 40
T

Coun

T £y
ime (s)

Fig.2 A typical total eclipsing profile in the X-ray band detectedmh EXO 0748—-676. Adopted
from Wolff et al. (2009).
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Fig. 3 The O-C results from over 20 years’ of monitoring the midgss time for EXO 0748-676.
The orbital period glitches can clearly be seen. Adoptenhfvidolff et al. (2009).

its orbital period remains unknown (Maeda et al. 2013). 4P217 used to be recognized as a
typical partial eclipsing source but a total eclipsing deofias been detected during its quiescen-
t state (Nowak et al. 2002). Among these seven total eclipsMXBs, the most well-studied is
EXO 0748-676, a transient source with a neutron star as its accreteretlipse timing has been
traced since its discovery in February 1985. However, thaseb of the mid-eclipse times behave
irregularly (see Fig. 3) and no simple ephemeris can fit th€ @esiduals. It appears that the or-
bital period has abruptly changed several times by an orflaniliseconds over more than 20 yr
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Fig. 4 Atypical partial eclipsing profile in the X-ray band detetfeom 4U 1822—37. Adopted from
Parmar et al. (2000).

of monitoring (Wolff et al. 2009). A similar phenomenon wdsaaseen in XTE J1710-281 (Jain &
Paul 2011). This orbital period glitch is likely due to theostg magnetic activity which changes the
gravitational quadrupole moment of the companion star fMgohkl. 2007, 2009; Jain & Paul 2011).

There are five LMXBs exhibiting partial X-ray eclipses (22209630, 4U 1822-37, XTE 2123—
056, 4U 2129+12 and 4U 2129+47). The partial X-ray eclipsavigies evidence that the X-ray
emission region is extended due to the X-rays being scdtiaréhe ADC (White & Holt 1982).
For an ADC source, the value &f, /L, is about 20 whereas this value is about 100-1000 for the
other LMXBs. 4U 1822-37 is one of the best-studied partifpsing LMXB systems. However, the
orbital modulation profile is not purely a partial eclipsealddition to the partial eclipse profile, there
is a smooth variation that reaches its minimum at about Ocsybefore the eclipse (Parmar et al.
2000, see Fig. 4). This smooth variation is caused by theyX-fimm ADC being obscured by the
structure at the rim of the accretion disk (White & Holt 198Phe minimum of the partial eclipse is
usually chosen as the fiducial point (also called the artisad of the eclipse). Its value is obtained
by fitting a Gaussian to the partial eclipse profile, plus afiom (e.g. a polynomial or a sinusoidal
function) to model the smooth modulation (laria et al. 20&fjer more than 30yr of tracing the
orbital evolution, the rate of change for orbital period wesorted to be.59(9) x 10~ s s™1, which
is three orders of magnitude greater than the theoretiealigtion based on mass conservation in
the binary system (laria et al. 2011). On the other hand, 422487 is also an X-ray pulsar whose
neutron star has a spin period of 0.59 s (Jonker & van der KIgELY, which provides an alternative
way to independently probe the evolution of orbital period.
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2.4 Dipping X-ray Sources

In addition to eclipsing sources, some LMXBs exhibit orhiteddulations in the X-ray band that are
believed to be due to absorption of X-rays by structure inatb@etion disk. The typical one is the
dipping source. X-ray dips have been seen in more than a dddiBs, where the X-ray intensity
periodically decreases by a factor with duration frei®.1 up to~0.4 duty cycles.

Figure 5 shows a typical light curve of a dipping LMXB. Thisdaused by the absorption of
X-rays emitted from the region around the compact objechiyertical structure in the outer part
of the accretion disk. Therefore, the period of the dip issidered to be the orbital period of the
binary system. X-ray dips have been seen in total eclipsMBs (e.g. EXO 0748-676) and partial
eclipsing sources (e.g. 4U 2129+12). However, there arar@ruof LMXBs exhibiting only pure
dips without an eclipse, which are classified as dipping LMXBy contrast, some LMXBs have
smooth orbital variations (e.g. 4U 1820-30 see Stella ét%7) that are also likely to be caused by
the absorption of the accretion disk structure, but theyhatelassified as dipping sources.

To probe the orbital evolution of dipping LMXBs, the dip centime (usually determined as the
time at which the minimum dip intensity occurs) is usuallieséed as the fiducial point. However,
because the dip is caused by the absorption of the accraesbstducture, it is not completely phase
locked with the orbital phase, but sometimes shows phase (&.g.40.05 cycle for X1916—053,
see Chou et al. 2001). Both the dip center time and the diplemianges with time (Chou et al.
2001; Hu et al. 2008). Furthermore, the dip even occasipdaéhppears at the expected time (Smale
& Wachter 1999; Chou et al. 2001). Because of the variabledifile, the fiducial point (the dip
center time) is sometimes difficult to uniquely define. Faaraple, Chou et al. (2001) obtained a dip
center time by fitting a quadratic curve around the intensityimum, whereas Homer et al. (2001)
used a Gaussian to model the dip profile, but neither appiieattitable for a dip with a complicated
profile. Hu et al. (2008) introduced a method to extract theupeters of a dip, including the dip
center time, dip width, and strength, regardless of how dimaed the dip profile is. With these
parameters, the X-ray dip not only provides informationigttbe evolution of orbital period, but
also dynamics of the accretion disk as it is caused by alisariptthe structure of the accretion disk
(Chou et al. 2009).
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X1916-053 is a typical dipping LMXB and exhibits many intgieg timing phenomena. It
shows recurrent X-ray dips, first discovered by White & Swét82) and Walter et al. (1982) with
a period of 3000s. The secondary dip is sometimes seen wittasepdifference of 0.5 with
respect to the primary one. Other periods in the X-ray bandire from 2985s to 3015s have
been reported with marginal evidence (Walter et al. 1982it&\8 Swank 1982; Smale et al. 1989;
Yoshida et al. 1995; Church et al. 1997). The most interggtimint is that its optical counterpart
modulates with a stable period of 3027 s, which is only®s longer but significantly different from
the 3000s X-ray dips (Callanan et al. 1995). Two differentlgie to explain the discrepancy have
been proposed. The1% longer periodicity in the optical band compared to thea}-band is
likely caused by the coupling of &3.9d disk precession with the 3000s orbital motion which is
exhibited as the positive superhump seen in the SU UMa typafdvovae. On the other hand, to
explain the period of the-199d long-term modulation found by Priedhorsky & Terre®) and
the stable optical period (Callanan et al. 1995; Chou et@G)12, Grindlay (1989, 1992) proposed
that X1916-053 is a hierarchical triple system. The longatgariation is due to the changes of
eccentricity of the inner binary, which affects the acanetiate, similar to the-171 d modulation
seen in 4U 1820-30 (Chou & Grindlay 2001). The triple modeldicts that the optical period
(3027 s) is the orbital period whereas the SU UMa model suggdles X-ray dip period (3000s) is
the orbital period like in other dipping LMXBs. However, the 199d long-term periodicity has
never been confirmed by subsequent observations (e.g. Ver2€06). Other predictions from the
triple model have also not been confirmed, except for the imargvidence that the X-ray bursts
occur clustered around dips (Chou et al. 2001). On the othed halthough the optical period of
X1916-053 is rather stablé’(,; ~ 107'°s s7!) in comparison to the superhumps shown by SU
Ma systemsPSup ~ 107°s s71), the X-ray dip period seems even more stable than the dptiea
(Chou et al. 2001). Chou et al. (2001) noted that the supephaay be stable in some cataclysmic
variable (CV) systems (e.g. AM CVil,,, = 1.7 x 107! s s7!, Solheim et al. 1998). Therefore,
the evidence is more favorable for the SU UMa model than tipeetmodel. Furthermore, Retter
et al. (2002) found a negative superhump with a period of 2&6%e a consequence of retrograde
nodal precession of the accretion disk with a period of 4.8ubting to orbital motion. Hu et al.
(2008) discovered a 4.87 d periodic variation in the dip tidig. 6).

These observations suggest that X1916—-053 is the first LMXBetclassified as a permanent
superhump system with both positive and negative superhuamations, like some CVs, such as
AM CVn.

The configurations of CVs and LMXBs are very similar, everuthiothe accretors and emission
spectra are different. The superhumps (at least the pesities) are believed to be caused by the
presence of a 3:1 resonance in the accretion disk (Whiteh@88). This resonance can only occur
for accretion with a mass ratio gf = mq/m. < 1/3. This extreme value is more easily achieved
in LMXBs than in CVs because of the larger mass of the accr&onsequently, superhumps are
expected in many LMXBs. In principle, superhumps may be gealithe black hole LMXBs, as all
verified stellar-mass black holes have mass larger 3t/ and the masses of the donors are in
general less massive thaA,. Superhumps have been detected in a few black hole LMXBsaguri
their X-ray outburst states, including GRO J0422+32, Nows #1991, GS 2000+25 (O’Donoghue &
Charles 1996) and XTE J1118+480 (Zurita et al. 2002). For IBdXvith neutron stars as accretors,
Haswell et al. (2001) noted that superhumps are expecterkwihe orbital period is less than 4.2 h.
In addition to X1916-053, a 693.5s positive superhump plenias detected in the far-ultraviolet
band byHST in 4U 1820-30, an ultra-compact LMXB with an orbital period685s (Wang &
Chakrabarty 2010). Recently, Cornelisse et al. (2013)ntedahe discovery of a negative superhump
in XB 1254-690, a dipping LMXB with orbital period of 3.9h, the optical band, as well as
marginal evidence for the presence of a positive superhitrappears reasonable that most of the
superhumps in LMXBs are detected in the longer wavelengtidéas they reflect the behavior of
the accretion disk. X1916-053 is currently the only casere/Baperhumps may be detected in the
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Fig.6 The dip parameters of X191@53 in 1998 from observations by RXTE folded with a 4.87d
period. The dispersion (i.e. dip width) has a clear 4.87 ibpagity. Adopted from Hu et al. (2008).

X-ray band. However, because X-ray dips are caused by the@tizn of the disk structure, they
allow us to probe precessions of the disk. Superhumps orgvhena related to precession of the
accretion disk are expected to be detected in other dipphiyRs.

3 MEASURING ORBITAL PERIOD BY USING AN X-RAY PULSAR

If one of the components of a binary system is a pulsar, théabgeriod and other orbital parameters
can be obtained from the orbital Doppler effect of the pulsarmore precisely from the pulse
arrival time delay due to orbital motion. However, the ptitsa was rarely seen in neutron star
LMXBs before 1998, probably because the weak magnetic field (® — 10° G) was “buried”
or “screened” by the accreted matter so the accretion flomatdpe channeled onto the magnetic
poles (Cumming et al. 2001), or due to insufficient sensiésiof X-ray telescopes. The only cases
were 4U 1626671, = 7.67s, Rappaport et al. 1977), Her X-P( = 1.24s, Tananbaum et al.
1972), GX 1+4 s =~ 2.3 min, Lewin et al. 1971) and GRO J1744-2B,(= 0.467s, Finger
et al. 1996). The accretor of the LMXB identified as a neutrtan was usually determined from its
display of an X-ray burst, a thermonuclear explosion on thi&ase of the neutron star. The LMXBs
were considered to be progenitors of radio millisecondaslgs < 10 ms, Alpar et al. 1982;
Radhakrishnan & Srinivasan 1982), but no millisecond gidschad ever been detected in LMXBs
by 1998, even though there were some indirect evidencesaay of the neutron stars in LMXBs
spin at a frequency of hundreds of Hz, like the quasi-peciadiillation (QPO) during the X-ray
burst (called burst QPO). The first accreting milliseconda}-pulsar (AXMP) SAX 1808.4-3658
was discovered in 1998 by tressi X-ray Timing Explorer (RXTE), an X-ray telescope with a large
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Fig. 7 Pulse arrival time delay due to orbital motion observed foditE J1807—294. The orbital
period and other orbital parameters (e.g., the projectéidispcan be detected from this technique.
Adopted from Chou et al. (2008).

X-ray photon collecting area and unprecedented time résal1us) (Wijnands & van der Klis
1998). Its 2 h orbital period was immediately determinedgshe pulse arrival time delay technique
(Chakrabarty & Morgan 1998). To date, a total of 15 AXMPs hbeen discovered. Of these, 14
of them have had their orbital periods measured precisehgubeir pulsations; the exception is
Aqgl X-1 where the pulsation was detected for only 150 s (Gasdlal. 2008), which is too short to
determine the orbital parameters for this binary that hasrhital period of 18.95 h. Furthermore,
the frequency of a burst QPO has been demonstrated to bécaldnt(or double that of) a neutron
star’s spin frequency (Chakrabarty et al. 2003), which gfes'us with an alternative way to measure
the neutron star spin period in an LMXB. As a result, the b@BO sources with QPO frequencies
of hundreds of Hz are also called “nuclear-powered milligetpulsars” (Chakrabarty et al. 2003).

However, not all LMXBs with pulsations can have orbital peis determined through the orbital
Doppler effect or the pulse arrival delay technique. Theautiompact LMXB 4U 1626-67, with a
pulsation period of 7.67 s and orbital period of 0.7 h, det@édty the sidebands of optical pulsation
(Middleditch et al. 1981), shows neither a periodic Dopsleift nor a pulse arrival delay caused
by the orbital motion due to its very small projected semonajxis .. sini: < 0.04 light-second,
Middleditch et al. 1981). In addition, the orbital paramstare almost impossible to measure for
systems where the pulsation is only detectable for a shoe,tsuch as Agl X-1 (150s vs. 19h
orbital period) and burst QPOs (several seconds vs. onpitabd of tens of minutes to several
hours). Otherwise, the pulsation provides a way to veryiped¢ measure the orbital parameters,
as well as the neutron star spin parameters. Higher puts&igguency can give higher precision
orbital and spin parameters, which allow us to measure tbkigon of these parameters, such as
changes in orbital or spin period, over a short time spanliseovations. For example, we consider
an analysis technique similar to the O—C method to measersaim period of a millisecond pulsar
with a spin frequency of about 100 Hz. If the deviation betw#e true spin period (observed) and
the guessed period (calculated) is oily © of the spin period, the pulse phase will have significant
drift in less thanl0® cycles, which corresponds to less than 10ks. In other waoh@sspin period
can be measured with an error of less than® in a time span of 3 h.

For a pulsar in a binary system, the phase drift (or puls@arime delay) may be caused by
orbital motion (see Fig. 7) as well as a change in the neutiansspin frequency (if the observed
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time span is long enough). Because the LMXB is an old systhenptbital eccentricity is almost

always close to zero. On the other hand, the evolution of Bpiuency is usually modeled as a
polynomial. If the effect of the frequency derivative is dinthe observed frequency of pulsation
can be written as

2 x in i 2m(t — T7r . 1 .
v(t) = v W(ZD sin ) sin{ ul = /2)} +vo 0t =To) + 5U(t = To)* +
orb orb
1
= Avo forb Sin [27 forn (t — Ty j2)] + 10 + 0(t — To) + 5;}@ —To)? + ... (10)

whereP,,y, is the orbital periodf,,;, is the orbital frequency,,. is the orbital radius of the neutron
star,i is the inclination angled = a,sini/c, T, is a reference time when the neutron star is
at superior conjunction and, is a reference time for the pulsation, which usually takestiime

of a specified fiducial point of pulsation. The cycle count ¢@nevaluated using the definition
in Equation (4). The phase is defined as the fractional patti@fitycle count. Because the X-ray
detector records the event arrival time, the phase can beedifor each X-ray event as

¢; = frac (/t y(ﬂ)dtz)
To

= frac{—Ayo cos [27Tforb (t— Tﬂ/g)] + Avg cos [27rforb(T0 — Tﬂ-/gﬂ

1 1
+V0(ti — To) + §V(tl — T0)2 + gy(tl — T0)3 + }, (11)

wheret; is the event arrival time of thé&h X-ray photon. The pulse profile can be obtained by
binning the event phases.

However, if the parameters applied to Equation (11) devia® the true values, a significant
phase drift can be introduced in the evolution of the pulséiler Therefore, we may adopt a method
analogous to the O—C method to refine the parameters. If tiatims between guessed and true
parameters are small, the phase drift of the pulse profildeaxpressed (to first order approxima-
tion) as

= { 0) )+ A ©) cos [27rf(0) (t— T(%)} — A cos [27rf§?1))(T0(0) (O) ] }5u0
+{ "+ 2w A0 £ cos[2m (T8 — T)] Yoo
—|—{I/(() ) cos (27 f 5, (0 ot — Tﬁ%)] — I/(()O) cos [271']" b ( 00) — Tﬁ%)] }oA
+{—27TV (0) 4(0) (t— TS;) ) sm[27rf © ot — Tﬁ%)]
+27TI/(O)A(O) (T(O) — T((;) ) sm[27rf ©) (T(0 ﬂ/2 } }§forb
+{27TI/(O)A 0)f (0 sin [27Tf(0) (t— T )]

/2
27r1/ O)f(o 51n[27rf (TOO) T(O ]}5T7$2
+[_%(t_T00 )]0 + [—é(t—To )?]65 + .. (12)

where the parameters with superscripts (0) indicate thesgpaeparameters and the parameters with
0 are the differences between true and guessed parametersci@ms to the parameters can be ob-
tained by fitting the phase drift with time. Although Equatid 2) is complex, it is basically a linear
fitting with an exact solution. The initial orbital paramet@nd pulsar frequency may be obtained
by the orbital Doppler shift from the power spectra, and ttigal pulsar frequency derivative may
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Fig.8 Pulse phase vs. X-ray flux of XTE J1807—-294 from its 2003 astbThe negative phase
drops are seen to coincide with the X-ray flux enhancemerdsp#ed from Chou et al. (2008).

be set to zero if the time span for data is not very large. Ttnigection process can be repeated until
the corrections to parameters are much smaller than thespwnding errors from the fitting.

In principle, there is no pulse phase drift either from abinhotion or from the secular term
(.e.[~1/2(t — T\")2)60 + [-1/6(t — T.”)3]6i...) in Equation (12) when the best orbital and spin
parameters are applied to the folding. In other words, &lffithucial points of pulsations should be
aligned at phase zero. However, this simple model is notllysajaplicable to AXMPs because the
secular term is too complicated to model as a polynomialhSlmormal secular phase variation,
also called timing noise, is believed to be due to changesdretion rate (Patruno et al. 2009). A
typical example is the pulse variation of AXMP XTE J1807—2@ing its 2003 outburst. Chou et al.
(2008) discovered that the pulse phase exhibited a largeepdrap six times during the90 d when
the pulsation was detectable. These large phase dropsalarge to be explained by any known
theories of accretion torque. However, by comparing with Xaray light curve, these phase drops
coincide with the X-ray flares (Fig. 8). Furthermore, thecfi@nal pulse amplitude is also enhanced
during the flare. Chou et al. (2008) noted that these obsengimply that the accreting hot spot
shifts as the accretion rate changes during the X-ray fldreréfore, although the AXMP is a good
candidate for studying accretion torque because of itslamahent of inertia {xg ~ 10~°Iwp)
and high spin frequency (allowing precise measurementmaimpaters), the problem of timing noise
due to variation in accretion rate must be solved in advaridedertheless, precise orbital parameters
are still essential for this study. The problem is that thieneo good model to describe the timing
noise. Fortunately, the time scale of the timing noise isaligumuch longer than the orbital period
in AXMPs. This phase drift can be removed locally by modeliras a linear trend for a short time
span of data and obtaining the orbital parameters (see Gladu2008 for more details).
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4 SUMMARY

X-ray binaries have been one of the most important astrapalysources in the X-ray band since the
beginning of X-ray astronomy in the early 1960s. LMXBs, wiiimary separations on the order of
a solar radius, allow us to study the nature of compact afjectretion phenomena, accretion disk
dynamics and the evolution of accreting or close binaryesyst The orbital period is a fundamental
parameter for a binary system. In addition to the opticabha@ray emissions provide another way
to measure the orbital period of LMXB systems. To date, mioa@ t30 yr of X-ray observation data
have been archived. Because it is generally believed teatrthital period derivative for an LMXB
system isP,.1,/ Por, ~ 1077 — 1078 yr—!, the orbital period derivatives for some of the LMXBs
with orbital periods of hours may be resolved from histdridata by the O—C method discussed
in Section 2.2. This allows us to learn more about evolutibthe accreting binary and accretion
mechanism. Furthermore, some LMXBs with very short orljliods & 80 min), called ultra-
compact X-ray binaries, e.g. 4U 1820-39,(;, = 11.5 min), XTE J1807-294R,,;, = 40.5 min)
and X1916-053%,,, = 50 min), whose mass-losing companions are hydrogen-defidegener-
ate stars (Rappaport et al. 1982), are good candidatesdbingy gravitational wave radiation, in
addition to the AM CVn systems in the future.
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