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Timing analysis of the 2022 outburst of the accreting millisecond X-ray pulsar SAX J1808.4—3658:
hints of an orbital shrinking
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ABSTRACT

We present a pulse timing analysis of NICER observations of the accreting millisecond X-ray pulsar
SAX J1808.4—3658 during the outburst that started on 2022 August 19. Similar to previous outbursts,
after decaying from a peak luminosity of ~ 1 x 1036 ergs™! in about a week, the pulsar entered in a
~ 1 month-long reflaring stage. Comparison of the average pulsar spin frequency during the outburst
with those previously measured confirmed the long-term spin derivative of vgp = —(1.15 4+ 0.06) x
1071% Hzs™!, compatible with the spin-down torque of a ~ 10?¢ G cm? rotating magnetic dipole. For
the first time in the last twenty years, the orbital phase evolution shows evidence for a decrease of
the orbital period. The long-term behaviour of the orbit is dominated by a ~ 11 s modulation of the
orbital phase epoch consistent with a ~ 21 yr period. We discuss the observed evolution in terms of a
coupling between the orbit and variations in the mass quadrupole of the companion star.

Keywords: accretion, accretion discs — pulsars: individual (SAX J1808.4—3658) — stars: neutron —
X-rays: binaries

I X-ray bursts were detected (in’t Zand et al. 2001),
permitting to identify the accretor as a neutron star
(NS). The distance was later estimated by Galloway

1. INTRODUCTION
The transient low-mass X-ray binary SAX

J1808.4—3658 (hereafter SAX J1808) was discovered
in 1996 with the X-ray satellite BeppoSAX during an
X-ray outburst (in 't Zand et al. 1998). Three type-

& Cumming (2006) to be ~ 3.5 kpc. The detection
of 401 Hz X-ray pulsations with RXTE during the
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following outburst in 1998 marked the discovery of
the first accreting millisecond X-ray pulsar (AMXP;
Wijnands & van der Klis 1998). Timing analysis re-
vealed that the NS is in an orbit with a ~ 0.05 Mg
brown dwarf companion (Bildsten & Chakrabarty 2001)
with a 2.01 hr orbital period (Chakrabarty & Morgan
1998). Since its discovery, the source has undergone ten
~1 month-long outbursts with ~2-3 years recurrence.
This makes it the AMXP that has shown the largest
number of outbursts of sufficient duration for in-depth
investigation of its long-term timing properties (Marino
et al. 2019; Di Salvo & Sanna 2022). It is thus the
most thoroughly studied AMXP. The X-ray luminos-
ity typically reaches Lx ~ few x 1036 ergs™! (Gilfanov
et al. 1998) at the peak of the outbursts, and decreases
down to Lx ~ few x 103'ergs™! during quiescence
(Stella et al. 2000; Campana et al. 2004). Coherent
401 Hz X-ray pulsations are observed only during out-
bursts and interpreted in terms of magnetic channeling
of the in-flowing matter onto the NS magnetic poles.
During the 2019 outburst, Ambrosino et al. (2021) dis-
covered coherent ms optical and UV pulsations. The
bright pulsed luminosity (Loptical =~ 3 X 103 ergs™1,
and Lyy ~ 2 x 1032 ergs™!) seen at those wavelengths
challenged the expectations of the standard accretion
models.

On 2022 August 19, the MAXI/GSC nova alert sys-
tem (Imai et al. 2022) detected the occurrence of a
new outburst of SAX J1808, later confirmed by rapid
targeted follow-up NICER observations (Sanna et al.
2022a). Here, we report on the high-cadence monitor-
ing campaign performed with the NICER guest observer
program ID 5574 (PI: A. Papitto). We focus on the pulse
phase timing analysis carried out on the X-ray pulsa-
tions detected throughout the outburst to measure the
pulsar spin frequency and the binary orbital ephemeris.
These values are compared with those observed during
previous outbursts (Hartman et al. 2008, 2009; Di Salvo
et al. 2008; Burderi et al. 2009; Patruno et al. 2016;
Sanna et al. 2017; Bult et al. 2020) to derive the long-
term spin and orbital evolution of the pulsar and discuss
the implications for the models of AMXPs.

2. OBSERVATIONS

The NASA X-ray telescope Neutron star Interior
Composition Explorer (NICER) (Gendreau et al. 2012)
monitored SAX J1808 from 2022 August 19 (MJD
59810) until 2022 October 31 (MJD 59883) (ObsIDs
starting with 505026 and 557401). The top panel of
Fig. 1 shows the 0.5-10 keV light curve. Visibility con-
straints prevented NICER from obtaining a homoge-
neous coverage of the outburst. The data were reduced

and processed using HEASoft version 6.30 and nicerl2
task (NICERDAS version 7a), retaining events in the 0.5
10 keV energy range. We corrected the photon arrival
times to the Solar System Barycenter (SSB) using the
JPL ephemerides DE405 (Standish 1998). We adopted
the source coordinates R.A. (J2000)=18"08™275647(7)
and DEC. (J2000)=—36°58'43790(25) from Bult et al.
(2020). We estimated the background contributions to
our data with the nibackgen3C50 tool (Remillard et al.
2022).

The NICER monitoring started when SAX J1808 had
almost attained its peak count rate of ~ 300cs™t (top
panel of Fig. 1).

To estimate the peak luminosity, we extracted the
spectrum collected in the observation on 2022 August 24
(ObsId 5574010102), and modelled it within the XSPEC
spectral fitting package (Arnaud 1996). We accounted
for absorption effects using the tbabs model with wilm
abundances (Wilms et al. 2000) and vern cross-sections
(Verner et al. 1996). We described the continuum emis-
sion using a combination of a disc blackbody (diskbb)
and a Comptonization component (nthComp), adding
three Gaussian emission lines. The electron tempera-
ture was held fixed to 30 keV in the fit. We obtained
a satisfactory fit (x2/dof=865.70/850). We then calcu-
lated the 0.6-10 keV X-ray unabsorbed flux using the
convolution model cflux. The corresponding peak lu-
minosity is ~ 1 x 1036 ergs™! (assuming a distance of
3.5kpc; Galloway & Cumming 2006)

After ~ 5 days from the first detection, the decay
phase begun, until the source entered its typical reflar-
ing stage (Cui et al. 1998; Wijnands et al. 2001; Hart-
man et al. 2008; Patruno & Watts 2021), which was ob-
served with NICER for more than a month (Illiano et al.
2022a). The light curve of the 2022 outburst slightly
differed from the typical profile shown by SAX J1808.
The usually short-lived peak exhibited the longest du-
ration observed so far, and the slow decay/rapid drop
lasted much less (~ 10-15d) than usual. No type-I X-
ray bursts were detected during NICER observations,
unlike most other outbursts (see e.g. in’t Zand et al.
2001; Chakrabarty et al. 2003; Galloway & Cumming
2006; Bult & van der Klis 2015; Bult et al. 2020).

3. RESULTS
3.1. Coherent timing

In order to correct the photon arrival times for the
pulsar orbital motion in the binary system, we first per-
formed a preliminary search on the epoch of passage
at the ascending node, T,s., exploiting the variance of
the epoch-folding search as a statistical estimator. We



fixed the orbital period and the projected semi-major
axis equal to the values found in the timing solution of
the 2019 outburst (Bult et al. 2020), and we used the
best T,s. found as a starting point for the pulse phase
timing. After correcting the photon arrival times with
this preliminary orbital solution, we divided our data set
into 1000-s long segments and folded them around our
best estimate of the spin frequency vp using 16 phase
bins. We modelled our pulse profiles with a constant
plus two harmonic components, retaining only data in
which the signal was detected with an amplitude signif-
icant at more than a 30 confidence level. Throughout
the outburst, the amplitude of the fundamental (black
dots in the second panel of Fig. 1) is higher than the
second harmonic (red dots in the same panel), increas-
ing by approximately ~1-2 percentage points when the
rapid drop phase of the outburst took place and slightly
again at the beginning of the flaring tail.

We modelled the time evolution of the phase of the
fundamental, using (see e.g.. Burderi et al. 2007; Papitto
et al. 2007; Sanna et al. 2022b):

AG() = o — Av(t—Tp) — % 5 (t=Tp)? + Ro(1). (1)

Here, v is the pulsar spin frequency, Ty is the chosen
reference epoch, ¢y is the pulse phase at Ty, Av =
v(Ty) — vr, while Ry (t) is the residual Doppler mod-
ulation due to a difference between the adopted orbital
parameters and the actual ones (see e.g. Deeter et al.
1981). Table 1 shows the best-fitting orbital and spin
parameters we obtained. To take into account the large
value of the reduced x? obtained from the fit, we rescaled
the uncertainties of the fit parameters by the square root
of that value (see e.g., Finger et al. 1999). We estimated
the systematic uncertainty on the spin frequency due
to the positional uncertainties of the source using the
expression 0y, < Yy o, (1 + sin® 8)Y/2 27/ Py, where
y = rg/c is the semi-major axis of the Earth orbit in
light seconds, o is the positional error circle, 3 is the
source latitude in ecliptic coordinates, and Pg is the
Earth orbital period (see e.g., Lyne & Graham-Smith
1990; Burderi et al. 2007; Sanna et al. 2017). Adopt-
ing the positional uncertainties reported by Bult et al.
(2020), we estimate o, < 5 x 1078 Hz. We added in
quadrature this systematic uncertainty to the statistical
error of the spin frequency reported in Table 1.

We base the discussion of the phase evolution during
the 2022 outburst on the properties of the fundamen-
tal frequency. In fact, below 3 keV, the second har-
monic was often too weak to be detected by NICER
(Patruno et al. 2009; Bult et al. 2020). We modelled the
phase delays using either a constant frequency model
(i.e., setting v = 0 in Eq. (1); see Table 1) or a con-
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stant spin frequency derivative. The quadratic fit re-
turns a value of the average frequency derivative of v =
2.4(4.0) x 107 Hzs™ ! (x?/dof = 698.2/284) which is
compatible with zero. The probability of a chance im-
provement of the 2 compared to the constant frequency
model obtained with a F-test is ~ 0.5, indicating that
the addition of such a component does not produce a
significant improvement in the data description.

A strong variability of the phase and shape of the pulse
profiles characterised all SAX J1808 outbursts observed
so far (see the reviews by Patruno & Watts 2021; Di
Salvo & Sanna 2022). This strongly limited the abil-
ity to measure the NS spin evolution during individ-
ual outbursts from pulse phase timing. Pulse phases
measured from the second harmonic generally showed
a more regular behaviour compared to the fundamen-
tal. Burderi et al. (2006) exploited this property to in-
fer a spin-up rate of v = 4.4(8) x 107 Hzs~! during
the 2002 outburst. Such a value is only slightly larger
than that expected considering the material torque ex-
erted by accretion through a Keplerian disc in-flow trun-
cated a few tens of km from the NS (~ 2 x 10713 Hzs ™!
for a 1.4 Mg NS accreting at a rate of 1079 Mg yr—*
from a disc truncated at 20 km from the NS; see e.g.
Di Salvo et al. 2019, and references therein). Hartman
et al. (2008, 2009) attributed instead much of the ob-
served phase variability to a red noise process affecting
the pulse phases on timescales similar to the outburst
duration; this led to tighter upper limits on the spin
frequency derivative (|7| < 2.5 x 10714 Hzs™!). Pa-
truno et al. (2009) characterised such a noise process
in terms of a correlation between the pulse phase and
the X-ray flux. Azimuthal drifts of the hot spot loca-
tion on the NS surface related to a movement of the
inner disc truncation radius at different mass accretion
rates could explain such a phase-flux correlation. How-
ever, a broadly different correlation characterised each
of the outbursts of SAX J1808. In this context, Bult
et al. (2020) found the best description of the evolution
of the pulse phases measured by NICER in 2019 by us-
ing a phase-flux correlation term related to hot spots
drifts, Raux(t) = bFx(t)', where Fy is the X-ray bolo-
metric flux, b = —0.87(3), and I' = —0.2 fixed. These
values were broadly consistent with those expected ac-
cording to numerical simulations of accretion onto a fast-
rotating NS. The fixed power law index arises from the
linear scaling of the azimuthal position of the hot spot
with the magnetospheric radius, which was recently pre-
dicted to depend on the mass accretion rate as M5
(Kulkarni & Romanova 2013).

Because of the large phase residuals with respect to
the linear model, following Bult et al. (2020) we also at-
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tempted to replace in Eq. (1) the spin frequency deriva-
tive term with a component including a dependence of
the pulse phase on the flux, here considered to be traced
by the 0.5-10 keV count rate R(t) (Raux(t) = bR(t)Y).
The resulting x? shows a significant improvement with
respect to the linear phase model (F-test probability of
~ 8.5 x 1072%; see also panel 4 in Fig. 1).

If we restrict our analysis to the first ~ 8 days of
the outburst, i.e., until the source faded to roughly a
fifth of the peak flux, then the addition of either a spin
frequency derivative or of a phase-flux correlation com-
ponent did not improve the phase description compared
to a constant spin frequency model (F-test probability
of the quadratic model with respect to the linear one
of ~ 0.7; F-test probability of the flux-adjusted model
with respect to the linear one of ~ 0.8). The phase
behaviour is compatible with a constant spin frequency,
with a 90% c.l. upper limit on the spin frequency deriva-
tive of 1.9 x 10713 Hzs™! (same order of magnitude as
the expected one for the accretion-driven spin-up, dis-
cussed above).

This points to an anti-correlation between the phase
delays and the source flux, observed in Fig. 1, hold-
ing only for count rates lower than ~ 100cs™!, i.e., in
the reflaring phase. Even though we lacked a coverage
of the rising part of the outburst, i.e., where most of
the flux dependence of the phases was present in 2019
data (see Fig. 1 in Bult et al. 2020), we found an even
more pronounced phase-flux anti-correlation than in
the previous outburst. Since the I' index we obtained
is not consistent with the hot spots drifts predicted by
numerical simulations of accreting pulsars (Kulkarni &
Romanova 2013), the phase shifts are not driven by
the changing size of the magnetosphere, but are instead
inversely proportional to the mass accretion rate (sim-
ilar to the case of the AMXP MAXI J1816—195; Bult
et al. 2022). On the other hand, no such variation was
seen when the flux varied by a three-times larger factor
during the peak and the decay phase. The steep index
of the phase-flux correlation we found (6¢ ~ 1/Fx) nat-
urally explains why introducing this term determines a
significant improvement of the quality of the residuals
of the fit performed on the whole dataset, even though
phase fluctuations are essentially observed only at low
count rates.

3.2. Long-term spin frequency evolution

The ten SAX J1808 outbursts observed so far, the
most numerous for any AMXP, enable a detailed study
of the long-term spin frequency evolution through a
comparison of the measurements obtained in each of
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Figure 1. Temporal evolution of the 2022 outburst moni-
tored with NICER. Top panel: the 0.5-10 keV light curve
using 200-s bins. Second panel: pulse fractional amplitude
for the first harmonic (black) and the second harmonic (red).
Third and fourth panels: phase residuals relative to the lin-
ear phase model for the first harmonic (black) and the sec-
ond harmonic (red), and flux-adjusted phase models, respec-
tively (also see Table 1). The phase residuals relative to the
quadratic model are not plotted as they are similar to those
of the linear model (see text).



Table 1. Timing solution for SAX J1808 2022 outburst.

Parameter Value
Epoch (MJD) 59810.5956860
0.0628033(57)

aysini (1t-s)

P (s) 7249.1600(13)
Tasc (MJID) 59810.6179996(17)
Linear phase model

v (Hz) 400.975209557(50)
x?/dof 699.1/285
Flux-adjusted phase model

v (Hz) 400.975209535(50)
b 1.44(49)

r —0.81(12)
x?/dof 450.0/283

NoTE—The timing solution was obtained adopting the
source coordinates from Bult et al. (2020). Uncertainties
are the 1o statistical errors.

the outbursts. Previous works (see e.g. Patruno et al.
2012; Sanna et al. 2017; Bult et al. 2020) found that the
spin frequency decreased at an average rate of rgp ~
—1071%Hzs™!, compatible with the energy losses ex-
pected from a =~ 1026 G ecm?® rotating magnetic dipole.
Bult et al. (2020) also found that the spin frequencies
measured by correcting the pulse arrival times with the
position measured by Hartman et al. (2008) showed a
yearly modulation due to an offset of 6\ = (0.33+0.10)"
and 68 = (—0.60 £ 0.25)” in the assumed Galactic lon-
gitude and latitude of the pulsar, respectively. In order
to compare the frequency observed in the 2022 outburst
with the past values, in this part of the analysis we cor-
rected the photon arrival times to the SSB adopting the
optical coordinates from Hartman et al. (2008), in anal-
ogy with previous works. Using a linear phase model,
we obtained v = 400.9752095863(45) Hz, higher than
~ 8 x 1077 Hz compared to the values obtained with
the coordinates from Bult et al. (2020). We then mod-
elled the long-term frequency evolution (see Fig. 2) with
a function including a constant spin-down and a position
correction term:

Al/(t) = dvgg + DSD(t — T98) + 5Vpos(t7 A 5) (2)

Here, dvgs = v(t) — vgs is the spin frequency difference
compared to the 1998 value, v9s = 400.975210371 Hz
(Hartman et al. 2008), Tos = 50914.8 MJD (Hartman
et al. 2008), and dvpes(t, A, ) is the Doppler correc-
tion (see, e.g., Bult et al. 2020). We found dvgs =
2.7(1.9) x 1078 Hz, vsp = —1.152(56) x 10~ Hzs™ !,
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Figure 2. Top panel: spin frequency evolution of SAX
J1808 since the 1998 outburst. Blue points show measure-
ments made with RXTE from the 1998 outburst to that of
2011 (Hartman et al. 2008, 2009; Papitto et al. 2011), the
green dot represents the best estimate for the 2015 outburst
(Sanna et al. 2017), and the orange one is from the linear
model of the 2019 outburst (Bult et al. 2020). The red dot
is from this work, having corrected the data with the source
coordinates from Hartman et al. (2008) and fitted the phase
delays with a linear model. All frequencies are expressed
relative to the 1998 spin frequency, vgs = 400.975210371
Hz (Hartman et al. 2008). The dotted line indicates the
best-fitting function including the Doppler modulation due
to source coordinates error, and the dashed line is the corre-
sponding linear function. Bottom panel: residuals relative to
the best-fitting function. We did not include the 2015 spin
frequency estimate because its uncertainty is about a fac-
tor twenty larger than the others and compatible with the
amplitude of Doppler modulation.

A = 0742(15), and §8 = —0793(38), with x?2/dof
= 34.9/5. Uncertainties of our best-fitting values were
estimated from the parameters’ range required to in-
crease the x? from the fit by an amount Ax?(C.L. =
68%,p = 4) = 4.7, where p is the number of interest-
ing free parameters (Lampton et al. 1976; Avni 1976;
Yaqoob 1998). The spin-down trend observed across
the previous outbursts is therefore confirmed. Also,
the coordinate offsets are compatible within 1o with
what was found by Bult et al. (2020), and correspond
to R.A.(J2000) = 18P08™275656(12), DEC. (J2000)=
—36°58'44"7222(89).

3.3. Orbital period evolution

To investigate the orbital evolution, we computed the
difference AT,s. between the measurements of the epoch
of passage at the ascending node during the various out-
bursts and the values extrapolated from the epoch of
passage at the ascending node estimated in the 2002
outburst (Trer = 52499.9602472 MJD), assuming a con-
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stant orbital period (Pt = 7249.156980(4) s; Hartman
et al. 2009), ATusci = Tasci — (Tret + Norb Prer). Here,
Thasc,i is the epoch of passage at the ascending node for
the ¢-th outburst, and Ny, is the nearest integer number
of orbital cycles since Tief. Until the 2008 outburst, the
orbital phase evolution was consistent with an expansion
at an average rate of ~ 4 x 1072 ss™! (Hartman et al.
2008; Di Salvo et al. 2008; Hartman et al. 2009; Burderi
et al. 2009). Subsequent outbursts first suggested an ac-
celeration of the expansion (Patruno et al. 2012), then a
transition to a slower evolution (Sanna et al. 2017; Pa-
truno et al. 2017; Bult et al. 2020). The orbital phase
we measured in 2022 data (see the red point in the top
panel of Fig. 3) indicates the first decrease of the orbital
period seen from SAX J1808 in the last twenty years.
Indeed, modelling the AT,s. evolution with a constant
period derivative (dotted line in Fig. 3), leaves evident
residuals with a sinusoidal shape (x?/dof= 15579.0/6,
see the middle panel of Fig. 3). We then added a sinu-
soidal term to the relation used to fit the orbital phases:

A:Zjatsc(]vorb) - 5Trcf + 5Prcf Norb+

1 .
+3 Port, Prot N2, + A sin

2 (N - N)]. g

Here, 0T}t is the offset from the 2002 epoch of passage
at the ascending node, § Pt is the correction to the or-
bital period at the epoch of the 2002 outburst, Py, is
the orbital period derivative, and A, P and N are the
amplitude, period and phase of the sinusoidal function,
respectively. The addition of the last term in Eq. (3)
led to a decrease of the fit’s x?/dof down to 117.9/3.
Although statistically speaking the fit is clearly still un-
acceptable, a F-test indicates that the probability that
the improvement occurs by chance is 0.1%. The best-
fit values are the following: 0P,.s = 4.63(16) x 10~ s,
and Py, = —2.82(69) x 107 ¥ss™1, A = 11.30(33)s,
and P = 7.57(21) x 103d. We evaluated the un-
certainties by varying the parameters as to obtain a
Ax?(C.L. = 68%,p = 4) = 4.7. The amplitude and
period of the long-term modulation we found are simi-
lar to the values measured by Sanna et al. (2017) from
an analysis of the outbursts observed until 2015. The
large x? of the fit suggests caution in interpreting these
results. SAX J1808 orbital variability is similar to that
observed in black widow and redback millisecond pul-
sars, rotation-powered pulsars in close binary orbits that
ablate matter from their very low-mass (< 1 Mg) com-
panion star. Yet the presence of a sinusoidal-like modu-
lation of the orbital phase and of a much lower, formally
negative, orbital period derivative evolution than previ-
ously estimated appear to be solid enough conclusions
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Figure 3. Top panel: long-term evolution of Thsc as a func-
tion of the number of orbital cycles since the epoch of the
2002 outburst, Trer = MJD 52499.9602472. Blue points rep-
resent the measurements made with RXTE from the 1998
outburst to that of 2011 (Hartman et al. 2008; Burderi et al.
2009; Papitto et al. 2011), the green dot is the best value
found for the 2015 outburst (Sanna et al. 2017), the orange
one for the 2019 outburst (Bult et al. 2020), and the red one
is from this work. The dotted line indicates a quadratic fit-
ting function, while the dashed line indicates the best-fitting
quadratic+sinusoidal function. Middle panel: residuals rela-
tive to the quadratic model fit. Bottom panel: residuals rel-
ative to the quadratic+sinusoidal fitting function. We point
out that different y-axes are used for the second and the third
panels.

to draw. The sinusoidal modulation is hardly explained
through the presence of a third body. The mass function
(see, e.g., Bildsten & Chakrabarty 2001) of a putative
third body would be ~ 2.7x 1078 M. Considering a NS
mass of ~ 1.4 My and neglecting the companion mass
(~ 0.05 M), the implied mass for the hypothetical third
body would be ~ 0.004 Mg, for a third body inclination
similar to the one of the system, i ~ 69° (Goodwin
et al. 2019). However, assuming that the orbit of SAX
J1808 and of the putative third body is planar, the ex-
pected Doppler modulation of the pulsar frequency is
ov ~ (2r/P)Av ~ 42 uHz, which is about two orders
of magnitude higher than observed (see Fig. 2).

4. DISCUSSION

The long-term orbital evolution of SAX J1808 has
been discussed by several authors (see, e.g., Di Salvo
et al. 2008; Hartman et al. 2008, 2009; Burderi et al.
2009; Patruno et al. 2012; Sanna et al. 2017; Patruno
et al. 2017). A conservative mass transfer was soon ex-
cluded as the mass accretion rate implied by the large
Porb ~ 4x1071?ss7!, indicated by the first outbursts, is



two orders of magnitude larger than ~ 10712 M yr—!

estimated from the average X-ray flux observed sum-
ming outbursts and quiescence periods (Marino et al.
2019). Di Salvo et al. (2008) and Burderi et al. (2009)
discussed the surprisingly large value of Py of SAX
J1808 in terms of mass lost by the system at a rate of
~ 1079Mg yr~! from the inner Lagrangian point, e.g.,
due to irradiation by a rotation-powered pulsar active in
quiescence (Burderi et al. 2003). As also noted by Hart-
man et al. (2008) and Di Salvo et al. (2008), the fast
orbital evolution of SAX J1808 is reminiscent of black
widow and redback pulsars. In these systems, the orbital
period may change unpredictably with time, with T,g.
variations ranging from a few seconds to a few tens of
seconds over a timescale of tens of years (see, e.g., Ridolfi
et al. 2016; Freire et al. 2017; Kumari et al. 2022). The
black widow PSR J2051—0827 exhibits orbital variabil-
ity characterised by sinusoidal modulation with chang-
ing amplitude (see Fig. 5 from Shaifullah et al. 2016). A
chaotic orbital evolution has been also observed in the
transitional redback system PSR J1023+0038 during its
radio pulsar state (Archibald et al. 2015), while the or-
bital period variations seem to be smoother in the X-ray
active state (Jaodand et al. 2016; Papitto et al. 2019;
Burtovoi et al. 2020; Illiano et al. 2022b). The long-
term orbital modulation of a few black widow pulsars
(Arzoumanian et al. 1994; Applegate & Shaham 1994;
Doroshenko et al. 2001) has been interpreted in terms
of gravitational quadrupole coupling (GQC) model (Ap-
plegate 1992; Applegate & Shaham 1994). This model
was suggested to apply also to the case of SAX J1808
by Patruno et al. (2012) (see also Patruno et al. 2017;
Sanna et al. 2017). It envisages a gravitational cou-
pling between the orbit and variations in the compan-
ion quadrupole moment, AQ, due to cyclic spin-up and
spin-down of the star’s outer layers. If AQ > 0, the
companion will become more oblate, its gravitational
potential in the equatorial plane will increase, and the
orbit will shrink (Porb < 0). On the contrary, if AQ < 0,
the companion star will become less oblate, and the orbit
will expand (Porb > 0). Torques produced by magnetic
activity of the companion would generate the angular
momentum variations that are rapidly transmitted to
the orbit.

Given the observed parameters of the long-term oscil-
lation of SAX J1808, the GQC mechanism requires the
companion to feature a magnetic field with a strength
of By ~ 6 x 103 G and provide an internal luminosity of
Laqc ~ 10%%ergs™! (see Egs. (15) and (16) in Sanna
et al. 2017, derived from Applegate 1992; Applegate &
Shaham 1994), taking the NS and the companion masses
equal to Mns ~ 1.4 Mg and My ~ 0.05 Mg, respec-
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tively. However, identifying the energy source required
to power such a mechanism in the case of SAX J1808
is not trivial, since nuclear burning or external irradia-
tion of the companion star cannot provide such a high
luminosity (Sanna et al. 2017; Patruno et al. 2017).

Sanna et al. (2017) proposed that tidal dissipation
could provide such a power if the donor is maintained in
asynchronous rotation compared to the orbit by a mag-
netic braking mechanism. Irradiation by the pulsar wind
would sustain the relatively high mass-loss rate needed.
In fact, in order to provide the required Lgqc, the sec-
ondary would have to lose mass at a rate (Applegate &
Shaham 1994; Sanna et al. 2017):

iy = 0.25 x 107° (%)2 LA 2 2 My yr . (4)
Here, a is the orbital separation, [ is the magnetic lever
arm of the mass ejected from the companion star, Lgg
is the tidal luminosity in units of 1030 ergs™!, Iy 5 is
the companion moment of inertia in units of 10°! g cm?,
and tsynca is the tidal synchronization time in units
of 10* years. For a Roche-lobe filling companion, the
latter is estimated as tsyne = 0.65 x 10%pu1271(1 +
q)? MZ@Rg@f1 yr (Applegate & Shaham 1994), where
piz = 3Ly g R;%/g MQQ/S’ is the mean dynamic viscos-
ity in units of 102 gem™'s™!, and Lo o = Lgqc/Loe,
M> o and R o are the luminosity, the mass and the ra-
dius of the companion star in Solar units, respectively.
Assuming My ~ 0.05 Mg, Ry =~ 0.13 Ry (Bildsten &
Chakrabarty 2001), we obtain tgyne ~ 3.4 x 103 yr, sim-
ilar to the value reported by Sanna et al. (2017). The
corresponding variation of the orbital period in units of
107125571 is expressed by (Di Salvo et al. 2008; Burderi
et al. 2009; Sanna et al. 2017):

Porp—12 = ~L38 M q(1+q) 3 PL3
+0.648 Ml\?sl,@ gt Pobon 9(B,q, ) m_g. (5)

Here, Pop2n is the orbital period in units of 2h,
m_g = ma/(107% Mg yr=1), a = le/ls represents the
amount of specific angular momentum that is carried
away by such an outflow in units of the secondary spe-
cific angular momentum, f is the fraction of mass lost
by the companion that is accreted onto the NS, and
9(B,q,a) =1=Bq—(1-5)(a+q/3)/(1+q).

Firstly, considering a magnetic lever arm | ~ 0.5a
(similarly to Applegate & Shaham 1994; Sanna et al.
2017), the mass-loss rate is estimated to be th_g ~ 1.7
(Eq. (4)). Assuming that only a fraction § = 0.01
of the mass transferred by the companion is accreted
by the NS, while the rest is ejected with the spe-
cific angular momentum at the inner Lagrangian point
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( = [1 —0.462¢'/3 (1 + q)?/3]? ~ 0.7; Di Salvo et al.
2008; Burderi et al. 2009; Sanna et al. 2017) requires
a period derivative of Porb,,lg = 7.0 (Eq. (5)). Such
a positive derivative seems too large to be compati-
ble with the orbital phase evolution we found. Fixing
the P, in Eq. (3) to such a large value and repeat-
ing the fit leads to an unreasonably high value of the
fit x% (15817.9/4). Secondly, assuming a magnetic lever
arm [ = a (in analogy with what was done in Apple-
gate & Shaham 1994), the mass-loss rate is estimated
to be m_g ~ 04 (Eq. (4)). For a ~ 0.7, we obtain
Porb’,lg = 1.6 (Eq. (5)), still too large for the observed
orbital evolution (x?/dof=808.5/4).

By considering a range of orbital period derivative
Porb7_12 between 0 and —0.55 (i.e., £ four times the
uncertainty on the best-fitting value) we deduce a range
of values for a between 1.03 and 1.06 (see Eq. (5)) for
a mass-loss rate of m_g ~ 1.7 (I ~ 0.5a). If we as-
sume m_g ~ 0.4 (for | = a), the range of value for « is
between 1.02 and 1.13.

While previous models had to assume that mass left
the binary system with the specific angular momentum
at the inner Lagrangian point (in order to yield a large
positive orbital period derivative, see Eq. (5)), the analy-
sis of the dataset presented here suggests that the orbit is
contracting at a rate one order of magnitude lower than
the expansion previously reported. As a consequence,
the mass has to leave the system with an angular mo-
mentum equal to or greater than that of the secondary
center of mass, so as to make the last term in Eq. (5)
smaller than the first term. A magnetic slingshot mech-
anism (see, e.g., Ferreira 2000; Waugh et al. 2021; Faller
& Jardine 2022) by the strong B-field (Bs ~ 6 x 10® G)
of the companion required to power the observed GQC
luminosity might contribute to increase the specific an-
gular momentum carried away by the matter ejected by
the pulsar wind from the inner Lagrangian point. The
observations of future outbursts will confirm the param-
eters of the long-term sinusoidal modulation, and help
constrain the sign and magnitude of the orbital period
derivative which largely influence the conclusions on the
rate of mass loss required to power the GQC mechanism
and the location from which mass is ejected.

5. CONCLUSIONS

We presented a coherent timing analysis of NICER
observations of SAX J1808.4—3658 during its 2022 out-
burst. We updated the orbital solution and investigated
the pulse phase evolution during the outburst. We fo-
cused on the fundamental frequency, since the second
harmonic was often too weak to be detected. We first
modelled the phase delays using a constant frequency

model, because the addition of a quadratic term (i.e.,
v # 0) did not produce a significant improvement in the
data description. Because of the still large phase residu-
als, we then added to the linear model a dependence of
the pulse phase on the flux, following Bult et al. (2020),
significantly improving the fit’s x2. We observed an anti-
correlation between the phase delays and the source flux,
that holds only for count rates lower than ~ 100 ¢/s, i.e.,
in the reflaring phase.

We confirmed the secular spin-down of igp ~ —1071°
Hzs™!, as found in previous works (see e.g. Patruno
et al. 2012; Sanna et al. 2017; Bult et al. 2020), compati-
ble with the energy losses expected from a =~ 1026 G cm?
rotating magnetic dipole.

For the first time in the last twenty years, the orbital
phase evolution showed evidence that the orbit has con-
tracted since the last epoch. The long-term behaviour
of the orbit is described by a ~ 11 s modulation with
a ~ 21 yr period. We excluded the presence of a third
body, as the expected Doppler modulation of the pul-
sar frequency would be about two orders of magnitude
higher than observed.

We discussed the observed P, = —2.82(69) x
107 13ss~! in terms of a coupling between the orbit
and variations in the mass quadrupole of the compan-
ion star (GQC model; Applegate 1992; Applegate &
Shaham 1994). Data suggest that matter leaving the
system with the specific angular momentum of the com-
panion center of mass could maintain the donor star out
of tidal locking and drive the required oscillation of its
structure. A strong magnetisation of the companion star
(B ~ 6 x 10® G at the surface) is required to couple the
mass loss to the donor star’s rotation and to increase the
angular momentum carried away by the ejected matter
compared to the orbital value.

Based on past recurrence times, it is expected that
there will be a new outburst of SAX J1808 in approx-
imately three years (2025). The observations of the
next outburst will be of paramount importance to con-
firm the source’s orbital evolution, by decreasing the
correlation between the long-term modulation of the
orbital phase epoch and the quadratic term that rep-
resents a secular orbital period derivative. This would
constrain even more the mass-loss rate and the location
from which mass is ejected needed to power the GQC
mechanism. Detecting pulsations during the quiescent
state would greatly increase our ability to track the
pulsar orbital evolution without relying solely on data
taken during unpredictable outbursts. Even though a
rotation-powered pulsar is expected to turn on during
quiescence (Burderi et al. 2003), deep searches for radio
(Burgay et al. 2003; Patruno et al. 2017) or gamma-



ray (de Ona Wilhelmi et al. 2016) pulsations have not
succeeded in detecting a signal, so far. Recently, the
discovery of optical pulsations from a couple of mil-
lisecond pulsars (Ambrosino et al. 2017, 2021; Miraval
Zanon et al. in prep) opened the intriguing possibility of
exploiting the higher sensitivity in this band compared
to higher energies, and we plan to use this additional
diagnostic also to investigate the orbital evolution of
this source.
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