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A B S T R A C T 

We report on the analysis of the AstroSat data set of the accreting millisecond X-ray pulsar SAX J1808.4–3658, obtained 

during its 2019 outburst. We found coherent pulsations at ∼401 Hz and an orbital solution consistent with previous studies. 
The 3–20 keV pulse profile can be well fitted with three harmonically related sinusoidal components with background-corrected 

fractional amplitudes of ∼ 3 . 5 per cent , ∼ 1 . 2 per cent and ∼ 0 . 37 per cent for the fundamental, second and third harmonics, 
respectiv ely. Our energy-resolv ed pulse profile evolution study indicates a strong energy dependence. We also observ ed a soft 
lag in the fundamental and hard lags during its harmonic. The broad-band spectrum of SAX J1808.4–3658 can be described 

well using a combination of the thermal emission component with kT ∼ 1 keV, a thermal Comptonization ( � ∼ 1.67) from the 
hot corona and broad emission lines due to Fe. 

Key words: accretion, accretion discs – stars: neutron – X-ray: binaries – X-rays: individual: SAX J1808.4–3658. 
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 I N T RO D U C T I O N  

AX J1808.4–3658 was the first X-ray binary to show millisecond 
-ray pulsations at ∼401 Hz in a ∼2 h compact binary orbit

Wijnands & van der Klis 1998a ; Chakrabarty & Morgan 1998 ).
ince then, 25 such sources with millisecond pulsations have been 
isco v ered (e.g. Di Salvo & Sanna 2020 ; Ng et al. 2021 ; Bult et al.
022 ; Sanna et al. 2022b ). These systems are generally referred as
ccretion-powered millisecond X-ray pulsars (AMXPs; for re vie ws, 
ee, e.g. Patruno & Watts 2012 ; Campana & Di Salvo 2018 ; Di
alvo & Sanna 2020 ). These systems are transient in nature and can
e observed during outburst phases. AMXPs are a subclass of low- 
ass X-ray binaries (LMXBs; Charles 2011 ) where the companion’s 
ass is � 1 M �. 
The magnetic fields of AMXPs have been estimated to be of the

rder of ∼10 8 −10 9 G (see, e.g. Cackett et al. 2009 ; Mukherjee
t al. 2015 ; Ludlam et al. 2017 ; Pan et al. 2018 ; Sharma et al.
020 ; Beri et al. submitted), strong enough to channel at least part
f the accretion stream to the magnetic poles, which results in X-
ay modulation at neutron star (NS) spin. The X-ray spectrum of
MXPs can be modelled using thermal emission from an accretion 
isc and/or NS surface, thermal Comptonization, and reprocessed 
mission from the accretion disc in the form of reflection spectrum 

e.g. Cackett et al. 2009 , 2010 ; Papitto et al. 2009 , 2010 , 2013 ; Pintore
t al. 2016 ; Di Salvo et al. 2019 ; Sharma, Jain & Dutta 2019 ). They
ostly show the hard spectral state with some exceptions (Sharma 

t al. 2019 ; Di Salvo & Sanna 2020 , Beri et al. submitted) that show
he spectral state transition between the hard and soft spectral states
imilar to atoll sources (e.g. Hasinger & van der Klis 1989 ). 
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Since 1996, SAX J1808.4–3658 has been frequently observed in 
utburst every 2.5–4 yr. A total of 10 outbursts (in 1996, 1998, 2000,
002, 2005, 2008, 2011, 2015, 2019 and 2022) have been observed.
ver the last two decades, SAX J1808.4–3658 has been studied 
 xtensiv ely. Aspects of coherent pulsations (Poutanen & Gierli ́nski
003 ; Jain, Dutta & Paul 2007 ; Hartman et al. 2008 ; Burderi et al.
009 ; Patruno et al. 2017 ; Sanna et al. 2017 ; Bult et al. 2020 ), spectral
haracteristics (Gierli ́nski, Done & Barret 2002 ; Cackett et al. 2009 ;
apitto et al. 2009 ; Di Salvo et al. 2019 ), thermonuclear X-ray bursts
in ’t Zand et al. 1998 ; Galloway & Cumming 2006 ; Bhattacharyya &
trohmayer 2007 ; Bult et al. 2019a ) and aperiodic and quasi-periodic
ariability (Wijnands & van der Klis 1998b ; Wijnands et al. 2003 ;
 an Straaten, v an der Klis & Wijnands 2005 ; Patruno et al. 2009c ;
ult & van der Klis 2015 ) have been investigated in depth. The
roperties of the source have also been investigated thoroughly 
uring quiescence and outburst in multiwavelength studies (e.g. 
adio, optical, ultraviolet, etc.; Gaensler, Stappers & Getts 1999 ; 

ang et al. 2001 , 2013 ; Cornelisse et al. 2009 ; Heinke et al. 2009 ;
atruno et al. 2017 ; Tudor et al. 2017 ; Baglio et al. 2020 ; Goodwin
t al. 2020 ; Ambrosino et al. 2021 ). 

The 2019 outburst of SAX J1808.4–3658 started around 2019 
ugust 6 (Bult et al. 2019b ; Goodwin et al. 2019 ; Parikh & Wijnands
019 ) and lasted about a month. After episodes of reflaring, the source
ent back into a quiescence state (Baglio, Russell & Lewis 2019a ;
aglio et al. 2019b ; Bult et al. 2019c ), similar to its previous outbursts

Patruno et al. 2016 ). Enhancement in the optical flux was observed
2 d before the onset of outburst, (Russell et al. 2019 ; Goodwin et al.
020 ). The Neutron Star Interior Composition Explorer (NICER; 
endreau & Arzoumanian 2017 ) monitored the 2019 outburst from 

he start to the reflaring states. Bult et al. ( 2020 ) performed a coherent
iming analysis using NICER observations during the outburst of 
019, and found a secular spin-down of the pulsar at rate of 1.01(7) ×

http://orcid.org/0000-0003-0366-047X
http://orcid.org/0000-0002-0118-2649
http://orcid.org/0000-0003-3753-3102
mailto:rahul1607kumar@gmail.com
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Figure 1. The 0.5–10 keV NICER light curve of SAX J1808.4–3658 during 
its 2019 outburst. The two vertical red lines represent the time range of the 
AstroSat observation. 
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0 −15 Hz s −1 . A very bright photospheric radius expansion (PRE)
urst was also observed with NICER (Bult et al. 2019a ). Coherent
ulsations in optical and ultraviolet were detected at ∼401 Hz,
ikely to be driven by synchro-curvature radiation in the pulsar

agnetosphere or just outside it (Ambrosino et al. 2021 ). Recently,
AX J1808.4–3658 was again observed in outburst in 2022 August
Sanna et al. 2022c ). 

During the 2019 outburst, we also observed SAX J1808.4–3658
ith the AstroSat mission under Target of Opportunity (ToO).
ccording to NICER observations, the outburst reached its peak
n 2019 August 13 (MJD 58708), after which it started to decay
Bult et al. 2019c ). The AstroSat observation was carried out just
fter the peak of the outburst (see Fig. 1 ). In this work, we report for
he first time the results from the timing analysis carried out using
he AstroSat /Large Area X-ray Proportional Counter (LAXPC) data
nd the spectroscopy performed using Soft X-ray Telescope (SXT)
nd LAXPC data. 

 OBSERVATIONS  A N D  DATA  ANALYSIS  

stroSat is India’s first dedicated multiwavelength astronomy satel-
ite (Agrawal 2006 ; Singh et al. 2014 ), launched in 2015. It has
ve principal payloads onboard: (i) the SXT; (ii) the LAXPC; (iii)

he Cadmium–Zinc–Telluride Imager (CZTI); (iv) the Ultraviolet
maging Telescope (UVIT); and (v) the Scanning Sky Monitor
SSM). Table 1 gives the log of observations that have been used
n this work. We analysed data from the SXT and LAXPC only. 

.1 AstroSat /LAXPC 

he LAXPC is one of the primary instruments onboard AstroSat .
t consists of three co-aligned identical proportional counters
LAXPC10, LAXPC20 and LAXPC30) that work in the energy
ange of 3–80 keV. Each LAXPC detector independently records
he arri v al time of each photon with a time resolution of 10 μs and
as five layers (for details, see Yadav et al. 2016 ; Antia et al. 2017 ). 

As LAXPC10 was operating at low gain and detector LAXPC30 1 

as switched off during the observation, we used only the LAXPC20
etector for our analysis. We used the data collected in the Event
NRAS 519, 3811–3818 (2023) 

 LAXPC30 has been switched off since 2018 March 8 due to abnormal gain 
hanges (see ht tp://astrosat -ssc.iucaa.in/). 

2

3

4

nalysis (EA) mode and processed using the LAXPCSOFT 2 version
.1.1 software package to extract light curves and spectra. LAXPC
etectors have dead-time of 42 μs and the extracted products are
ead-time corrected. The background in the LAXPC is estimated
rom the blank sky observations (for details, see Antia et al. 2017 ).
o minimize the background, we have performed all analysis using

he data from the top layer (L1, L2) of the LAXPC20 detector. We
ave used corresponding response files to obtain channel-to-energy
onversion information while performing energy-resolved analysis. 

We corrected the LAXPC photon arri v al times to the Solar system
arycentre by using the AS1BARY 

3 tool. We used the best available
osition of the source, RA (J2000) = 18 h 08 m 27 . s 647 and Dec.
J2000) = −36 ◦58 ′ 43 . ′′ 90 obtained through pulsar timing astrometry
Bult et al. 2020 ). 

.2 AstroSat /SXT 

he Soft X-ray Telescope (SXT) is a focusing X-ray telescope with
 CCD in the focal plane that can perform X-ray imaging and
pectroscopy in the 0.3–7 keV energy range (Singh et al. 2016 ,
017 ). SAX J1808.4–3658 was observed in the Photon Counting
PC) mode with the SXT (Table 1 ). Level 1 data were processed with
S1SXTLevel2-1.4b pipeline software to produce level 2 clean
vent files. The level 2 cleaned files from each orbit were merged
sing the SXT Event Merger Tool (Julia Code). This merged event
le was then used to extract the image, light curves and spectra using

he FTOOL task XSELECT , provided as part of HEASOFT version 6.29. A
ircular region with a radius of 15 arcmin centred on the source was
sed. For spectral analysis, we have used the the blank sky SXT spec-
rum as background (SkyBkg comb EL3p5 Cl Rd16p0 v01.pha)
nd the spectral redistribution matrix file (sxt pc mat g0to12.rmf)
rovided by the SXT team. 4 We generated the correct off-axis
uxiliary response files (ARFs) using the sxtARFModule tool from
he on-axis ARF (sxt pc excl00 v04 20190608.arf) provided by the
XT instrument team. 

 RESULTS  

.1 Light cur v e 

ig. 1 shows the light curve of SAX J1808.4–3658 during its
019 outburst, as observed with NICER. The AstroSat observation
red vertical lines) was carried out near the peak of the outburst.
ig. 2 shows the background-corrected light curve extracted from
AXPC20 binned at 100 s in two different energy bands: 3–10 keV

top panel) and 10–30 keV (middle panel). The LAXPC light curves
how the persistent emission separated by data gaps due to Earth’s
ccultation and the South Atlantic Anomaly (SAA) passage. No
ype I X-ray burst was observed during the observation. The bottom
anel presents the hardness ratio calculated using light curves in the
wo energy bands, 3–10 and 10–30 keV. As the hardness ratio is
bserved to be constant during the observation, this suggests that the
ource did not seem to change spectral state within the observatio
 http://www.tifr .r es.in/ ∼ast rosat laxpc/LaxpcSoft .html 
 ht tp://astrosat -ssc.iucaa.in/?q = data and analysis 
 http://www.tifr .r es.in/ ∼ast rosat sxt /dat aanalysis.ht ml 
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Table 1. Log of X-ray observations. 

Instrument OBS ID Start time Stop time Mode Obs span 
(YY-MM-DD HH:MM:SS) MJD (YY-MM-DD HH:MM:SS) MJD (ks) 

AstroSat /LAXPC 9000003090 2019-08-14 01:10:46 58709.04914 2019-08-15 09:56:53 58710.41450 EA 118 
AstroSat /SXT 9000003090 2019-08-14 02:19:02 58709.09655 2019-08-15 10:30:16 58710.43768 PC 116 

Figure 2. The top two panels show background-corrected light curves from 

LAXPC20 binned at 100 s in energy ranges of 3–10 and 10–30 keV, 
respectively. The bottom panel shows the hardness ratio ( = 10–30 keV/3–
10 keV) binned at 100 s. 
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Figure 3. PDS of SAX J1808.4–3658 in the 3–20 keV energy range. The PDS 
is rms normalized and white noise is subtracted. Three Lorentzian functions 
are used to model the PDS in the range 0.004–200 Hz. 

Table 2. The best fit of the PDS. Reported errors are at 1 σ confidence level 
for a single parameter. 

Component 1 2 3 

Frequency, ν0 (Hz) 0 . 1675 + 0 . 015 
−0 . 016 3 . 33 + 0 . 37 

−0 . 74 17 . 1 + 5 . 6 −6 . 3 

FWHM, � (Hz) 0.96 ± 0.05 5 . 7 + 2 . 1 −1 . 5 39 . 6 + 7 . 2 −6 . 4 

Characteristic frequency, 
νmax (Hz) 

0.508 4.38 26.16 

rms (%) 17 . 5 + 0 . 3 −0 . 4 11 . 0 + 1 . 8 −1 . 4 13.2 ± 1.2 

χ2 /degrees of freedom 

(d.o.f.) 
175/151 
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.2 Aperiodic timing 

e created the power density spectrum (PDS) using the LAXPC20 
vent data set in the 3–20 keV energy range. We binned the data
t 0.5 ms to have a Nyquist frequency of 1000 Hz and used
262-s segments to calculate the Fourier transform. All power 

pectra were averaged and rebinned geometrically with a factor of 
.05. No background correction was applied. The power spectra 
ere calculated using rms normalization and Poisson noise was 

ubtracted using the FTOOL powspec norm = -2 . The PDS of
-ray binaries can be described in terms of a sum of Lorentzian

unctions (e.g. Nowak 2000 ; Belloni, Psaltis & van der Klis 2002 ).
he Lorentzian profile is a function of frequency and can be defined
s 

 ( ν) = 

r 2 � 

2 π

1 

( ν − ν0 ) 2 + ( �/ 2) 2 
, (1) 

here ν0 is the centroid frequency, � is the full width at half-
aximum (FWHM), and r is the integrated fractional rms. The 

uality factor of Lorentzian Q = ν0 / � is used to differentiate
hether a feature is a quasi-periodic oscillation (QPO) or noise. 
he components with Q > 2 are generally considered to be QPOs, or
therwise band-limited noise (e.g. Belloni et al. 2002 ; van der Klis
004 ; Bult & van der Klis 2015 ). 
SAX J1808.4–3658 is known to show peaked noise, low-frequency 

POs and kHz QPOs (e.g. Wijnands & van der Klis 1998b ; Wijnands
t al. 2003 ; van Straaten et al. 2005 ; Patruno et al. 2009c ; Bult &
an der Klis 2015 ). Fig. 3 shows the PDS of SAX J1808.4–
658 from LAXPC20 in 0.004–200 Hz, as no significant power 
s observed above 200 Hz. It shows only the red noise and no low-
requency QPO was observed. The PDS can be well modelled with a
ombination of three Lorentzian functions (see Table 2 ). Generally, 
ach Lorentzian of the noise component can be expressed with 
haracteristic frequency νmax = 

√ 

ν2 
0 + ( �/ 2) 2 and fractional rms 
mplitude (Belloni et al. 2002 ; Bult & van der Klis 2015 ). We found
max = ∼0.5, 4.4 and 26 Hz and rms = ∼17.5, 11 and 13 per cent
or the three Lorentzians, respectively. 

.3 Coherent timing analysis 

he pulses from a rotating NS can lose coherence within a relatively
hort time-scale due to Doppler modulations of the arri v al time of
ulses in a short orbital period of ∼2 h. In addition, the small pulse
raction can also make it difficult to detect pulse arri v al times from
mall segments of the light curve. Therefore, to detect the pulsations
r true spin frequency during these observations, the light curve 
hould be corrected for the binary motion. So, we corrected the
hoton time of arri v als of the AstroSat /LAXPC data set for the delays
aused by the binary motion. The delay induced by the orbital motion
an be written as (Burderi et al. 2007 ) 

z( t) 

c 
= 

a x sin i 

c 
sin 

[
2 π

P orb 
( t − T � ) 

]
, (2) 

here a x sin i / c is the projected semimajor axis of the NS orbit in
ight seconds, P orb is the orbital period, and T 

� is the time of passage
rom the ascending node. 
MNRAS 519, 3811–3818 (2023) 
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Table 3. Timing solution of SAX J1808.4–3658 during the outburst of 2019. 
Errors are at the 1 σ confidence level. 

Parameter Case 1 Case 2 

Spin frequency, ν (Hz) 400.97521014(21) 400.97521004(26) 

Spin frequency deri v ati ve, ̇ν (Hz s −1 ) 1.1(1.7) × 10 −11 1.8(1.9) × 10 −11 

Ascending node passage, T � (MJD) 58715.0221031 a 58715.02212 (7) 

Orbital period, P orb (s) 7249.1552 a 7249.16 (10) 

Projected semimajor axis, a x sin i / c 
(lt-ms) 

62.8091 a 62.83 (3) 

Eccentricity, e 0 a 

Reference epoch, T 0 (MJD) 58709.74 

χ2 /d.o.f. 46/31 41/28 
a Taken from Bult et al. ( 2020 ). 
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Figure 4. The residuals obtained from fitting the pulse phase delays of the 
fundamental component. Red crosses represent the residuals with equation ( 3 ) 
(quadratic + orbital) and black circles represent the residuals with only 
quadratic function, R orb ( t ) = 0. 

Figure 5. The average pulse profile (black points) of SAX J1808.4–3658 
obtained by epoch-folding the AstroSat /LAXPC data with ν̄ in the energy 
range 3–20 keV after correcting for the orbital solution. The epoch used 
was T 0 = 58709.74 MJD. The best-fitting model (red solid line) is the 
superposition of three sinusoidal functions with harmonically related periods. 
The fundamental, second and third harmonic components are presented by 
the blue, green and magenta dashed lines, respectiv ely. F or clarity, we show 

two cycles of the pulse profile. 
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Bult et al. ( 2020 ) found the latest updated orbital solution at
he outburst of 2019 using NICER observations. Therefore, we
orrected photon time of arri v als by adopting the 2019 orbital
phemeris reported by Bult et al. ( 2020 ). We then applied epoch-
olding techniques to search for X-ray pulsation around the spin
requency value ν0 = 400.97520983 Hz, corresponding to the spin
requency measured during the same outburst with NICER (Bult et al.
020 ). We used 16 phase bins to sample the signal. We explored the
requency space with steps of 10 −8 Hz for a total of 10 001 steps.
he most significant pulse profile was been obtained for an average

ocal spin frequency of ν̄ = 400 . 97520994 Hz. 
We also investigated the evolution of the pulse phase delays.
e divided the data in time intervals of ∼500 s and epoch-folded

ach segment in eight phase bins at the mean spin frequency ν̄
ith respect to the epoch T 0 = 58709.74 MJD. We modelled

ach pulse profile with a sinusoidal function for the fundamental
omponent to determine the corresponding sinusoidal amplitude and
he phase delay. We selected only folded profiles with the ratio
etween the sinusoidal amplitude and the corresponding 1 σ error
arger than 3. The fractional amplitude (non-background corrected)
f the fundamental varies between ∼2.2 −3.7 per cent. 
We modelled the time evolution of the pulse phase delays obtained

rom the fundamental component with the following model (see, e.g.
urderi et al. 2007 ; Sanna et al. 2020 , 2022a ): 

φ( t) = φ0 + �ν0 ( t − T 0 ) − 1 

2 
ν̇( t − T 0 ) 

2 + R orb ( t) . (3) 

ere, �ν0 = ( ν0 − ν̄) is the spin frequency correction and ν̇ is the
pin frequency deri v ati ve, estimated with respect to the reference
poch T 0 . R orb ( t ) models the differential correction to the ephemeris
sed to generate the pulse phase delays (see, e.g. Deeter, Boynton &
ravdo 1981 ). As the orbital solution is already updated at the 2019
utburst, we set R orb ( t ) = 0 (case 1) and measured the updated spin
requency and its deri v ati ve. As a second case, we also allowed R orb ( t )
nd measured the orbital parameters along with spin frequency and
ts deri v ati ve. Best-fitting parameters are reported in Table 3 . Fig. 4
hows the residuals obtained after the best-fitting parameters are
ubtracted from the phase delays; black points represent quadratic
nly, while red points denote quadratic + orbital. The obtained best-
tting frequency is consistent with the spin frequenc y observ ed with
ICER (Bult et al. 2020 ). We obtained a 3 σ upper limit on the spin

requency deri v ati ve of −4 × 10 −11 Hz s −1 to 6.2 × 10 −11 Hz s −1 

or case 1 and −3.9 × 10 −11 Hz s −1 to 7.5 × 10 −11 Hz s −1 for case
. The obtained orbital solution is also consistent with the solution
f Bult et al. ( 2020 ) within the errors. 
Fig. 5 presents the best pulse profile obtained by epoch-folding

he LAXPC data set at ν̄ and sampling the signal in 16 phase bins
n the energy range of 3–20 keV. The pulse shape is well fitted with
NRAS 519, 3811–3818 (2023) 
hree harmonically related sinusoidal functions with background-
orrected fractional amplitudes of 3 . 54(7) per cent , 1 . 21(7) per cent
nd 0 . 37(7) per cent for the fundamental, second and third harmon-
cs, respectively. 

We also checked for the energy dependence of the pulse amplitude
nd phase. We divided the whole data set depending on the different
nergy range and epoch-folded each with ν̄. Some of the energy-
esolved pulse profiles are presented in Fig. A1 . Each folded pulse
rofile was then fitted with two harmonically related sinusoidal
unctions (the third harmonic was not detected in the energy-resolved
ulse profiles, likely because of poor statistics of the selected
ntervals). Fig. 6 (top panel) shows the variation of the background-
orrected fractional amplitude of the fundamental (black points) and
armonic (grey points) components of the pulse. The fractional
mplitude of the fundamental was found to be ∼5 per cent in the
–5 keV energy range, and abo v e 5 keV a constant decrease was
bserved with energy. While the harmonic component increased with
nergy. Fig. 6 (bottom panel) shows the time lag (calculated from
he phase lag) of the fundamental and harmonic components of the
ulse with energy. The zero lag value corresponds to the phase of

art/stac3779_f4.eps
art/stac3779_f5.eps


AstroSat observation of SAX J1808.4–3658 3815 

Figure 6. Top panel: the energy dependence of the pulse fractional amplitude 
for the fundamental and harmonic components. Bottom panel: the observed 
time lag of the fundamental and harmonic components of the pulse with 
energy. The zero lag corresponds to the phase of the pulse profile in 2.83–
3.38 keV (channel 5 of LAXPC20 corresponding to 3 keV). 
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Figure 7. Broad-band spectrum of SAX J1808.4–3658 from the SXT 

and the LAXPC instrument fitted simultaneously with the best-fitting 
model tbabs ∗(diskbb + nthcomp + gaussian + gaussian) . The 
lower panel shows residuals, χ = (data-model)/error, with respect to the 
best-fitting model. 

(
b  

1  

(  

7
h  

2  

t
t  

K  

t  

w  

a  

t  

b  

l  

w  

2  

a  

N  

X
u
t  

∼  

∼  

J  

l  

fl  

t  

o  

t  

fi  

a

4

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/3/3811/6958822 by Southam
pton O

ceanography C
entre N

ational O
ceanographic Library user on 16 February 2023
he pulse profile in the energy band of 2.83 −3.38 keV. It shows a
e gativ e time lag (i.e. high-energy emission is coming earlier than
he softer emission) of 0.1–0.2 ms for the fundamental component at 
igher energies (abo v e 5 keV) while the harmonic component shows
 positive lag of similar order. By comparing the top and bottom
lots of Fig. 6 , the phase lags seem to become specular as soon as the
ractional amplitude of the two components reaches similar values 
abo v e ∼7 keV). 

.4 Broad-band spectral analysis 

e modelled the SXT (0.3–7 keV) and LAXPC (3–25 keV 

5 ) spectra
imultaneously. Both spectra were grouped using GRPPHA to have 
 minimum count of 20 counts per bin. An inter-instrumental 
alibration constant was added, which was fixed to 1 for the LAXPC
nd allowed to vary for the SXT. We also allowed the gain of response
atrix for the SXT to vary, with the slope fixed at 1. A gain offset

f ∼34 eV was obtained. A systematic uncertainty of 2 per cent was
lso introduced during the spectral fitting (Antia et al. 2017 ; Sharma
t al. 2020 ). We used XSPEC (Arnaud 1996 ) for the spectral fitting
ith the component tbabs to model interstellar neutral hydrogen 

bsorption (Wilms, Allen & McCray 2000 ). 
To model the broad-band spectrum, we first started with the ab- 

orbed thermal Comptonized emission model, nthcomp (Zdziarski, 
ohnson & Magdziarz 1996 ; Życki, Done & Smith 1999 ). The
thcomp model shows that the hot electrons Compton up-scatter 

he seed photons originating from the NS surface/boundary layer 
r inner accretion disc. Using the parameter inp type , the input seed
ype can be selected. During all fittings, the electron temperature was 
nconstrained so we fixed it at a reasonable value of 100 keV. The
btained fit with tbabs ×nthcomp was unacceptable with both 
nput seed photon types ( χ2 /d.o.f. ∼ 1133/583). 

We then added a thermal component in the form of a single-
emperature blackbody. It did not provide a satisfactory fit 
 Abo v e 25 keV, LAXPC20 showed systematic residuals (Sharma et al. 2023 ). 

S
T  

W

 χ2 /d.o.f. = 826/581). We then replaced the single-temperature 
lackbody with a multicoloured blackbody ( diskbb ; Mitsuda et al.
984 ) as the thermal component and set the blackbody as the seed
 inp type = 0). This provided a slight improvement with χ2 /d.o.f. =
58/581. The fit showed systematic residuals around 7 keV, which 
ints at the Fe emission line (e.g. Cackett et al. 2009 ; Papitto et al.
009 ; Di Salvo et al. 2019 ), so we added a Gaussian component to
he model. During the fit, we constrained the emission-line energy 
o be within the 6.4–7.0 keV energy range (corresponding to Fe
 emission). We found that the Gaussian line energy pegged at

he upper limit of 7 keV with a width broader than 1 keV. So
e constrained the Gaussian linewidth to be within 0–1 keV. The

ddition of this Gaussian component impro v ed the fit significantly
o χ2 /d.o.f. ∼ 726.7/579 with an F -test probability of impro v ement
y chance ∼5 × 10 −6 . The equi v alent width of this iron emission-
ine feature was about ∼0.26 keV, while ∼0.1 keV was observed
ith the NuSTAR observation of the 2015 outburst (Di Salvo et al.
019 ). Further, the obtained spectral residuals at low energies hint
t some emission feature around 0.9 keV, possibly as a result of an
e IX or Fe L blend. Similar emission features have been seen with
MM –Newton observations (Di Salvo et al. 2019 ). This encouraged 
s to add another Gaussian emission-line model. The addition of 
he emission line at ∼0.85 keV further impro v ed the fit to χ2 /d.o.f.

700/576 with an F-test probability of impro v ement by chance
9 × 10 −5 . The best-fitting 0.5–25 keV persistent spectrum of SAX

1808.4–3658 is shown in Fig. 7 and the best-fitting parameters are
isted in Table 4 . We also estimated the 0.1–100 keV unabsorbed
ux of 1.3 × 10 −9 erg cm 

−2 s −1 from the best-fitting model, which
ranslates to X-ray luminosity of 1.9 × 10 36 erg s −1 for a distance
f 3.5 kpc (Galloway & Cumming 2006 ). We also tried to change
he input seed source to the disc and we obtained similar spectral
t parameters, except for kT seed = 0.57 keV with �χ2 = + 6 for no
dditional d.o.f. 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

AX J1808.4–3658 was observed in its ninth outburst in 2019. 
he AstroSat observed it for ∼1.5 d near the peak of the outburst.
e report results from our broad-band timing and spectral study 
MNRAS 519, 3811–3818 (2023) 
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Table 4. The best-fitting spectral parameters obtained from the 
SXT + LAXPC spectrum of SAX J1808.4–3658. Reported errors and limits 
are at the 90 per cent confidence level for a single parameter. Unabsorbed flux 
(0.1–100 keV) is in units of erg cm 

−2 s −1 . X-ray luminosity is in 0.1–100 keV 

for a distance of 3.5 kpc. 

Model Parameter SXT + LAXPC 

tbabs N H (10 22 cm 

−2 ) 0.056 ± 0.007 

diskbb kT in (keV) 1 . 08 + 0 . 03 
−0 . 02 

Norm 7 . 8 + 1 . 2 −1 . 0 

nthcomp � 1 . 67 + 0 . 02 
−0 . 01 

kT seed (keV) 0.322 ± 0.025 

inp type 0 

kT e (keV) 100 fixed 

Norm (10 −2 ) 3.7 ± 0.3 

Gaussian 1 E Line (keV) 7 . 0 pegged 
−0 . 25 

σ (keV) 1 . 0 pegged 
−0 . 2 

Eqw (keV) 0 . 26 + 0 . 11 
−0 . 14 

Norm (10 −4 ) 7 ± 2 

Gaussian 2 E Line (keV) 0 . 86 + 0 . 04 
−0 . 07 

σ (keV) 0 . 08 + 0 . 05 
−0 . 03 

Eqw (keV) 0.022 ± 0.010 

Norm (10 −3 ) 2 . 0 + 1 . 4 −0 . 8 

Constant C LAXPC 1 (fixed) 

C SXT 1.04 ± 0.02 

SXT gain Gain (eV) 34 + 2 −4 

Unabsorbed flux F 0 . 1 −100 keV 1.3 × 10 −9 

Luminosity L X (erg s −1 ) 1.9 × 10 36 

χ2 /d.o.f. 700/576 
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f SAX J1808.4–3658 performed using AstroSat data. The 0.004–
00 Hz PDS showed noise components that can be described by three
orentzian functions with integrated rms of 17.5 per cent, 11 per cent,
nd 13 per cent. Moreo v er, we found coherent X-ray pulsations at
401 Hz. The pulse timing results obtained are compatible within

he errors with the solution obtained with NICER (Bult et al. 2020 ).
he pulse profiles obtained in the energy band 3–20 keV suggest

ractional amplitudes of 3.5 per cent, 1.2 per cent, and 0.37 per cent
or the fundamental, second and third harmonics, respectively. Using
ulse phase delays, we obtained an upper limit (3 σ ) on the spin-down
ate of ∼−4 × 10 −11 Hz s −1 and spin-up rate of ∼7 × 10 −11 Hz s −1 

or the duration of the AstroSat observation. 
We also checked for the dependence of fractional amplitude and

hase lag on the energy in the 3–30 keV range. The fractional ampli-
ude and phase lag were found to be energy-dependent, as previously
bserved (e.g. Hartman et al. 2009 ; Sanna et al. 2017 ; Bult et al.
020 ). The fundamental component showed fractional amplitude of

5 per cent up to 5 keV, after which it starts decreasing and reaches
round 2 per cent. The harmonic component showed an increasing
rend in the 3–30 keV energy range from ∼ 1 per cent to 2 per cent. A
imilar trend of increase in the fractional amplitude of the harmonic
ith energy has been observed in previous outbursts. The energy
ependence of the fractional amplitudes varies considerably between
ifferent outbursts (e.g. Hartman et al. 2009 ; Patruno et al. 2009a ;
anna et al. 2017 ). Also, we did not detect any drop in fractional
mplitude in the 6–7 keV energy range (corresponding to the Fe
ine) as observed in the 2008 and 2015 outbursts (Patruno et al.
009a ; Sanna et al. 2017 ). 
NRAS 519, 3811–3818 (2023) 
SAX J1808.4–3658 is known to show energy-dependent time lags
n which soft X-rays lag hard X-rays, that is, the pulse peaks at a
ater phase in softer energies (e.g. Cui, Morgan & Titarchuk 1998 ;
ierli ́nski et al. 2002 ; Hartman et al. 2009 ; Ibragimov & Poutanen
009 ). We also found a similar trend with the LAXPC. The lag for
he fundamental component is soft and increased from 3 to ∼10 keV,
hereas the harmonic component showed the opposite trend (i.e.
ard lags of similar order). The lags of SAX J1808.4–3658 are
ux-dependent and increase with a drop in the accretion rate. The
oft lags in the fundamental component are observed throughout the
utbursts while lags for the harmonic component are less pronounced
r become hard lags when source flux is high (Hartman et al.
009 ; Ibragimov & Poutanen 2009 ). These lags can be explained
y the model where the soft thermal component and Comptonization
missivity (or beaming) patterns are different, which are affected in
 different way by the fast stellar rotation (Gierli ́nski et al. 2002 ;
outanen & Gierli ́nski 2003 ; Ibragimov & Poutanen 2009 ). 
The 0.3–25 keV broad-band spectrum of SAX J1808.4–3658 was

ell described by the combination of a thermal component as a
ulticoloured blackbody, Comptonized emission of soft thermal

hotons and emission lines. A multicoloured disc-like component
tatistically better fits the soft continuum than a single-temperature
lackbody. The thermal emission was found to be of ∼1 keV temper-
ture with compact emission size, possibly from an NS or accretion
olumn. The Comptonized emission associated with a hot corona
s characterized by a photon index of 1.67. A power-law photon
ndex of 1.89 was measured from NuSTAR observation of 2019 at
he outburst peak (Sanna et al. 2019 ). The electron temperature of
he corona was unconstrained and the input seed temperature was
ound to be ∼0.3 keV for the blackbody seed and ∼0.5 keV for the
iskbb seed. This soft component provides the seed photons to

he Comptonized medium, which is not directly visible. The best-
tting spectral parameters suggest that the source was in the hard
pectral state during the AstroSat observation (Table 4 ). Throughout
he outburst, the X-ray spectrum was hard during both the main
utburst peak and the reflaring period (Bult et al. 2019b , c ; Sanna
t al. 2019 ). The hardness ratio observed from AstroSat did not show
ny significant variations, suggesting that the source was in the same
tate throughout the observation. Also, no significant variations in
he hardness ratio were observed with Swift /XRT during the whole
utburst of 2019 (Baglio et al. 2020 ). Therefore, SAX J1808.4–3658
ever left the hard state and went directly from a hard-state main
utburst to a reflaring state (see, e.g. Patruno et al. 2016 ; Baglio et al.
020 ). During the outburst of 2015, Di Salvo et al. ( 2019 ) reported
he state transition in SAX J1808.4–3658 with XMM –Newton (soft
tate) and NuSTAR (hard state) observations. 

Generally, AMXPs show a hard spectrum with n electron tem-
erature of a few tens of keV (Falanga et al. 2005 ; Gierli ́nski &
outanen 2005 ; Papitto et al. 2010 , 2013 ; Wilkinson et al. 2011 ;
anna et al. 2018a , b ; Di Salvo et al. 2019 ). Another AMXP, SAX
1748.9–2021, also showed a spectral state transition from a hard to
oft state during bright outbursts (Patruno et al. 2009b ; Pintore et al.
016 ; Li et al. 2018 ; Sharma et al. 2019 , 2020 ). Ho we ver, during the
ainter outburst where SAX J1748.9–2021 has similar luminosities
s SAX J1808.4–3658 ( ∼10 36 –10 37 erg s −1 ), the source seems to
tay in the hard state and does not show state transitions (in ’t Zand
t al. 1999 ; Sharma et al. 2020 ). So, AMXPs show hard-spectrum
ik e f aint transients when emitting at low luminosities. 
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