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A B S T R A C T 

WASP-4 b is a hot Jupiter exhibiting a decreasing orbital period, prompting investigations into potential mechanisms driving its 
evolution. We analysed 173 transit light curves, including 37 new observations, and derived mid-transit timings with EXOFAST , 
forming the most e xtensiv e transit timing variation (TTV) data set for this system. Adding 58 literature timings and removing 

unreliable data, we constructed a TTV diagram with 216 points. Our analysis considered linear, quadratic, and apsidal motion 

models, with the quadratic model proving to be significantly superior in all model comparison statistics. We found no significant 
periodic signals in the data. The quadratic model allows us to infer a tidal quality factor of Q 

′ 
� ∼ 80 000 from the orbital decay 

rate if this is due to stellar tides. Theoretical considerations indicate that such efficient dissipation is possible due to internal 
gra vity wa ves in the radiative core of WASP-4, but only in our models with a more evolved host star, possibly near the end of 
its main-sequence lifetime, and with a larger radius than the observed one. Our main-sequence models produce only about a 
third of the required dissipation (Q 

′ 
� ∼ 2 − 5 × 10 

5 ). Therefore, the observed orbital decay can only be explained by a slightly 

larger or more evolved host, resembling the case for WASP-12. Our findings highlight the need for further stellar modelling 

and impro v ement in our current understanding of tidal dissipation mechanisms driving orbital decay in close-in exoplanetary 

systems. 

Key words: methods: data analysis – techniques: photometric – stars: fundamental parameters – stars: individual: WASP-4 –
planetary systems. 
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 I N T RO D U C T I O N  

ASP-4 b was one of the first exoplanets discovered by the Su-
erWASP project (Wilson et al. 2008 ). It is an inflated hot Jupiter
 R p = 1 . 321 ± 0 . 039 R jup ) on a short-period orbit ( P ≈ 1 . 34 d),
aking it a good candidate both for studying its tidal interactions
ith its host star and its atmosphere. That is why it has been studied
 xtensiv ely to date, and its transits have been observed with very
igh precision in different passbands for more than 15 yr since its
isco v ery. These long-term data sets enable the detection of subtle
ransit timing variations (TTVs), potentially indicative of orbital
ecay driven by stellar tides. 

Hoyer et al. ( 2013 ) constructed and analysed the first TTV
iagram of the target, based on 12 new transit observations and
re vious observ ations by Wilson et al. ( 2008 ), Gillon et al. ( 2009 ),
inn et al. ( 2009 ), Southworth et al. ( 2009b ), Dragomir et al.

 2011 ), Sanchis-Ojeda et al. ( 2011 ), and Nikolov et al. ( 2012 ),
o impro v e constraints on the system’s parameters. Their analysis
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id not reveal any TTVs with a root mean square (rms) amplitude
xceeding 20 s over a 4-yr duration. 

Bouma et al. ( 2019 ) performed a detailed analysis of this system
ased on the transit light curves of Hoyer et al. ( 2013 ) and Huitson
t al. ( 2017 ) as well as occultation observations from Spitzer (C ́aceres
t al. 2011 ; Zhou et al. 2015 ). They eliminated spot-crossing events,
psidal precession, and additional bodies in the system as potential
auses of the observed TTVs. The orbital decay model turned out
o be a slightly better fit to the data than apsidal precession, after
uling out potential systematic errors. From their quadratic model,
hey found the rate of the secular period change Ṗ = −(12 . 6 ± 1 . 2)

s yr −1 , and the modified tidal quality factor of the star Q 

′ 
� = (2 . 9 ±

 . 3) × 10 4 based on their orbital decay model. 
Southworth et al. ( 2019 ) added 22 new transit light curves to

he TTV diagram that they updated and analysed, finding a period
hange of Ṗ = −9 . 2 ± 1 . 1 ms yr −1 . They ruled out the Applegate
echanism (Applegate 1992 ), as Bouma et al. ( 2019 ) did previously,

ecause it would only lead to a TTV shift of 15 s o v er a 50 yr-cycle (as
uggested by Watson & Marsh 2010 ), which is significantly smaller
han the observed shift in transit timings. They also ruled out an
utside perturber as the cause, because even when the observed TTV
© The Author(s) 2025. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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s assumed to be due to a longer period perturber, they deduced from
ts amplitude that it should have been observed in the radial velocities
hereafter RVs). Although they did not reject orbital decay as a 
otential cause, they did not find any evidence for it in their analysis
nd provided Q 

′ 
� > 10 4 . 58 as a lower limit. The measured Ṗ was found

o correspond to a tidal quality factor of Q 

′ 
� = (3 . 8 ± 0 . 3) × 10 4 . 

Baluev et al. ( 2019 ) homogeneously analysed the transit light 
urves of WASP-4 b and created a TTV diagram based on their
nalysis of mid-transit timings, but did not find a departure from
 linear ephemeris. They also analysed the RVs for WASP-4, and 
ound the RV trend estimation consistent with zero or as small as
4 m s −1 yr −1 in their 3 σ limits. This would indicate a TTV trend

ue to orbital decay with a time-scale of 70 Myr, which is consistent
ith the observed transit times within 2 σ . Therefore, they cannot 

onclusively rule out or confirm such a trend in their data. 
Following Bouma et al. ( 2019 , 2020 ) combined their new RV

bservations with previous measurements and found a significant 
ine-of-sight acceleration of v̇ γ = −0 . 0422 ± 0 . 0028 m s −1 d −1 ,
hich translates into an expected period decrease of −5.9 ms yr −1 ,
hich is comparable to the period decrease measured from transit 

imings based on their data set in 2019 (Bouma et al. 2019 ). They
alculated a minimum mass for the object that would induce the linear 
rend in RVs following Feng et al. ( 2015 ), and their results showed
hat the companion responsible for such an acceleration should have 
 true mass of 10–300 M jup and an orbital distance of 10–100 au. 

Baluev et al. ( 2020 ) re-analysed the RV observations of the
ystem, also including CORALIE and HARPS data sets not analysed 
y Bouma et al. ( 2020 ).Since it was only the Keck observations
rom Bouma et al. ( 2020 ) that deviated from the constant systemic
 elocity ( v γ ), the y rejected the acceleration model of Bouma et al.
 2020 ). They considered only orbital decay as a potential explanation,
onsidering apsidal precession to be unlikely for this particular 
ystem given its eccentricity, which is consistent with zero based 
n host star RVs. Based on the orbital decay scenario, they found
 

′ 
� ∼ 60000 within a 1 σ range of 45 000–85 000. 
Maciejewski ( 2022 ) published a TTV analysis of WASP-4 b, in

hich they found that a quadratic trend in the data indicating a
ecrease in the orbital period by a rate of dP orb /dE = ( −2 . 1 ± 0 . 6) ×
0 −10 d per orbit is superior to their linear model with a � BIC value
f 6.7, as a result of which they encouraged future observations of
he system. 

Turner et al. ( 2022 ) added sector-28 and 29 observations from
he Transiting Exoplanet Surv e y Satellite ( TESS ) to the TTV data
et and analysed these together with a homogeneously measured 
et of RVs with a non-standard pipeline. Their RV model based 
n a circular orbit showed no evidence for an acceleration of the
entre of mass of the system with respect to the observer. Finally,
heir two-planet solution of the RV data ended up with better-fitting 
tatistics, with a secondary of mass M c = 5 . 47 M jup at 6.82 au. This
ompanion is unlikely to cause a potential von Zeipel–Kozai–Lidov 
ycle, since the lower mass limit for this is only satisfied when
ts orbital inclination is below 2.5 ◦ (as calculated by Bouma et al.
019 ). It cannot be the source of the observed TTVs either because
t cannot induce an amplitude larger than ∼ 2 s in total based on its
arameters (as found by Turner et al. 2022 , from their RV model)
o be M c = 5 . 47 M jup and P c = 7001 . 0 d. As a result, they found
hat orbital decay is the best model in explaining the TTV data
ith a decay-rate of Ṗ = −7 . 33 ± 0 . 71 ms yr −1 and a decay-time-

cale τ = 15 . 77 Myr. From the best-fitting quadratic coefficient, 
hey found the modified tidal quality factor Q 

′ 
� = (5 . 1 ± 0 . 9) × 10 4 ,

hich probably either implies a host-star that is leaving the mains 
quence or that an exterior planet is trapping WASP-4 b’s spin vector
n a high-obliquity state. Ho we ver, since it has been found to be in a
ow-obliquity configuration, WASP-4 c is unlikely the cause even if 
t exists. 

Harre et al. ( 2023 ) added eight light curves from the CHaracter-
sing ExOPlanet Satellite (CHEOPS) to the data set and re-analysed 
TV data for WASP-4 b, as a result of which they found the orbital
ecay model is statistically superior to their apsidal precession and 
eplerian orbit models. Occultation measurements, on the other 
and, were inconclusive in terms of the apsidal precession model 
ue to the scatter of the data and their rather large error bars. They
ound an orbital decay rate of d P /d E = ( −2 . 62 ± 0 . 49) × 10 −10 d
er orbit, which corresponds to a modified tidal quality factor Q 

′ 
� =

5 . 7 ± 1 . 0) × 10 4 , and a decay time-scale of τ = 18 . 73 ± 3 . 48 Myr.
Harre & Smith ( 2023 ) extended the data set from Harre et al.

 2023 ) with sector-49 observations of TESS . They investigated if
he candidate planetary companion on a 7001 d-orbit, as established 
y Turner et al. ( 2022 ), would induce observable orbital motion of
ASP-4. To include a correction of the light-time effect (LiTE), they

pplied the formula of Schneider ( 2005 ) to find the maximum time-
hift. Using the candidate’s parameters suggested by Turner et al. 
 2022 ), they found a maximum shift �T max = 37 . 7 s to validate it
nd obtained a 37.6 s shift with a dynamical approach, assuming
 circular orbit. After they corrected TTVs for the LiTE due to
urner et al. ( 2022 )’s planet-c, assuming three dif ferent v alues for

ts conjunction time ( T O,c ), they found very similar fit statistics with
nd without LiTE-correction due to planet-c for orbital decay and 
psidal precession models. Ho we v er, the y did not find a conclusive
nswer to the question of what is the true origin of the TTVs of
ASP-4 b. Most recently, Ma et al. ( 2025 ) added the mid-transit

ime they obtained from the transit light curve acquired with the
ubble Space Telescope ( HST ). At the end of their analysis of the
TV diagram, composed of literature, TESS and HST transit timings, 

he orbital decay model pro v ed to be statistically superior with a rate
f Ṗ = −6 . 46 ± 0 . 58 ms yr −1 , giving an estimate for the tidal quality
arameter Q 

′ 
� > 5 . 7 × 10 4 . 

We investigated the orbital decay potential of WASP-4 b through 
he analysis of its TTV diagram based on a very large data set of

id-transit timings, measured from the light curves appeared in the 
iterature and open databases for ground-based amateur and space- 
orne data as well as from our own observations combined with
he mid-transit timings reported in the literature, that are derived 
rom light curves we did not have access to. We present detailed
nformation of observations and data reduction in Section 2 , our
nalyses for a global model (Section 3.1 ) to derive system parameters
nd TTV models (Section 3.3 ) to determine transit timing behaviour.
e discuss the implications of our TTV analysis in terms of tidal

nteractions between the host star and the close-in gas giant in
ection 4 and finally provide a summary of the work and our
onclusions in Section 5 . 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 Obser v ations with the Danish Telescope in La Silla 

e observed 28 transits of WASP-4 in the 2019 and 2021–24
bserving seasons using the 1.54 m Danish Telescope at ESO La
illa, Chile (Table 1 ). No observations were obtained in 2020 due

o the COVID-19 pandemic. Our observing approach was the same 
s that used in Southworth et al. ( 2019 ), in order to maximize the
omogeneity of the data. In brief, we used the Danish Faint Object
pectrograph and Camera (DFOSC) in imaging mode, defocused 

he telescope to increase the precision of the data (Southworth et al.
MNRAS 541, 714–730 (2025) 



716 Ö. Ba s ¸t ̈urk et al. 

M

Table 1. Log of the transit observations obtained for WASP-4 from the Danish telescope, TRAPPIST-South Telescope, and El Sauce Obs. CDK20 Telescope. 
N obs is the number of observations, T exp is the exposure time, T dead is the mean time between the end of one exposure and the start of the next, ‘Moon illum.’ 
is the fractional illumination of the Moon at the mid-point of the transit, and N poly is the order of the polynomial fitted to the out-of-transit data. The aperture 
radii are target aperture, inner sky and outer sky, respectively. 

Date of first Start time End time N obs T exp T dead Filter Airmass Moon Aperture N poly Scatter 
observation ( UT ) ( UT ) (s) (s) illumination (pixels) ( m mag) 

Observations with the 1.54 m Danish Telescope 
2019-07-17 03:16 07:38 136 100 13 R 2.12 → 1.02 → 1.05 0.999 10 30 40 2 1.86 
2019-07-25 04:00 07:57 126 100 13 R 1.56 → 1.02 0.483 16 24 50 2 1.10 
2019-07-29 02:25 07:13 101 100 14 R 1.47 → 1.02 0.112 16 25 50 1 1.12 
2019-08-02 04:46 08:44 124 100 14 R 1.23 → 1.02 → 1.25 0.020 17 27 50 2 1.27 
2019-08-06 04:41 08:57 134 100 14 R 1.21 → 1.02 → 1.23 0.342 11 19 40 1 0.97 
2019-08-10 04:58 09:14 133 100 14 R 1.12 → 1.02 → 1.15 0.760 12 20 50 2 0.84 
2019-08-14 05:48 09:45 124 100–90 14 R 1.05 → 1.02 → 1.27 0.986 12 20 50 1 1.59 
2019-08-18 05:46 09:59 134 100 13 R 1.04 → 1.02 → 1.38 0.929 12 20 40 2 1.07 
2019-08-22 05:35 10:21 136 100 14 R 1.03 → 1.02 → 1.57 0.629 15 24 50 2 1.09 
2019-08-26 06:31 09:47 103 100 14 R 1.03 → 1.67 0.223 15 25 50 1 0.94 
2019-08-30 06:01 10:00 115 100 13 R 1.03 → 1.02 → 1.76 0.001 17 26 50 1 0.77 
2021-08-07 05:17 08:21 101 100–60 16 R 1.11 → 1.02 → 1.11 0.019 16 25 50 1 0.78 
2021-09-15 00:22 04:32 132 100 13 R 1.64 → 1.02 0.641 14 24 50 2 1.38 
2021-09-19 00:49 04:27 107 100 14 R 1.40 → 1.02 0.959 11 20 40 1 4.69 
2021-09-23 01:35 05:30 116 100 14 R 1.17 → 1.02 → 1.18 0.953 13 22 50 2 1.27 
2021-09-27 01:48 05:19 110 100 15 R 1.13 → 1.02 → 1.08 0.680 13 23 50 3 0.78 
2021-10-05 01:54 06:14 164 100–80 15 R 1.07 → 1.02 → 1.25 0.024 15 35 50 2 1.43 
2021-10-13 01:45 06:59 161 100 14 R 1.05 → 1.02 → 1.61 0.509 17 27 50 2 1.29 
2021-10-17 03:25 07:12 107 100 28 R 1.04 → 1.83 0.885 13 23 45 1 0.90 
2022-09-22 01:57 05:00 107 100–80 14 R 1.15 → 1.02 → 1.04 0.141 17 25 50 2 0.94 
2022-10-12 03:02 07:02 118 100–120 14 R 1.02 → 1.60 0.940 12 21 40 2 1.25 
2023-08-05 04:26 09:00 142 100 16 R 1.26 → 1.02 → 1.09 0.825 18 27 60 2 0.81 
2023-08-13 05:41 09:44 124 100 15 R 1.06 → 1.02 → 1.26 0.086 18 27 60 1 0.58 
2023-08-17 06:09 09:32 108 100 15 R 1.03 → 1.02 → 1.37 0.009 17 27 60 1 0.89 
2023-09-29 02:03 05:41 113 100 14 R 1.10 → 1.02 → 1.14 0.999 21 30 60 2 0.75 
2024-07-26 04:18 07:36 101 100 17 R 1.43 → 1.03 0.708 18 28 60 1 0.69 
2024-07-30 02:58 08:45 180 100–90 14 R 1.87 → 1.02 → 1.05 0.270 16 26 50 2 1.03 
2024-09-27 01:45 05:43 112 100–80 14 R 1.14 → 1.02 → 1.11 0.267 18 28 50 1 1.07 

Observations from El Sauce Observatory 
2024-07-14 04:04 07:29 84 120 20 L 1.78 → 1.05 0.53 14 20 25 - 2.36 
2024-07-18 03:11 07:50 115 120 20 L 2.16 → 1.02 0.88 14 20 25 - 2.22 
2024-08-27 06:43 10:14 81 120 20 R 1.04 → 1.69 0.88 12 20 25 - 4.29 
2024-09-03 00:43 03:55 60 120 20 R 1.77 → 1.07 0.05 12 20 25 - - 

TRAPPIST-South Observations 
2024-08-23 06:02 10:24 309 40 11 z ′ 1.03 → 1.63 0.91 7 20 32 - 2.49 
2024-08-27 06:00 10:24 313 40 11 z ′ 1.03 → 1.74 0.41 7 20 32 - 2.54 

Ckoirama Observations 
2019-09-25 01:31 06:44 95 140–150 2 r ′ 1.21 → 1.05 → 1.16 0.103 8 18 22 1 2.25 
2019-09-29 02:00 06:02 75 180 2 r ′ 1.28 → 1.05 → 1.22 0.031 13 18 28 1 1.43 
2019-10-03 01:56 06:37 87 180 2 r ′ 1.28 → 1.05 → 1.39 0.347 8 14 20 1 1.25 
2019-10-07 01:52 07:01 95 180 2 r ′ 1.09 → 1.05 → 1.60 0.734 9 14 19 1 1.44 
2019-10-11 01:26 07:00 104 180 2 r ′ 1.11 → 1.05 → 1.71 0.972 8 13 18 1 0.99 
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009a ), windowed the CCD to decrease the read-out time, but did not
pply pixel binning. Exposure times of 100 s were used, shortened
n some cases to a v oid image saturation, through a Bessell R filter
or high throughput. 

The data were reduced using the DEFOT pipeline (Southworth et al.
014 ), which uses the IDL 1 implementation of the APER routine from
 AOPHO T (Stetson 1987 ) contained in the NASA ASTROLIB 

2 library
o perform aperture photometry. Bias and flat-field calibrations were
onstructed but not used because their main effect was to increase the
NRAS 541, 714–730 (2025) 

 https://www.ittvis.com/idl / 
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c
 

s  

T  
catter of the resulting light curves. A differential-magnitude light
urve was generated for each transit observation by subtracting the
agnitude of a composite comparison star from that of the target star.
 polynomial was fitted to the out-of-transit data, with its coefficients
ptimized simultaneously with the weights of the comparison stars
sed. The polynomial order was either 1 or 2 (Table 1 ), with a single
nstance of order 3 for a night where the sky conditions changed a lot
uring the observations. We discarded the light curve we acquired
n 2021 September 19 because it is incomplete due to bad weather
onditions at the time. 

Timing checks are frequently performed at the DK 1.54m tele-
cope as part of the workflow when observing exoplanetary transits.
he timestamps for the mid-point of each image were taken from the

https://www.ittvis.com/idl
https://asd.gsfc.nasa.gov/archive/idlastro


The orbit of WASP-4 b is in decay 717 

h  

w
u  

c
c

2

W  

C
2
f
o  

d
1  

r  

y  

p  

a  

t
t  

i  

m
p  

a  

p
l
c

2

W
i
J  

t  

S
S
c  

2  

a
(

2

F  

a  

O
r  

o  

d
p
i  

G
1
fi
i
w  

(  

o
M

M

a

t
f  

n  

1  

f  

o  

t  

f

2

T  

S
o
(  

A
e
P
a
L

t  

t
a  

d  

i  

c
1  

e
h  

p
e  

t

2

W  

E  

i  

l  

h  

u
f  

l  

t  

o  

t
2  

r  

2  

r  

h  

f  

Y  

c
c  

a  

d  

l
a  

w
e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/541/2/714/8169317 by guest on 22 July 2025
eaders of the FITS files and converted to the BJD reference frame
ith the dynamical (TDB) time standard component as BJD TDB 

sing routines from Eastman, Siverd & Gaudi ( 2010 ). Manual time
hecks were performed for many transits, in all cases confirming the 
orrectness of the timestamps to within typically 1 s. 

.2 Transit obser v ations at the Ckoirama Obser v atory 

e obtained five transit light curves of WASP-4 b with the 0.6 m
hakana telescope, situated at the Ckoirama Observatory (Char et al. 
016 ) in northern Chile – the inaugural state-operated astronomical 
acility in the region – is under the management and operational 
 v ersight of the Centro de Astronom ́ıa (CITEVA) at the Universidad
e Antofagasta. This f/6.5 telescope is equipped with an FLI Pro-Line 
6 801 CCD camera, utilized here with a selection of Sloan photomet-
ic filters ( u ′ , g ′ , r ′ , and i ′ ). In its unbinned configuration, this set-up
ields a field of view of 32.4 × 32.4 arcmin with a corresponding
ixel scale of 0.47 arcsec pixel −1 . The photometric data that were
cquired at Ckoirama used the Sloan r ′ filter, employing 2 ×2 binning
o enhance the signal-to-noise ratio for comparison stars, and reduce 
he CCD read-out to 1.8 s. A detailed log of the Chakana observations
s provided in Table 1 . The data were reduced using the same
ethodology as the Danish data, in that aperture photometry was 

erformed using the defot pipeline (Southworth et al. 2014 ) and bias
nd flat field calibrations were performed. In all cases, a first-order
olynomial was used to detrend the resulting differential magnitude 
ight curve. The mid-point timestamps of each image were then 
onverted to BJD TDB using routines from Eastman et al. ( 2010 ). 

.3 TRAPPIST-South obser v ations 

e observed two full transits with the TRAPPIST-South (TRAnsit- 
ng Planets and PlanetesImals Small Telescope; Gillon et al. 2011 ; 
ehin et al. 2011 ) telescope on UTC 2024 August 23 and 27, in
he Sloan- z ′ filter with an exposure time of 40 s. The TRAPPIST-
outh is a 60-cm Ritchey–Chretien telescope located at ESO-La 
illa Observatory in Chile. It is equipped with a thermoelectrically 
ooled 2K ×2K FLI Proline CCD camera with a field of view of
2 ′ × 22 ′ and a pixel-scale of 0.65 arcsec pixel −1 . Data reduction
nd photometric extraction were performed using the PROSE pipeline 
Garcia et al. 2022 ). All timings were converted to BJD TDB . 

.4 Transit obser v ations at the El Sauce Obser v atory 

our transits were observed in 2024 on July 14 and 18, August 27,
nd September 3 using a 0.5m CDK20 telescope located at El Sauce
bserv atory (IAU observ atory code X02) in Chile but controlled 

emotely from the Observatory of Baronnies Pro v en c ¸ales (OBP, IAU
bservatory code B10) in France. The OBP is a pri v ate observ atory
oing outreach, courses, training, and research, addressed to all 
ublic, amateur, and professional astronomers. The CDK20 telescope 
s on a paramount equatorial mount and is equipped with a Moravian
4 16K CCD camera. The photometric data were obtained from 

20 s exposure frames, after standard calibration. A Luminance 
lter was used to maximize the Signal-to-Noise Ratio (SNR). The 

mages were taken with 1 × 1 binning and photometry was performed 
ith an aperture of 9 pixels, with the full width at half-maximum

FWHM) of the target estimated to 2.3 arcsec with a pixel scale
f 0.5255 arcsec pixel −1 . The analysis was performed using the 
UNIWIN programme from the photometry software package C- 
UNIPACK (Hroch 2014 ). Observation times were recorded in JD UTC 

nd then converted to BJD TDB based on the observatory location and 
he equatorial coordinates of the target. Both observations benefited 
rom good weather conditions, but the low elevation of the target did
ot permit us to observe the plateau expected before transit on July
4. The lower SNR we observed on July 18 is due to light pollution
rom the moon. We had to eliminate the light curve we acquired
n September 03 because we missed the ingress and had to start
he observations around the second contact, the timing of which we
ailed to constrain. 

.5 TESS obser v ations 

ESS observed WASP-4 during sectors 2, 28, 29, and 69; between
eptember 2018 and September 2023 in 2-min cadence mode. We 
btained products of the Science Processing Operations Center 
SPOC) pipeline (Jenkins et al. 2016 ) from the Barbara A. Mikulski
rchive for Space Telescopes (MAST) of the Space Telescope Sci- 

nce Institute (STScI) of NASA. We examined the Simple Aperture 
hotometry (SAP), Presearch Data Conditioning SAP (PDCSAP), 
nd Data Validation Timeseries (DVT) light curve products with the 
IGHTKURVE PYTHON package (Lightkurve Collaboration 2018 ). We 
hen examined target pixel files (TPF) to check for contamination in
he apertures SPOC made use of and experimented with different 
pertures for both the target and the background. We have not
etected any extra light other than the target, Gaia lists no source
n a 30 arcsec radius (Gaia Collaboration 2016 , 2023 ), and the
ontamination ratio in the TESS Input Catalogue (TIC) is only 
.1 per cent. We also have not achieved better light curves in our
xperiments with different apertures than the SPOC’s DVT, which 
as pro v en their robust use to deriv e mid-transit times and system
arameters (Ridden-Harper, Turner & Jayawardhana 2020 ; Ba s ¸t ̈urk 
t al. 2022 ; Yal c ¸ınkaya et al. 2024 ), because they are detrended from
he correlated noise sources. 

.6 Summary of obser v ations and literature data 

e also collected all the high quality, full transit light curves from the
xoplanet Transit Database (ETD) (41 in total) and the literature (34

n total), spanning a time range of 15.98 yr. Together with 61 DVT
ight curves from TESS , we analysed a total of 136 light curves, which
ave been visually checked by us for their quality before they were
sed for the analysis. We also eliminated incomplete light curves 
rom our sample. We corrected the light curves for the undetrended,
inear airmass effects only where it was necessary by making use of
he software package ASTR OIMA GEJ ( AIJ ) (Collins et al. 2017 ). All the
bservation times have been converted to BJD TDB by making use of
he rele v ant ASTROPY constants and functions (Astropy Collaboration 
013 , 2018 ) when they are provided in other timing reference frames.
We further selected transit light curves based on the photon-noise 

ate (PNR) (Fulton et al. 2011 ) and β-factor statistics (Winn et al.
008 ), which are frequently used to characterize white and red noise,
espectiv ely. We remo v ed the light curves that have PNR values
igher than the transit depth, while we eliminated those with β-
actors larger than 2.5, as we did in Ba s ¸t ̈urk et al. ( 2022 ) and
al c ¸ınkaya et al. ( 2024 ). Lightcurve asymmetries caused by spot-
rossing events are apparent in several cases. Heavily affected light 
urves – such as those obtained with DK154 on 2021 September 23
nd 2021 October 05 (Fig. B2 ) – were excluded from the analysis
ue to their large β-factors. Ho we v er, some light curv es e xhibiting
ess prominent spot-induced anomalies remained in the sample, 
s they did not exceed the exclusion threshold. Light curves that
ere eliminated from further analysis, and the reasons for their 

limination, are also provided in these tables. During this elimination 
MNRAS 541, 714–730 (2025) 
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Table 2. Broad-band apparent magnitudes for WASP-4. 

Passband λeff (nm) Magnitude 

APASS-DR9 (Henden et al. 2016 ) 
Johnson B 437.81 13 . 216 ± 0 . 020 
Johnson V 544.58 12 . 468 ± 0 . 025 
SDSS g ′ 464.04 12 . 782 ± 0 . 023 
SDSS r ′ 612.23 12 . 283 ± 0 . 033 
SDSS i ′ 743.95 12 . 089 ± 0 . 012 
2MASS (Cutri et al. 2003 ) 
J 1235 11 . 179 ± 0 . 025 
H 1662 10 . 842 ± 0 . 026 
K S 2159 10 . 746 ± 0 . 021 
All WISE (Cutri et al. 2013 ) 
W 1 3352.6 10 . 663 ± 0 . 022 
W 2 4602.8 10 . 728 ± 0 . 020 
W 3 11560.8 10 . 775 ± 0 . 080 
Tycho-2 (Høg et al. 2000 ) 
B T 428.0 13 . 792 ± 0 . 414 
V T 534.0 12 . 597 ± 0 . 231 
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Figure 1. Broad-band fluxes of WASP-4. Red points represents the data 
points including error bars, while blue points represents model fluxes. The 
error bars in wavelength denote the bandwidth of the corresponding filter. 
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rocedure, fiv e light curv es from ETD, seven from the literature, and
hree that we acquired in our own observations were eliminated,
eaving us with a total of 158 light curves. We provide the entire data
et in five separate tables as online supplementary material, first few
ines of which are provided in Appendix A . 

 ANALYSIS  A N D  RESULTS  

.1 Global modelling 

o explore the potential consistency or otherwise between the ob-
erved (modified) tidal quality factor ( Q 

′ ) and theoretical predictions,
e need to constrain the stellar age, metallicity, and stellar mass

 M � ) (Barker et al. 2024 ). Metallicity can be calculated from high-
esolution spectral analysis, but determining the age for cold stars like
ASP-4 is challenging because their mass and radius change only

ery slightly during their main-sequence (MS) evolution. In fact, for
old stars, the mass is considered almost constant ( Ṁ ∼ 10 −4 M �
yr −1 for a solar metallicity 1 M � star (Choi et al. 2016 ) during

ts MS evolution, making the radius a key parameter for accurate
etermination of the age. The stellar radius, on the other hand, can
e accurately calculated by performing a spectral energy distribution
SED) analysis based on a precise parallax value from Gaia (Stassun
t al. 2018 ). Hence, we first modelled the SED of WASP-4 in order
o acquire the stellar radius and also ef fecti ve temperature ( T eff )
ith the EXOFASTV2 (Eastman 2017 ; Eastman et al. 2019 ) code

nd the Modules for Experiments in Stellar Astrophysics ( MESA )
sochrones & Stellar Tracks (MIST) bolometric correction grid (Choi
t al. 2016 ). For this model, we used the atmospheric parameters of
ASP-4 from Wilson et al. ( 2008 ) as Gaussian priors and modelled

he broad-band magnitudes of the star given in Table 2 . We supplied
he Gaia DR3 parallax (Gaia Collaboration 2016 , 2021a , b ) in order
o calculate the stellar luminosity after correcting for the parallax
ffset (Lindegren et al. 2021 ). During SED fitting, interstellar
xtinction ( A V ) along the line of sight was limited to the value
iv en by Schle gel, Finkbeiner & Davis ( 1998 ). From this analysis,
e obtain R �, SED = 0 . 9150 + 0 . 0089 

−0 . 0091 R � and T eff, SED = 5488 + 29 
−28 K. The

ED model for broad-band magnitudes is shown in Fig. 1 . 
After acquiring the stellar radius, we fitted the MESA isochrones

ith EXOFASTV2 to determine the age and mass of the host star. This
NRAS 541, 714–730 (2025) 
t requires atmospheric parameters of the host star ( T eff , [ Fe / H ], and
og g or mean stellar density ρ� ), which were reported by Mortier
t al. ( 2013 ), Doyle et al. ( 2013 ), Sousa et al. ( 2021 ), Petrucci et al.
 2013 ), Gillon et al. ( 2009 ), and Wilson et al. ( 2008 ) based on their
pectral analyses. Although the reported values of these parameters
re slightly different from each other, the resulting ages could differ
y the evolutionary stage (MS or subgiant) the star is passing through.
herefore, we performed six different isochrone fits for each of the

eported T eff , [ Fe / H ] pairs as Gaussian priors given in Table 3 . In
hese models, we used the R �, SED value from our SED analysis as
 Gaussian prior, but instead of using a prior width from the SED
nalysis, we enforced 4 per cent of the median value as suggested by
ayar et al. ( 2022 ). Due to the subtle effect of surface gravity ( log g)
n spectral lines (e.g. Hartman et al. 2011 ), we did not use its value as
 prior. Instead, we modelled the TESS light curves from DVT files
ogether with MIST, which gives an accurate mean density value
or the host star ( ρ� ) by making use of Kepler’s third law (Seager
 Mall ́en-Ornelas 2003 ; Eastman et al. 2019 ). The radial velocity

emi-amplitude was measured by Bonomo et al. ( 2017 ) using all
vailable RV measurements from different data sets. They also found
hat the planet’s orbit is circular, so we fitted a circular model. We
sed the measured semi-amplitude as a Gaussian prior for calculating
he planet’s mass in each model. The fitting procedure stops when
he parameters are considered ‘well-mixed’, controlled by default
alues (Ford 2006 ) of the number of independent draws, T Z > 1000,
hich is the ratio of the length of the chains and their correlation

ength, and the Gelman–Rubin statistic R Z < 1.01, that quantifies the
egree of similarity between independent chains. The posteriors of
tellar parameters from six global models are listed in Table 3 . The
ESS light curves with the global model are shown in Fig. 2 while
osteriors of transit parameters are listed in Table 4 . Although the
esults from different models agree within 1 σ , we fa v our Model-4
ecause the T eff and [ Fe / H ] measurements were calculated from the
pectra with the highest resolution and SNR among others, and the
ine list was meticulously selected as denoted by Doyle et al. ( 2013 ).

.2 Physical properties without using stellar evolutionary 
odels 

ith the advent of the Gaia mission it has become possible to
etermine the physical properties of the components of transiting
lanetary systems without needing constraints from stellar evolu-
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Table 3. Median values and 68 per cent confidence intervals for WASP-4 system and priors from our analysis. 

Symbol Parameter (Unit) Values 

Priors: Model-1 Model-2 Model-3 Model-4 Model-5 Model-6 
T eff Ef fecti ve temperature 

(K) 
5500 ± 150 5500 ± 100 5513 ± 43 5400 ± 90 5436 ± 34 5496 ± 19 

[ Fe / H ] Metallicity (dex) 0 ± 0 . 2 −0 . 03 ± 0 . 09 0 . 03 ± 0 . 03 −0 . 07 ± 0 . 19 −0 . 05 ± 0 . 04 0 . 05 ± 0 . 01 
Reference Wilson et al. ( 2008 ) Gillon et al. ( 2009 ) Mortier et al. ( 2013 ) Doyle et al. ( 2013 ) Petrucci et al. ( 2013 ) Sousa et al. ( 2021 ) 
R � Radius (R �) 0 . 915 ± 0 . 037 0 . 915 ± 0 . 037 0 . 915 ± 0 . 037 0 . 915 ± 0 . 037 0 . 915 ± 0 . 037 0 . 915 ± 0 . 037 

Stellar parameters: 
M � Mass (M �) 0 . 882 + 0 . 06 

−0 . 049 0 . 878 + 0 . 051 
−0 . 041 0 . 895 + 0 . 046 

−0 . 041 0 . 858 + 0 . 053 
−0 . 040 0 . 862 + 0 . 043 

−0 . 032 0 . 899 + 0 . 044 
−0 . 039 

R � Radius (R �) 0 . 903 + 0 . 02 
−0 . 018 0 . 902 + 0 . 017 

−0 . 015 0 . 907 + 0 . 016 
−0 . 015 0 . 895 + 0 . 017 

−0 . 015 0 . 896 + 0 . 015 
−0 . 013 0 . 908 + 0 . 015 

−0 . 014 

L � Luminosity (L �) 0 . 671 + 0 . 069 
−0 . 062 0 . 669 + 0 . 055 

−0 . 048 0 . 684 + 0 . 034 
−0 . 031 0 . 624 + 0 . 045 

−0 . 040 0 . 633 + 0 . 027 
−0 . 024 0 . 677 + 0 . 025 

−0 . 022 

ρ� Density (cgs) 1 . 696 + 0 . 033 
−0 . 04 1 . 695 + 0 . 033 

−0 . 040 1 . 696 + 0 . 033 
−0 . 041 1 . 695 + 0 . 033 

−0 . 037 1 . 695 + 0 . 033 
−0 . 039 1 . 699 + 0 . 031 

−0 . 040 

log g Surface gravity (cgs) 4 . 473 + 0 . 012 
−0 . 011 4 . 473 ± 0 . 010 4 . 475 + 0 . 009 

−0 . 010 4 . 469 + 0 . 011 
−0 . 010 4 . 470 + 0 . 010 

−0 . 09 4 . 476 + 0 . 009 
−0 . 010 

T eff Ef fecti ve 
Temperature (K) 

5500 + 110 
−110 5496 + 81 

−80 5510 + 40 
−39 5422 + 71 

−70 5437 + 31 
−31 5496 + 17 

−18 

[ Fe / H ] Metallicity (dex) −0 . 03 ± 0 . 15 −0 . 034 ± 0 . 08 0 . 028 + 0 . 029 
−0 . 028 −0 . 06 + 0 . 014 

−0 . 013 −0 . 05 ± 0 . 043 0 . 05 ± 0 . 01 

[ Fe / H ] 0 Initial Metallicity 0 ± 0 . 13 −0 . 006 ± 0 . 074 0 . 046 + 0 . 039 
−0 . 040 −0 . 03 ± 0 . 012 −0 . 015 ± 0 . 043 0 . 065 ± 0 . 031 

Age Age (Gyr) 8 + 3 . 5 −3 . 6 8 . 2 + 3 . 3 −3 . 4 7 . 4 + 3 . 5 −3 . 1 9 . 5 + 2 . 8 −3 . 6 9 . 3 + 2 . 8 −3 . 4 7 . 4 + 3 . 4 −3 . 0 

Planet parameters: 
R p Planet radius (R jup ) 1 . 332 + 0 . 030 

−0 . 027 1 . 331 + 0 . 026 
−0 . 023 1 . 339 + 0 . 024 

−0 . 023 1 . 321 + 0 . 026 
−0 . 023 1 . 323 + 0 . 023 

−0 . 020 1 . 339 + 0 . 024 
−0 . 022 

M P Planet mass (M jup ) 1 . 185 + 0 . 055 
−0 . 046 1 . 182 + 0 . 046 

−0 . 038 1 . 197 + 0 . 042 
−0 . 037 1 . 164 + 0 . 048 

−0 . 037 1 . 167 + 0 . 039 
−0 . 031 1 . 199 + 0 . 040 

−0 . 036 

Figure 2. Left panel: TESS transit light curves of WASP-4 b used in global modelling (black dots) and the EXOFASTV2 model (red continuous line). Each TESS 
sector is time-folded and binned in 2-min intervals. Right panel: residuals from the global model (black dots). The red line indicates the zero level. 
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ionary models. The key additional observable here is the radius of
he star, which can be obtained directly from its known distance 
via the Gaia DR3 parallax) and SED. Once this is available, the
roperties of the system can be obtained analytically using standard 
quations from eclipses and celestial mechanics. The process we use 
s similar to that given in Morrell et al. (under re vie w) and can be

ummarized as follows. a  
The density of the star can be obtained from only observed
uantities and an assumed mass ratio, using the equation 

� = 

3 π

GP 

2 

1 

1 + q 

(
a 

R � 

)3 

(1) 

Roberts 1899 ; Russell 1899 ), where q = M p /M � is the mass ratio
nd G is the gravitational constant. One sets q = 0 at first, but
MNRAS 541, 714–730 (2025) 
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Table 4. Transit parameters from the global model. 

Symbol Parameter (Unit) Value 

Planetary and transit parameters: 
P orb Period (d) 1.338230994(84) 

a Semimajor axis (au) 0 . 02261 + 0 . 00036 
−0 . 00027 

i Inclination (deg) 88 . 05 + 0 . 85 
−0 . 53 

T eq Equilibrium temperature (K) 1653 ± 12 
R P /R � Radius of planet in stellar radii 0 . 15205 + 0 . 00060 

−0 . 00062 

a/R � Semimajor axis in stellar radii 5 . 411 + 0 . 053 
−0 . 050 

δ Fractional transit depth 0 . 02312 + 0 . 00018 
−0 . 00019 

τ Ingress/egress duration (d) 0 . 01240 + 0 . 00029 
−0 . 00032 

T 14 Total transit duration (d) 0 . 09027 ± 0 . 00024 

b Transit impact parameter 0 . 184 + 0 . 048 
−0 . 079 

u 1 ,T ESS Linear LD coeff. in TESS band 0 . 343 ± 0 . 015 
u 2 ,T ESS Quadratic LD coeff. TESS band 0 . 253 ± 0 . 022 

Table 5. Physical properties of the system determined using a direct 
measurement of the stellar radius from the IRFM. 

Symbol Parameter (Unit) Value 

M � Stellar mass (M �) 0 . 899 + 0 . 033 
−0 . 031 

R � Stellar radius (R �) 0 . 912 ± 0 . 007 

log g � Stellar surface gravity (cgs) 4 . 472 + 0 . 013 
−0 . 012 

ρ� Stellar density ( ρ�) 1 . 185 + 0 . 035 
−0 . 032 

a Semimajor axis (au) 0 . 02294 + 0 . 00028 
−0 . 00026 

M p Planetary mass (M jup ) 1 . 200 + 0 . 032 
−0 . 030 

R p Planetary radius (R jup ) 1 . 349 + 0 . 011 
−0 . 012 

g p Planetary surface gravity (m s −2 ) 16 . 33 + 0 . 38 
−0 . 35 

ρp Planetary density ( ρjup ) 0 . 488 + 0 . 013 
−0 . 011 

T eq Equilibrium temperature (K) 1672 ± 28 
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nserts the known value in subsequent iterations. The stellar mass
nd surface gravity can then be obtained from its radius and density.
he mass of the planet follows from the mass function, and its radius

rom R � and R p /R � . Its surface gravity , density , and equilibrium
emperature can then be determined easily, as can the semimajor
xis. Now the masses of both components are known, the q can be
nserted in equation ( 1 ) and the calculations repeated. This process
akes typically one or two iterations for planetary systems because
 � 1. 
For WASP-4 we adopted the radius measurement of R � = 0 . 912 ±

 . 007 R � from Goswamy, Collier Cameron & Wilson ( 2024 ), who
sed the infrared flux method (IRFM; Blackwell & Shallis 1977 ) to
etermine the stellar radii of all of the transiting planetary systems
isco v ered by the SuperWASP surv e y (Pollacco et al. 2006 ). We
ook the a/R � , R p /R � , and i from Table 4 , K � = 237 . 3 ± 2 . 2 m
 

−1 from Turner et al. ( 2022 ), and assumed a circular orbit. The
esults are given in Table 5 and are in good agreement with those in
able 3 . 
NRAS 541, 714–730 (2025) 
.3 Transit timing analysis 

.3.1 Measurements of the mid-transit timings 

n order to investigate the potential of WASP-4 b to display significant
ransit timing variations, we needed to measure all the mid-transit
imings of its available light curves to form a homogeneous data set.

e made use of the web version 3 of the EXOFAST modelling suite
Eastman, Gaudi & Agol 2013 ) to analyse all its selected transit light
urves from the Exoplanet Transit Database (ETD), 4 the rele v ant
iterature, and the TESS archive. We specifically used this version
 v1) of EXOFAST because of its easy use and speed with the ameoba
tting algorithm based on the downhill simplex method (Nelder &
ead 1965 ), as well as its advantage in homogeneously selecting the

entres and widths of the Gaussian priors for the stellar and planetary
t parameters from previous work selected by the NASA Exoplanet
rchiv e. P arameters for WASP-4 b were selected from Bouma et al.

 2019 ) in our case, which are in very good agreement with our
arameters. Uniform priors are used for the linear limb-darkening
oefficients with the initial values retrieved from the relevant tables
n Claret & Bloemen ( 2011 ) based on stellar atmospheric parameters
nd the choice of the passband made among the options provided by
 drop-down menu. We selected the I band for the TESS passband
ecause their transmission functions are similar. Orbital periods are
xed to the literature value because a single light curve normalized to
aximum light is modelled in each of the runs. The mid-transit time,

et to be free at the beginning, is determined from the contact points
f the light curve model and provided by the programme together
ith its uncertainty and other model parameters, such as the full

nd total transit durations and the transit depth, which we used to
ouble-check the consistency of the results and their agreement with
ystem parameters. 

We were unable to obtain the light curves of all transit observations
n the literature from which mid-transit measurements were made
nd published. Therefore, we needed to check if our measurements
f mid-transit timings agree with those in the literature in general.
his data set includes 36 ETDs, 46 TESS light curves, the mid-transit

imes of which were published by Turner et al. ( 2022 ), 7 light curves
rom Sanchis-Ojeda et al. ( 2011 ), 15 from Southworth et al. ( 2019 ),
nd 5 from Harre & Smith ( 2023 ), adding up to 109 light curves in
otal. In order to compare two sets of measurements, we first checked
f there are measurements that do not agree with each other to within
he 1 σ level, and we found no such measurements. While the average
f the measurement error published by other authors is 27.48 s, and
hat in our measurements from the same light curves is 25.75 s, the
verage difference between the measurements from the same light
urves is only 11.83 s. Ho we ver, we measured a larger mid-transit
ime value in 98 out of these 109 light curves, which indicates a
ositive shift in our measurements with respect to that appeared in
he literature and the ETD. When we repeat this experiment only
ith TESS data, which are both in BJD TDB timing frame, 43 of 46
easurements turned out to indicate a later mid-transit time in our
easurements compared to that of Turner et al. ( 2022 ). Although
e were unable to precisely identify the root cause of this offset;
e suspect it arises from differences in the modelling and mid-

ransit time measurement approaches employed by these studies and
hose in use by EXOFAST because Turner et al. ( 2022 ) also analysed
he DVT light curve product and the average difference between
he measurements from the same light curves is 10.87 s. We then

https://exoplanetarchive.ipac.caltech.edu/cgi-bin/ExoFAST/nph-exofast
http://var2.astro.cz/ETD/
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Figure 3. Comparison of our own measurements of mid-transit times and 
those from the literature based on the O–C values computed by employing 
linear ephemerides provided by Southworth et al. ( 2019 ), mid-transit times 
from the literature ( x-axis), and those from our own measurements with the 
EXOFAST code ( y-axis) in seconds. The blue line is for equal O-C’s, while the 
dashed orange line is the best linear fit. 
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Table 6. Results of the TTV analysis. 

Parameter All data Our measurements 

Linear model ( m × E + n ) 
Number of chains 16 16 
Number of draws 50 000 50000 
Burn-in period 5000 5000 
Slope (m ×10 −7 ) −1 . 67 + 0 . 14 

−0 . 14 −1 . 86 + 0 . 16 
−0 . 16 

Intercept (n ×10 −5 ) 0 . 30 + 2 . 03 
−2 . 04 −1 . 39 + 2 . 58 

−2 . 58 

χ2 
ν 4.69 5.00 

AIC 335.62 256.16 
BIC 342.38 262.29 

Quadratic model ( a × E 

2 + b × E + c) 
Number of chains 16 16 
Number of draws 50 000 50000 
Burn-in period 5000 5000 
Quad. coeff. (a ×10 −11 ) −9 . 81 + 1 . 21 

−1 . 21 −8 . 52 + 1 . 47 
−1 . 47 

Lin. coeff (b ×10 −8 ) −4 . 86 + 1 . 92 
−1 . 92 −8 . 37 + 2 . 29 

−2 . 28 

Intercept (c ×10 −4 ) 1 . 84 + 0 . 29 
−0 . 29 1 . 91 + 0 . 39 

−0 . 39 

χ2 
ν 3.61 4.14 

AIC 280.29 227.55 
BIC 290.42 236.74 

Apsidal motion model 
Number of chains 16 16 
Number of draws 100 000 100000 
Burn-in period 25 000 25 000 
Eccentricity (e) 0 . 0020 + 0 . 0007 

−0 . 0009 0 . 0013 + 0 . 0005 
−0 . 0009 

Arg. of Periastron ( ω [ ◦]) 2 . 13 + 0 . 17 
−0 . 23 1 . 53 + 0 . 15 

−0 . 17 

ωdE ( ×10 −4 ◦ cycle −1 ) 5 . 67 + 0 . 98 
−1 . 50 7 . 93 + 1 . 75 

−2 . 26 

Slope (m 0 ×10 −7 ) −3 . 93 + 1 . 20 
−0 . 96 −4 . 55 + 1 . 59 

−1 . 09 

Intercept (n 0 ×10 −4 ) −2 . 69 + 2 . 62 
−1 . 75 9 . 42 + 7 . 35 

−3 . 91 

χ2 
ν 11.46 8.75 

AIC 2428.66 1349.32 
BIC 2445.54 1364.63 
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ompared the differences between the observed (O) and calculated 
C) mid-transit times, based on the linear ephemerides provided by 
outhworth et al. ( 2019 ), by plotting both sets of measurements
gainst each other (Fig. 3 ). For clarity, we included error bars for
oth measurements in seconds. The two sets of measurements show 

ood agreement, as indicated by the slope of the best-fitting linear 
elation (dashed orange line in Fig. 3 ), m = 0 . 981 ± 0 . 020, which is
onsistent with unity (i.e. equal O–C v alues, sho wn by the continuous
lue line) within 1 σ . Ho we ver, the systematic of fset in our mid-transit
imes is reflected in the y-intercept of the fit (11.13 s), which is nearly
qual to the average difference between the two data sets (11.83 s).
onsequently, we proceeded with our TTV analysis using both sets 
f mid-transit time measurements separately. 

.3.2 Construction and analysis of the TTV diagram 

e used the reference linear ephemeris elements provided by 
outhworth et al. ( 2019 ) to construct the TTV diagram, which we

hen fit with a linear model, a quadratic model, and an apsidal
otion model. In each of the cases, we have sampled from the
aussian priors for model parameters centred at values determined 
y a non-linear least-squares fit by using its uncertainties as widths. 
e sampled from the prior distributions making use of 16 Markov 

hains. We then calculated the log-likelihood functions of each draw 

nd formed the posterior distributions of the fit parameters, which 
e sampled from at the end, throwing away the first chunks as the
urn-in period. We used the current (5th) version of PYMC 

5 (Oriol
t al. 2023 ) for the probabilistic fitting procedure and LMFIT for the
reliminary non-linear least-squares fitting (Newville et al. 2016 ). 
e provide the parameters of the probabilistic fitting procedure and 

he results we obtained for each of the cases using both data sets in

able 6 . 
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For both data sets, which are based on all data (column 1 in Table
 ) and only the light curves that we modelled and measured the
id-transit times from (column 2 of the same table), the quadratic
odel turned out to be superior to both the linear and apsidal motion
odels in all metrics of goodness of fit. With reduced- χ2 values

f 3.61 and 4.14, the quadratic model with a ne gativ e quadratic
oefficient is the best model for both data sets. In addition, the
uadratic model performed significantly better than the linear model 
n the representation of the TTV data in terms of Akaike (AIC)
Akaike 1974 ) and Bayesian Information Criteria (BIC) (Schwarz 
978 ; Liddle 2007 ), as gi ven belo w for all data including the
iterature minima and the mid-transit times we measured ourselves, 
espectively. 

� AIC = AIC quad − AIC lin = −55 . 33 and − 28 . 61 
� BIC = BIC quad − BIC lin = −51 . 96 and − 25 . 55 
Since both data sets ended up with similar fit statistics and there

s agreement between them as shown in Fig. 3 , we decided to
ontinue with the results based on the entire data set so as not
o discard observations that are not available to us. We analysed
TD data separately due to their large scatter incompatible with 

heir uncertainties. Both models represent the data with similar fit 
tatistics. The large χ2 

ν ∼ 8 . 00 show that the error bars of these
easurements are underestimated. When these data are remo v ed 
MNRAS 541, 714–730 (2025) 
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M

Figure 4. TTV diagram of WASP-4 b with the strongly fa v oured quadratic model superimposed on the timing data. The last 5000 models have been plotted 
with the lighter shade of green, while the model based on the median values of model parameters from their posterior distributions is provided in dark green. 
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rom the full data set, and the TTV-fits are updated, χ2 
ν of the

inear and quadratic fits are found to impro v e to the values of 4.01
nd 2.53, and � AIC = 170 . 14 − 252 . 58 = −82 . 44 and � BIC =
79 . 71 − 258 . 97 = −79 . 26. None the less, we continue with the full
ata set for completeness. Since we do not have a priori information
n the source of the large scatter in the mid-transit timings that lead
o rather high χ2 

ν values in the fits, we did not remo v e an y data points
ased on a tighter constraint on the sigma-outliers than the current
alue of 3 σ . However, we suspect that both the underestimation of
he error bars, most probably in photometry propagated to the timing

easurements, and the spot-induced asymmetries play a role in the
catter of the timing measurements on the TTV diagram being larger
han the error bars suggest. 

As a result, our linear model ended up with the following linear
phemeris elements (equation 2 ) and a χ2 

ν value of 4.69. 

 = 2456505 . 748956(23) + 1 . 338231262(14) × E (2) 

while the quadratic ephemerides with a χ2 
ν value of 3.61 are given

ith equation ( 3 ). 

 = 2456505 . 749138(29) + 1 . 338231380(19) × E 

−0 . 98(12) × 10 −10 × E 

2 (3) 

These results strongly fa v our the quadratic model with a Bayes
actor of B ql = e −� BIC / 2 = 1 . 92 × 10 11 (Masson 2011 ). Therefore,
e provide only the quadratic model and plotted on the entire data

et, including mid-transit times from the literature, in Fig. 4 . 
The tidal quality factor based on the median value of the quadratic

oefficient of our quadratic model as given by Goldreich & Soter
 1966 ) and Patra et al. ( 2017 ) is 

 

′ 
� = −27 π

2 

(
M p 

M � 

) (
R � 

a 

)5 1 

Ṗ 

= (8 . 08 ± 1 . 17) × 10 4 (4) 

or the stellar parameters derived from our Model-4. Since the
rimary factor that affects Q 

′ 
� is the quadratic coefficient of the TTV
NRAS 541, 714–730 (2025) 
odel, dif ferent v alues for the masses of the planet and its host star
nly change this value between 79 405 and 80 871 for the different
odels in Table 3 . These agree with each other to within 1 σ of their

espective uncertainties. 
We continued our analysis with the residuals of the O–C values

rom the linear model to search for potential periodic signals in
he data, which could hint at the existence of gravitationally bound
erturbers. We found a statistically significant periodicity at 387.96 d
ith a false alarm probability value of 2 . 48 × 10 −8 . However, when
e phase-fold the TTV diagram, we did not observe any variation in

he data. Fitting a Keplerian with a fixed periodicity to this value ends
p within much poorer fit statistics compared to linear and quadratic
odels. If this signal was caused by a perturber, it should have been

etected in the RV signal too. The 7001.0-d periodicity found in the
V data by Turner et al. ( 2022 ), on the other hand, does not show
p in our frequency search. When we fix the period to this value and
btain the best-fitting Keplerian, the amplitude turns out to be 19.64
, which requires a very massive object to orbit the system in such
 long-period orbit. The planetary-mass body suggested by Turner
t al. ( 2022 ) would lead to a much smaller TTV-amplitude, which
annot be detected with the precision of the mid-transit times. 

Since the stellar rotation was found to be P rot = 22 . 2 ± 3 . 3 d by
onomo et al. ( 2017 ), we attempted to restrict the frequency interval
nd update our frequency search due to the clear asymmetries on
ome of the transit profiles to investigate if other peaks showing up in
he Lomb–Scargle periodogram are caused by the magnetic activity.
hese asymmetries, on the other hand, did not allow us to measure a

otation rate for the host star because the spots causing them are not
ersistent on the transit chord in the time-scales co v ered by neither
recise ground-based light curves of ours and others, nor TESS light
urves. When we restrict the frequency successively to 0.01 and 0.05
ycles per day, we obtain periodicities at 51.03 and 15.74 d, with False
larm Probability (FAP) values of 6 . 62 × 10 −4 and 1 . 79 × 10 −3 ,

espectively. When we perform a frequency analysis with a data set
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ased only on our observations, the 51-d periodicity disappears from 

he periodogram, while the ∼ 15-d and ∼ 386-d peaks shift slightly to
onger periods with higher FAP values. Furthermore, we repeated the 
nalysis with a data set excluding the ETD-transits and we observed 
eaks at different frequencies. Phase-folding TTV diagrams based 
n any of these frequencies does not provide evidence for a periodic
ehaviour in the TTV diagram. Therefore, we conclude that we do not 
ave evidence for neither a perturber nor a cyclic magnetic activity 
n our frequency analyses. 

We also modelled the TTV data based on an apsidal motion model
n the same manner, although we have fixed the eccentricity to 
ero in our global models. Since we have not fit the RV data, we
ade use of the values of eccentricity, argument of periastron ( ω),

nd its time deri v ati ve (d ω/ d E) found by Bouma et al. ( 2019 ) as
aussian priors for these parameters. Although the median values 
f the posterior distributions are in very good agreement with the 
ndings of Bouma et al. ( 2019 ), the AIC and BIC values do not
a v our this model, compared to the linear or quadratic models. Since
he tidal circularization time-scale is expected to be very short for
his planet’s orbit and we do not have any new RV data or occultation
bservations to suggest a non-zero eccentricity, we do not argue in 
a v our of this apsidal motion model no matter how we restrict our
ata sets to co v er literature and/or ETD mid-transit times, although
e cannot rule it out either. 
The acceleration of the system with respect to Earth at a rate

f 0.0422 m s −1 d −1 has been suggested to explain the observed
uadratic change in the TTV data by Bouma et al. ( 2020 ) based on
heir RV model. Ho we ver, this hypothesis has been conclusively ruled 
ut later by both Baluev et al. ( 2020 ) and Turner et al. ( 2022 ), who
odelled ne w RV observ ations of the target together with previous

ata. This is why we have not included an acceleration term in our fits.

 DISCUSSION  

o explore whether the inferred Q 

′ 
� is compatible with tidal theory 

e.g. Bark er 2020 ; Bark er et al. 2024 ), we have constructed stellar
odels of WASP-4 consistent with the parameters in Tables 3 and 4

sing MESA version r24.08.1 (Paxton et al. 2011 , 2013 , 2015 , 2018 ,
019 ; Jermyn et al. 2023 ), with stellar parameters from MIST (Dotter
016 ; Choi et al. 2016 ). This provides us with radial profiles ( r is the
pherical radius from the stellar centre) for the stellar density ρ( r),
ressure p( r), gravitational acceleration g( r), and other variables, as
 function of stellar age. Using these profiles, we can calculate the
idal response. 

Since the star is slowly rotating, inertial waves cannot be excited 
nside the star by a planet on an aligned orbit (for which a stellar
otation period shorter than 2.67 d would be required); we have 
erified that equilibrium tides are also inef fecti ve, according to our
urrent understanding of their dissipation (e.g. Barker 2020 ; Duguid, 
arker & Jones 2020 ). Theoretical models predict the excitation and 
issipation of internal gra vity wa ves in the radiative core to be the
ominant tidal mechanism for any reasonable stellar model. These 
aves are launched inward from the radiativ e/conv ectiv e interface, 

nd if they are fully damped (either by wave breaking, critical layer
bsorption or magnetic wav e conv ersion e.g. Barker & Ogilvie 2010 ;
arker 2011 ; Guo, Ogilvie & Barker 2023 ; Duguid et al. 2024 ;
einberg et al. 2024 ), the resulting Q 

′ 
� can be straightforwardly 

omputed using the stellar interior profiles. To do so, we calculate the
issipative tidal response, including Q 

′ 
� , by e v aluating equation 41 of

arker ( 2020 ) (and the surrounding formalism; see also Goodman &
ickson 1998 ; Cherno v, Ivano v & P apaloizou 2017 ; Ahuir, Mathis
 Amard 2021 ; Ma & Fuller 2021 ). We show our results in Fig. 5 ,
ith the predicted values of Q 

′ 
� due to gravity waves (with a subscript

GW) in various stellar models plotted in the bottom left panel. 
We find Q 

′ 
� ≈ 2 − 5 × 10 5 ( P tide / 0 . 67 d ) 8 / 3 (e v aluated using the

idal period P tide = ( P 

−1 
orb − P 

−1 
rot ) 

−1 / 2 ≈ P orb / 2, which takes the
alue 0.67 d here) in our MS models for t ≤ 8 Gyr (in agreement
ith the values reported in Barker 2020 ). On the other hand, towards

he end of the MS ( t � 10 Gyr), smaller values compatible with the
bserved one ( Q 

′ 
� ≈ 6 × 10 4 ) can be obtained, though only for a brief

eriod in the evolution, depending on stellar mass and metallicity. 
e hav e e xplored models with a variety of stellar masses and initial
etallicities within the observational 1 σ error bars (in Table 3 ), and
odels including either default MESA parameters or MIST ones, to 

etermine the stellar parameters for which Q 

′ 
� ≈ 6 × 10 4 can be

chieved within 13 Gyr. We find that this is possible but only in our
odels at the more massive end in Table 3 , with M � � 0 . 911 M �

and with initial metallicity Z ≈ 0 . 02 or larger here, but this appears
o be less crucial). Ho we ver, the stellar radius is larger than the
bservational constraints in these models when Q 

′ 
� ≈ 8 × 10 4 (top 

eft panel of Fig. 5 ; the ef fecti ve temperature is plotted in the middle
op panel), so these models may not be representative of WASP-4. 

In the bottom right panel, we show illustrative radial profiles of
he Brunt–V ̈ais ̈all ̈a frequency N 

2 (normalized by the square of the
olar dynamical frequency ω 

2 
d, � = GM �/R 

3 
�) in the model with

 = 0 . 945 M � and Z = 0 . 02 at two different times ( t = 8 . 22 Gyr
n dashed lines and t = 10 . 7 Gyr in solid ones). Near the interface,
 bump in N 

2 appears for later ages, which is sensitive to the stellar
ass, metallicity, and the choice of semiconv ectiv e mixing and

lemental diffusion parametrizations. Since the latter are particularly 
ncertain, the appropriate value for the radial gradient of N 

2 near
he interface (the mean value o v er the first gra vity wa velength is
ecessary to compute Q 

′ 
�, IGW 

, for which we plot the local linear fits
e employed in red lines) leads to some uncertainty in predictions

or Q 

′ 
� for a given stellar mass (see also Barker 2011 ). Ho we ver, the

hallower slope and larger radius of the radiativ e/conv ectiv e interface
n the older model here (partly compensated by the density varying
here by 30 per cent) explain why Q 

′ 
�, IGW 

changes from 1 . 83 × 10 5 to
 . 32 × 10 4 between these two ages (see equation 41 of Barker 2020 ).
In the bottom middle panel of Fig. 5 , we show the critical planetary
ass required for wave breaking in the stellar core. WASP-4b’s mass

xceeds this critical value in all models before 10 Gyr. Hence, it is
easonable to expect the gra vity wa ves to be in the fully damped
egime (Barker & Ogilvie 2010 ; Barker 2011 ; Guo et al. 2023 ),
hereby justifying our approach to calculate Q 

′ 
� . 

Another possibility we have considered, if the star is younger, 
ould be for the tide to resonantly excite a g-mode, leading to
nhanced dissipation compared with the fully damped regime as long 
s the waves remain in the linear regime. Since the planet is very likely 
o cause wave breaking in the stellar core (hence justifying the fully
amped regime) in all modes with ages older than 7 − 10 Gyr, the
nly way the tide can remain in the linear regime when a resonance
s passed through by the system is if the star is younger (when M crit is
arger). This is because passing through a resonance would enhance 
he wave amplitude and therefore require a lower planetary mass 
or wave breaking compared with that predicted by the solid lines
n the M crit figure. We have briefly explored this possibility using
YRE (e.g. Townsend & Teitler 2013 ; Sun, Townsend & Guo 2023 ).
e find that enhanced dissipation is only possible extremely close 

o resonances with g-modes, and these hav e v ery narrow widths in
requency (because the g-modes are not particularly high radial order 
nes, so radiative damping is weak). Dissipation between resonances 
s much weaker, leading to Q 

′ � 10 9 for most frequencies; thus we
MNRAS 541, 714–730 (2025) 
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M

Figure 5. Stellar properties and tidal quality factor computed using either MESA default parameters or MIST parameters for the initial masses and metallicities 
specified in the le gend. P anels (a) and (b) show the stellar normalized radius and effectiv e temperature, o v erplotting the observational constraints as horizontal 
red dashed lines based on the maximum reported deviations in Table 2 (the solid red line is the mean value of Model-4). Panel (c) shows the modified tidal 
quality factor Q 

′ for internal gravity waves (with the observational constraint as the red dashed line) and panel (d) indicates the critical planetary mass required 
for wave breaking to be predicted in the stellar core (with the planetary mass as the red dashed line). Panel (f) shows the radial profile of the Brunt–V ̈ais ̈all ̈a 
frequency (normalized by the solar squared dynamical frequency ω 

2 
d, � = GM �/R 

3 �) in the model with M = 0 . 945 M � and Z = 0 . 02 at two times ( t = 8 . 22 
Gyr in dashed lines and t = 10 . 7 Gyr in solid ones, showing a local linear fit employed in calculating Q 

′ 
�, IGW 

). 
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o not view this possibility as a particularly likely one. Finally,
e have explored whether ‘resonance locking’ could in principle
ork, where stellar evolution could maintain the system in a g-mode

esonance with enhanced dissipation. Using equation 14 of Ma &
uller ( 2021 ) gives Q 

′ 
� � 10 7 for this mechanism, so it is unlikely to

e rele v ant here (see also some theoretical objections in Guo et al.
023 , for solar-type stars). 
In summary, we find that it is possible to theoretically match the

bserved Q 

′ 
� ≈ 8 × 10 4 by gra vity wa ve damping in the stellar core,

ut only in older stars with ages older than approximately 11 Gyr,
r in models that do not quite match the inferred radius of WASP-4.
therwise, values of Q 

′ 
� that are approximately 2–4 times larger are

redicted in most models. It is likely that further tweaks to the stellar
odel parameters or input physics could provide a better match with

he observed value while also satisfying the observational constraints
n radius and ef fecti ve temperature. So we conclude that gravity wave
amping in the stellar core is a possible way to explain WASP-4 b’s
rbital decay, with the abo v e cav eats. 

 C O N C L U S I O N  

ASP-4 b is an interesting hot-Jupiter whose orbital period has
een decreasing. The deviation from the linear ephemeris has been
ttributed to various factors, including the system’s line-of-sight
cceleration (Bouma et al. 2020 ), the influence of an external
erturber (Turner et al. 2022 ), at least contributing to the orbital
eriod variation via light-time effect (Harre & Smith 2023 ), and a
otential apsidal motion (Harre et al. 2023 ). 
NRAS 541, 714–730 (2025) 
In this study, we compiled and analysed 37 complete transit light
urves of WASP-4 b from the literature, excluding 7 from our TTV
nalysis for various reasons. Additionally, we examined 41 light
urves from the ETD, with 5 eliminated from further analysis. We
lso processed a total of 61 light curves acquired by TESS in four
ectors at a 2-min cadence, and incorporated 37 newly obtained
bservations with three different telescopes, of which three were
xcluded (Appendix B ). In total, we analysed 158 light curves
nd homogeneously determined mid-transit timings using EXOFAST

odels, forming the most e xtensiv e TTV data set for WASP-4b
o date. Furthermore, we included 58 mid-transit timings from the
iterature derived from light curves that were not directly accessible.
s a result, our final TTV diagram consists of 216 data points. 
We analysed the TTV diagram using linear, quadratic, and apsidal
otion models. The quadratic model pro v ed to be statistically

uperior, ev en when e xcluding mid-transit timings from the literature
hat were not derived from our own light curve models. Additionally,
e did not detect any statistically significant periodic signals in the
ata. Consequently, we adopted the quadratic model and used the
nferred rate of period change to estimate the reduced tidal quality
actor (Q 

′ 
� ), assuming that this change is caused by tides in the star. 

To assess the significance of our derived value of Q 

′ 
� ∼ 80000,

e required a global model from which we extracted the system
arameters. We then used these parameters to construct theoretical
odels of WASP-4 and its dissipative tidal response. An MS

tar with the fundamental properties of WASP-4 is found to be
nsuf ficiently dissipati v e to e xplain the observ ed value; instead, we
redict Q 

′ 
� ∼ 2 − 5 × 10 5 due to the dissipation of internal gravity

aves in its radiative core (the most ef fecti ve tidal mechanism we
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tudied) assuming that these waves are fully damped. Given the 
ystem’s estimated age ( < 10 Gyr) we derived from isochrones, we
xpect gra vity wa ves to be in the fully damped regime due to wave
reaking in the stellar core. Some of our models are able to explain
he relatively stronger dissipation observed, but they require a more 

assive star ( M � > 0 . 911 M �), with slightly higher metallicity, at the
nd of its MS life. Ho we ver, the stellar radius in these models is larger
han that observed for WASP-4. Further tweaks to the stellar model 
arameters and input physics may be able to produce models that 
rovide a better match to observations. We also argue that resonance 
ocking, or the system being in close proximity to resonance with a
-mode oscillation, are unlikely to be able to enhance the dissipation
o the observed level (though the latter is not definitively ruled out). 

At present, orbital decay remains the only viable explanation for 
he observed period change. Ho we ver, its inferred rate suggests
hat a more precise understanding of the host star parameters is
ecessary to reconcile it with current tidal theory. Only the most
assive star models compatible with our constraints, in the later 

tages of its evolution, appear to be able to dissipate tidal energy
fficiently enough to explain the observed Q 

′ 
� . In this respect, WASP-

 b presents a similar case to WASP-12 b (Kutluay et al. 2023 ) for
hich the orbital decay scenario is the only leading explanation for its
TVs, and its host star parameters and evolutionary stage are under 
ebate (e.g. Yee et al. 2020 ). Both targets deserve more investigation
n terms of stellar modelling to be able to explain the observed orbital
ecay within the current framework of tidal interaction theory. 
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Table A2. Mid-transit times we derived from TESS observations. 

T c (BJD TDB ) σT c (d) TESS Sector PNR Beta Elimination Justification 

2458355.184997 0.000344 2 1.79 1.49 0 –
2458356.522484 0.000378 2 1.96 1.70 0 –
2458357.861048 0.000317 2 1.76 1.86 0 –
2458359.199613 0.000322 2 1.61 1.27 0 –
2458360.537197 0.000349 2 1.86 1.87 0 –
... ... ... ... ... ... ... 

Table A3. Mid-transit times we derived from the light curves in the Exoplanet Transit Database (ETD) (T c ), their uncertainties ( σT c ), mid-transit times reported 
by the observers of ETD from the same light curves (T rep ), and their uncertainties ( σT rep ). 

T c (BJD TDB ) σT c (d) T rep (BJD TDB ) σT rep (d) Beta PNR Observer Elimination Justification 

2455385.649354 0.0002675717 2455385.649565 0.00027 1.52 3.03 Sauer T. 0 –
2455425.796285 0.0001166734 2455425.796065 0.00011 1.52 1.58 Fern ́andez-Laj ́us, E. et al. 0 –
2455473.972411 0.0003775267 2455473.972356 0.00034 1.72 1.86 Milne G. 0 –
2455506.090753 0.0004185778 2455506.090526 0.00044 0.93 2.47 Curtis I. 0 –
2456556.602246 0.0001731441 2456556.602174 0.00019 2.17 1.47 Villareal D. 0 –
... ... ... ... ... ... ... ... ... 

Table A4. Mid-transit times we derived from literature light curves (T c ), their uncertainties ( σT c ), mid-transit times reported in the literature from the same 
light curves (T rep ), and their uncertainties ( σT rep ). 

T c (BJD TDB ) σT c (d) T rep (BJD TDB ) σT rep (d) Beta PNR Reference Elimination Justification 

2459411.049006 0.000166 2459411.048720 0.00016 2.42 0.9 Harre et al. ( 2023 ) 0 –
2459436.475352 0.000137 2459436.475250 0.00015 1.61 0.82 Harre et al. ( 2023 ) 0 –
2459444.504849 0.000158 2459444.504680 0.00028 2.22 1.08 Harre et al. ( 2023 ) 0 –
– – 2459457.886750 0.00029 – – Harre et al. ( 2023 ) 1 Beta criterion 
2459465.916732 0.000194 2459465.916340 0.00029 2.43 1.12 Harre et al. ( 2023 ) 0 –
2459480.636898 0.000161 2459480.636720 0.00022 2.33 1.26 Harre et al. ( 2023 ) 0 –
2459502.048511 0.000154 2459502.048250 0.00026 1.90 0.95 Harre et al. ( 2023 ) 0 –
... ... ... ... ... ... ... ... ... 

Table A5. Mid-transit times we made use of directly from the literature. 

T rep (BJD TDB ) σT rep (d) Reference 

2454368.592790 0.00033 Wilson et al. ( 2008 ) 
2454396.695760 0.00012 Gillon et al. ( 2009 ) 
2454701.812800 0.00022 Hoyer et al. ( 2013 ) 
2454701.813030 0.00018 Hoyer et al. ( 2013 ) 
2454705.827150 0.00029 Hoyer et al. ( 2013 ) 
... ... ... 
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Figure B1. Transit light curves we acquired in La Silla with the Danish 
Telescope (black dots with error bars) and their transit models (red continious 
lines). Epochs displayed at top right of each light curve. Eliminated light 
curves denoted with asteriks after UTC date. 

Figure B2. Same as Fig. B1 . 
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Figure B3. Same as Fig. B1 . 

Figure B4. Same as Fig. B1 but for TRAPPIST observations. 

Figure B5. Same as Fig. B1 but for El Sauce observations. 
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Figure B6. Same as Fig. B1 but for Ckoirama observations. 
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