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o use to refine our knowledge of stellar structure and evolution (Guo
t al. 2016 ). Lampens ( 2021 ) and Southworth ( 2021 ) have re vie wed
he impact of space missions on the study of EBs with pulsating
omponents, and on binary stars in general, respectively. 
δ Scuti stars are a class of short-period (15 min to 8 h; Aerts,

hristensen-Dalsgaard & Kurtz 2010 ; Uytterhoeven et al. 2011 ), 
ultiperiodic pressure mode (p mode) pulsators. They are dwarfs or 

ubgiants located at the lower end of the classical instability strip
n the Hertzsprung–Russell (HR) diagram (Breger 2000 ; Dupret 
t al. 2005 ; Murphy et al. 2019 ). Their spectral types are A2 to
5, corresponding to typical ef fecti ve temperatures ( T eff s) of 6500–
500 K (Liakos 2021 ). Their masses range from 1.5 to 2.5 M � (Aerts,
hristensen-Dalsgaard & Kurtz 2010 ; Yang et al. 2021 ), which 
laces them in the transition region between lower mass stars with 
adiative cores and thick outer conv ection zones, and massiv e stars
ith conv ectiv e cores and thin outer conv ectiv e zones (Yang et al.
021 ). The y thus pro vide an opportunity to study the structure and
volution of stars in this transition region (Bowman & Kurtz 2018 ).
ow-order non-radial modes are generally observed for these stars 
nd these modes are driven by the κ mechanism acting in the partial
onization zone of He II (P amyatn ykh 1999 ; Bre ger 2000 ; Antoci et al.
014 ; Murphy et al. 2020 ). Higher order non-radial pulsations have
een observed in some δ Scuti stars such as τ Peg (Kennelly et al.
998 ), where the κ mechanism may not be sufficient to explain the
odes, and may instead be attributed to the turbulent pressure in the

ydrogen conv ectiv e zone (Antoci et al. 2014 ; Grassitelli et al. 2015 ).
The γ Doradus class of pulsators are also located at the lower 

nd of the classical instability strip in the HR diagram; they exist
ear the red edge of the δ Scuti instability strip (Yang et al. 2021 ).
uch stars pulsate with typical periods between 8 and 80 h (Handler
999 ) in high-order gravity modes (g modes) (Kaye et al. 1999 ),
elieved to be excited by the interaction of convection and pulsations
e.g. Guzik et al. 2000 ; Dupret et al. 2005 ; Grigahc ̀ene et al. 2005 ).
ypical masses are between 1.3 and 1.8 M � (Hong et al. 2022 ;
erts, Molenberghs & De Ridder 2023 ) with spectral types of F5

o A7. The high radial order of their pulsations puts them in the
symptotic regime, meaning their oscillations are equally spaced in 
eriod for non-rotating non-magnetic chemically homogeneous stars 
Tassoul 1980 ). Deviations from a homogeneous spacing emerge 
ue to chemical gradients and rotation (Sekaran et al. 2020 ), where
he former are influenced by the effects of diffusive mixing; mixing 
educes the steepness of chemical gradients. Period spacing diagrams 
an therefore be used to derive information on chemical composition 
radients, internal rotation rates, and dif fusi ve mixing processes 
e.g. Miglio et al. 2008 ; Bouabid et al. 2013 ; Bedding et al. 2015 ;

oravveji et al. 2015 ; Saio et al. 2015 ; Van Reeth, Tkachenko &
erts 2016 ; Ouazzani et al. 2017 ; Li et al. 2019 ; Sekaran et al. 2021 ).
Space missions such as Kepler (Borucki et al. 2010 ; Koch et al.

010 ), CoRoT (Baglin et al. 2006 ), and TESS (Ricker et al. 2015 ),
av e deliv ered a large amount of photometric data with precisions
nachie v able from the ground. The unprecedented precision has 
llowed for the detection of extremely low-amplitude frequencies 
Murphy et al. 2013 ; Bowman & Kurtz 2018 ) while long sequences
f continuous observations (Lehmann et al. 2013 ) means that longer- 
eriod pulsations, such as those typical of γ Doradus stars, can 
e studied. The o v erlap of the δ Scuti and γ Doradus instability
trips supports the existence of δ Scuti/ γ Doradus hybrids (Breger & 

eichbuchner 1996 ; Handler & Shobbrook 2002 ; Yang et al. 2021 ).
hese were expected to be rare, based on early calculations by 
upret et al. ( 2005 ), but the lower detection thresholds provided
y space missions has led to the disco v ery that such behaviour is
ndeed common (Grigahc ̀ene et al. 2010 ; Uytterhoeven et al. 2011 ;
alona, Daszy ́nska-Daszkiewicz & P amyatn ykh 2015 ; Bradle y et al.
015 ; Guo et al. 2019 ). Later calculations by Xiong et al. ( 2016 )
onform better with these findings. 

Hybrids have great potential for asteroseismology (Schmid & 

erts 2016 ). The p modes probe the stellar envelope while the g
odes carry information about the near-core regions (Grigahc ̀ene 

t al. 2010 ; Kurtz et al. 2014 ; Saio et al. 2015 ; Yang et al. 2021 ). The
ehaviour also means that information about two different driving 
echanisms can be obtained (Hong et al. 2022 ). 
KIC 9 851 944 is an EB showing δ Scuti/ γ Doradus hybrid

ulsation signatures. Therefore, the object is an ideal candidate for 
esting our understanding of stellar structure and evolution given the 
arge amount of constraints that can be obtained due to the advantages 
ssociated with hybrid behaviour as well as binarity. KIC 9 851 944 is
ncluded in the Kepler Eclipsing Binary Catalogue (KEBC; Pr ̌sa et al.
011 ; Kirk et al. 2016 ), as well as a study by Matson et al. ( 2017 ) who
resented RVs for 41 Kepler EBs. Gies et al. ( 2012 , 2015 ) studied
he eclipse times for KIC 9 851 944 and found no evidence of apsidal

otion or a third body; the object was also included in a catalogue
f precise eclipse times of 1279 Kepler EBs by Conroy et al. ( 2014 ).
Guo et al. ( 2016 ) combined the analysis of Kepler photometry

ith medium-resolution spectra ( R = λ/ �λ ∼ 6000) to determine the
tmospheric and physical properties of KIC 9851944; we list these 
esults in Table 8 . Evolutionary modelling based on these properties
hows the post-main-sequence secondary to be more evolved than 
he main-sequence (MS) primary. The authors concluded that both 
omponents show δ Scuti type pulsations, which they interpreted as 
 modes and p and g mixed modes, and attempted to identify the
odes by comparison with theoretically computed frequencies; the 

ange of theoretically predicted unstable modes agreed roughly with 
bservations but the authors conclude that mode identification is still 
ifficult in δ Scuti stars, even with constrained mass, radius, and T eff .
This work aims to be complementary to the work by Guo

t al. ( 2016 ) on KIC 9851944; we additionally include observations
y TESS in our photometric analysis and combine this with the
nalysis of high-resolution ( R = 60 000) spectroscopic observations. 
ection 2 outlines the photometric and spectroscopic observations. 
e determine the orbital ephemeris based on the photometric 

bservations in Section 3 . In Section 4 , we analyse RVs derived
rom the spectroscopic observations and in Section 5 , we present
he spectroscopic analysis. The analysis of the photometric light 
urv es is giv en in Section 6 and in Section 7 , we present the physical
roperties of the system. An investigation of the pulsations is given
n Section 8 . The discussion and conclusion are given in Sections 9
nd 10 , respectively. 

 OBSERVATI ONS  

.1 Photometry 

he Kepler space telescope (Koch et al. 2010 ) was launched in
009 March with the primary aim of detecting Earth-like extrasolar 
lanets around solar-like stars. Ho we ver, the mission has also
rovided a huge amount of high-quality data on stars and stellar
ystems (Hong et al. 2022 ). The data were collected using two
odes of observation (Gilliland et al. 2010 ), long cadence (29.5 min

ampling rate), and short cadence (58.5 s sampling rate). To keep
he solar arrays pointed toward the Sun during its Earth-trailing 
eliocentric orbit, the spacecraft was rotated by 90 ◦ every three 
onths (one quarter). Primary functions of the Kepler photometric 

nalysis module of the Kepler science data processing pipeline are 
esponsible for generating the simple aperture photometric (SAP) 
MNRAS 527, 4052–4075 (2024) 
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ux time series of the observed objects, while secondary photometric
nalysis functions performed by the Pre-Search Data Conditioning
PDC) module support systematic error correction, giving rise to the
DCSAP fluxes (see Jenkins 2017 , for further details on the SAP and
DCSAP measurements). KIC 9 851 944 was observed by Kepler in
ix quarters (0, 12, 13, 14, 16, 17) in short cadence mode between
009 May and 2013 May. 
The Transiting Exoplanet Satellite Survey ( TESS ; Ricker et al.

015 ) was also designed to disco v er e xtrasolar planets and also
roduced a large amount of high-quality data for many other celestial
bjects. More than 2 × 10 5 main-sequence dwarfs were observed at
 min cadence during the all-sk y surv e y, which was divided into
 v erlapping sectors on the sky. KIC 9 851 944 was observed by
ESS in sectors 14, 15, 41, 54, 55, and 56 between 2019 July and
022 September. The TESS science pipeline is based on the Kepler
cience pipeline so the architecture and algorithms are similar; the
hotometric analysis module computes the SAP flux time-series and
he PDC module corrects for systematics to compute the PDCSAP
uxes (Jenkins et al. 2016 ).
The light curves from the Kepler quarters and TESS sectors
entioned abo v e were downloaded from the Mikulski Archive for
pace Telescopes (MAST) and are used in Section 3 to determine

he ephemeris of the system, as well as Section 6 to obtain the final
odel of the light curve. Both SAP and PDCSAP measurements

re available; the SAP and PDCSAP fluxes were similar, which
e verified by inspecting the SAP fluxes with the PDCSAP fluxes
 v erplotted after dividing them by their median flux values to put
hem on the same scale. Thus, we used the SAP measurements to
 v oid possible biases due to the additional processing applied to
he PDCSAP data. A second-order polynomial was fitted to fluxes
hat correspond to positions of quadrature, i.e. the maximum of the
llipsoidal brightening, to estimate systematic trends present in the
ight curves. Subtracting the difference between this polynomial and
he median flux of the light curve yields a model for the local

edian level of out-of-eclipse flux. This model was then divided
ut to remo v e systematic trends. The residual value of a smoothed
ersion of the light curve subtracted from the observed light curve
as calculated and observed fluxes that deviated by more than 1
er cent were rejected. Fluxes were converted to magnitudes and
rrors were propagated following Pr ̌sa ( 2018 ). The short cadence
epler light curve from Quarter 0 and the two-minute cadence TESS

ight curve from Sector 15, after performing these operations, are
hown in the top and middle panels of Fig. 1 , respectively.

KIC 9 851 944 was also observed by the Wide Angle Search for
lanets (WASP) telescope (Butters et al. 2010 ) between 2007 May
nd 2010 July. WASP consisted of two robotic observatories, one in
he Nothern Hemisphere at Observatorio del Roque de los Mucha-
hos on La Palma and the other at the South African Astronomical
bservatory (SAAO), each with eight 20 mm telescopes on a single
ount. Observations of KIC 9 851 944 collected by WASP between

007 May and July as well as between 2008 June and July are
hown in the bottom panels of Fig. 1 phase folded about the orbital
eriod determined in Section 3 . The data collected by WASP for KIC
 851 944 were only used to constrain the times of primary minima
hen performing preliminary fits to the Kepler and TESS light curves

n Section 3 , to determine the orbital ephemeris. 

.2 Spectroscopy 

 set of 33 spectroscopic observations were obtained for the target
sing the Hamilton échelle spectrograph (Vogt 1987 ) on the Shane
 m telescope at Lick Observatory during two observing runs, one in
NRAS 527, 4052–4075 (2024) 
012 July and the other in 2013 June. The data were obtained using
CD chip no. 4, giving a wavelength coverage of 340–900 nm over
9 ́echelle orders at a resolving power of R ≈ 60 000. 
The data were reduced using the standard pipeline for the spec-

rograph (e.g. Fischer, Marcy & Spronck 2014 ). Flat-fields were
btained with a quartz lamp and divided from the spectra. The
 avelength calibration w as obtained from exposures of a thorium-

rgon emission lamp taken roughly every hour during the night. 
Details for the normalization of the one-dimensional extracted

pectra are given in Sections 4 and 5 because each of those
omponents of the analysis used different approaches. 

Table 1 gives the epochs of each of the 33 spectrosopic obser-
ations as well as the signal-to-noise ratio (S/N), estimated as the
quare root of the counts close to the peak of the best-exposed ́echelle
rder. Also given are the corresponding RVs of each component that
re derived in Section 4 . 

 O R B I TA L  EPHEMERI S  

 first model of the Kepler and TESS light curves was obtained
sing the JKTEBOP code (Southworth 2013 ), which approximates
tellar shapes in detached eclipsing binaries based on the simple and
fficient NDE biaxial ellipsoidal model, so is computationally fast
Nelson & Davis 1972 ; Southworth, Maxted & Smalley 2004 ). We
tted for the period P , epoch T 0 , surface brightness ratio J , sum of

he fractional radii r A + r B , ratio of the radii k = 

r B 
r A

, inclination i ,
he Poincar ́e elements e cos ω and e sin ω, and a light scale factor. We
efine star A to be the star eclipsed at the primary (deeper) minimum
nd star B to be its companion. 

We also fitted for the linear coefficients u of the quadratic limb
arkening (LD) law while quadratic terms were taken from Claret
 Bloemen ( 2011 ) and Claret ( 2017 ) for the Kepler and TESS

ands, respectively; we used the estimated atmospheric parameters
eported in the KIC to choose the appropriate values for the quadratic
oefficients. We performed fits to the WASP light curve but the
ower quality of this data compared to the Kepler and TESS light
urves means that including these results in the calculation of the
 v erall preliminary eclipse model would lead to less well determined
arameters. Thus, we simply include the epochs of primary minimum
stimated from the WASP light curves as additional observational
onstraints on T 0 in the preliminary fits to the Kepler and TESS light
urves.

The adopted values for the light curve parameters from this
reliminary analysis were taken as the weighted averages of the
esults from the fits to the individual Kepler quarters and TESS
ectors, where the reciprocal of the squared errors from the covriance
atrix were used as weights. These values are given in Table A and
ig. 2 shows the fit to the Kepler Quarter 0 light curv e; high-frequenc y
ariability due to pulsations of the δ Scuti type is clearly visible at
ll orbital phases in the residuals shown in the lower panel, with
mplitudes of around ±0.2 m mag. 

The value for r A + r B in Table A suggests that the components
f KIC 9851944 are deformed beyond the limits of applicability of
he biaxial ellipsoidal approximation (Popper & Etzel 1981 ) due
o their close proximity and thus strong mutual deformations; the
llipsoidal variation ( ∼0.04 mag) observed in Figs 1 and 2 is another
ndication of this. Furthermore, plotting the results from individual
uarters and sectors against each other reveals strong degeneracies
etween the fitted parameters, specifically r A + r B , k , i , J, and the LD
oefficients. This is highlighted by the results giving a wide range
f ratios of the light contributions of the two stars. Therefore, we
resent a detailed analysis of the Kepler and TESS light curves using
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Table 2. Orbital Parameters. 

Parameter Value 

K A (km s −1 ) 125.282 ± 0.269 
K B (km s −1 ) 117.453 ± 0.328 
γ (km s −1 ) − 5.52 ± 0.16 

 B / 
 A 1.222 ± 0.136 
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Figure 5. Portion of disentangled spectra in the spectral range 4900–5290 Å. 
The similarity between the spectra of both components is obvious. 
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irection of the systematic error at that orbital phase. The correction 
as then added to the actual RVs measured from the observed spectra.
This procedure was iterated multiple times using templates with 

ifferent atmospheric parameters; the top panel of Fig. 4 shows 
he resulting orbital fit to the corrected velocities that were derived 
n our final iteration, where we used templates with atmospheric 
arameters corresponding to those derived in Section 5.1 , and the 
esults are presented in Table 2 . The middle panel of Fig. 4 shows
he residuals of the fit and the lower panel, split into two for the
rimary and secondary, gives the corrections that were applied to 
he extracted R Vs. R Vs with corrections larger than 2.5 km s −1 were
xcluded and are not shown because these RVs correspond to phases 
f conjunction, where line blending effects are most severe, and 
egligible information is contained on the velocity semiamplitudes. 
he fit was constrained to a circular orbit because attempts to fit

or eccentricity yielded values consistent with zero and the study 
y Guo et al. ( 2016 ) suggests that this system has circularized. The
ncertainties on the RV measurements were rescaled by a constant 
actor during the fitting procedure to yield a χ2 

r of unity. The root
ean square (RMS) of the residuals of the fit compared to the RVs for

he primary and the secondary are 1.1 and 1.4 km s −1 , respectively. 
The differences between our final results for K A and K B presented 

n Table 2 and those derived from the initial run (both after applying
orrections), which used templates with atmospheric parameters 
orresponding to those from the KIC, was ∼ 0 . 1 per cent . The
orresponding difference in 
 B / 
 A was ∼ 9 per cent . This shows
hat the TODCOR light ratio is more sensitive to the atmospheric 
arameters of the templates than the derived R Vs. W e added these
ifferences in quadrature, to the uncertainties derived from the 
ovariance matrix of the fit for the orbital parameters, and to the
tandard error in the mean value of 
 B / 
 A derived from different
bservations, in our calculation of the parameter error bars in Table 2 .
Applying the corrections resulted in an increase in the velocity 

emi-amplitudes K A and K B by 0.2 and 0.3 per cent, respectively. 
his is a small increase, suggesting that TODCOR is less sensitive 

o blending effects than the one-dimensional cross-correlation tech- 
ique. Ho we ver, the 0.2 and 0.3 per cent increase in the velocity
emi amplitudes translates to a 0.6 and 0.9 per cent increase 
n the derived masses, which is significant considering that we 
im to achieve precisions smaller than these values. This suggests 
hat the corrections are necessary. Furthermore, the corrections are 
learly systematic, and depend on the relative Doppler shifts of the 
omponents, as shown in the bottom panels of Fig. 4 . 

 SPECTRAL  ANALYSIS  

.1 Atmospheric parameters 

he method of spectral disentangling (SPD) makes it possible to 
eparate the spectra of individual components from a time-series of 
inary or multiple star spectra (Simon & Sturm 1994 ). SPD has
ther advantages: the optimal orbital parameters are determined 
t the same time, and the disentangled spectra have a higher S/N
han the original observed spectra. The disentangled spectra contain 
nformation on the atmospheric parameters ( T eff , surface gravity, 
sin i , and metallicity) of each component. The disentangled spectra
re still in the common continuum of the binary system, but can
e renormalized if the light ratio between the components is known
rom other sources, e.g. from the analysis of light curves (Hensberge,
 avlo vski & Verschueren 2000 ; P avlo vski & Hensberge 2005 , 2010 ).
lternatively, the disentangled spectra can be fitted with synthetic 

pectra to determine the light ratio between the components, and 
his can be useful for partially eclipsing systems where there is a
e generac y between the radius ratio and light ratio in the system
Tamajo, P avlo vski & Southw orth 2011 ; Tkachenk o 2015 ; P avlo vski
t al. 2023 ). In well-determined cases, the precision of the light ratio
an approach 1 per cent (P avlo vski et al. 2022 ). 

Since we planned to apply the method of SPD to extract the
ndividual spectra of the components, normalization of the observed 
pectra was of critical importance. We used a different approach 
han that in Section 4 , where we extracted RVs. Here, we used the
edicated code described in Kolbas et al. ( 2015 ). First, the blaze
unction of échelle orders was fitted with a high-order polynomial 
unction. Then, the normalized échelle orders were merged. When 
 v erlapping re gions of successiv e ́echelle orders are sufficiently long,
he very ends were cut off because of their low S/N. Échelle orders
ontaining broad Balmer lines, in which it is not possible to define
he blaze function with enough precision, were treated in a special
ay. For these échelle orders, the blaze function was interpolated

rom adjacent orders. This produces more reliable normalization in
pectral regions with broad Balmer lines than the usual pipeline
rocedures. For recent applications of this approach (see Pavlovski,
outhworth & Tamajo 2018 ; Lester et al. 2019 ; Wang et al. 2020 ,
023 ; Lester et al. 2022 ; P avlo vski et al. 2023 .
SPD was performed in the Fourier domain with the prescription 

y Hadrava ( 1995 ). The FDBINARY code, developed in Ilijic et al.
 2004 ), was applied to the time-series of normalized échelle spectra
f KIC 9851944. FDBINARY uses the fast Fourier transform approach 
hich allows flexibility in selection of spectral segments for SPD 

hilst still keeping the original spectral resolution. The orbital 
arameters, specifically K A and K B , were fixed to the solution
eported in Table 2 , thus SPD was used in pure separation mode
P avlo vski & Hensberge 2010 ). At this point, the reconstructed
ndividual spectra of the components were still in the common 
ontinuum of the binary system. A portion of separated spectra for
oth components in the spectral range 4900–5290 Å is shown in 
ig. 5 . 
MNRAS 527, 4052–4075 (2024) 



4058 Z. Jennings et al.

M

Table 3. Determination of the atmospheric parameters from disentangled 
spectra for the components of KIC 9851944. The surface gravity for each 
component was fixed to the values determined from light curve and RVs 
solution as listed in Table 7 . 

Parameter H β H α Metals 
Wavelength range ( Å) 4750–4890 6500–6600 5120–5220 

Primary 
T eff [K] 6980 ± 55 6940 ± 70 7205 ± 90 
log g [cgs] 3.873 3.873 3.873 
vsin i [ km s −1 ] 56.2 56.22 56.5 ± 1.9 
LDF 0.432 ± 0.005 0.434 ± 0.007 0.4390.009 

Secondary 
T eff [K] 6875 ± 45 6770 ± 65 6990 ± 80 
log g [cgs] 3.761 3.761 3.761 
vsin i [ km s −1 ] 67.2 67.2 67.2 ± 1.5 
LDF 0.568 ± 0.004 0.566 ± 0.006 0.561 ± 0.009 
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Overall, a slight difference in line depth between the two com-
onents is seen. The more massive component has deeper lines
nd slightly faster rotation. The Balmer lines are broadened by
tark broadening, and generally are not sensitive to the rotational
roadening. Thus, we first optimized portions of the disentangled
pectra free of the Balmer lines, primarily to discern the vsin i values.
e then performed optimal fitting of disentangled spectra centred on

he H β and H α lines, with fixed vsin i . 
It is well known that the hydrogen Balmer lines are excellent

iagnostic tools for the determination of the T eff s for stars with
 eff < 8000 K because the de generac y with the surface gravity
anishes (Gray 2005 ). Moreo v er, we can use log ( g ) determined for
he components since this quantity is determined with high precision
rom the analysis of DLEBs. In the case of KIC 9851944, the log ( g )
alues are determined with uncertainties of about 0.01 dex, for both
omponents. Therefore, preference is given to the determination of
he T eff for the components in KIC 9 851 944 from line profile fitting
f Balmer lines, with fixed surface gravity. This is advantageous o v er
he calculation of the T eff from metal lines because their strength
epends on the metallicity of the stellar atmosphere. 
Without any appreciable changes in the light ratio in the course of

he orbital cycle, i.e. no spectra were observed in eclipse, ambiguity
xists in the reconstruction of the components’ spectra and only
eparation of the spectra still in the common continuum of the
inary system is possible. The components’ spectra are correctly
econstructed but with scaling factors, i.e. the shapes of the spectral
ines are correct, but not their strength. In such a case, the light
atio can be determined from fitting the separated spectra with
ynthetic (theoretical) spectra, in the course of determination of
he atmospheric parameters. The optimal fitting was performed in
onstrained mode, as defined in Tamajo, P avlo vski & Southworth
 2011 ), with the condition that the sum of the light dilution factors
s equal to unity. The STARFIT code (Kolbas et al. 2015 ) uses a
enetic algorithm to search for the best fit within a grid of synthetic
pectra pre-calculated using the UCLSYN code (Smalley, Smith & M
001 ). The uncertainties were calculated using the MCMC approach
escribed in P avlo vski, Southworth & Tamajo ( 2018 ). This task was
traightforward due to the fixed surface gravities and vsin i values:
nly the light ratio and T eff s were optimized. 
The results of the optimal fitting for all three spectral segments are

iven in T able 3 . W e adopt the weighted average of the results from
 α and H β for T eff , which is 6964 ± 43 K and 6840 ± 37 K for the
rimary and secondary, respectively; these values are used to obtain
NRAS 527, 4052–4075 (2024) 
he light-curve solution in Section 6 and are presented formally in
ection 7 . Our T eff values indicate that the KIC T eff (6204 K) for this
bject is underestimated, consistent with prior studies (e.g. Lehmann
t al. 2011 ; Molenda- ̇Zakowicz et al. 2011 ; Tkachenko et al. 2013 ;
iemczura et al. 2015 ) reporting similar underestimations for stars
ith T eff ∼ 7000 K. 
With the T eff determined from the Balmer lines, the depths of

he metal lines cannot be matched – the metal lines for both
omponents are slightly deeper than the synthetic spectra for given
arameters. This could be explained with the metallicity effect, which
ffects metal lines more than broad H β and H α lines for which
tark broadening dominates. The effects of metallicity explain the
omewhat higher T eff (by about 200 K) found from the metal lines.
rom a grid of calculated synthetic spectra for given atmospheric
arameters derived from Balmer lines, we found that the metallicity
or both components is [M/H] ∼0.15 dex. Since the components of
IC 9 851 944 are at the cool end of where Am stars are found,

his moti v ated us to disentangle the spectra between 3853–4067 Å
nd compare the Ca K lines to synthetic spectra; the findings did not
uggest any Am peculiarity although the Ca K line for the primary
ppears slightly weakened. Due to the relatively high vsin i for both
omponents and thus severe line blending, as well as the low S/N
f the individual spectra, we did not attempt to determine individual
lemental abundances. 

The light ratio from the optimal fitting of the wings of H β and
 γ lines, spectral segments containing only metal lines, and the
g I triplet at around 5180 Å, are 1.315 ± 0.018, 1.304 ± 0.025,

nd 1.278 ± 0.033 (Table 3 ). All three values for the light ratio
re consistent within their 1 σ uncertainties, with the light ratio
etermined from the wings of H β line being the most precise of
he three. 

Guo et al. ( 2016 ) determined atmospheric parameters from tomo-
raphically reconstructed spectra of the components. Their spectra
o v er the wavelength range 3930–4610 Å at a medium spectral
esolution of R = 6000. The analysis by Guo et al. ( 2016 ) was similar
o ours, but with an important difference that they fitted complete
eparated spectra, whilst we concentrate on the wings of Balmer
ines. Our results for the Balmer lines corroborate their findings to
ithin 1 σ . We also find good agreement for the vsin i values, which

re also within 1 σ for both components. Guo et al. ( 2016 ) obtained
 mean light ratio 1.34 ± 0.03 from spectra centred at 4275 Å – this
s slightly larger than but still consistent with our own results. 

.2 Direct fitting for the light ratio 

e were initially unable to constrain the light ratio of the system from
he photometric analysis alone (see Section 3 ), so estimated it using
everal independent methods. The first method was the TODCOR light
atio reported in Table 2 , the second was the optimal fitting of the
isentangled spectra (ODS), and a third method is developed here. 
We minimize the sum of the squared residuals between synthetic

omposite spectra and the observed spectra, where the synthetic
omposite spectra are built by adding Doppler-shifted synthetic
pectra weighted by light fractions according to some value of 
 B / 
 A ,
nd with atmospheric parameters from the ODS analysis. We search
n a grid of 
 B / 
 A values between 0.8 and 2 with 10 uniformly spaced
amples; these bounds were determined after an initial trial run with
ounds of 0.5 to 3. The minimum of a polynomial fit to the sum of
he square residuals against trial values for 
 B / 
 A then yields a best
stimate for its value. The only free parameters of the minimization
or each trial 
 B / 
 A were the coefficients of a sixth-order polynomial
hat was used to normalize the observed spectra against the synthetic
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Table 7. Model parameters of the best fitting isochrone with [Fe/H] = 

0.05 dex and an age of 1.259 ± 0.073 Gyr. The results obtained from both 
comparison methods are given. Also given are the differences � between the 
observations and model for each parameter; we quote this difference in units 
of the uncertainty associated to the observations in brackets. 

Parameter Method 1 Method 2 
Value � [%] Value � [%] 

Mass ratio 1.0667 0.0 (0.0 σ ) 1.0530 −1.2 (3.6 σ ) 
M A [ M �] 1.749 0.0 (0.0 σ ) 1.758 0.5 (0.9 σ ) 
M B [ M �] 1.866 0.0 (0.0 σ ) 1.851 −0.8 (1.5 σ ) 
R A [ R �] 2.469 −2.5 (2.5 σ ) 2.512 −0.8 (0.8 σ ) 
R B [ R �] 3.214 7.8 (5.3 σ ) 3.096 3.8 (2.6 σ ) 
T eff, A [K] 6987 0.33 (0.5 σ ) 6971 0.1 (0.2 σ ) 
T eff, B [K] 6636 −3.0 (5.5 σ ) 6694 −2.1 (3.9 σ ) 
log ( L A / L �) 1.117 −1.4 (1.0 σ ) 1.128 −0.4 (0.4 σ ) 
log ( L B / L �) 1.256 1.0 (0.8 σ ) 1.239 −0.4 (0.3 σ ) 
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(v) Fitting for the rotation rates of the stars yielded values close
o and consistent with synchronous rotation and little change in the 
ther parameters. 
(vi) Fitting for albedo gave a poorer fit but again very little change

n the other parameters. 
(vii) Allowing for third light gav e v ery similar parameters and a

ery small amount of third light consistent with zero. 
(viii) Fitting for one of the temperatures of the stars instead of

he two light contributions directly (namely Mode = 2) changed the 
ractional radii by 0.2 per cent. 

(ix) Fixing the limb darkening coefficients to theoretical values
hanged the fractional radii by 0.5 per cent. 

(x) Using the square-root instead of logarithmic limb darkening
aw had a negligible effect. 

The best-fitting parameters were highly robust against all these 
xperiments. The only significantly discrepant fit (neglecting our 
riginal exploratory ones) was when we used the Cousins I band 
nstead of the R band. Ho we ver, we are able to reject this fit as it
s not consistent with the spectroscopic light ratio. The calculated 
ncertainties are given in Table 6 . 
Fig. 9 shows that the best fit is extremely good, with an r.m.s. of

.20 mmag, but that there are systematics remaining in the residuals.
e attribute these to the WD numerical integration for points during 

he eclipses, and residual pulsations for points outside eclipse. Our 
pproach of phase-binning the data gives a light curve practially 
ithout Poisson noise, so makes any imperfections in the fit easily 
oticable. We note that the systematics in the residuals of the fits we
ound to the data are too small to show up in plots of unbinned data,
o may well be present in previous work on this object. 

 PHYSICAL  PROPERTIES  

e determined the physical properties of KIC 9 851 944 from the
pectroscopic and photometric results obtained abo v e. F or this we
sed the JKTABSDIM code (Southworth, Maxted & Smalley 2005 ), 
odified to use the IAU system of nominal solar values (Pr ̌sa et al.

016 ) plus the NIST 2018 values for the Newtonian gravitational 
onstant and the Stefan-Boltzmann constant. Error bars were propa- 
ated via a perturbation analysis. The results are given in Table 7 . 

We determined the distance to the system using optical BV 

agnitudes from APASS (Henden et al. 2012 ), near-IR JHK s 

agnitudes from 2MASS (Cutri et al. 2003 ) converted to the Johnson
ystem using the transformations from Carpenter ( 2001 ), and surface 
rightness relations from Kervella et al. ( 2004 ). The interstellar 
eddening was determined by requiring the optical and near-IR 

istances to match. We found a final distance of 935 ± 12 pc, which
s significantly shorter than the distance of 999 ± 12 pc from the
aia DR3 parallax ( Gaia Collaboration 2016 , 2021 ). We have no

xplanation for this at present, but note that the Gaia DR2 and DR3
arallaxes of this object differ by nearly 2 σ so might be affected by
ts binarity. 

 ASTERO SEISMIC  ANALYSI S  

.1 Frequency analysis 

ollowing the binary modelling, we continue with the asteroseismic 
nalysis of the target. Because the observed pulsations have much 
maller amplitudes than the binary signal, the quality of the TESS
nd WASP data are insufficient for the asteroseismic analysis, and 
e limit ourselves to using the residual Kepler light curve. This is

he merged light curve of all available Kepler short-cadence data 
fter subtracting the best-fitting binary model, hereafter referred to 
s the pulsation light curve. To minimize the impact of outliers and
nstrumental effects on the asteroseismic analysis of small-amplitude 
ulsations, we apply additional processing to the data. First, we 
emo v e those parts where coronal mass ejections (CMEs) or thermal
nd pointing changes of the spacecraft, such as at the start of a quarter
r after a safe-mode ev ent, hav e a visible impact on the quality of the
ight curve. Secondly, we apply preliminary iterative pre-whitening 
as described by, e.g. Van Reeth et al. 2023 ) to build a tentative
athematical model of the 20 most dominant pulsations using a sum

f sine waves 

 ( t) = 

N= 20∑

i= 1

a i sin ( 2 π [ f i ( t − t 0 ) + φi ] ) , (1) 

here a i , f i , and φi are the amplitude, frequency, and phase of the
 th sine wav e, respectiv ely, and t 0 is the average time stamp of all
ata points in the pulsation light curve. We then identify individual
utliers in the residuals using 5 σ clipping, and remo v e these data
oints from the pulsation light curve as well. 
Ne xt, we use iterativ e pre-whitening to measure the pulsation fre-

uencies from the resulting cleaned pulsation light curve. Hereby, we 
teratively fit additional sine waves to the time series, with frequencies 
hat correspond to the dominant amplitudes in the Lomb–Scargle 
eriodogram (Scargle 1982 ) of the residual pulsation light curve. 
o we ver, in the particular case of KIC 9851944, there is a significant

mount of red noise present in the data, most likely caused by residual
nstrumental ef fects, e ven after cleaning the pulsation light curve. To
nsure that we detect all significant pulsation frequencies (with a 
ignal-to-noise ratio S / N ≥ 5.6; see e.g. Baran, Koen & Pokrzywka
015 ), we customize our approach. First, we split the frequency
ange between 0 d −1 and the Nyquist frequency (734 . 21 d −1 ) in
 v erlapping parts and apply the iterative pre-whitening to these
ndividually: from 0 to 2 d −1 , from 1 to 6 d −1 , from 4 to 11 d −1 ,
rom 9 to 21 d −1 , from 19 to 51 d −1 , from 49 to 201 d −1 , and
rom 199 d −1 to the Nyquist frequency. In this stage, we measure
ll frequencies with S / N ≥ 4.0. Secondly, we merge the different
requency lists, keeping only those frequencies that are dominant in
 2 . 5 f res -window, where f res is the frequency resolution of the light
urve (Loumos & Deeming 1978 ) with a value of 0 . 00208 d −1 , and
hat have S / N ≥ 5.6. Thirdly, we non-linearly optimize this filtered
requency list using the least-squares minimization with the trust
e gion reflectiv e method from the LMFIT python package (Newville
t al. 2019 ). After the optimization, we redetermined the S / N that are
MNRAS 527, 4052–4075 (2024) 
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Figur e 10. Lomb–Scar gle periodogram of the short-cadence Kepler light curve of KIC 9851944 (black) with the iteratively prewhitened frequencies (full red 
lines). 

Figure 11. Échelle diagram of the pre-whitened frequencies of 
KIC 9851944, folded with the orbital frequency f orb . Identified multiplets are 
indicated in different colours ranging from purple to dark yellow, with a white 
star marking the dominant frequency of each multiplet. Single frequencies 
are shown in black. The marker sizes indicate the associated amplitudes. 
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ssociated with the different frequencies, again only keeping those
ith S / N ≥ 5.6. This leaves us with a final list of 133 measured

requencies in both the p- and g-mode regimes, considerably more
han the 89 frequencies reported by Guo et al. ( 2016 ). Notably, we
ormally detect one frequency at 391 . 5095 ± 0 . 0002 d −1 with an
mplitude of 6 . 3 ± 1 . 2 μmag. Ho we ver, a detailed analysis of this
ine wav e rev eals that it originates from the noise properties of the
hort-cadence light curve. The signal has a maximal amplitude during
he first parts of quarters 13 and 14, but is not detectable in most other
arts of the light curve. Hence, we discard this frequency and limit
urselves to the remaining frequencies, with values below 25 d −1 .
hese are illustrated in Fig. 10 and listed in Table B in Appendix B .

.2 Tidal perturbation analysis 

s already demonstrated by Guo et al. ( 2016 ) and illustrated in
ig. 11 , many of the detected frequencies form orbital-frequency
paced multiplets, also called ‘tidally split multiplets’. In our work,
NRAS 527, 4052–4075 (2024) 
e identify each multiplet by looping o v er all measured frequencies
 i in order of decreasing amplitude, and consider frequencies f j to be
art of a multiplet around it if 

 f i − f j − nf orb | < �f , (2) 

here n is an integer chosen to minimize the left-hand side of the
quation, and � f is a chosen frequency tolerance of 0 . 002 d −1 , that is
f res . In each iteration, the considered frequencies f j have amplitudes
 j that are smaller than the amplitude a i , associated with f i , and are
ot yet associated with a different multiplet. 
We identify 13 multiplets that consist of three or more components,

s listed in Table B in Appendix B . One of these, with the dominant
requency at 1 . 386342(4) d −1 , consists of 19 frequencies that match
nteger multiples of the binary orbital frequency f orb within � f , and
s discussed in detail below in Section 8.3 . In their work, Guo et al.
 2016 ) explained the other multiplets as consequences of (i) rotational
requency splitting, and (ii) partial occultations of the pulsation mode
eometries during the eclipses (e.g. Reed, Kawaler & Kleinman
001 ; Gamarova et al. 2003 ; Rodr ́ıguez et al. 2004 ; Gamarova,
krtichian & Rodr ́ıguez 2005 ; Reed, Brondel & Kawaler 2005 ).
o we ver, it is now known that pulsation modes are often tidally
erturbed (e.g. Samadi Ghadim, Lampens & Jassur 2018 ; Steindl,
wintz & Bowman 2021 ; Van Reeth et al. 2023 ) or tilted (e.g. Fuller
t al. 2020 ; Handler et al. 2020 ; Kurtz et al. 2020 ; Van Reeth et al.
022 ) in close binaries. 
Hence, to determine the true origin of the detected multiplets, we

 v aluate their dependence on binary orbital phase in detail. Each
ultiplet with three or more components is studied individually by

emoving all measured variability that is not associated with that
ultiplet from the pulsation light curve, that is, we subtract all sine
aves with frequencies that are not in the multiplet from the pulsation

ight curve. We then fold the residual light curve with the orbital
eriod, split the data in 50 bins, and fit the dominant sine wave of
he multiplet to the data, optimizing the amplitude and phase for
ach orbital-phase bin. The reason for this approach is twofold: (i)
he frequency spacings within the detected multiplets are not al w ays
xact multiples of f orb , and (ii) there can be frequencies missing within
he detected multiplets. As a result, the analytical reconstruction from
ayaraman et al. ( 2022 ) is not well suited for this star. 

The results are illustrated in Fig. 12 for the dominant pulsation,
nd shown in Appendix C in Figs C1 to C12 for all pulsations. In
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Figure 12. Tidally perturbed pulsation with frequency f = 

10 . 399706(2) d −1 . Left: Associated frequency multiplet, as shown in 
Fig. 11 . The white star marks the dominant frequency of the multiplet. 
Top right: Orbital-phase folded light curve. Middle right: Orbital-phase 
dependent modulations of the pulsation amplitude, calculated in 50 data bins, 
with the 1 σ uncertainty range indicated by the dashed lines. Bottom right: 
Orbital-phase dependent modulations of the pulsation phase, calculated in 
50 data bins, with the 1 σ uncertainty range indicated by the dashed lines. 
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ach figure, the rele v ant frequency multiplet is plotted in the left-
and panel, with a white star marking the dominant frequency. On 
he right-hand side, the middle, and bottom panels show the orbit-
hase dependence of the pulsation amplitude and phase, respectively. 
or reference, the top right panel shows the orbital-phase-folded 

ight curve of the binary. From these figures, we can draw several
onclusions. First, because most pulsation amplitudes and phases 
ary significantly at all orbital phases, and the scales of the observed
ulsation phase modulations are of the order of 0.5 to 1.5 rad, we
an conclude that the observed pulsations are tidally perturbed. 

hile tidally tilted pulsations are expected to have pulsation phase 
odulations of 0, π , or 2 π rad, which can be smeared out (Fuller

t al. 2020 ), tidal perturbations can result in much smaller pulsation
hase modulations (e.g. Van Reeth et al. 2023 ). Moreo v er, the
bserved tidally split multiplets are not perfectly equidistant. This is 
n contradiction with current theoretical predictions made for tidally 
erturbed (e.g. Smeyers 2005 ) and tidally tilted pulsations (Fuller 
t al. 2020 ), indicating that aspects that are currently not included
n these theoretical frameworks, such as the Coriolis force, also play 
 role. Secondly, based on the different morphology of the curves 
or the different pulsations, we can conclude that the pulsations have 
ifferent mode geometries (Van Reeth et al. 2023 ). For example, 
hile most observed pulsations are modulated twice per orbit, the 

mplitude of the pulsation with frequency f = 5 . 097165(3) d −1 

nly reaches one maximum per orbital c ycle. Moreo v er, for some
ulsations, the pulsation phase decreases as a function of the orbital
hase when the observed amplitudes are maximal, while for others 
he pulsation phase increases. There is no detectable correlation 
etween these effects and the pulsation frequency, but the tidal 
odulations are most easily observed for pulsations with higher 

average) amplitudes. This suggests that most if not all pulsations 
n this target are tidally perturbed, but that the S/N of the lower-
mplitude pulsations is too low for a detection. 

Finally, we can confirm that some pulsations belong to the primary,
hile others could belong to either the primary or the secondary

omponent, in agreement with the inferences made by Guo et al.
 2016 ) based on asteroseismic models. As seen in Fig. 12 , the
bservable amplitude of the p mode with frequency 10 . 39971 d −1 

rops during the primary eclipse, indicating that it belongs to the
rimary. The higher observed amplitudes just before and after the 
rimary eclipse signifies that the pulsation has a higher amplitude 
n the side of the primary that is facing the secondary component,
imilar to what has been observed for g mode pulsations in V456 Cyg
Van Reeth et al. 2022 ), and KIC 3228863 and KIC 12785282 (Van
eeth et al. 2023 ). By contrast, the observable amplitudes of the p
odes with frequencies 11 . 522 34 and 11 . 890 48 d −1 peak during

he primary eclipse, as shown in Figs C6 and C7 . This can either
ndicate that these pulsations belong to the secondary component, or 
t can be caused by reduced geometric mode cancellation during the
clipse, depending on the geometry of these pulsation modes. The 
rigin of the observed pulsations can be investigated further using 
etailed asteroseismic modelling, which would allow us to calculate 
he probability that specific pulsations belong to one or the other
omponent. Ho we ver, such a modelling study lies outside the scope
f this work. 

.3 Orbital harmonic frequencies 

n addition to the tidal perturbation of self-excited pulsations, and in
greement with Guo et al. ( 2016 ), we also detect an orbital harmonic
requency comb, illustrated in Fig. 13 , which can indicate tidally
xcited oscillations. Ho we ver, we do not recover the same orbital
armonics as Guo et al. ( 2016 ). They reported the detection of
 f orb , 22 f orb , 46 f orb , and 50 f orb . While our detected orbital harmonic
requency comb consists of 19 frequencies, we only recover 22 f orb .
his discrepancy is likely caused by differences between the reduced 
hort- and long-cadence Kepler light curves, and between the 
hotometric binary models. Thus, while we confirm the presence 
f orbital-phase dependent variability in the pulsation light curve, 
s seen in the bottom right panel of Fig. 13 , its exact observed
haracteristics have to be treated with caution. 

As pointed out by Guo et al. ( 2016 ), the detection of an orbital
armonic frequency comb is somewhat unexpected for synchronized 
inaries with circular orbits, though it has also been detected for other
uch systems (da Silva et al. 2014 ). Because the orbital eccentricity
f the binary is zero, the equilibrium tides that are responsible for
eforming the star and perturbing the pulsations are considerably 
arger than the dynamical tides that excite oscillations. Hence, this 
an indicate that this system has a slightly eccentric orbit or that
ne or both of the components is asynchronously rotating, within the
ncertainty margins of our measurements. 

.4 Gravity-mode period-spacing pattern 

inally, we analyse the observed g-mode pulsations in detail. Li 
t al. ( 2020 ) reported the detection of a short period-spacing pattern
f prograde sectoral quadrupole modes, that is with ( k , m ) = (0,
MNRAS 527, 4052–4075 (2024) 
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Figure 15. The three best-fitting isochrones with the observed locations of the objects o v erplotted in the M − log ( T eff ) (top-left), M − log ( R ) (top-right), M −
log ( L ) (bottom-left), and HR (bottom-right) planes. Also plotted are the best-fitting isochrone neighbours, i.e. ± the grid spacing in age. The locations of the 
isochrones within those planes corresponding to the model with the smallest quadrature distance to the measured quantities that were included in the objective 
function are indicated for those from both model comparison methods. 
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s 1.259 ± 0.073 Gyr. The error on this age estimate is taken to be
alf the average grid spacing either side of the best-fitting isochrone. 
e note that this age estimation is in excellent agreement with the

stimation by Guo et al. ( 2016 ) of 1.25 Gyr. 
The three best-fitting isochrones are shown in Fig. 15 with the 

bserved locations of the objects o v er-plotted in the M − log ( T eff ),
 − log ( R ), M − log ( L ), and HR diagrams; also shown are their

sochrone neighbours, i.e. ± the grid spacing in age. For both model 
omparison methods, the isochrone with [Fe/H] = 0.05 dex yielded 
he model with the smallest quadrature distance to the observed 
uantities that were included in the objective functions so we adopt 
he corresponding model predictions from now on. Those values and 
heir differences relative to the observed values are given in Table 7
or both model comparison methods. The locations of these values 
n the planes of Fig. 15 are also shown; note the relative scales of the
xes, particularly for T eff where the scale of the axis is much smaller
han the scales of the other axes. 

Table 7 confirms that the luminosity predictions from our best 
atching isochrone resulting from both comparison methods are 

ccurate for both components and this is also clear in the lower
eft panel of Fig. 15 . The other parameters are also in good
greement for star A, particularly regarding those resulting from 

ethod 2 where the agreement is excellent. Ho we ver, for star B,
he radius is underestimated while the T eff is o v erestimated, and
hese discrepancies compensate for each other to yield the accurate 
uminosity prediction. 

A possible explanation is that the secondary star is approaching the
erminal age main sequence (TAMS), i.e. an evolved stage where the
MNRAS 527, 4052–4075 (2024) 
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Figure 16. The T eff –R plane showing the evolutionary tracks corresponding 
to the models presented in Table 7 . The evolutionary tracks are shown in 
green and purple for star A and star B, respectively, and their observed 
locations are indicated by the blue and black markers. The blue (blue lines) 
and red (red lines) edges of the instability domains for low-order p and g 
modes calculated by Xiong et al. ( 2016 ) for δ Scuti (dashed lines) and γ
Doradus (dotted lines) stars are indicated. The thin, black line is the ZAMS 
corresponding to the models in Table 7 ([Fe/H] = 0.05 dex) and the dotted 
black line is the ZAMS for a metallicity of [Fe/H] = −0.25 dex. The thick, 
black line represents the best-fitting isochrone which is shown as a solid grey 
line in Fig. 15 . Transparent grey dotted lines show the evolutionary tracks of 
[Fe/H] = 0.05 dex stars with other labelled masses. 
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Figure 17. Same as Fig. 16 but in the Hertzsprung–Russell diagram. 

Table 8. Previously reported results for KIC 9 851 944 by Guo et al. ( 2016 ). 
Also given are the discrepancies � of our results compared to those results, 
given as a percentage of the previous result as well as units of sigma σ . 

Parameter Star A Star B 

Value � [%] Value � [%] 

Mass ( M �) 1.76 ± 0.07 −0.6 (0.2 σ ) 1.79 ± 0.07 4.24 (1.1 σ ) 
Radius ( R �) 2.27 ± 0.03 11.6 (6.6 σ ) 3.19 ± 0.04 −6.55 (3.5 σ ) 
log ( g [cgs]) 3.96 ± 0.03 −2.2 (2.7 σ ) 3.69 ± 0.03 1.9 (2.1 σ ) 
v sync ( km s −1 ) 51.4 ± 0.7 15.2 (8.4 σ ) 72.1 ± 0.09 −3.3 (2.4 σ ) 
T eff (K) 7026 ± 100 −0.9 (0.6 σ ) 6902 ± 100 −0.9 (0.6 σ ) 
q 1.01 ± 0.03 5.6 (1.9 σ ) 
a ( R �) 10.74 ± 0.014 0.6 (2.8 σ ) 
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ensitivity of the models increases. Thus, a full evolutionary mod-
lling analysis, such as that carried out by Guo et al. ( 2016 ), might
ield better model predictions because metallicity and other param-
ters relating to, e.g. o v ershooting, are included as free parameters
o the model is more flexible. This would also provide the means for
 more detailed discussion of model comparison with observations
ut is beyond the scope of this paper. Here, we simply searched
n grids of pre-computed models, which are limited by the size of
he grid steps in metallicity and age, as well as fixed input physics,
o estimate the age of the system. The parameter ranges that the
sochrone neighbours span in the planes shown in Fig. 15 (i.e. about
wice the uncertainty), and the agreement with the value determined
y Guo et al. ( 2016 ), is evidence that this age estimation is accurate.
The evolutionary tracks corresponding to the masses of the models

n Table 7 are shown in the T eff –R , and HR diagrams in Figs 16 and
7 , respectively, as well as the observed locations of the components.
hile Guo et al. ( 2016 ) find the secondary to be in the hydrogen-

hell burning phase for the same age estimate as ours, we find that
he secondary has not yet exhausted the hydrogen in its core, and is
pproaching the TAMS. The scenario found here is more likely to be
bserved on a statistical basis since the evolution up the HR diagram
fter the blue loop occurs on a very short time-scale. In any case, the
econdary is more evolved and thus larger and more massive than
he primary, but cooler. 

Also shown in those figures are is the blue and red edges of the
nstability strips for low-order p- (dashed lines), and g-modes (dotted
ines) in δ Scuti and γ Doradus stars, respectively, from Xiong et al.
 2016 ). Both stars are well within both instability domains which is in
greement with the findings in Section 8 that both components might
e pulsating. Guo et al. ( 2016 ) find that the secondary is slightly hotter
han the blue edge of the γ Doradus instability domain calculated
y Dupret et al. ( 2005 ). This reflects the fact that the calculations
NRAS 527, 4052–4075 (2024) 
y Xiong et al. ( 2016 ) (used here) predict a much broader o v erlap
etween the δ Scuti and γ Doradus instability domains so stars with
 larger range in T eff are expected to pulsate simultaneously in p
nd g modes, i.e. hybrids are expected to be more common. We
lso plotted a sub-solar ZAMS ([Fe/H] = −0.25 dex) as well as
he ZAMS corresponding to our best matching isochrone ([Fe/H =
.05 dex] in Figs 16 and 17 ; this shows how the ZAMS is raised to
igher luminosities and radii for higher metallicity. 
We present the results previously derived by Guo et al. ( 2016 ) in

able 8 . The 13 spectroscopic observations that the previous authors
sed to derive their RVs and atmospheric parameters have resolutions
f R = 6000. While it was already discussed in Section 5.1 that
ur atmospheric parameters agree with those derived by Guo et al.
 2016 ), the higher resolution ( R = 60 000) of the spectra, and larger
umber of observations (33) used in this work yielded a much higher
uality RV curve. This is reflected by comparing the reported masses
etween the two studies; the precision in the mass estimates by Guo
t al. ( 2016 ) are 4.0 per cent and 3.9 per cent for the primary and
econdary , respectively , while we attain precisions of 0.57 and 0.59
er cent. The two sets of mass measurements agree to within 0.2 σ
or M A and 1.1 σ for M B . In contrast, our radius measurements differ
rom those of Guo et al. ( 2016 ) by 6.6 σ for star A and 3.5 σ for star
. Ho we v er, Guo et al. ( 2016 ) note the discrepanc y between their
alues for the radius ratio derived from two spectroscopic methods ( k
 1.22 ± 0.05 and k = 1.27 ± 0.29) and the value derived from their

ight-curve modelling (1.41 ± 0.018), where they tentatively adopt
he radii associated to the latter. The radius ratio derived here agrees
ith the values derived by Guo et al. ( 2016 ) using their spectroscopic
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ethods within 0.8 σ and 0.3 σ , but shows the same discrepancy 
ompared to the v alue deri ved from their light curve modelling, for
hich Guo et al. ( 2016 ) note there exists a family of comparable

olutions due to the partial nature of the eclipses. 
We have assumed a circularized and synchronized orbit for 

IC 9851944 because our RV- and light-curve solutions were con- 
istent with a circular orbit, and the values for the component of the
ynchronous velocity along our line of site are in excellent agreement 
ith the values for vsin i derived in Section 5.1 (see Table 3 ). Further

ustification was provided by Guo et al. ( 2016 ) where they examined
he eclipse times by Conroy et al. ( 2014 ) and Gies et al. ( 2015 ),
nding that the median deviation of the phase difference between the 
rimary and secondary eclipses from that of a circular orbit suggests
 ≥ 0.0001. Furthermore, the circularization time-scale for a binary 
ystem like KIC 9 851 944 is 600 Myr, and the synchronization time-
cale is an order of magnitude shorter (Zahn 1977 ; Khaliullin &
haliullina 2010 ; Guo et al. 2016 ); these time-scales are shorter than

he age of the system reported by both studies. 
Our estimations of the near-core and surface rotations reported 

n Sections 5.1 and 8 suggest KIC 9 851 944 is rotating rigidly and
ynchronously. This is similar to the findings by e.g. Guo, Gies &

atson ( 2017 ); Guo & Li ( 2019 ), that the short-period EBs KIC
 592 855 and KIC 7 385 478 both contain a γ Doradus pulsator
hat is tidally synchronized at the surface as well as at the near-core
egions. Such measurements allow for a calibration of the time-scales 
or synchronization at the surface compared to the core, and thus the
ime-scales associated to angular momentum transport, which further 
ids in the discrimination among different theories. 

In contrast to the abo v e, our detection of the orbital harmonic
requency comb for KIC 9 851 944 either suggests asynchronous 
otation or a non-zero eccentricity that has not been detected due to
bservational error because these can be indicative of tidally excited 
scillations. It is unclear whether the very small value for the lower
imit on the eccentricity, i.e. e > 0.0001, reported abo v e for this
ystem would be enough to induce tidal excitation of modes at the
mplitudes observed here. 

The pulsation analysis here complements the study by Guo 
t al. ( 2016 ) who report splittings to some of the pulsation modes.
e confirm the detection of tidally split multiplets, and explain 

heir origin; we present evidence to suggest that these are due to
erturbations to the pulsation mode cavities, i.e. tidally perturbed 
ulsations, by investigating their phase and amplitude dependencies 
ith orbital phase. Guo et al. ( 2016 ) attempted to interpret the
odes by comparing the observations with theoretically computed 

requencies, from which they concluded that the observations can be 
xplained by low-order p modes in the primary and the secondary, 
r the g mode and mixed modes of the secondary (Guo et al. 2016 ).
e confirm that some of the p modes belong to the primary, and

thers could belong to either the primary or the secondary from
odulation of the amplitudes during eclipses. Our evidence suggests 

he primary is the hybrid, and this is because the saw-tooth-like 
glitch’ in pulsation phase of the tidally perturbed g mode (see 
ig. C1 ) can only be explained if the pulsation belongs to the primary
Van Reeth et al. 2022 , 2023 ). Guo et al. ( 2016 ) report that mode
dentification was inconclusive, reflecting the difficulty in identifying 
he p modes in δ Scuti stars. 

0  C O N C L U S I O N S  

e have determined the physical properties of KIC 9851944, a short-
eriod detached eclipsing binary containing two F-type stars, both of 
hich pulsate. Our analysis is based on 33 ́echelle spectra plus light
urves from the Kepler and TESS missions. We measure masses 
nd T eff s to 0.6 per cent, radii to 1.0 and 1.5 per cent, and 133
requencies due to p- and g-mode pulsations. We find no evidence of
 third component, apsidal motion, or eccentricity. We estimate the 
ge of the system to be ∼1.26 Gyr by comparison of the measured
roperties to the MIST model isochrones. 
We investigated the systemic errors associated to using the cross 

orrelation technique to extract RVs, which arise due to blending 
etween the spectral lines of the components in a binary system.
e find that the effect is small when using TODCOR but correcting

or the issue is still necessary because the resulting shifts are clearly
ystematic in nature and have a non-negligible impact on the results.
e used three independent spectroscopic methods to determine the 

ight ratio for the system. The results are in agreement with each
ther and consistent with the value obtained from modelling the 
ight curve which supports the reliability of our light-curve solution. 

e compared our results to those reported by Guo et al. ( 2016 )
nd find that we have improved the precision of the measured
asses significantly, but the precision in the radius estimates are 

omparable. Both these outcomes are expected since we use much 
igher-resolution spectra but the same photometry ( Kepler ). 
By analysing the residuals of the light-curve model, we confirm 

he detection of tidally perturbed p-mode pulsations, possibly in 
oth components of KIC 9851944. A short period spacing pattern 
as detected among the g modes and was assigned to the primary

omponent, where perturbations to one of the g modes was detected.
hus, the primary component is a δ Scuti/ γ Doradus hybrid. If 
ulsation mode identification can be performed (as in, e.g. Bedding 
t al. 2020 ) on the p modes, KIC 9 851 944 will become a well-
quipped laboratory for stellar physics. 
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Table A1. Prelimimary light curve results from JKTEBOP fits to the Kepler 
and TESS light curves. We do not present the error bars associated to each 
parameter in Table A because 1; uncertainties from the covariance matrix of 
a light curve fit are notoriously underestimated and the results from these 
preliminary fits are not reliable (see below) so we did not attempt to derive 
better uncertainties, and 2; excluding the error bar from the result makes it 
clear that these are not our final values for the light curve parameters. 
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PPENDI X  A :  EPHEMERI S  DETERMI NATIO N  

his appendix presents the results from the preliminary JKTEBOP 

nalaysis as well as times of primary minimum and fitted values
MNRAS 527, 4052–4075 (2024) 
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Table A2. Measured and fitted times of primary minimum derived in Section 3 . 

Cycle Observed (BJD) Calculated (BJD) O–C (d) 

−624 2454 958.0293 93 (85) 2454 958.029 3642 0.000 0293 
−168 2455 944.768 607 (47) 2455 944.768 5736 0.000 0337 
−154 2455 975.063 169 (69) 2455 975.063 1985 −0.000 0287 
−140 2456 005.357 832 (82) 2456 005.357 8233 0.000 0091 
−128 2456 031.324 618 (54) 2456 031.324 6446 −0.000 0261 
−113 2456063.783 268 (56) 2456 063.783 1712 0.000 0973 
−100 2456 091.913 868 (59) 2456 091.913 8943 −0.000 0260 
−88 2456 117.880 630 (67) 2456 117.880 7156 −0.000 0855 
−72 2456 152.503 214 (57) 2456152.503 1440 0.000 0708 
−56 2456 187.125 554 (54) 2456 187.125 5724 −0.000 0181 
0 2456 308.304 03 (14) 2456 308.304 0718 −0.000 0409 
14 2456 338.598 621 (52) 2456 338.598 6967 −0.000 0748 
31 2456 375.385 071 (58) 2456 375.385 0268 0.000 0442 
44 2456 403.515 741 (61) 2456 403.515 7499 −0.000 0083 
53 2456 422.990 70 (15) 2456 422.990 8659 −0.000 1687 
1106 2458 701.579 55 (17) 2458 701.579 4350 0.000 1219 
1119 2458 729.710 47 (17) 2458 729.710 1581 0.000 3167 
1439 2459 422.158 86 (22) 2459 422.158 7261 0.000 1436 
1600 2459 770.547 29 (25) 2459 770.546 9118 0.000 3871 
1613 2459 798.677 85 (22) 2459 798.677 6349 0.000 2222 
1626 2459 826.808 49 (21) 2459 826.808 3580 0.000 1361 

A
F

PPENDIX  B:  ITERATIVELY  PRE-WHITENED  

REQUENCIES  
NRAS 527, 4052–4075 (2024) 

Table B1. Parameter values associated with the iteratively pre-w
Section 8.1 . The frequencies are grouped, with the first set consi
following groups consisting of combination frequencies, sorted acc
we list the identified combinations. Combination frequencies that 
3 σ , are indicated with ∗ in the first column and with ≈ in the final

Frequency f Amplitude a Phase 
(d −1 ) (mmag) (2 π rad

f 1 0 .029 864(4) 0 .3292(12) 0 .4796
f 2 0 .041 04(12) 0 .1145(12) 0 .246(
f 3 0 .050 798(11) 0 .1231(12) − 0 .482(
f 4 0 .429 539(12) 0 .1126(12) − 0 .412(
f 6 1 .136 42(2) 0 .0559(12) 0 .196(
f 7 1 .268 21(2) 0 .0855(12) 0 .151(
f 8 1 .297 029(9) 0 .1389(12) 0 .044(
f 14 2 .1344(2) 0 .0598(12) 0 .345(
f 15 2 .202 93(2) 0 .0554(12) − 0 .028(
f 16 2 .239 718(6) 0 .23(12) − 0 .0492
f 17 2 .278 39(4) 0 .0363(12) − 0 .258(
f 22 4 .145 74(3) 0 .04(12) − 0 .092(
f 27 5 .097 165(3) 0 .5158(12) − 0 .301(
f 28 5 .538 79(2) 0 .0597(13) − 0 .271(
f 30 5 .994 19(2) 0 .0644(12) 0 .442(
f 34 6 .590 17(2) 0 .0672(12) 0 .469(
f 35 7 .226 71(2) 0 .0824(12) − 0 .288(
f 45 9 .592 23(5) 0 .0284(12) − 0 .486(
f 53 10 .176 017(2) 0 .6515(12) 0 .429(
f 54 10 .399 706(2) 0 .8015(12) − 0 .2904
f 58 10 .907 89(6) 0 .0211(12) 0 .045(
f 60 11 .005 33(2) 0 .0579(12) 0 .059(
f 61 11 .018 536(5) 0 .2785(12) 0 .3112
f 63 11 .081 92(6) 0 .0237(12) 0 .408(
f 66 11 .272 46(3) 0 .0487(12) 0 .117(
f 67 11 .3651(5) 0 .0275(12) − 0 .247(
hitened frequencies, which were obtained as described in 
sting of those labelled as independent frequencies, and the 
ording to the dominant parent frequency. In the last column, 
are found within the frequency resolution f res but not within 
 column. 

φ Signal-to-noise S / N comments 
) 

(6) 20 .42 
2) 7 .15 
2) 7 .72 
2) 8 .25 
3) 5 .68 
2) 9 .41 
14) 15 .59 
3) 10 .12 
3) 9 .51 
(8) 39 .16 
5) 6 .12 
5) 5 .63 
4) 55 .8 
3) 5 .91 
3) 5 .87 
3) 6 .12 
2) 8 .08 
7) 7 .4 
3) 172 .1 
(2) 221 .19 
9) 5 .79 
3) 16 .02 
(7) 76 .68 
8) 6 .61 
4) 13 .83 
7) 7 .76 
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Table B1 – continued 

Frequency f Amplitude a Phase φ Signal-to-noise S / N comments 
(d −1 ) (mmag) (2 π rad) 

f 68 11 .419 82(7) 0 .1941(12) − 0 .3938(10) 54 .46 
f 70 11 .438 19(3) 0 .0376(12) − 0 .15(5) 10 .57 
f 71 11 .522 34(5) 0 .2606(12) − 0 .4854(7) 73 .33 
f 74 11 .890 477(2) 0 .5704(12) 0 .1807(3) 164 .93 
f 90 13 .610 13(6) 0 .0213(12) 0 .222(9) 7 .7 
f 93 13 .76588(7) 0 .019(12) 0 .161(10) 7 .05 
f 98 14 .010 97(2) 0 .0589(12) − 0 .244(3) 23 .17 
f 100 14 .210 89(3) 0 .0417(12) − 0 .354(5) 16 .79 
f 102 14 .315 077(5) 0 .2819(12) 0 .4401(7) 115 .05 
f 103 14 .398 05(2) 0 .0527(12) − 0 .117(4) 21 .96 
f 104 14 .448 108(7) 0 .1824(12) − 0 .3085(11) 77 .2 
f 105 14 .4932(3) 0 .0396(12) 0 .333(5) 16 .83 
f 107 14 .694 26(7) 0 .0175(12) 0 .023(11) 7 .6 
f 111 14 .832 53(6) 0 .022(12) 0 .083(9) 9 .79 
f 125 19 .126 701(8) 0 .1584(12) − 0 .4735(12) 91 .81 
f 126 19 .427 79(2) 0 .0847(12) − 0 .419(2) 47 .64 
f 127 20 .156 01(9) 0 .0139(12) − 0 .124(14) 7 .51 
f 129 20 .823 66(3) 0 .0432(12) 0 .429(4) 21 .19 
f ∗5 0 .462 195(5) 0 .2625(12) − 0 .3711(7) 19 .39 ≈1 f orb 

f ∗10 1 .386 342(4) 0 .3628(12) − 0 .3605(5) 44 .54 ≈3 f orb 

f ∗13 1 .848 604(10) 0 .1336(12) 0 .2485(14) 20 .41 ≈4 f orb 

f 18 2 .310 647(4) 0 .3462(12) 0 .3839(6) 58 .23 5 f orb 

f 20 2 .772 78(7) 0 .1827(12) 0 .0065(11) 32 .88 6 f orb 

f 21 3 .234 899(8) 0 .1651(12) − 0 .3581(12) 29 .22 7 f orb 

f ∗24 4 .621 37(3) 0 .051(12) 0 .015(4) 6 .14 ≈10 f orb 

f ∗26 5 .08347(2) 0 .0676(12) − 0 .349(3) 7 .34 ≈11 f orb 

f ∗31 6 .007 556(11) 0 .1215(12) − 0 .13(2) 11 .09 ≈13 f orb 

f ∗36 7 .856 24(2) 0 .0794(12) 0 .441(2) 9 .71 ≈17 f orb 

f 39 8 .7805(4) 0 .0331(12) − 0 .314(6) 7 .19 19 f orb 

f ∗52 10 .166 93(3) 0 .0453(12) − 0 .448(4) 11 .96 ≈22 f orb 

f 64 11 .091 06(2) 0 .0642(12) − 0 .195(3) 17 .87 24 f orb 

f 77 12 .015 33(3) 0 .0517(12) 0 .058(4) 15 .06 26 f orb 

f 95 13 .863 82(6) 0 .021(12) 0 .064(9) 7 .98 30 f orb 

f 109 14 .78 81(4) 0 .0326(12) 0 .314(6) 14 .44 32 f orb 

f 118 15 .712 49(6) 0 .0201(12) − 0 .435(10) 9 .87 34 f orb 

f 122 17 .560 78(6) 0 .0202(12) − 0 .407(10) 10 .72 38 f orb 

f 124 18 .485 12(5) 0 .0242(12) − 0 .172(8) 13 .89 40 f orb 

f 9 1 .315 491(12) 0 .1099(12) 0 .252(2) 12 .54 f 16 - 2 f orb 

f ∗12 1 .777 78(2) 0 .0577(12) − 0 .476(3) 8 .7 ≈f 16 - f orb 

f ∗23 4 .172 78(2) 0 .062(12) − 0 .128(3) 8 .61 ≈f 27 - 2 f orb 

f 25 4 .635 033(12) 0 .1126(12) 0 .394(2) 13 .54 f 27 - f orb 

f 29 5 .559 303(5) 0 .2567(12) − 0 .1643(8) 25 .3 f 27 + f orb 

f ∗32 6 .021 343(13) 0 .1002(12) − 0 .298(2) 9 .15 ≈f 27 + 2 f orb 

f ∗33 6 .483 64(2) 0 .0743(12) 0 .31(3) 6 .72 ≈f 27 + 3 f orb 

f 131 22 .066 35(5) 0 .0237(12) − 0 .077(8) 12 .1 f 52 + f 73 

f 132 24 .705 39(5) 0 .0264(12) 0 .45(7) 14 .83 f 73 + f 81 

f 11 1 .395 62(2) 0 .0572(12) 0 .312(3) 7 .06 f 53 - 19 f orb 

f 19 2 .319 817(12) 0 .1116(12) − 0 .005(2) 18 .75 f 53 - 17 f orb 

f 37 8 .327 46(2) 0 .0582(12) − 0 .077(3) 9 .42 f 53 - 4 f orb 

f 40 8 .789 61(3) 0 .0418(12) 0 .348(5) 9 .09 f 53 - 3 f orb 

f 42 9 .251 74(2) 0 .0625(12) 0 .162(3) 15 .84 f 53 - 2 f orb 

f 47 9 .713 91(2) 0 .0599(12) − 0 .347(3) 15 .77 f 53 - f orb 

f 57 10 .638 16(2) 0 .058(12) − 0 .107(3) 15 .93 f 53 + f orb 

f ∗65 11 .100 18(3) 0 .0449(12) − 0 .321(4) 12 .47 ≈f 53 + 2 f orb 

f ∗72 11 .562 52(4) 0 .0362(12) 0 .098(5) 10 .34 ≈f 53 + 3 f orb 

f 78 12 .024 59(4) 0 .0327(12) − 0 .062(6) 9 .52 f 53 + 4 f orb 

f 84 12 .948 93(4) 0 .0356(12) 0 .191(5) 11 .25 f 53 + 6 f orb 

f 96 13 .873 19(5) 0 .0283(12) 0 .428(7) 10 .81 f 53 + 8 f orb 

f ∗110 14 .79735(8) 0 .0163(12) − 0 .299(12) 7 .22 ≈f 53 + 10 f orb 

f ∗38 8 .551 06(4) 0 .0327(12) − 0 .308(6) 6 .3 ≈f 54 - 4 f orb 

f ∗43 9 .475 51(2) 0 .067(12) 0 .496(3) 17 .51 ≈f 54 - 2 f orb 
MNRAS 527, 4052–4075 (2024) 
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Table B1 – continued 

Frequency f Amplitude a Phase φ Signal-to-noise S / N comments 
(d −1 ) (mmag) (2 π rad) 

f 48 9 .937 58(14) 0 .0905(12) 0 .007(2) 23 .92 f 54 - f orb 

f ∗73 11 .786 22(4) 0 .0348(12) 0 .096(6) 10 .11 ≈f 54 + 3 f orb 

f ∗81 12 .71017(5) 0 .0264(12) 0 .386(7) 8 .21 ≈f 54 + 5 f orb 

f ∗91 13 .634 57(8) 0 .0158(12) − 0 .362(12) 5 .72 ≈f 54 + 7 f orb 

f 49 10 .081 01(3) 0 .0377(12) − 0 .22(5) 9 .93 f 60 - 2 f orb 

f 50 10 .094 274(11) 0 .1133(12) 0 .134(2) 29 .92 f 61 - 2 f orb 

f 75 11 .942 814(7) 0 .1987(12) 0 .13(10) 57 .43 f 61 + 2 f orb 

f 41 9 .211 74(5) 0 .0262(12) 0 .358(7) 6 .61 f 71 - 5 f orb 

f 46 9 .673 96(5) 0 .0273(12) − 0 .086(7) 7 .21 f 71 - 4 f orb 

f 51 10 .135 87(4) 0 .0313(12) − 0 .405(6) 8 .28 f 71 - 3 f orb 

f 56 10 .598 064(10) 0 .1353(12) 0 .2578(14) 37 .3 f 71 - 2 f orb 

f 62 11 .060 27(3) 0 .0476(12) − 0 .186(4) 13 .31 f 71 - f orb 

f 76 11 .9845(5) 0 .0274(12) 0 .103(7) 8 .01 f 71 + f orb 

f 80 12 .446 58(5) 0 .0237(12) − 0 .383(8) 7 .04 f 71 + 2 f orb 

f 83 12 .908 73(7) 0 .0189(12) 0 .327(10) 5 .96 f 71 + 3 f orb 

f 87 13 .370 75(5) 0 .0246(12) − 0 .004(8) 8 .46 f 71 + 4 f orb 

f 101 14 .295 17(9) 0 .0146(12) 0 .283(13) 5 .95 f 71 + 6 f orb 

f 44 9 .580 38(4) 0 .0297(12) − 0 .181(6) 7 .74 f 74 - 5 f orb 

f ∗55 10 .504 57(2) 0 .0551(12) 0 .106(3) 15 .18 ≈f 74 - 3 f orb 

f 59 10 .966 37(3) 0 .042(12) − 0 .292(5) 11 .57 f 74 - 2 f orb 

f 69 11 .428 54(2) 0 .0649(12) 0 .357(3) 18 .21 f 74 - f orb 

f 79 12 .352 85(2) 0 .08(12) − 0 .375(2) 23 .84 f 74 + f orb 

f ∗82 12 .814 957(5) 0 .2491(12) 0 .0752(8) 77 .37 ≈f 74 + 2 f orb 

f 85 13 .277 07(3) 0 .0514(12) − 0 .101(4) 17 .07 f 74 + 3 f orb 

f 92 13 .739 16(3) 0 .0399(12) − 0 .488(5) 14 .76 f 74 + 4 f orb 

f 99 14 .2014(3) 0 .0509(12) 0 .167(4) 20 .4 f 74 + 5 f orb 

f 106 14 .663 46(4) 0 .031(12) − 0 .274(6) 13 .37 f 74 + 6 f orb 

f 113 15 .125 63(4) 0 .0365(12) 0 .415(5) 17 .04 f 74 + 7 f orb 

f 117 15 .5876(6) 0 .0227(12) − 0 .035(8) 11 .38 f 74 + 8 f orb 

f 119 16 .049 78(7) 0 .0198(12) − 0 .329(10) 10 .23 f 74 + 9 f orb 

f 112 14 .935 24(5) 0 .0278(12) 0 .498(7) 12 .66 f 98 + 2 f orb 

f 86 13 .286 76(5) 0 .0259(12) 0 .304(7) 8 .65 f 100 - 2 f orb 

f 88 13 .390 85(4) 0 .0341(12) 0 .204(6) 11 .76 f 102 - 2 f orb 

f ∗94 13 .853 28(4) 0 .0326(12) − 0 .282(6) 12 .38 ≈f 102 - f orb 

f 108 14 .777 47(4) 0 .031(12) − 0 .005(6) 13 .62 f 102 + f orb 

f 114 15 .2393(3) 0 .0473(12) − 0 .302(4) 22 .42 f 102 + 2 f orb 

f 120 16 .163 55(5) 0 .0262(12) − 0 .061(7) 13 .58 f 102 + 4 f orb 

f 115 15 .32214(8) 0 .0173(12) − 0 .351(11) 8 .23 f 103 + 2 f orb 

f 89 13 .523 88(2) 0 .0822(12) 0 .432(2) 29 .63 f 104 - 2 f orb 

f 116 15 .372 27(8) 0 .0156(12) − 0 .108(12) 7 .54 f 104 + 2 f orb 

f 97 13 .908 34(6) 0 .02(12) 0 .279(10) 7 .68 f 111 - 2 f orb 

f 121 17 .278 19(3) 0 .0423(12) − 0 .464(5) 22 .4 f 125 - 4 f orb 

f 123 17 .740 24(7) 0 .019(12) 0 .113(10) 10 .38 f 125 - 3 f orb 

f 128 20 .3521(2) 0 .0686(12) − 0 .152(3) 35 .16 f 126 + 2 f orb 

f 130 21 .276 23(2) 0 .0601(12) − 0 .429(3) 29 .62 f 126 + 4 f orb 
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PPENDIX  C :  DETECTED  TIDALLY  

E RTURBED  PULSATIONS  

n this appendix, we illustrate all detected tidally perturbed pulsations
f KIC 9851944. In each figure, the left panel shows a zoom-in of the
ssociated frequency multiplet, as plotted in Fig. 11 . In the top right
NRAS 527, 4052–4075 (2024) 
anel, we see the orbital-phase folded light curve of the binary. In the
iddle and bottom right panels, we see the orbital-phase dependent
odulations of the pulsation amplitudes and phases, respectively.
hese are calculated in 50 data bins, with the 1 σ uncertainty range

ndicated by the dashed lines. 
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Figure C1. Tidally perturbed pulsation with frequency f = 

2 . 239718(6) d −1 . 

Figure C2. Tidally perturbed pulsation with frequency f = 

5 . 097165(3) d −1 . 

Figure C3. Tidally perturbed pulsation with frequency f = 

10 . 176017(2) d −1 . 

Figure C4. Tidally perturbed pulsation with frequency f = 

10 . 399706(2) d −1 . 



4074 Z. Jennings et al.

MNRAS 527, 4052–4075 (2024) 

Figure C5. Tidally perturbed pulsation with frequency f = 

11 . 018536(5) d −1 . 

Figure C6. Tidally perturbed pulsation with frequency f = 

11 . 522340(5) d −1 . 

Figure C7. Tidally perturbed pulsation with frequency f = 

11 . 890477(2) d −1 . 

Figure C8. Tidally perturbed pulsation with frequency f = 

14 . 210888(3) d −1 . 
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Figure C9. Tidally perturbed pulsation with frequency f = 

14 . 315077(5) d −1 . 

Figure C10. Tidally perturbed pulsation with frequency f = 

14 . 448108(7) d −1 . 

Figure C11. Tidally perturbed pulsation with frequency f = 

19 . 126701(8) d −1 . 

Figure C12. Tidally perturbed pulsation with frequency f = 

19 . 427792(15) d −1 . 
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