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A B S T R A C T 

We have discovered a δ Scuti pulsator in a tight binary ( P = 1.053 d) with nine pulsation modes whose frequencies are between 

38 and 56 d 

−1 . Each of these modes exhibits amplitude modulations and π -rad phase shifts twice per orbital c ycle. Fiv e of these 
modes exhibit amplitude and phase shifts that are readily explained by dipole pulsations along an axis that is aligned with the 
binary’s tidal axis. The no v elty of the system lies in the remaining four pulsation modes, which we show are dipole pulsations 
along an axis that is perpendicular to both the tidal axis and the binary’s orbital angular momentum axis. There are additionally 

two pulsation modes whose amplitudes and phases do not change significantly with orbital phase; they are explained as dipole 
modes along an axis aligned with the orbital/rotation axis. Hence, we propose that TIC 184 743 498 is a tri-axial pulsator, the 
first of its kind. 

K ey words: stars: indi vidual (TIC 184 743 498) – stars: oscillations – stars: variables. 
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1 Consider a star with a spin axis defined by ̂  s and a pulsation axis, ˆ p lying at 
an obliquity angle β with respect to the spin axis, and is viewed by a distant 
observer along a direction ˆ v , such that ˆ v · ˆ s ≡ cos i, and i is the inclination 
angle. We define an angle � , the latitudinal view of the pulsation axis, as 
− ˆ p · ˆ v . If ˆ p revolves about ˆ s by an angle φ due to either the rotation of the 
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 I N T RO D U C T I O N  

tudies of the photometric variability of stars due to stellar pulsations
ave been carried out for over a century. For instance, the variability
f the bright early F-type star, Delta Scuti ( δ Sct), which lends its
ame to an entire class of pulsating stars, was disco v ered in radial
elocities by Campbell & Wright ( 1900 ). They found a range of about
0 km s −1 in 7 measurements made from 1899 to 1900. Fath ( 1935 )
nd Colacevich ( 1935 ) noted sinusoidal photometric variability in
Sct stars with maximum light at minimum radial v elocity o v er a

eriod of 0.193 d, and concluded that the star is not a spectroscopic
inary. Baglin et al. ( 1973 ), Breger ( 1979 , 2000 ), and Kurtz ( 2022 )
ummarize more recent work on this class of star. 
δ Sct stars, along with almost all other classes of pulsating vari-

bles, are observed to have non-radial modes. Unlike the symmetrical
adial pulsations of the dominant modes of Cepheid variables (as
escribed in e.g. Eddington 1926 ), non-radial modes have a pulsation
xis. Originally, it was implicitly assumed that a star’s pulsation axis
oincides with its rotation axis, as it is about this axis that most
tars deviate from spherical symmetry. It is still the case in modern
steroseismology (Aerts, Christensen-Dalsgaard & Kurtz 2010 ) that
 E-mail: vzhang25@ando v er.edu (VZ); sar@mit.edu (SR) 

s
i
0

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
he starting point for modelling and inference is the assumption of
he alignment of the pulsation and rotation axes. 

Ho we ver, stars can be distorted from spherical symmetry by
ther effects, primarily the presence of strong, global magnetic
elds, and by tides arising from close companions. Therefore, they
ay have pulsation axes not aligned with the rotational axis. The
rst stars found to pulsate about an axis other than the rotation
xis were the rapidly oscillating Ap (roAp) stars (Kurtz 1982 ),
hich have primarily dipole magnetic fields that are inclined to

he rotation axis. The combined effects of the rotation and magnetic
elds lead to a pulsation axis that is inclined to the rotation axis
nd possibly offset from the stellar centre. As the star rotates,
he pulsation mode is then seen from varying ‘latitudinal view
ngles’ 1 , � , leading to modulation of both the observed pulsation
tar or the orbital motion in the case of a tidally tilted pulsation axis, then it 
s straightforward to show that: cos � = cos i cos β + sin i sin βcos φ. If β = 

, i.e. no obliquity, then � = i , a constant. 

© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0009-0007-2660-7635
http://orcid.org/0000-0003-3182-5569
http://orcid.org/0000-0002-7778-3117
http://orcid.org/0000-0002-1015-3268
http://orcid.org/0000-0001-7756-1568
http://orcid.org/0000-0002-4544-0750
http://orcid.org/0000-0002-8806-496X
mailto:vzhang25@andover.edu
mailto:sar@mit.edu
https://creativecommons.org/licenses/by/4.0/


First tri-axial pulsator 3379 

a
p

 

s  

i
a  

t
(  

o  

p  

s
t  

s
 

n
R  

t  

δ  

d
o  

g
d  

c
t  

t  

e
 

1
f  

w  

s  

i  

a  

n
H  

e  

t
 

p
e  

o
t  

t
o
a

 

c  

c  

1  

t  

H
t
T
b
a
t
p  

w
 

b
t
m

a  

t  

t  

u  

u  

e  

t  

i  

r
d  

i  

m  

t
i

2

T  

2
o  

2  

1
P  

u  

a
s
f
s  

w  

f
f  

e  

e
s
s

 

i
5
d  

v  

a  

n  

e  

l  

S
p

 

d  

d  

T  

h
p
F

3

3

T  

8  

a  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/3378/7517088 by U
niversity of C

entral Lancashire user on 14 February 2024
mplitude and phase. This phenomenon is known as oblique 
ulsation. 
Kurtz ( 1982 ) introduced the oblique pulsator model for the roAp

tars, which has been refined o v er the last 40 yr for asteroseismic
nference. Holdsworth et al. ( 2021 ) provide the most up-to-date 
nalysis of a large sample of roAp stars that were observed during
he first two years of the Transiting Exoplanet Survey Satellite’s 
 TESS ) mission (Ricker et al. 2015 ). A natural extension of the
blique pulsator model is to stars in close binary systems, wherein the
ulsation axis could align with the tidal axis (the line joining the two
tars). Since δ Sct stars are common upper main-sequence pulsators 
hat are often found in close binary systems, it was no surprise that
uch ‘tidally tilted pulsators’ (TTPs) were found in TESS data. 

The first such system that exhibited TTPs, HD 74 423, is a pair of
early identical chemically peculiar λ Boo stars that nearly fill their 
oche lobes in a 1.58-d binary (Handler et al. 2020 ). Only one of

he stars is pulsating and in only one mode, which is unusual for a
Sct star. The pulsation mode in HD 74 423 is a highly distorted

ipole mode that is, remarkably, largely confined to one hemisphere 
f the star. This disco v ery pro vided the impetus for the theoretical
roundwork for understanding the interaction of pulsation and tidal 
istortion in close binary stars (Fuller et al. 2020 ). Such pulsations
an provide significantly more information about the mode geometry 
han can be gleaned from ‘normal’ non-radial modes, and allows for
he identification of the mode degree, 	 , and azimuthal order, m (see
.g. Reed, Brondel & Kawaler 2005 ). 

The second TTP found was CO Cam, a marginal Am star in a
.27-d binary with an undetected companion. It pulsates in at least 
our tidally tilted modes (Kurtz et al. 2020 ). Then the third disco v ery
as TIC 63 328 020, which showed, for the first time, a tidally tilted

ectoral ( | m | = 	 ) dipole mode (Rappaport et al. 2021 ). Previously, all
dentified modes in roAp stars had been zonal ( m = 0) distorted dipole
nd quadrupole modes; this disco v ery allowed for further study of
on-axisymmetric tidally tilted pulsations. The fourth disco v ery was 
D 265 435, a subdwarf B star which has been stripped of its H-rich

nvelope; this star has over 30 modes, of which at least 25 are tidally
ilted (Jayaraman et al. 2022 ). 

There has also been recent interest in less extreme examples of this
henomenon (the ‘tidally perturbed pulsators’, see e.g. Southworth 
t al. 2020 ; Johnston et al. 2023 ; Van Reeth et al. 2023 ). Because
ur understanding of mode excitation, mode selection, and mode 
rapping in all pulsating stars remains rudimentary, disco v eries of
idally tilted (and perturbed) pulsators with more, and different, kinds 
f pulsation modes provides further constraints on developing theory 
nd asteroseismic inference. 

Ho we ver, the oblique pulsator model has been unable to explain
ertain observations of roAp stars. For instance, Kurtz et al. ( 2011 )
oncluded that the two pulsation modes of the roAp star KIC
0 192 926 had different pulsation axes, both of which were inclined
o the rotation axis. For another roAp star HD 6532, Kurtz &
oldsworth ( 2020 ) found that the single pulsation mode appeared 

o have a different pulsation axis when observed through the red 
ESS filter, compared to the pulsation axis derived from ground- 
ased B -band observations. Because these two filters sample different 
tmospheric depths, perhaps the mode in this star has a complex 
hree-dimensional geometry; this result may imply that different 
ulsation modes in a single star may be trapped in mode cavities
ith different pulsation axes. This effect remains unstudied. 
In this work, we report the disco v ery of TIC 184 743 498, a close

inary system whose primary star exhibits δ Sct pulsations over 
he frequency range 40–55 cycles d −1 . This star exhibits non-radial 
odes with pulsation axes aligned with the rotation axis, the tidal 
xis, and a third axis perpendicular to both of those. Thus, it is a
ri-axial pulsator, the first of its kind. First, Section 2 describes how
his source was disco v ered. Then, Section 3 discusses the data we
sed in addition to the photometry from TESS . In Section 4 , we
se the available observational data on this system to make robust
stimates of the stellar parameters of the two binary stars, as well as a
ertiary star, in TIC 184 743 498. The pulsation spectrum is discussed
n Section 5 , and the amplitudes and phases of these pulsations are
econstructed as a function of orbital phase in Section 6 . The expected 
ensity of radial pulsation modes for TIC 184 743 498 is estimated
n Section 7 . We present in Section 8 a rudimentary perturbation
odel that can explain in a natural way how this star could have

hree different orthogonal pulsation axes. We summarize our results 
n Section 9 , and look at future applications of our findings. 

 DISCOV ERY  

he first two TTPs disco v ered (Handler et al. 2020 ; Kurtz et al.
020 ) were found serendipitously by visual examination of millions 
f TESS light curves from full frame images (Kristiansen et al.
022 ). Since then, we have focused on TESS targeted stars with
20-s cadence calibrated light curves generated by the Science 
rocessing Operations Center (SPOC; Jenkins et al. 2016 ). One of
s (RJ) carried out a preliminary search for periodicities in all of the
pproximately 20 000 SPOC sources processed for each sector. A 

ingle summary sheet is generated for the approximately 1000 stars 
rom each sector that exhibit significant periodicity. The summary 
heet includes plots of the raw light curve, the Fourier transform (FT)
ith various scalings, the inferred principal period, and a light curve

olded about this period. The summary sheets also provide properties 
or each source taken from the TESS Input Catalog (TIC v8.0; Stassun
t al. 2019 ), including the ef fecti v e temperature, sk y location, and
stimated radius. Some of us then visually examine these summary 
heets to search for interesting periodic stellar phenomena, including 
tellar pulsations in binary systems. 

As a part of a continuing effort to identify TTPs, VZ visually
nspected summary sheets for sources from the recent TESS Sectors 
6–62, specifically looking for stars in binary systems whose FT 

isplayed peaks at higher frequencies (typically � 15 d −1 ). During
isual inspection of the summary sheets from Sector 62, she found
n interesting set of pulsations in TIC 184 743 498. In particular, she
oticed high-frequency pulsations between 40 and 55 d −1 in an ∼1 d
clipsing close binary. Fig. 1 shows a small portion of the TESS
ight curve for TIC 184 743 498 covering about 3 d during Sector 62.
hallow eclipses, ellipsoidal light variations (ELV), and prominent 
ulsations are salient features of the raw light curve. 
The top panel of Fig. 2 shows the Fourier amplitude spectrum of

ata from TESS Sectors 61 and 62 before any filtering. The FT clearly
isplays numerous orbital harmonics and a rich set of pulsations from
IC 184 743 498. The lower panels show the FT after the orbital
armonics have been removed, and then after the largest amplitude 
ulsations have been cleaned out. This ‘cleaning’ process for the 
ourier transform is explained later in Section 5 . 

 DATA  USED  IN  THI S  WO R K  

.1 TESS data 

IC 184 743 498 was observed by TESS at 30-min cadence in Sector
 (from 2019 May 16 to June 13), at 10-min cadence in Sectors 34
nd 35 (2021 January 14 to March 6), 200-s cadence in Sector 61
2023 January 18 to February 12), and 2-min cadence in Sector 62
MNRAS 528, 3378–3391 (2024) 
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Figure 1. A portion of the Sector 62 TIC 184 743 498 light curve showing the eclipses, ellipsoidal light variations, and prominent pulsations. The TESS cadence 
for this sector was 120 s. 
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2023 February 12 to March 10). This target was selected for 2-min
adence observations because it was part of the TESS Candidate
arget List (CTL v8.01), a collection of bright ( T < 13) stars in the
ESS field of view that could host exoplanets. We accessed the data
sing the Python package LIGHTKURVE (Lightkurve Collaboration
018 ). We used the Sector 61 and 62 data (200-s and 2-min cadence)
or our principal pulsation analysis, but also utilized the Sector 34
nd 35 data to confirm our findings based on the later sectors, and to
etter determine the orbital period. The Sector 61 and 62 data, when
ombined, span 51 d and contains 28 700 data points. 

.2 Other data 

e also made use of archi v al data from Gaia Data Release 3 (Gaia
ollaboration 2023 ), the Mikulski Archive for Space Telescopes

MAST) 2 , the All-Sky Automated Survey for SuperNovae (ASAS-
N; Shappee et al. 2014 ; Kochanek et al. 2017 ), the All-Sky Auto-
ated Surv e y 3 (ASAS-3: Pojmanski 1997 ), and the online VizieR

pectral energy distribution (SED) viewer (Ochsenbein, Bauer &
arcout 2000 ). 3 The basic archi v al parameters of TIC 184 743 498

rom Gaia and MAST are summarized in Table 1 . We used the ASAS-
N data primarily to obtain an accurate and independent value of the
rbital period o v er a baseline of ∼10 yr. The SED data were obtained
rom VizieR; these points were used in conjunction with other data
o estimate the properties of the two stars in the binary in Section 4 . 

Fortuitously, TIC 184 743 498 is one of the relatively rare double-
ine spectroscopic binaries in the Gaia data set (Blomme et al. 2023 ;
atz et al. 2023 ). The Gaia K 1 and K 2 velocities, also listed in Table 1 ,

re 119.3 and 154.9 km s −1 , respectively. 
NRAS 528, 3378–3391 (2024) 
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.3 Orbital period determination 

e determined the orbital period of TIC 184 743 498 using several
ifferent approaches. 
First, using all five sectors of TESS data, we performed a Box

east Squares (BLS) analysis 4 (Kov ́acs, Zucker & Mazeh 2002 ).
his method resulted in a period of 1.053 234 d. We also performed
 BLS transform of the nearly 7000 ASAS-SN archi v al flux points
panning 7 yr, but basically o v erlapping the times of TESS data. The
eriod derived from that data set is 1.053 238 d. The Gaia archives
rovide a period of 1 . 053 245 ± 0 . 000 014 d, based on their radial
elocity (RV) solution to the orbit. Finally, we also utilized ASAS-3
ata. There are only 650 ASAS-3 archi v al points, but they span 8 yr,
nd were measured 7 yr before the ASAS-SN and TESS data start.
hus, the y can e xpand the o v erall duration of the photometric data
et. All period determinations are summarized in Table 2 . 

Additionally, we generated an eclipse timing variations (ETV)
urve from the combined TESS data and the ASAS-3 points. We did
ot include the ASAS-SN data in this ETV analysis because of their
ow quality compared to the TESS data, and moreo v er, the y co v er
 similar time range. The 650 ASAS-3 archi v al photometric points
re insufficient to generate individual eclipse times. Therefore, we
roke the data up into three segments each of ∼2.7 yr duration, and
roduced a folded light curve for each set. From this, we found a
mean’ eclipse time for each of these three epochs. The ETV curve
ormed from each of the 107 TESS eclipses and the 3 mean ASAS-
 times is shown in Fig. 3 . The reference period used to compute this
TV curve was 1.053 245 d. 
The extension of the ETV curv e o v er 22 yr by the use of these

hree ASAS-3 mean eclipse times shows that there is no long-term
uadratic trend in the eclipse timing. Ho we ver, the sparse nature of
he TESS data (from only five sectors), and the imprecision of the
 https://e xoplanetarchiv e.ipac.caltech.edu/cgi- bin/Pgram/nph- pgram 
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Figure 2. The Fourier amplitude spectrum of TIC 184 743 498. The panels 
highlight the amplitude spectrum after various stages of cleaning. The top 
panel shows the spectrum of the raw TESS light curve; the middle panel 
represents the spectrum following the removal of 30 orbital harmonics, while 
the bottom panel results from a further cleaning of 13 pulsation modes 
(discussed later in the paper). Note the changes in amplitude scale between 
the upper and lower panels. 
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Table 1. Properties of the TIC 184 743 498 system. 

Parameter Value 

RA (J2000) (h m s) 08:31:11.649 
Dec (J2000) ( ◦ ′ ′′ ) −39:06:45.41 
T a 9.356 ± 0.006 
G 

b 9.546 ± 0.001 
G BP 

b 9.6905 ± 0.0035 
G RP 

b 9.3181 ± 0.0038 
B 

a 12.57 ± 0.10 
V 

a 9.913 ± 0.012 
H 

a 8.883 ± 0.026 
K 

a 8.78 ± 0.021 
W1 c 8.767 ± 0.023 
W2 c 8.782 ± 0.021 
W3 c 8.753 ± 0.025 
W4 c 8.4 ± 0.3 
K 1 (km s −1 ) b 154.9 ± 9.5 
K 2 (km s −1 ) b 119.3 ± 2.9 
γ (km s −1 ) b 17.2 ± 2.0 
Distance (pc) b 393.3 ± 4.8 
μα (mas yr −1 ) b −5.11 ± 0.03 
μδ (mas yr −1 ) b + 8.91 ± 0.04 

a MAST ( https:// mast.stsci.edu/ portal/ Mashup/ Clients/ Mast/ Portal.html ). 
b Gaia DR3: (Gaia Collaboration 2023 ). 
c WISE point source catalogue (Cutri & et al. 2013 ). 

Figure 3. ETV curve based on 107 primary eclipse times from TESS Sectors 
8, 34, 35, 61, and 62, and 3 average eclipse times from ASAS3 data (see 
text for details). The reference period for this analysis was 1.053 245 d. The 
non-linear behaviour in the TESS data alone is significant at the 80 σ level. 
The smooth curve is a representative fit to a circular outer orbit with a period 
of 2537 d – but this period is not unique and other values may work just as 
well. 
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clipse times derived from the ASAS-3 data, make it impossible to 
eaningfully search for the outer orbit suggested by the Gaia report 

f an ‘acceleration’ solution for this object (Halbwachs et al. 2023 ).
 or illustrativ e purposes only, we show superposed on the ETV curve
 sinusoidal fit with a period of 2537 d, but other periods can also
roduce a good fit. The mass function for this illustrative curve is
 ( M ) � 0.032 M �. As we observe in Section 4 , this is of the right order
o explain a likely third body orbiting TIC 184 743 498. Ho we ver,
dditional ETV data will be needed to more accurately constrain the 
arameters of any putative outer orbit. 
 ESTIMATING  T H E  STELLAR  PA R A M E T E R S  

e determined the stellar parameters of the stars in TIC 184 743 498
ith an SED fitting code that utilizes the K velocities from Gaia

see Table 1 ) and parameter ratios from the light curve modelling
ode LIGHTCURVEFACTORY (see e.g. Borkovits et al. 2019 , 2020 , and
eferences therein). 

The SED code is based on a Markov Chain Monte Carlo (MCMC;
ee e.g. Ford 2005 ) fitting routine with only five adjustable parame-
ers: (i) the primary mass, M 1 , (ii) the secondary mass M 2 , (iii) the

ass of the tertiary star in a wide outer orbit M 3 , (iv) the age of the
ystem, τ , and (v) the interstellar extinction, A V . The code models
he following ‘input’ information: (i) 21 SED points, (ii) the K 1 and
 2 values with uncertainties from Gaia , (iii) two ratios ( T eff,1 / T eff,2 
MNRAS 528, 3378–3391 (2024) 
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Table 2. Orbital period of TIC 184 743 498. 

Source Period 

Gaia RV solution a 1.053 245 (14) 
ASAS-SN 

b BLS 1.053 238 (3) 
TESS BLS 1.053 234 (8) 
TESS ETV 1.053 240(2) 
TESS and ASAS-3 c 1.053 245(1) 

a Gaia SB2C orbit (Blomme et al. 2023 ; Katz et al. 2023 ). Gaia also reports 
an acceleration solution (Halbwachs et al. 2023 ) which indicates non-linear 
proper motion. This is consistent with the non-linear ETV behaviour we find 
with TESS . 
b ASAS-SN (Shappee et al. 2014 ; Kochanek et al. 2017 ). 
c See Fig. 3 . 
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Figure 4. Model fit to the TESS sector 61 and 62 data. The darker (black) 
curve is the light curve reconstructed from the first 45 orbital harmonics. The 
lighter (red) curve is a fitted model using LIGHTCURVEFACTORY . See text for 
details and references. 

Figure 5. 21 SED points for TIC 184 743 498 (filled circles) are fitted to 
stellar models for the three stellar components in this system. In descending 
order, the curves represent the total system light and the contributions from 

the primary star, the secondary, and the tertiary, respectively. See text for the 
constraints that were used in the fit. 
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5 Here, we used 45 harmonics as opposed to the 30 harmonics utilized 
for cleaning the data prior to the FT (see Section 5 ). The 45 harmonics 
are used here to extract the maximum high-frequency content for the light 
curve without running into the 51st orbital harmonic which coincides with a 
pulsation frequency. 
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nd ( R 1 + R 2 )/ a ) and the orbital inclination angle, i , from a fit to
he orbital light curve with LIGHTCURVEFACTORY (Borkovits et al.
019 , 2020 ), and (iv) a set of stellar evolution tracks from MIST
Paxton et al. 2011 , 2015 , 2019 ; Otter 2016 ; Choi et al. 2016 ), where
 solar composition is assumed. We utilize the Castelli & Kurucz
 2003 ) model stellar atmospheres for 4 000 < T eff < 10 000 K.
he distance is known with exquisite accuracy from Gaia parallax
easurements. 
The only constraints we have on the tertiary star are (i) from the

otal light of the system at each of the 21 SED points, and (ii) the
act that its mass is likely to be in the range of 0.7–1.3 M � (based
n the ETV curve, see Fig. 3 and the discussion of the figure). For
he latter, we simply adopted a uniform prior on M 3 o v er the range
.5–1.6 M � to be conserv ati ve. 
Our approach follows that of Kurtz et al. ( 2020 ) and Rappaport

t al. ( 2021 , 2022 ). The MCMC code e v aluates the following five
arameters: M 1 , M 2 , M 3 , A V , and the system age via the MIST
qui v alent e volutionary phase (EEP) of the primary star. The use
f EEPs as a preferred sampling parameter – rather than directly
ampling the stellar age – is described in detail in Kurtz et al. ( 2020 ).
his procedure for the SED fitting has been utilized e xtensiv ely in

he study of numerous compact triples (Rappaport et al. 2022 , 2023 ).
he validity of the results from those SED fits has been checked in
 number of cases where there are several additional constraints on
he system parameters. 

At each step of the MCMC routine, the procedure is as follows:
he three masses and age of the binary (via the EEP) yield the stellar

adii and T eff values through the stellar evolution tracks. This, of
ourse, assumes that the two eclipsing binary (EB) stars have evolved
n a coe v al fashion and, in particular, that the y hav e not previously
 xchanged an y mass. This, coupled with the model atmospheres and
urrent value of A V , allow for a model of the measured SED points.
he χ2 value from the SED fit is then registered. Additionally, the
nown orbital period and the two masses provide the semi-major
xis of the system. When combined with the orbital inclination angle
provided by LIGHTCURVEFACTORY ), this enables us to compute K 1 

nd K 2 , to compare with the measured Gaia v alues. The χ2 v alues
rom the fit to the K velocities are also recorded. Finally, we check
ow well the model ratios of radii and T eff match those provided by
IGHTCURVEFACTORY . 
The light curve that we fit with LIGHTCURVEFACTORY is shown in

ig. 4 , and is based on Sectors 61 and 62 of the TESS data. Instead
f the usual folded, or folded, binned, and averaged data, we use a
NRAS 528, 3378–3391 (2024) 
ight curve that is reconstructed from the first 45 orbital harmonics 5 

hat we fit for in the TESS data using a similar technique to the one
escribed later in Section 5 . In principle, this synthetic light curve is
he same as a folded, binned, and averaged light curve, except that
i) we a v oid one of the pulsations that coincides with the 51st orbital
armonic and would otherwise appear in the folded light curve, and
ii) this also eliminates some of the high frequency noise that is not
ele v ant to the shape of the light curve. The LIGHTCURVEFACTORY

t to the light curve of TIC 184 743 498 is shown in Fig. 4 in red.
he three key parameters extracted from this fit are: T eff,1 / T eff,2 =
.241 ± 0.010, ( R 1 + R 2 )/ a = 0.500 ± 0.025, and i = 65 ◦ ± 0.5 ◦. 
Fig. 5 shows the results of the SED fitting. We plot the measured

ED points in orange, the model SED of the primary star in red, that
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Table 3. Derived parameters for the TIC 184 743 498 system. 

Input constraints SED + RVs a 

Period (d) 1.053236 
K 1 (km s −1 ) b 119.3 ± 2.9 
K 2 (km s −1 ) b 154.9 ± 9.5 
Spectral 21 SED points c 

Stellar evolution tracks MIST 

d 

Distance (pc) e 374 ± 6 
( R 1 + R 2 )/ a f 0.500 ± 0.025 
T eff,1 / T ef f,2 

f 1.241 ± 0.030 
Stellar inclination angle f 65.2 ◦ ± 0.5 ◦

Derived parameters SED + RVs a 

M 1 (M �) 1.83 ± 0.07 
M 2 (M �) 1.37 ± 0.06 
M 3 (M �) 1.23 ± 0.09 
R 1 (R �) 1.72 ± 0.06 
R 2 (R �) 1.35 ± 0.06 
R 3 (R �) 1.19 ± 0.11 
T eff,1 (K) 8500 ± 300 
T eff,2 (K) 6870 ± 200 
T eff,3 (K) 6450 ± 270 
L 1,bol (L �) 14.1 ± 2.2 
L 2,bol (L �) 3.7 ± 0.8 
L 3,bol (L �) 2.3 ± 0.8 
a (R �) 6.41 ± 0.09 
R 1 / R L 0.66 ± 0.02 
Age (Myr) 460 ± 120 
A V 0.35 ± 0.10 

a MCMC fits to the measured RV amplitude plus the SED points. The 
assumption is made that the two stars are coe v al in their evolution, and 
have not exchanged any mass. 
b Gaia (Katz et al. 2023 ). 
c VizieR: (Ochsenbein, Bauer & Marcout 2000 ); A.-C. Simon & T. Boch: 
http://vizier.unistra.fr/vizier/sed/). 
d MIST (Dotter 2016 ; Choi et al. 2016 . 
e Gaia DR3: (Gaia Collaboration 2023 ); https:// gea.esac.esa.int/ archive / 
f LIGHTCURVEFACTORY (Borkovits et al. 2019 , 2020 ) fit to the TESS orbital 
light curve. 
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f the secondary in blue, and of the tertiary in green. The total flux
s plotted in black. We find the following stellar parameters: M 1 =
.83 ± 0.07 M �, M 2 = 1.37 ± 0.046 M �, R 1 = 1.72 ± 0.06 R �,
nd R 2 = 1.35 ± 0.06 R �. The parameters of the third star in the
ong outer-period orbit are less constrained, but are comparable to the 
roperties of the secondary EB star. The remaining fitted parameters 
an be found in Table 3 . 

We show in Fig. 6 the correlations in the MCMC posteriors for
he mass versus radius of the three stars in the TIC 184 743 498
ystem. The mass and radius of the primary are fairly well localized.
y contrast, the secondary star in the EB shows a high degree of
orrelation between M 2 and R 2 . This results from the fact that the
econdary is lower in mass and, at the age of the system, it is still
rmly on the zero-age main sequence (ZAMS). The same is true for

he tertiary star (in the wide outer orbit), but the degree of correlation
etween M 3 and R 3 appears even more extreme due to the high degree
f uncertainty in M 3 . The top panel of Fig. 6 shows the 1D posterior
istributions for the stellar masses of each star. 

 PULSATIONS  

e analysed the pulsations of TIC 184 743 498 by applying a discrete
ourier transform program to the raw TESS data. We performed FTs
ollo wing v arious stages of cleaning: We first remo v ed the orbital
armonics from the data, and then remo v ed the more prominent
ulsation mode frequencies. As mentioned in Section 3.1 , we use
ectors 61 and 62 for pulsation analysis. 
We started by subtracting the first 30 orbital harmonics from the

ata, the highest frequency of which is near 28.5 d −1 . This was done
ia a simultaneous linear least-squares fit to 30 sines and 30 cosines to
epresent the orbital modulations. We purposely stopped the cleaning 
t 30 orbital harmonics so as not to inadvertently remove any natural
ulsation frequencies that happen to lie near an orbital harmonic or
re, in fact, tidally e xcited at e xactly that harmonic. The amplitudes of
he orbital harmonics abo v e this frequency are small enough so that
hey are not likely to be confused with stellar pulsations. Furthermore, 
ossible residual orbital harmonics will have a phase in an echelle
iagram (see below) close to 0 or 1, and will therefore be easily
ecognized. The middle panel of Fig. 2 shows the resultant FT in
he frequency range from 0 to 80 d −1 after 30 orbital harmonics
ave been removed. We see a rich spectrum of pulsations within the
ange of 38–56 d −1 . The bottom panel of Fig. 2 shows the transform
fter removing the 13 most prominent frequencies (enumerated in 
able 4 ). 
To better visualize the organization of the pulsations in TIC 

84 743 498, we generated an echelle diagram. Such a diagram plots
he frequency of a pulsation on the y -axis against the echelle phase
n the x -axis; this so-called echelle phase is the pulsation frequency
odulo the orbital frequency, normalized by the orbital frequency. 

n the creation of an echelle diagram, we set a threshold for the
inimum Fourier amplitude ( � 7 σ ), such that only highly significant

eaks are represented. 
Fig. 7 displays the echelle diagram for TIC 184 743 498 following

he removal of 30 orbital harmonics. The amplitude threshold is 0.05
pt ( ∼7 σ ). We limit the echelle diagram to the rele v ant frequency
ange where the vast majority of peaks are located, and size each
ot by linearly scaling the Fourier amplitude to emphasize the more
rominent peaks. We see 11 doublets (also referred to as ‘multiplets’), 
hich are a vertically aligned pair of filled circles separated by twice

he orbital frequency. These doublets are encircled in red ellipses and
abelled by increasing frequency. These results are also tabulated in 
able 4 . We encircle two singlets in blue ellipses. 
For each multiplet, we find the frequencies of the observed peaks

marked by ellipses in the echelle diagram) and then calculate the
nferred (unseen) central frequency at which the star is actually 
ulsating. All the measured and inferred frequencies of the multiplets 
nd singlets are summarized in Table 4 . 

 R E C O N S T RU C T I N G  T H E  PULSATION  

MPLI TUDES  A N D  PHASES  

he amplitudes and phases of the elements of each of the 11 pulsation
oublets (see Fig. 7 ) carry all the information about a particular
ulsation mode that can be extracted from the TESS data. Ho we ver,
he specific pulsation modes cannot be entirely inferred merely 
y inspecting the echelle diagram. In this regard, it is extremely
seful to reconstruct the behaviour of the pulsation amplitudes and 
hases as a function of orbital phase. To do this, we analytically
econstruct the amplitudes and phases of 9 of the doublets in the
chelle diagram (all except for doublets 6 and 7, whose phase and
mplitude behaviour are not robustly characterized). We follow the 
ormalism for reconstructing multiplets provided in eqns. (2)–(6) of 
ayaraman et al. ( 2022 ). 

To be conserv ati ve, we force fit a quintuplet of components to each
oublet, at frequencies ν0 , ν0 ± νorb , and ν0 ± 2 νorb . If at one or more
f the five frequencies there is no significant FT amplitude, then the
MNRAS 528, 3378–3391 (2024) 
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Figure 6. Correlations between the mass and radius of the three stars in the TIC 184 743 498 system, as well as posterior distributions of the masses. The mass 
and radius of the secondary EB star and the tertiary are well correlated because these stars are still on the zero-age main sequence, where there is a one-to-one 
correspondence between mass and the other stellar parameters. 
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nly contribution to the reconstruction will be a small amount of
dded noise. Ho we ver, there may be a weak (albeit real) signal there
hich did not surpass the echelle threshold, and we cannot neglect

ts contribution. Note that we use the same reconstruction process for
ll the pulsation modes, regardless of spacing or status as a singlet
r doublet. Finally, we chose the same reference eclipse time, t 0 , as
as used in the pulsation analysis in Section 5 . 
Fig. 8 shows the amplitude-phase plots for the central frequencies

1 though ν4 , and ν9 , in Table 4 , and Fig. 9 gives the amplitude-
hase plots for frequencies ν5 , ν8 , ν10 , and ν12 . The amplitude
econstructions are shown in the left panels, while the phase
ariation o v er the orbit is displayed in the right panels. During the
econstruction, we scaled the pulsation amplitude up by a factor of
 for better visibility. The two different figures represent different
inds of pulsation modes. 
We have collected in Fig. 8 all five doublet pulsation modes whose

mplitude maxima occur at the eclipses and have π phase jumps near
he ELV peaks. By contrast, Fig. 9 displays all four doublets whose
mplitude maxima occur at the ELV peaks and have π phase jumps
ear the eclipses. The pulsation modes in Fig. 8 can all be described
y dipole modes of the form Y 10 , namely with 	 = 1 and m = 0, if
he pulsation axis has been tidally tilted into the orbital plane and
ollows the tidal axis as it orbits with the binary. At low-inclination
ngles, e ven lo wer than the 65 ◦ for this system, the doublet nature of
uch a pulsation mode along the tidal axis will be preserved (see e.g.
eed, Brondel & Kawaler 2005 ). This means no central peak will
ppear in the echelle diagram, and indeed this is the case as we look
t doublets for ν1 , ν2 , ν3 , ν4 , and ν9 in Fig. 7 . We hereafter refer to
hese as Y 10, x modes. 

By contrast, the reconstructions in Fig. 9 all have pulsation
axima and π phase shifts at orbital phases that are 90 ◦ displaced

rom those in Fig. 8 . Thus, one might be tempted to explain these
ulsations as dipole modes of the form Y 11 ( 	 = 1, and | m | = 1),
gain for a tidally tilted pulsation axis. Ho we ver, for this system’s
elati vely lo w orbital inclination angle, strong central frequency
omponents must appear in the echelle diagram for Y 11 modes, yet
NRAS 528, 3378–3391 (2024) 
e do not see such a central component for any of the doublets in
ig. 7 . This is equi v alent to noting that a Y 11 mode tilted along

he tidal axis which, in turn, is at an inclination of 65 ◦, could
ot have zero pulsation amplitude at the eclipses – as we see in
ig. 9 . 
In Fig. 10 , we show explicitly how the FT of a tidally tilted Y 11 

ode varies with orbital inclination angle. As is clear from the figure,
 significant central peak begins to appear at i � 80 ◦, and is nearly
qual to the split sidelobes by i = 60 ◦. Thus, it would be implausible
o have such a mode produce the types of doublets we see in Fig. 7 ,
hich have neither a strong central peak nor non-trivial pulsations at

he eclipses. 
We therefore propose that the four modes shown in Fig. 9 are ac-

ually Y 10, y modes with the pulsation axis along the ‘ y -axis’, which is
erpendicular to the tidal axis ( x ) and the orbital angular momentum
xis ( z). This hypothesis resolves the issue of the missing central
omponent of the doublets, and zero pulsation amplitude at the
clipses, while being fully consistent with the pulsation amplitudes
nd phase shifts with respect to orbital phase. Thus, this represents
he first disco v ery of a stellar pulsator with a pulsation axis along the
 -direction. 

In the same spirit as the abo v e hypothesis, we also propose
hat the two singlets found in this source and listed in Table 4
re Y 10 modes with a pulsation axis along z. Given that their
wo frequencies are 52.5411 and 55.6664 d −1 , with a difference
f ∼3 d −1 , the interval here is too narrow to host radial modes
ith such frequencies. This hypothesis is further explained in
ection 7 . 
Finally, we note that the modes with frequencies ν6 and ν7 ,

hich do not appear in Figs 8 and 9 , each have markedly different
mplitudes for their two doublet peaks. Ho we ver, the reconstructed
ulsation amplitude and phase behaviour with orbital phase of ν6 

ery closely resembles those in Fig. 9 , i.e. Y 10, y modes, while
7 would be associated with those modes in Fig. 8 , i.e. Y 10, x .
hus, these two doublets are likely distorted Y 10 tidally tilted
odes. 
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Table 4. Dominant pulsation frequencies in the TIC 184 743 498 system. 

Mode name Frequency a (d −1 ) Amplitude (ppt) Phase b (rad) Echelle phase (cycles) 

Uncertainty: 0.0006 0.007 ∼0.03 ∼0.002 

ν1 − νorb 40.6653 0.234 −1.10 0.830 
ν1 (41.6152) – – –
ν1 + νorb 42.5651 0.143 −1.23 0.831 

ν2 − νorb 42.7525 0.149 −0.60 0.028 
ν2 (43.7016) – – –
ν2 + νorb 44.6507 0.274 −0.54 0.028 

ν3 − νorb 43.8129 0.225 + 1.45 0.145 
ν3 (44.7638) c – – –
ν3 + νorb 45.7147 0.225 + 1.71 0.148 

ν4 − νorb 43.9289 0.399 −2.20 0.267 
ν4 (44.8785) – – –
ν4 + νorb 45.8282 0.507 −2.19 0.268 

ν5 − νorb 44.4652 0.449 −2.51 0.832 
ν5 (45.4147) – – –
ν5 + νorb 46.3643 0.419 + 0.61 0.832 

ν6 − νorb 46.2429 0.118 −0.55 0.705 
ν6 (47.1917) – – –
ν6 + νorb 48.1405 0.323 + 2.58 0.703 

ν7 − νorb 46.9572 0.288 −2.05 0.457 
ν7 (47.9047) – – –
ν7 + νorb 48.8532 0.137 −1.64 0.454 

ν8 − νorb 47.4729 0.362 −2.00 1.000 
ν8 (48.4219) d – – –
ν8 + νorb 49.3710 0.247 + 1.36 0.999 

ν9 − νorb 49.1773 0.259 −2.05 0.795 
ν9 (50.1271) – – –
ν9 + νorb 51.0769 0.368 −2.06 0.796 

ν10 − νorb 50.9351 0.630 + 0.63 0.647 
ν10 (51.8853) – – –
ν10 + νorb 52.8356 0.579 −2.53 0.648 

ν11 52.5418 1.113 – 0.339 

ν12 − νorb 53.9543 0.563 + 1.42 0.826 
ν12 (54.9036) – – –
ν12 + νorb 55.8529 0.513 −1.73 0.827 

ν13 55.6671 0.765 – 0.631 

a A least-squares fit of the 13 most prominent pulsation modes. Numbers in parentheses are the unseen central frequencies of the doublets, and hence are the 
actual mode frequencies. 
b The zero point for the phases has been chosen to be the time of the primary eclipse: t 0 = BJD 2459988 . 9789. For later reference in the paper, we note that 
phase differences between the two components with values near zero correspond to what we call a Y 10, x mode, while those with phase differences closer to π
are called Y 10, y modes (see equations 9 and 10 ). 
c This central frequency was likely directly observed at ν = 44.7594 d −1 , amplitude = 0.073 ppt, and echelle phase 0.142. 
d This has an echelle phase that is completely consistent with an orbital harmonic, but its amplitude is too high for that to be the case. Thus, this is either a 
natural frequency that just happens to coincide with an orbital harmonic to within the uncertainties (0.4 per cent random chance), or is a mode driven by the 
orbit. Moreo v er, the echelle diagram (Fig. 7 ) appears to show a third component at ν = 45.5715 d −1 , but we have shown from the use of all the data, including 
Sectors 34 and 35, that this is not part of the same doublet. 
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 DENSITY  O F  R A D I A L  M O D E L S  

n Section 5 , we reported two singlets spaced in frequency by only ∼3 
 

−1 . In the presence of tidally tilted pulsations, such singlets are most
eadily explained by radial modes, as their pulsational amplitudes and 
hases will not be modulated o v er the orbit. We investigate whether
adial modes are a plausible interpretation for those two frequencies. 

To this end, we computed single-star pulsational models using 
he latest version of the Warsaw–New Jersey stellar evolution and 
ulsation code (e.g. P amyatn ykh et al. 1998 ), for a solar chemical
omposition (Asplund et al. 2004 ) and a rotational velocity of
00 km s −1 at the ZAMS. We e v aluated the frequency differences
f consecutive radial overtones of modes in the domain of 50–60 d −1 
long each evolutionary track and determined the locations of models 
hat would reproduce the observ ed frequenc y difference ν13 − ν11 

t the radial mode frequency closest to ν13 . Fig. 11 shows the loci
f those models, as well as of the stellar components of the TIC
84 743 498 system, in a theoretical Hertzsprung–Russell Diagram 

HRD). 
Inspection of Fig. 11 clearly demonstrates that (i) only the primary

tar (star 1) is expected to exhibit δ Scuti-type pulsations, and (ii)
requencies ν11 and ν13 cannot both be radial modes, as all stellar 
odels that produce consecutive radial modes that are closely spaced 

n frequency are too evolved. Models producing ν11 and ν13 as non- 
MNRAS 528, 3378–3391 (2024) 
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Figure 7. Echelle diagram following a cleaning of the data that remo v ed the first 30 orbital harmonics. This diagram shows pulsation peaks as a function of 
their frequency and echelle phase, i.e. the normalized pulsation frequency modulo the orbital frequency. Points are sized linearly by their Fourier amplitude. 
Ellipses numbered 1 through 10 and 12 mark the pulsation multiplets that we have identified. The numbering is according to increasing central frequency to 
match the notation in Table 4 . 

Figure 8. Left and right panels: The reconstructed pulsation amplitude and phase variations as a function of orbital phase for the five doublets that we have 
classified as Y 10, x pulsation modes with a pulsation axis along the tidal axis ( ν1 through ν4 and ν9 ); the frequencies are listed in Table 4 . The reconstructed 
pulsations have been vertically offset from each other by 0.01 for clarity, and each pulsation amplitude has been doubled from its actual value to make it more 
visible. The phase reconstructions are offset vertically from one another by two cycles. We label each reconstructed mode with its frequency numbering. The 
black curve superposed on the plots is the reconstructed orbital modulation. See text for details of the reconstructions. 
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Additionally, we look at the expected pulsation spectrum of dipole
odes of a single star with the parameters we derived for the primary

tar in the TIC 184 743 498 system. The corresponding pulsation
requencies were computed analogously to those of the radial modes
NRAS 528, 3378–3391 (2024) 

F

ith the Warsaw–New Jersey code, for a model with log T eff =
.9206, and log L = 1.1302 (cf. Table 3 ). Non-radial mode rotational
requency splittings were computed to first order in stellar rotation
requenc y. The schematic frequenc y spectrum so deriv ed is shown in
ig. 12 . 
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Figure 9. Left and right panels: The reconstructed pulsation amplitude and phase variations as a function of orbital phase for the four doublets that we have 
classified as Y 10, y pulsation modes with a pulsation axis along the y -direction (perpendicular to the tidal and angular momentum axes). The frequencies ν5 , ν8 , 
ν10 , and ν12 are listed in Table 4 . The reconstructed pulsations have been vertically offset from each other by 0.01 for clarity, and each pulsation amplitude 
has been doubled from its actual value to make it more visible. The phase reconstructions are offset vertically from one another by two cycles. We label each 
reconstructed mode with its frequency numbering. The black curve superposed on the plots is the reconstructed orbital modulation. See text for details of the 
reconstructions. 

Figure 10. Fourier transforms of simulated pulsation for a mode Y 11 with a 
pulsation axis along the tidal axis of the binary ( x -axis). The orbital inclination 
angle for each simulation is labelled in colour. The curves for different 
inclinations are separated both vertically and horizontally for clarity. A central 
peak starts to appear at i � 80 ◦, and is nearly equal to the split sidelobes by 
i = 60 ◦. 
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Figure 11. Theoretical HRD with the locations of the three components of 
TIC 184 743 498 (stars 1, 2, and 3) indicated. The evolutionary tracks are the 
same as were used in the SED fit shown in Fig. 5 . The dashed black lines 
are the observed boundaries of the δ Scuti star instability strip (Murphy et al. 
2019 ). The solid straight (green) line connects models that best represent the 
observed pulsation frequencies ν11 and ν13 with radial modes. 
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Evidently, the expected spectrum of axisymmetric dipole modes 
 Y 10 ) is not dense enough to explain all the observed frequen-
ies. As the underlying model is fairly unevolved, no avoided 
rossings (mixed modes) are present in the theoretical frequency 
pectrum; the modes shown here are of radial o v ertone 5 to 7.
o we ver, by including sectoral dipole modes ( Y 1 ± 1 ), the den-

ity of the observed apparent dipole frequency spectrum can be 
xplained. 
MNRAS 528, 3378–3391 (2024) 
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Figure 12. Schematic pulsation frequency spectrum of TIC 184 743 498. The 
black lines of ’amplitude’ 0.9 denote the observed centroid mode frequencies, 
whereas the blue lines of ’amplitude’ 0.8 indicate the theoretical model radial- 
mode frequencies. Red lines represent theoretical dipole mode frequencies, 
with those of ‘amplitude’ 0.6 corresponding to m = 0 and those of ‘amplitude’ 
0.4 to | m | = 1. 
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The abo v e arguments lead us to the conclusion that at least one
f the ν11 and ν13 singlets, and possibly both, must indeed be a Y 10 

ode with a pulsation axis along z, i.e. Y 10, z modes. 

 T IDAL  M O D E - C O U P L I N G  M O D E L S  

s suggested in Section 5 , the pulsations of TIC 184 743 498 can
e best explained by three different pulsation axes. In particular,
t appears that there are five dipole Y 10 modes with pulsation axis
ligned with the tidal (or x -axis), while four are dipole Y 10 modes
ith a pulsation axis aligned along the y -axis (i.e. in the orbital plane,
ut orthogonal to the x -axis). Here, we justify this hypothesis with a
traightforward physical argument. 

Rather than assuming that tidal distortion aligns pulsations with
he tidal axis, we show that tidal coupling between modes naturally
roduces modes with three different pulsation axes. Consider an 	 =
 triplet, now using the rotation/orbital axis as a reference axis. We
ormally define the x -axis in the direction of the companion, the z-
xis in the direction of the spin/orbital angular momentum, with the
 -axis lying in the orbital plane. The tidal distortion is dominated by
he 	 = m = 2 component of the tidal potential, which couples the
 = m = 1 mode with the 	 = 1, m = −1 mode. Writing out the
oupled eigensystem for this mode triplet (i.e. eqn. 8 of Fuller et al.
020 ), we find ⎡ 

⎣ 

ω 

2 
α + δω 

2 
0 0 0 

0 ω 

2 
α + δω 

2 
1 δV 1 −1 

0 δV 1 −1 ω 

2 
α + δω 

2 
−1 

⎤ 

⎦ 

⎡ 

⎣ 

a 0 
a 1 
a −1 

⎤ 

⎦ 

= ω 

2 

⎡ 

⎣ 

1 0 0 
0 1 δT 1 −1 

0 δT 1 −1 1 

⎤ 

⎦ 

⎡ 

⎣ 

a 0 
a 1 
a −1 

⎤ 

⎦ (1) 

ere, ω is the frequency of a mode of the coupled system, ω 

2 
α

s the unperturbed frequency of the mode triplet, and δV 1 − 1 and
T 1 − 1 are tidal coupling coefficients. The values of a are the relative
ontributions of the Y 1 m components of the 	 = 1 triplet to the new
igenfunctions of the coupled triplet. Solving the eigensystem of
quation ( 1 ) yields the three mode frequencies ω 

2 and eigenfunctions
 of the perturbed mode triplet. 
Since the m = 0 mode remains uncoupled in this simple scenario,

ts eigenfrequency is slightly perturbed and its eigenfunction remains
NRAS 528, 3378–3391 (2024) 
nchanged. It is an m = 0 mode about the z-axis, i.e. the spin/orbital
xis. The m = ±1 modes are coupled, ho we ver, and the eigensystem
f equation ( 1 ) for those modes reduces to [

1 −δT 1 −1 

−δT 1 −1 1 

][
ω 

2 
α + δω 

2 
1 δV 1 −1 

δV 1 −1 ω 

2 
α + δω 

2 
−1 

][
a 1 
a −1 

]
(2) 

� 

[
ω 

2 
α + δω 

2 
1 δω 

2 
tide 

δω 

2 
tide ω 

2 
α + δω 

2 
−1 

][
a 1 
a −1 

]
(3) 

� ω 

2 

[
a 1 
a −1 

]
, (4) 

here 

ω 

2 
tide = δV 1 −1 − ω 

2 
αδT 1 −1 . (5) 

ere, we have assumed small perturbations such that δω 

2 
1 , δω 

2 
−1 ,

V 1 −1 � ω 

2 
α , and δT 1 − 1 � 1, and we have dropped second-order

erms in these small quantities. 
In the limit that δω 

2 
tide � δω 

2 
1 − δω 

2 
−1 , then this eigensystem

educes to the uncoupled system, with frequencies ω 

2 = ω 

2 
α + δω 

2 
1 

nd ω 

2 = ω 

2 
α + δω 

2 
−1 , and eigenfunctions of Y 11 and Y 1 − 1 . All modes

ave the z-axis as their pulsation axis. 
Ho we ver, in the limit of strong tidal coupling such that δω 

2 
tide 	

ω 

2 
1 − δω 

2 
−1 , solving the eigensystem yields the new mode eigenfre-

uencies 

 

2 
± = ω 

2 
α ± δω 

2 
tide . (6) 

ith corresponding eigenvectors 

 ± = 

⎡ 

⎣ 

0 
1 

±1 

⎤ 

⎦ . (7) 

ence, the new mode eigenfunctions are equal superpositions of Y 1,1 

nd Y 1, −1 , with angular flux perturbation patterns 

F ± ∝ 

[
Y 11 ( θ, φ) ± Y 1 −1 ( θ, φ) 

]
e −iω ±t . (8) 

ome algebra shows that the spatial/time dependence of these two
odes are 

F + 

∝ sin θ cos φ cos ( ω + 

t) 

∝ x cos ( ω + 

t) 

∝ Y 10 ,x cos ( ω + 

t) (9) 

nd 

F − ∝ sin θ sin φ sin ( ω −t) 

∝ y cos ( ω −t) 

∝ Y 10 ,y cos ( ω −t) (10) 

ote also that the m = 0 mode has 

F 0 ∝ cos θ cos ( ω αt) 

∝ z cos ( ω αt) 

∝ Y 10 ,z cos ( ω αt) (11) 

he extra subscripts on the Y 10 spherical harmonics ( x , y , z) refer to
he axis with respect to which the spherical harmonic is defined. Note
hat neither of the modes in equation ( 9 ) or equation ( 10 ) propagates
round the equator like uncoupled m = ±1 modes. Instead, both
odes are standing modes, aligned with the x - and y -axes. The m =
 mode is a standing mode aligned with the z-axis. Thus, we find
hat strong tidal coupling naturally transforms an 	 = 1 dipole triplet
f states to a set of Y 10 modes around three orthogonal axes. Hence,
idally coupled 	 = 1 modes can behave identically to the tri-axial
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ulsation behaviour necessary to explain the observations of TIC 

84 743 498. 
Tidal coupling will have a similar effect on 	 = 2 modes, coupling

he Y 21 and Y 2 − 1 modes into a perturbed doublet, and the Y 22 , Y 20 , and
 2 − 2 modes into a triplet. This will produce more complicated spatial 
atterns than those discussed abo v e, with different amplitude/phase 
odulation o v er the orbit. We plan to examine these signatures in

uture work and simultaneously search for these signatures in other 
tars in the TESS data. 

As mentioned abo v e, tidal coupling also couples modes of different 
 , which is not accounted for abo v e. F or weak tidal distortion, the
 = 2 component of the tidal distortion dominates, such that coupling
etween modes differing by �	 = 2 and �	 = 0 is strongest. For
tronger tidal distortion, the 	 = 3 component of the tidal distortion
ecomes more important, enabling coupling between modes differing 
y �	 = 3 and �	 = 1. In this case, the star and mode eigenfunctions
ill be asymmetric across the x –y -plane, such that pulsations can be

trongly trapped on either side of the star (i.e. the side facing toward
r away from the companion). This leads to the observed ‘tidal 
rapping’ or ‘single-sided pulsator’ phenomenon (e.g. Handler et al. 
020 ; Kurtz et al. 2020 ). 
In general, tidal coupling could lead to complex behaviour of 

idally perturbed pulsations, and the effects of strong tidal distortion, 
entrifugal, and Coriolis forces should all be taken into account. 
o we ver, the simple case shown above demonstrates a straight-

orward mechanism through which tidal coupling could induce 
ulsations to naturally align with the x , y , and z-axes of the star.
ore thorough calculations incorporating the effects listed abo v e, 

nd using larger networks of coupled modes, will be needed for a
ull understanding of pulsations of tidally distorted stars. 

 SUMMARY,  DISCUSSION,  A N D  

O N C L U S I O N S  

n this work, we report the disco v ery and analysis of a tight
clipsing binary with at least nine tidally tilted pulsation modes, 
IC 184 743 498. 
Evidence from our own ETV curve, as well as from Gaia ’s discov-

ry of an astrometric acceleration solution, both indicate that there is
 third star in the system in a wide orbit of thousands of days. We have
nalysed the av ailable archi v al data for this system to investigate the
tellar parameters and the evolutionary state of the system using an 
ED fitting code. This code incorporates measured RVs from Gaia, 
tellar evolution models, and other parameters extracted from the 
ight curve with the modelling code LIGHTCURVEFACTORY . We find 
hat the pulsating primary star has M 1 � 1 . 83 M �, R 1 � 1.72 R �,
nd T eff, 1 � 8500 K, while the secondary has M 2 � 1.37 M �, R 2 �
.35 R �, and T eff, 2 � 6870 K. The primary star has evolved somewhat
way from the ZAMS at an age of 460 Myr, while the secondary star
s still on the ZAMS. The uncertainties on the properties of the
nferred third star are large, but it is likely not too different from the
econdary star in the inner binary, and apparently contributes ∼10 
er cent of the system light. 

We then analysed the pulsations of TIC 184 743 498 in detail. The
ystem exhibits nine pulsation modes, five of which have pulsation 
mplitude maxima at the binary eclipses and phase shifts of π at 
he ELV peaks. We conclude that the first five pulsations can be
xplained by dipole modes Y 10 about a pulsation axis which has been
ilted into the orbital plane and which lies along the tidal axis. We
all these ‘ Y 10, x ’ modes. 
a
Four other pulsations exhibit amplitude maxima at the ELV peaks 
nd π phase shifts at the eclipses. We have shown that while the latter
odes may appear to be Y 11 modes based on their amplitudes and

hases, this explanation is untenable because at the relatively low 

rbital inclination angle of this system (65 ◦), such doublets would
ave an unmistakable central peak in their echelle diagram. Such a
entral peak is a visual description that the mode amplitude is non-
ero at t 0 (i.e. at the eclipses) for these modes; ho we v er, the observ ed
ode amplitudes do, in fact, vanish at the eclipses. The lack of such
 central peak shows that these modes are actually Y 10 about an axis
e define as y , which is orthogonal to the tidal axis and the angular
omentum axis. We term these ‘ Y 10, y ’ modes. 
We further found that one or both of two remaining singlet

ulsation modes are also Y 10 modes, but about the angular momentum 

xis z, and we investigated this hypothesis with single-star pulsation 
odels. We found that the expected pulsation spectrum of radial 
odes with a star of the parameters derived from the SED fit is

ignificantly less dense than the observed pulsation frequencies. 
hus, the singlet pulsation modes cannot both be radial pulsations, 
ut rather at least one of them must be a Y 10, z mode, i.e. about the
 -axis. 

To study this hypothesis of three different pulsation axes, we 
xplored a natural explanation in which strong tidal coupling can 
onvert an otherwise uncoupled triplet of 	 = 1 dipole states to all
 10 modes, but about three orthogonal axes. These axes are (i) the tidal
xis, (ii) the orbital angular momentum (i.e. stellar rotation) axis, and
iii) the direction in the orbital plane perpendicular to the tidal axis.
his is exactly what we are seeing in the total set of nine dipole modes
nd two singlet modes observed in TIC 184 743 498. Additionally,
e show that the transformed original Y 1 ± 1 modes, which have 

irculating pulsation modulations, are reduced to standing waves. 
Every newly discovered tidally tilted pulsator presents distinctly 

nique behaviour in its pulsations, and challenges previously un- 
erstood ideas about tidally tilted pulsations. TIC 184 743 498 
ontributes to this diversity as the first identified tri-axial pulsator. 

More generally, the disco v ery reported here of a tri-axial set of
ulsation axes has a wider application to the broad subject of stellar
ulsations. We have seen that simple modes (such as doublet-dipoles) 
re easier to understand in the context of tidal tilting than complex
ulti-element modes; the latter of which are, in contrast, far easier

o spot in echelle diagrams. Finding the numerous doublets in TIC
84 743 498, and their interpretation, have allowed us to identify and
nterpret the modes of nearly all the prominent pulsations in this
tar. 

With this in mind, we hope to search for more TTP candidate
tars with simpler modes such as doublets rather than those with
omplex multi-element modes, such as HD 265 435 (Jayaraman et al.
022 ). Future observations of TTPs in different photometric bands 
ay re veal ne w insights into mode cavities/propagation at different

tellar layers, which, in turn, can pro vide an e xquisite ne w vie w into
tellar interiors. We also highlight the fact that toy models such
s the one presented in this work should allow us to develop a
reliminary understanding of previously unexplainable phenomena, 
uch as complicated mode couplings in stellar interiors. 

In this work we have also shown that, in systems with tidally tilted
odes, part of the pulsation geometry can be constrained, in some

ases rather tightly, by the determination of the orbital and system
arameters, especially the orbital inclination angle. It was just this 
ilt of the orbit that allowed us to realize that we were dealing with
ri-axial pulsations in TIC 184 743 498, otherwise, the pulsational 

ultiplet structures would be different. This orbital constraint can, 
nd should, be applied to other TTP systems. 
MNRAS 528, 3378–3391 (2024) 
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This work also moti v ates us to re-examine other previously
dentified TTP candidates to see if any of their multiplets can be
t into this paradigm of tidally induced doublets. In this regard,

he simple model for tidal tilting presented here needs expansion to
uadrupole modes. Once the signatures of tidally tilted quadrupole
odes, under the paradigm developed in this work, are understood,
e will be able to search for these specific features in other pulsating

tars in binaries. Given a small set of stars with precisely measured
tellar parameters, and nearly complete sets of identified pulsation
odes, detailed stellar modelling of these modes will be warranted. 
Some readers may question why we did not consider roAp stars

or the source of the observed stellar pulsations in TIC 184 743 498,
r consider whether a magnetic field might be responsible for the
bserved tilting of the pulsation axes. We concluded that neither
oAp stars nor their magnetic fields are likely to be related to our
bservations of TIC 184 743 498 for the following reasons. (1) roAp
tars are seldom found in binaries, and never in ones with an orbital
eriod as short as TIC 18 473 498 (the shortest period with an roAp
tar in a binary is 5 d (Sch ̈oller et al. 2012 ). The shortest period
p star in a binary is 1.6 d, and that is not even a pulsator (North

t al. 1998 ). (2) No close binary delta Scuti is known to have Ap star
roperties or show magnetic fields (see e.g. Zwintz et al. 2020 ). (3)
 few roAp stars show one or two low-o v ertone p modes, but this is
ery unusual, and no roAp star has ever shown clusters of delta Sct
odes. (4) The pulsation periods of roAp stars usually include at least

ome that are � 60 c / d (Holdsworth et al. 2023 ) while the pulsation
pectrum of TIC 184 743 498 has none of those. (5) If there was
uch an roAp star in a close binary, and the magnetic field reoriented
he pulsation axis, then there would be only a single pulsation axis,
ot two or three of them that are all orthogonal – as we observe.
herefore, we find it implausible that TIC 184 743 498’s pulsations
nd tilted pulsation axes are related to roAp stars or magnetic fields.
ll findings point towards the tri-axial nature of this star’s pulsation

xes being caused by perturbations due to the tidal bulge in a typical
Scuti star. 
Finally, we note that the 200-s cadence data that will continue to

ome from TESS ’s all-sky survey will be invaluable in helping us
etermine the relationship between the stellar pulsation axes and the
trength of the tidal perturbation. These data will also allow us to
nd all manner of new types of pulsations, and perhaps answer some
f the lingering questions in the field. 
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