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ABSTRACT

The � Pictoris system is the closest known stellar system with directly detected gas giant planets, an edge-on circumstellar disc, and
evidence of falling sublimating bodies and transiting exocomets. The inner planet, � Pictoris c, has also been indirectly detected with
radial velocity (RV) measurements. The star is a known � Scuti pulsator, and the long-term stability of these pulsations opens up the
possibility of indirectly detecting the gas giant planets through time delays of the pulsations due to a varying light travel time. We search
for phase shifts in the � Scuti pulsations consistent with the known planets � Pictoris b and c and carry out an analysis of the stellar
pulsations of � Pictoris over a multi-year timescale. We used photometric data collected by the BRITE-Constellation, bRing, ASTEP,
and TESS to derive a list of the strongest and most significant � Scuti pulsations. We carried out an analysis with the open-source
python package maelstrom to study the stability of the pulsation modes of � Pictoris in order to determine the long-term trends in the
observed pulsations. We did not detect the expected signal for � Pictoris b or � Pictoris c. The expected time delay is 6 s for � Pictoris
c and 24 s for � Pictoris b. With simulations, we determined that the photometric noise in all the combined data sets cannot reach the
sensitivity needed to detect the expected timing drifts. An analysis of the pulsational modes of � Pictoris using maelstrom showed
that the modes themselves drift on the timescale of a year, fundamentally limiting our ability to detect exoplanets around � Pictoris via
pulsation timing.

Key words. asteroseismology – methods: observational – techniques: photometric – planets and satellites: general –
stars: individual: � pictoris – stars: variables: � Scuti

1. Introduction

� Pictoris is a nearby southern hemisphere star visible with the
naked eye for which � Scuti -like pulsations were discovered by
Koen (2003). The planetary-mass companion � Pictoris b was
detected using the VLT/NaCo instrument with direct imaging
(Lagrange et al. 2009b, 2010). Evidence of a second planet in the
� Pictoris system was published by Lagrange et al. (2019b) using
the radial velocity (RV) method and recently independently con-
firmed by Nowak et al. (2020) and Lagrange et al. (2020) using
VLTI/GRAVITY observations.

The lifetime and frequency stability of � Scuti pulsations
make them astronomical “stellar clocks,” and therefore, they
are great targets for applying timing techniques (Compton et al.
2016). The common orbital motion of a star together with a
companion around the barycenter of a system results in a peri-
odic early or late arrival of the stellar pulsational signals. This
principle led to the first detection of planets orbiting a pulsar
outside the Solar System (Wolszczan & Frail 1992; Wolszczan
1994). The periodic variation of the arrival times can be seen as

either a frequency modulation (FM; Shibahashi & Kurtz 2012;
Shibahashi et al. 2015) or a phase modulation (PM; Murphy et al.
2014; Murphy & Shibahashi 2015; Murphy et al. 2016b). The
latter perspective works better for companions in wider orbits.

By applying the PM method on Kepler data, Murphy et al.
(2016a) discovered a massive planet (m sin i ⇡ 12 MJ) with an
orbital period of about 840 days around a � Scuti star. In addi-
tion to the discovery of this planet, the PM method has led
to the detection of 341 binaries and hundreds of more candi-
dates (Murphy et al. 2018). Furthermore, it has provided us with
the eccentricity, period, and mass function of these compan-
ions orbiting stars, just as the RV method does (e.g. Nesvold
& Kuchner 2015). Applying the same method to pulsating stars
observed by the TESS mission will lead to many more binary
systems with full orbital solutions.

In this work, we use the data collected by the TESS satellite
in its primary mission and data collected by the Hill sphere1 tran-
sit campaign, which was an international effort of space-based
1 The Hill sphere is the region around a planet where masses, such as
moons and planetary rings, are gravitationally bound to the planet.
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(e.g. through the BRITE-Constellation) and ground-based (e.g.
through bRing, ASTEP) observations that searched for signa-
tures of material around the giant planet � Pictoris b (Kalas
et al. 2019; Kenworthy 2017). We analyzed this photometric data
by searching for phase variations (and therefore time delays)
caused by orbital motion in the pulsational signals. � Pictoris
was observed for approximately four months from October 2018
to February 2019 during the primary mission of TESS. A second
visit occurred during TESS’ extended mission from November
2020 to February 2021.

In Sect. 2, we describe the properties of the different com-
ponents in the � Pictoris system. Section 3 has a summary of all
observational instruments and a frequency analysis for the pho-
tometry collected by TESS. The theory and equations for this
paper can be found in Sect. 4, and our results and conclusions
follow in Sects. 5 and 6.

2. The � Pictoris system

� Pictoris (HD 39060; HR 2020) is one of the most studied and
intriguing star-planet systems. The Infrared Astronomical Satel-
lite (IRAS) discovered an infrared excess (Aumann et al. 1984)
for this bright and close southern star that was attributed to the
presence of a circumstellar disc. This disc was first imaged by
Smith & Terrile (1984) and clearly showed the edge-on geom-
etry of this system. The gas and dust in this disc is mostly
“second generation,” that is, constantly replenished by collisions
of comets and asteroids (Lagrange et al. 2020). A warp in this
disc (Augereau et al. 2001; Mouillet et al. 1997; Nesvold &
Kuchner 2015) and signatures of evaporating exocomets (also
called falling evaporating bodies, or FEBs) in spectroscopy
(Ferlet et al. 1987; Beust & Morbidelli 2000) were attributed
to an exoplanet orbiting the star interacting dynamically with
its environment (for more information on exocomets observed
around � Pictoris detected in photometry, see Zieba et al. 2019;
Strøm et al. 2020; Pavlenko et al. 2022; Lecavelier des Etangs
et al. 2022).

2.1. The star

Koen (2003) discovered � Scuti -type pulsations at the milli-
magnitude level originating from � Pictoris. Further analysis by
Mékarnia et al. (2017), Zwintz et al. (2019), and Zieba et al.
(2019) showed dozens of additional frequencies between 20 and
80 cycles per day. An asteroseismic large spacing, �⌫, has been
measured for � Pictoris (Bedding et al. 2020), which might facil-
itate a precise asteroseismic age in the future. The pulsations also
induce intrinsic variations in the RV at .1 km s�1 peak to peak
(Lagrange et al. 2009a, 2012; Galland et al. 2006), which ham-
pers the search for planets with the RV method in this system. A
selection of the fundamental properties of the star � Pictoris are
listed in Table 1.

2.2. The planets: � Pictoris b and c

The warp of the inner disc of � Pictoris observed by the Hubble

Space Telescope and in ground-based observations was one of
the indirect lines of evidence for a massive substellar com-
panion orbiting the star (Burrows et al. 1995; Mouillet et al.
1997; Heap et al. 2000; Golimowski et al. 2006). Signatures
of infalling exocomets in the spectra of the star also needed a
“perturber” to scatter them onto eccentric inner system-bearing
orbits. The planet, � Pictoris b, was then discovered using the
VLT/NaCo instrument data in 2003 (Lagrange et al. 2009b) and
was later confirmed by Lagrange et al. (2010). A transit-like

Table 1. Various stellar parameters of the star � Pictoris.

Parameter Value Reference

RA (J2000.0) 05 h 47 m 17.09 s 1
Dec (J2000.0) –51 h 03 m 59.41 s 1
V (mag) 3.86 2
TESS (mag) 3.696 1
Age (Myr) 23± 3 3
Parallax (mas) 50.93± 0.15 4, 5, 6
Distance (pc) 19.63± 0.06 4, 5, 6
Spectral class A6V 7
Radius (R�) 1.497± 0.025 8
Mass (M�) 1.75+0.03

�0.02 9
Teff (K) 8090 ± 59 8

References. (1) Stassun et al. (2019); (2) Cousins (1971); (3) Mamajek
& Bell (2014); (4) Gaia Collaboration (2016); (5) Gaia Collaboration
(2023); (6) Lindegren et al. (2021); (7) Gray et al. (2006); (8) Zwintz
et al. (2019); (9) Lacour et al. (2021).

Table 2. Various parameters of the planets � Pictoris b and c based on
Lacour et al. (2021).

Parameter Unit � Pictoris b � Pictoris c

Mass MJ 11.90+2.93
�3.04 8.89+0.75

�0.75

a au 9.93+0.03
�0.03 2.68+0.02

�0.02

e – 0.103+0.003
�0.003 0.32+0.02

�0.02

i
� 89.00+0.00

�0.01 88.95+0.09
�0.10

$ (a) � 199.3+2.8
�3.1 66.0+1.8

�1.7

⌧ (b) – 0.719+0.008
�0.010 0.724+0.006

�0.006

P yr 23.61+0.09
�0.09 3.34 ± 0.04

P days 8623+31
�32 1221± 15

tp
(c) MJD 65243 59888

Notes. (a)The argument of periastron $ reported in Lacour et al. (2021)
follows the definition in Blunt et al. (2020) and therefore refers to the
orbit of the companion and not to the star. In this paper, however, we
refer to the orbit of the star when we use $. (b)Reference epoch MJD
59000 (31 May 2020). (c)Derived from ⌧.

event was observed in 1981 and attributed to a planet (Lecavelier
Des Etangs et al. 1995). However, a better orbit determination
with the VLT/SPHERE instrument ruled out � Pictoris b as the
cause of that event (Lagrange et al. 2019a). Using data from
the Gemini Planet Imager, Wang et al. (2016) were able to rule
out a transit of the planet � Pictoris b during the conjunction
in 2017 at a 10� level. However, a Hill sphere transit was pre-
dicted for the time between late 2017 and early 2018 (Lecavelier
des Etangs & Vidal-Madjar 2016; Wang et al. 2016). Various
observational campaigns were initiated by PicSat (Nowak et al.
2018; Menegaldo et al. 2022); bRing (Kenworthy 2017); and the
BRITE-Constellation (Weiss et al. 2014) in order to photometri-
cally observe possible material around the planet; however, there
was no significant detection (Kenworthy et al. 2021). The mass
and the orbital solution of the outer planet � Pictoris b are listed
in Table 2.

Evidence of an additional planet in the � Pictoris system
was published by Lagrange et al. (2019b). Over 6000 spectra
of the star taken between 2003 and 2018 by the HARPS instru-
ment at the ESO La Silla 3.6 m telescope have been analyzed,

A309, page 2 of 16



Zieba, S., et al.: A&A, 687, A309 (2024)

Table 3. Summary of the properties of the various instruments and corresponding light curves.

Observation Wavelength
(nm)

Observation
start

Observation
end

T

(days)
1/T
(10�3 day�1)

fNy.
(day�1)

cadence
(s)

DC
(%)

BHr 550–700 16 March 2015 2 June 2015 78.32 12.77 4167 10.37 6.78
BTr + BHr 550–700 4 Nov. 2016 17 June 2017 224.6 4.453 2128 20.30 7.07
BHr 550–700 9 Nov. 2017 25 April 2018 167.3 5.976 2128 20.30 7.48

bRing 463–639 2 Feb. 2017 1 Sept. 2018 575.5 1.738 135.4 319.1 27.0

ASTEP17 695–844 28 March 2017 14 Sept. 2017 170.0 5.881 495.8 87.13 18.9
ASTEP18 695–844 28 March 2018 15 July 2018 109.3 9.150 502.8 85.92 29.2

TESS 600–1000 19 Oct. 2018 1 Feb. 2019 105.2 9.507 360.0 120.0 85.3
TESS 600–1000 20 Nov. 2020 8 Feb. 2021 79.8 12.53 360.0 120.0 90.2

Notes. The term T denotes the time base of the observations, the reciprocal value 1/T corresponds to the Rayleigh criterion, fNy. is the Nyquist
frequency, and DC is the duty cycle. BRITE Lem (BLb) is equipped with a blue filter and observed � Pictoris from December 2016 until June 2017,
but due to significantly higher noise in the time series, the data was disregarded from the analysis. See Zwintz et al. (2019) for an analysis of the
BLb observations.

Fig. 1. Full light curve of all available observations of the star � Pictoris
used in this work.

and they showed a hint of a planetary signal. � Pictoris c was
then ultimately directly detected by Nowak et al. (2020) and
Lagrange et al. (2020) using VLTI/GRAVITY observations. A
list of parameters for the planet can be found in Table 2.

3. Observations

Due to the 2017–2018 Hill Sphere Transit of � Pictoris b, an inter-
national campaign of space- and ground-based observations was
launched in order to search for signatures of material around the
giant planet (Kalas et al. 2019; Kenworthy et al. 2021). Table 3
summarizes various properties of the different light curves and
Fig. 1 shows the full light curve. Changes to those light curves
other than the Gaussian high-pass procedure, which is explained
in Appendix A.2, are noted in the following subsections. The
data provided by BRITE-Constellation was left unchanged. A
detailed analysis of the photometry of � Pictoris collected by
BRITE-Constellation and bRing was published by Zwintz et al.
(2019). As we wanted to measure the periodic motion of a star
around a barycenter, we also wanted to correct for the motion
the Earth in the Solar System. All the observations in this work
were therefore converted to the Barycentric Julian Date in the
barycentric dynamical time (BJDTBD) standard using the Python
tool BARYCORRPY (Kanodia & Wright 2018), which is based on
the IDL code BARYCORR (Wright & Eastman 2014).

3.1. BRITE-Constellation

The BRITE-Constellation (Weiss et al. 2014) consists of five
nanosatellites collecting photometry for the brightest stars on
the sky. In this work, we analyzed data collected by three of
the satellites: BRITE-Heweliusz (BHr), BRITE-Toronto (BTr),
and BRITE-Lem (BLb). Being in a low-earth orbit, the orbital
periods of the satellites are all around 100 min. A minimum
of 15 min per orbit is dedicated to observations. Three differ-
ent runs were conducted in the constellations around Pictor and
Vela, which also included the star � Pictoris. A summary of
the durations and various properties of the observations can be
found in Table 3. The pipeline for the photometry reduction is
described in Popowicz et al. (2017). An analysis of all BRITE
observations was conducted in Zwintz et al. (2019). For the three
runs by BHr, BTr+BHr, and BHr, which all used the red BRITE
filter, six, 13, and eight significant frequencies were extracted,
respectively. The only run with a blue filter by BLb suffered
from higher noise compared to the other BRITE observations.
Zwintz et al. (2019) has reported four frequencies in the col-
lected BLb photometry. The blue observations were discarded
from this analysis, as the data quality was not good enough to
provide additional information.

3.2. bRing

The bRing project (which stands for “the � Pictoris b Ring
project”) was initiated in order to collect photometry of � Pic-
toris during the Hill sphere transit of � Pictoris b at the end
of 2017 (Stuik et al. 2017). To that end, two stations in South
Africa and Australia were built, each consisting of two wide-
field cameras. Their design is based on the Multi-Site All-Sky
CAmeRA (MASCARA; Snellen et al. 2012; Talens et al. 2017).
The capability of bRing to monitor bright stars and find previ-
ously unknown variables has been shown by Mellon et al. (2019).
More information on the observing strategy and design of bRing
can be found in Stuik et al. (2017). The reduction pipeline for
the MASCARA and bRing instruments is described in Talens
et al. (2018). With a passband of 463–639 nm, bRing collected
the shortest wavelengths of all observatories considered in this
work. We expected to see the highest pulsational amplitudes in
these data, as � Pictoris is a star of spectral type A6 (Zwintz
et al. 2019) and has its energy maximum in the blue optical
wavelengths. Due to some evident outliers in the data, one 5�
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clip with respect to the median of the data set was applied. This
significantly weakened the one-day aliases in the spectral win-
dow. An iterative sigma clipping procedure was not conducted
due to noticeable changes in the amplitudes of the pulsations in
this case (see Hogg et al. 2010 for a discussion of sigma clipping
in order to remove outliers). The observations by bRing were
separated into two equally sized segments in order to gain more
time delay measurements while also maintaining a precision in
frequency and phase comparable to the ASTEP observations.
Zwintz et al. (2019) found six significant frequencies in the pho-
tometry collected by bRing. All of them are also identified in the
data collected by BRITE, ASTEP, and TESS.

3.3. ASTEP

The Antarctic Search for Transiting ExoPlanets, or ASTEP, is
an automated telescope with an aperture of 40 cm located at
the Concordia station at Dome C in Antarctica (Abe et al. 2013;
Guillot et al. 2015; Mékarnia et al. 2017). It uses a Sloan i’ filter
(centered at 763 nm). We only used measurements with a sun ele-
vation lower than –18�. Notably, data points where the centroid
of the star did not fall on the central pixel suffer from strong out-
liers. The removal of these outliers and a 5� clip with respect to
the median weakened aliases significantly but without noticeable
changes in the amplitude of the strongest pulsational frequen-
cies. Mékarnia et al. (2017) conducted a frequency analysis of
the � Pictoris photometry collected by the ASTEP observatory,
and they are consistent with the ones seen in the TESS data.

3.4. TESS

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015) was launched in April 2018 in order to find transiting exo-
planets around nearby bright stars. The data of � Pictoris (TIC
270577175, T = 3.696 mag) was collected from 19 October 2018
to 1 February 2019 in sectors four through seven and from 20
November 2020 to 8 February 2021 in the sectors 32 through 34.
The data for first four sectors were obtained during TESS’ pri-
mary mission, and data for the three other sectors were obtained
approximately 2 yr later as part of the first extended mission. �
Pictoris is one of the preselected targets for which short-cadence
(2 min) data are provided. Due to the high-cadence data, the
high photometric precision of TESS, its high duty cycle, and
the long baseline, � Scuti pulsations can be resolved and iden-
tified with high precision. The photometric data of � Pictoris as
observed by TESS was accessed and modified with the Python
package lightkurve (Lightkurve Collaboration 2018), which
retrieves the data from the MAST archive2. For this analysis,
we used the Pre-search Data Conditioning Simple Aperture Pho-
tometry (PDCSAP; Smith et al. 2012; Stumpe et al. 2012) light
curves, which are produced from the Science Processing Opera-
tions Center (SPOC) pipeline (Jenkins et al. 2016, 2010; Jenkins
2017). These PDCSAP light curves were corrected for systemat-
ics by the SPOC pipeline. We also visually inspected the target
pixel files (TPF) in order to rule out various instrumental and
astrophysical effects, such as Solar System asteroids or comets
crossing the field of view. A comparison of the Lomb–Scargle
periodogram (Lomb 1976; Scargle 1982) of the raw simple aper-
ture photometry and PDCSAP light curves showed a significant
change in the noise at low frequencies. This is due to the sys-
tematic effects present in sector four. The lowest noise in the
low-frequency range can be found for the PDCSAP light curve

2
https://archive.stsci.edu/tess/

with a completely removed fourth sector. This light curve was
then used for the main frequency analysis.

The individual sectors were normalized by dividing each
of the sectors by their respective median flux, and the sectors
were combined into one light curve. Furthermore, every mea-
surement with a non-zero quality flag (see Sect. 9 in the TESS
Science Data Products Description Document)3 was removed.
Such anomalies as cosmic ray events or instrumental issues were
marked by these quality flags.

The frequency analysis was conducted using the Python
package SMURFS (Müllner 2020) and checked with the software
package Period04 (Lenz & Breger 2005). Following Breger
et al. (1993), all pulsation frequencies down to a signal-to-noise
ratio of four were extracted. The frequency range analyzed is
between zero and the Nyquist frequency of 360 cycles per day.
Following the procedure described in Zieba et al. (2019), 37 sig-
nificant p-modes in frequencies ranging from 34 to 76 day�1 were
identified. As we are only interested in the strongest pulsational
frequencies for this time delay analysis, we did not try to further
recover any of the lower amplitude modes. A list of the extracted
frequencies can be found in Table A.1.

4. Theory and methodology

In this chapter, we discuss the theory behind time delays and
the methods used in order to finally arrive at the time delay
plot. Importantly, this plot can be used to search for companions
around pulsating stars.

4.1. � Scuti stars

� Scuti stars can be found at the intersection region between
the main sequence and the instability strip on the Hertzsprung–
Russel diagram. Thanks to the nearly uninterrupted, high-
precision photometry of Kepler’s primary 4-yr mission, the
general understanding of pulsating stars has been revolution-
ized. � Scuti stars have masses between approximately 1.5
and 2.5 M�. They pulsate in radial and non-radial low-degree,
low-order pressure (p) modes that are primarily driven by an
opacity mechanism (also called a -mechanism) in their HeII
zone with contributions from turbulent pressure (Houdek 2000;
Antoci et al. 2014) and the edge-bump mechanism (Murphy
et al. 2020b). The oscillations have periods between 18 min
and 8 h respectively 80 and three cycles per day (Aerts et al.
2010). Linear combinations of those oscillations can, however,
create peaks at lower frequencies (Breger & Montgomery 2014).
Besides main-sequence and more-evolved stars, � Scuti pulsa-
tions were observed in pre-main-sequence stars, thus giving us
the possibility to learn about early stellar evolution (Zwintz et al.
2014; Murphy et al. 2021; Steindl et al. 2022).

4.2. The ephemeris equation

The search for time delays in certain astrophysical signals
requires a (quasi-)periodic process in space. A review on this
and the related equations can be found in Hermes (2018). There
are different processes that are “clock-like” under the assump-
tion of a closed system, including the exceptionally stable signals
of pulsars, the eclipse time of binary stars, or certain pulsating
stars, as in our case. Deviations from periodic signals can be

3
https://archive.stsci.edu/missions/tess/doc/

EXP-TESS-ARC-ICD-TM-0014.pdf
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used to analyze the spin-down of pulsars or to discover compan-
ions around pulsars (Wolszczan & Frail 1992; Wolszczan 1994),
eclipsing binaries (Barnes & Moffett 1975), or pulsating stars
(Silvotti et al. 2007, 2018; for a general review of pulsating stars
in binary systems see Murphy 2018). To do so, one creates O–C
(observed minus calculated) diagrams (see e.g. Sterken 2005) in
order to search for deviations from the predicted ephemeris in
the observations. O-C diagrams work the best if the star is pul-
sating in only a single mode and if the maxima are narrow and
well defined, as they are easy to track in that case. However, these
diagrams especially struggle with multi-mode pulsators.

4.3. Frequency modulation and phase modulation: The state
of the art

Building on the established methods of O-C diagrams, two new
and complementary techniques have emerged for finding com-
panions around pulsating stars. The FM method (Shibahashi
& Kurtz 2012) searches and analyzes the variations in the fre-
quency of a pulsating star induced by a companion. The periodic
FM creates multiples around every pulsation peak in the fre-
quency spectrum. Their frequencies, relative amplitudes, and
phases can be used to get a full orbital solution, as described
in Shibahashi et al. (2015). The effectiveness of the FM method
was validated through a comparison with an eclipsing binary
system (Kurtz et al. 2015), and it is best suited for data sets with
a baseline that exceeds the orbital period of the companion.

The PM method is more sensitive to companions in wider
orbits. It was developed by Murphy et al. (2014), Murphy &
Shibahashi (2015), and Murphy et al. (2016b). Compton et al.
(2016) showed that � Scuti stars and white dwarfs are best suited
for this method. Its effectiveness was demonstrated by Schmid
et al. (2015) by showing the binary nature of KIC10080943 using
the PM method and attributing certain pulsations to the corre-
sponding star in the binary due to the antiphase modulation in
time delays. Such a system with observable time delays in both
components is called a PB2, analogous to spectroscopic termi-
nology, where binary star systems are called SB2s if both stars
show observable RVs. Other proof of the functionality of the
PM method was shown by Derekas et al. (2019) by comparing
the orbital parameters derived from RV with those from PM.

An additional advantage of the PM method is its easier
automation for many stars. When applying this method to 2224
main-sequence A/F stars in the 4-yr main Kepler data, Murphy
et al. (2018) were able to find 317 PB1 systems, where only one
component is pulsating and showing time delays, and 24 PB2
systems, where two stars are pulsating. It is worth noting here
that determining orbital solutions using spectra and generating
RV curves for the same number of stars would be much more
time intensive.

Other methods were developed by Koen (2014) and Balona
(2014) to search for binary systems by tracing the � Scuti pul-
sations of stars. In contrast to the FM and PM methods, these
methods are not able to provide a full orbital solution, which is
usually gained by analyzing RV curves of spectroscopic binaries.

4.4. Time delays

Time delays arise when a signal (in our case always an elec-
tromagnetic wave with the propagation velocity defined by the
speed of light) has to travel different distances at different
epochs. Following Smart (1977) and Balona (2014), the distance

r between the pulsating star and the center of gravity of its system
can be described by

r =
a1

⇣
1 � e

2
⌘

1 + e cos f
, (1)

where a1 denotes the semi-major axis of the star, e is its eccen-
tricity, and f is the true anomaly. The distance to the star varies
relative to the Earth by

z = r sin( f +$) sin i, (2)

with $ being the argument of periapsis, that is, the angle
between the nodal point and the periapsis4, and i as the incli-
nation of the system.

At this point, Eq. (1) can be substituted into Eq. (2). The time
delay ⌧ = �z/c is then completely described by the following
equation:

⌧(t, x) = �a1 sin i

c
(1 � e

2)
sin f cos$ + cos f sin$

1 + e cos f
. (3)

The set x = (⌦ = 2⇡/P, a1 sin i/c, e,$, tp) in Eq. (3) includes
all of the system-specific parameters needed to describe the time
delay for a given time t. The term P is the orbital period of the
system, or equivalently 1/P = ⌫orb the orbital frequency, and thus
⌦ is the angular orbital frequency. The projected semi-major
axis of the pulsating star is described by a1 sin i. Dividing this
quantity by the speed of light c gives us the size of the orbit for
the pulsating star in light seconds. The argument of periapsis is
described by $ and the time of periapsis passage by tp. (For a
graphical visualization of the orbital parameters, see Murphy &
Shibahashi 2015.)

The two trigonometric functions of the true anomaly, sin f

and cos f , can be expressed in terms of series expansions and
Bessel functions:

cos f = �e +
2
⇣
1 � e

2
⌘

e

1X

n=1

Jn(ne) cos n⌦
⇣
t � tp

⌘
, (4)

sin f = 2
p

1 � e2
1X

n=1

J
0
n
(ne) sin n⌦

⇣
t � tp

⌘
, (5)

with J
0
n
(x) = dJn(x)/dx (the derivation of Eqs. (4) and (5) can be

found in Appendix A of Shibahashi et al. 2015). The changing
distances between us and the clock in space are fundamentally
connected with varying radial velocities, vrad :

vrad = c
d⌧
dt
. (6)

By substituting Eq. (3) into Eq. (6), we obtain

v rad = �
⌦a1 sin ip

1 � e2
[cos( f +$) + e cos$]. (7)

4 The argument of periapsis is usually denoted with !. This symbol,
however, is used in asteroseismology to denote the angular oscillation
frequency. Also, one should not confuse $ with the longitude of peri-
apsis, which is the sum of the longitude of the ascending node ⌦ and
the argument of periapsis.
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Table 4. Sign convention for the RV vrad and the time delays ⌧.

Positive sign (+) Negative sign (–)

vrad Moving away Approaching
⌧ Farther away/late arrival Closer/early arrival

Given Eq. (6) and the convention that a positive RV cor-
responds with a receding object and a negative RV with an
approaching one, we could deduce the following: a negative time
delay is due to an early arrival of the signal, that is, the star is
closer to us, and vice versa5 (see Table 4).

One can see in Eqs. (3) and (7) that the time delay as well
as the RV of a system can be completely described by the orbital
parameters. If we obtain those parameters by one method, we
can predict what we should observe with the other one. Further-
more, if we generate the time delay plot from our observations,
we can apply a chi-squared minimization technique in order to
get the parameters in set x. This concept was introduced with
Murphy & Shibahashi (2015) and is a major improvement to
Murphy et al. (2014), where the time delay measurements were
numerically differentiated in order to derive the parameters from
the obtained RV curve.

Finally, by using two of the derived orbital parame-
ters, a1 sin i/c and Porb, we can calculate the mass function
f (m1,m2, sin i) for the binary system:

f (m1,m2, sin i) :=
(m2 sin i)3

(m1 + m2)2 =
4⇡2

c
3

G
v2orb

 
a1 sin i

c

!3

, (8)

where m2 is the mass of the (usually non-pulsating) companion
and G is the gravitational constant.

4.5. Phase modulation method: Methodology

Before we could create the time delay plot, we had to analyze the
change in the phase of the various pulsation modes with time.
The basic equations for that can be found in Murphy et al. (2014)
and are summarized in the following. We started by dividing the
light curve into n equally sized segments. Then, we calculated
the phase in every segment for each frequency. This left us with
a series of phases � j for every segment (1, 2, . . . , n) for a fixed
frequency ⌫ j:

� j =
h
�1 j, �2 j, . . . , �i j, . . . , �n j

i
. (9)

Numerically, the phase in a segment is derived by calculating
the argument of the Fourier Transformation in the respective
segment:

�(t; ⌫) = tan�1
 

Im(F(t; ⌫, �t))
Real(F(t; ⌫, �t))

!
, (10)

where F(t; ⌫, �t) is the value of the Fourier Transformation of the
time series for frequency ⌫ in segment �t.

As phases are frequency dependent, the resulting phase
shifts have different amplitudes for different frequencies. To get

5 This convention for the time delays was established with Murphy &
Shibahashi (2015), while Murphy et al. (2014) used reversed signs; their
plots are therefore mirrored around the vertical axis.

Fig. 2. Time delays for the � Pictoris system. The colors indicate the
expected time delays for an edge-on planet in a circular orbit. The uncer-
tainties in the orbital period for the planets are smaller than the marker
size.

rid of this effect, we converted them into time delays by first
calculating the relative phase shifts:

��i j = �i j � � j
, (11)

with �
j
as the mean phase of frequency ⌫ j:

�
j
=

1
n

nX

i=1

�i j. (12)

The time delay ⌧i j for segment i and frequency ⌫ j is thus
simply the relative phase shift divided by the angular pulsation
frequency:

⌧i j =
��i j

2⇡⌫ j

. (13)

A planet with an orbital frequency of vorb in a circular orbit will
induce time delays that can be described by a sine function with
phase  :

⌧(t) = A sin (2⇡vorbt +  ) . (14)

The amplitude A can be simply derived by inserting the center of
mass equation m1a1 = m2a2 into ⌧ = a1 sin i/c:

⌧ =
aP sin i

c

MS

M⇤
, (15)

with aS as the semi-major axis of the companion. The terms MS
and M⇤ are the mass of the companion and the star, respectively.
Using Eq. (15) and the mass of around 1.8 M� given in Table 1,
we could calculate the expected time delay for a given period.
This is visualized in Fig. 2. The time delay is around 24 s for �
Pictoris b and 6 s for � Pictoris c. For comparison, the smallest
time delay detected in the main Kepler data is 7 s (Murphy et al.
2016a).
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Fig. 3. Simulation of a companion in a circular (e = 0; left column)
and eccentric (e = 0.9; right column) orbit as if observed by the Kepler

Space Telescope. The following parameters were used: P = 1 yr,$ = 0,
Mpulsating = 1.8 M�, and Mcompanion = 0.1 M�. This led to a semi-
amplitude of around 34 s in the circular case (using Eq. (15)) and
around 15 s in the eccentric case (using Eq. (17)). Upper panel: sim-
ulated time delay plot. Lower panel: Fourier transformation of the time
delays. One can clearly see the relative increase of the first harmonic at
two cycles/year for the eccentric case.

For more eccentric orbits, the pulsation time plot is described
by a sum of harmonics with amplitudes Ak and phases �k

corresponding to order k:

⌧(t) =
NX

k=1

Ak sin (2⇡kvorbt +  k) . (16)

The height of the first harmonic relative to the one of the
orbital frequency is a measure of the eccentricity. The theory
behind this is described in Appendix A of Murphy et al. (2014).
A visualization of that can be seen in Fig. 3. An increase in
eccentricity also influences the amplitude of the time delay. This
is given by the following equation:

a1 sin i

c
=

(⌧max � ⌧min)
2

⇣
1 � e

2 cos2 $
⌘�1/2

. (17)

The maximum time delay is therefore reached in the case of
$ = ±⇡/2 or for the simple circular orbit case.

The larger the ratio between the orbital size a1 sin i/c and
the pulsation period 1/⌫, the higher the sensitivity of the method
(Murphy et al. 2016b).

Due to the size of the segments, one has to make a trade-off
between time or frequency resolution. Using a shorter segment
size has the advantage of a finer sensitivity at periastron; how-
ever, the uncertainties are simultaneously increased because of a
poorer frequency resolution in the Fourier transform.

Under the assumption of Gaussian noise, increasing the
cadence of an observation by a factor of N decreases the uncer-
tainties in the measured phases by a factor of

p
N (Murphy

2012). The phase errors also scale inversely with amplitude,
which means that the most valuable frequencies are the ones with
the highest amplitudes.

Fig. 4. Comparison of the amplitude spectra of the “raw” PDCSAP
light curve (upper panel) and the Gaussian high-pass filtered light curve
(lower panel). The power of the peaks below five day�1 are significantly
weakened without influencing the � Scuti pulsations.

4.6. Intrinsic amplitude and phase variations

Amplitude modulations in � Scuti stars have been observed in
the past and thoroughly analyzed in the 4-yr main Kepler data by
Bowman et al. (2016). Additionally, due to intrinsic reasons for
those modulations (such as the coupling of pulsational modes or
pairs of close unresolved frequencies leading to a beating effect),
binarity can cause variability.

� Pictoris is known to show amplitude variation in certain
pulsational frequencies, as reported by Zwintz et al. (2019) and
Mékarnia et al. (2017). However, PMs have not been observed
yet (Zwintz et al. 2019).

4.7. Light curve reduction

Following Murphy et al. (2016a), unused frequencies were pre-
whitened from our light curves, as their presence adds unwanted
variance to the data. Furthermore, a high-pass filter was applied
to the light curve to remove any remaining instrumental signal
and low-frequency oscillations, preserving all content at fre-
quencies above 5 day�1. The effect of a high-pass filter on low
frequencies can be seen in Fig. 4.

5. Results

To track the PM over all data sets, we started by determining
which frequencies have a signal-to-noise ratio greater than four
in all observations. This is the case for the four strongest fre-
quencies in the TESS data (the first four frequencies listed in
Table A.1). The stability of those frequencies over the different
observations is analyzed in Sect. 5.1. We then looked at time
delay curves created from simulated light curves. For this, the
“best-case scenario” of a 4-yr Kepler observation of � Pictoris
is studied in Sect. 5.2. The time delays of the real observa-
tions and a comparison to a simulated re-creation can be found
in Sect. 5.3. Finally, we analyze the pulsational stability of the
� Scuti pulsations of � Pictoris using TESS data in Sect. 5.5.

5.1. Frequency stability between the different observations

As mentioned in Sect. 4.5, the PM method derives a time delay
from the observed PM at fixed frequencies. The precision with
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Fig. 5. Frequencies and their uncertainties over all data sets for the four
modes that are visible in all observations from the four different obser-
vatories. The dashed red line marks the frequency determined by the
TESS mission, which has the smallest uncertainties. The uncertainties
were calculated following Montgomery & Odonoghue (1999).

which pulsational frequencies can be determined depends on
the quality of the data (cadence, timebase, precision, etc.). The
photometry collected by the TESS mission has the smallest
uncertainties in frequency of all data sets (see Fig. 5). We there-
fore used TESS as a “gold standard” for the frequencies used in
the PM method. The uncertainties in the frequencies were cal-
culated following Montgomery & Odonoghue (1999). However,
as noted in their publication, these errors are a lower limit of the
true values. Keeping in mind that the actual error bars are prob-
ably bigger, one can see that the frequencies are in agreement
with each other across the different data sets (Fig. 5).

5.2. Simulation based on Kepler data

Figure 6 shows the expected time delays for � Pictoris caused by
� Pictoris b and � Pictoris c using the full orbital solution given
in Table 2. The addition of the individual contributions on the
phases gives the total time delay curve as seen by the solid line
in Fig. 6.

In order to see how such properties as photometric preci-
sion, cadence, and gaps in the observations influence the derived
time delays, we simulated light curves of � Pictoris. We used the
actual time stamps of the short-cadence observations of Kepler

(Borucki et al. 2010), which have a cadence of around 1 min.
The simulations consist of a multi-sine of the frequencies listed
in Table A.1. Using even more frequencies increases the compu-
tational time without influencing the results of the simulations
due to their low amplitudes. The time stamps were then modu-
lated by the expected time delay at a given time using Eq. (3)
and assuming a two-planet configuration in this system. Further,
Gaussian noise on the order of 30 ppm was added to every data
point, which is comparable to the noise floor of TESS. Following

Fig. 6. Expected time delays for two planets in the � Pictoris system. The
dashed line is for � Pictoris b, the dashed-dotted line is for � Pictoris c,
and the solid line shows both. The blue shaded region marks the time
span of Kepler’s 4-yr main mission; we note that Kepler did not observe
� Pictoris.

Fig. 7. Derived time delay curve using 20-day segments by simulat-
ing Kepler observations of � Pictoris. Properties of the simulated light
curve: 1-min cadence, continuous observations, 20 ppm noise in flux.
The strongest frequencies ( f 1, f 2, f 3, ...) are shown here with their
uncertainties. The weighted average of the measurements is shown in
black.

the procedure explained in Sect. 4.5, the light curve was sepa-
rated into 20-day segments, and the time delays were calculated
from the phases in every segment with a fixed frequency. Finally,
we calculated weighted time delay values and their correspond-
ing uncertainties using the first three frequencies with the highest
amplitudes.

The first simulation (Fig. 7) used the Kepler short-cadence 1-
min time stamps. The measured time delays follow the prediction
for a two-planet case. Removing every second data point, which
effectively reduces the number of measurements by 50%, does
not change the result (Fig. 8). One can, however, observe a small
increase in the uncertainties for the time delays. This is expected,
as a decrease of data points by a factor of two increases the
uncertainty by a factor of

p
2, assuming Gaussian noise (Murphy

2012). Finally, we induced gaps into the light curve, effectively
simulating ground-based observations by having data only for
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Fig. 8. Derived time delay curve using 20-day segments by simulat-
ing Kepler observations of � Pictoris. Properties of the simulated light
curve: 2-min cadence, continuous observations, 20 ppm noise in flux.

Fig. 9. Derived time delay curve using 20-day segments by simulat-
ing Kepler observations of � Pictoris. Properties of the simulated light
curve: 1-min cadence, 0.5-day gaps every day, 20 ppm noise in flux.

half of the day. Due to a worse spectral window, there are many
more peaks present in the amplitude spectrum. These new peaks
influence the phases for the observed frequencies, as they can-
not be resolved anymore. The scatter in the time delays increases
significantly (Fig. 9), and one cannot conclusively distinguish
between a one-planet solution (only � Pictoris b) or a two-planet
solution. A bigger segment size mitigates this effect, as expected
by the Rayleigh criterion.

This clearly illustrates that gaps influence the time delays the
strongest, as the uncertainties in phase only scale with the square
root of the cadence factor. One should also remove identified
frequencies that are not used in the time delay analysis to get rid
of their aliases.

5.3. Time delay analysis of the photometry

Figure 10 shows the predicted time delays caused by the planets
in the � Pictoris system during the times when the observatories

Fig. 10. Time delay predictions for � Pictoris b (dashed line), c (dashed-
dotted line), and both planets (solid line). Times when the star was
observed are marked with lines.

BRITE, ASTEP, bRing, and TESS collected photometry for the
star. The available observations have been introduced in Sect. 3.
The semi-amplitude of the predicted time delays for � Pictoris b
and c is around 24 and 6 s, respectively.

As seen in Sect. 5.1, the TESS observations show the small-
est uncertainties in frequency and were therefore used as a “gold
standard” in this analysis. The frequency was thus fixed to the
TESS values, as the PM method observes the phase shifts at a
constant frequency (see Sect. 4.5). The time delay predictions
(blue lines in Figs. 10–12) were also normalized to the midpoint
time of TESS. As a time delay is a relative measure and not an
absolute one, we set the time delay for TESS to zero. The eval-
uated time delays shown in Figs. 11 and 12 are therefore relative
to the TESS values.

The code used to calculate the time delays was written for
this analysis and is heavily based on existing ones, namely
timedelay

6 and maelstrom7 (Hey et al. 2020a). The equations
that were needed in order to evaluate the time delays are given in
Sects. 4.4 and 4.5.

The phases were calculated by subtracting the midpoint time
of the full data set. As discussed in Sect. 5.1, there are only four
frequencies that are significant in all observations. The phases
for each data set were then calculated based on a least-squares
routine and their uncertainties from the respective covariance
matrices. Equation (13) gives the conversion between the phase
of a frequency and the respective time delays.

Figure 11 shows the derived time delays for the four differ-
ent frequencies. They are clearly not consistent with each other.
As discussed in Sect. 4.6, this rules out an extrinsic cause for the
modulations (e.g., a companion), as all frequencies would show a
similar behavior (examples of this are shown in Figs. 3, 7, 8 and
9). A change in frequency was ruled out in Sect. 5.1. Further-
more, Zwintz et al. (2019) showed no significant phase change
for our four frequencies in the BHr 2018 data set (therein, these
four frequencies have the designations F8, F11, F13, and F15).

Next, we attempted to reproduce the different data sets as
faithfully as possible and compare them with the time delay
values shown in Fig. 11. For that, we first determined the fre-
quency, amplitude, and phase of the four pulsation modes visible

6
https://github.com/danhey/timedelay

7
https://github.com/danhey/maelstrom
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Fig. 11. Time delay plot calculated from the phases of four different fre-
quencies for all available observations by BRITE, bRing, ASTEP and
TESS. Each color represents a frequency ( f 1, f 2, f 3, and f 4) listed in
Table A.1. The blue lines indicate time delay predictions for � Pictoris b
(dashed line), c (dashed, dotted line), and both planets (solid line). The
lower panel is a zoom-in of the upper panel. The uncertainties in the
time delays were derived from the covariance matrices given by the
least-squares procedure, which was used in order to calculate the phases
of the respective frequencies. The ticks at the top of the plot denote the
various observatories: B15, B16, and B17 for the BRITE observations
in the years 2015, 2016, and 2017, respectively; A17 and A18 for the
ASTEP observations in 2017 and 2018; and R1 and R2 for the first and
second part of the bRing data.

in all observations. We calculated the residual noise for the
pre-whitened data sets, which was then used to estimate the
uncertainties following Montgomery & Odonoghue (1999). As
before, we fixed the frequency to the TESS value. As we do not
know the exact “true” frequency of the pulsations with infinite
precision, we introduced an offset between the true pulsational
frequencies and the TESS data set in the simulations. The uncer-
tainty in frequency for these four strongest frequencies is on the
order of 10�5 day�1 (see Table A.1). This offset explains the lin-
ear trend for every frequency that is visible in Fig. 11. The time
delays of the simulated data set are shown in Fig. 12.

This linear trend was discussed on simulated data in Sect. 3.2
of Murphy et al. (2016b) and “almost certainly” explains the
observed trend in the WASP data of Murphy et al. (2013). A
way to correct for it is to evaluate the slope between two maxima
or minima of the sinusoidal variations. This is not a possibility
in our case, as we would have had to further segment the data
sets to identify the position of the maxima or minima, leading to
even higher scatter in the phase. The lower panel of Fig. 11 also
shows that the uncertainties in the derived time delays for the
data sets other than TESS are too big to differentiate between
a one-planet or two-planet scenario, even without this linear

Fig. 12. Time delay plot for the simulated data set showing a high sim-
ilarity to the time delays of the real data set presented in Fig. 12. The
colored points represent the simulated time delays for the four strongest
pulsational frequencies. The blue lines indicate time delay predictions
for � Pictoris b (dashed line), c (dashed-dotted line), and both planets
(solid line). The lower panel is a zoom-in of the upper panel. A descrip-
tion of the ticks at the top of the plot can be found in the caption of
Fig. 11.

Fig. 13. Detection limits for the � Pictoris system based on the calcula-
tions presented in Hey et al. (2020b) assuming 1.8 M� for the star and an
inclination of 90� for both planets. The detectable parameter space for
companions depending on their orbital period Porb and mass is shaded
red, assuming � Pictoris is a non-ideal � Scuti pulsator (see Sect. 5.5 for
a discussion on the pulsational modes of � Pictoris as seen by TESS).
� Pictoris c is generally not detectable due to the intrinsic noise of the
pulsations, and the time delay caused by � Pictoris b has a period that is
too long in comparison to the baseline of our observations. The masses
corresponding to brown dwarfs (13 MJ . M . 80 MJ) are shaded in yel-
low, and the stellar regime (M > 80 MJ) is in magenta, with MJ being a
Jupiter mass. The figure is adapted from Hey et al. (2020b).
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Fig. 14. Two-dimensional periodogram showing the frequency region between 45 and 55 day�1. One can see that most of the modes are significantly
amplitude modulated by the rotational signal. The mode at 54 day�1 goes much faster, which is probably due to beating with nearby modes. The
mode at 50.5 day�1 itself undergoes incoherent FM.

�0.0025

0.0000

0.0025

F
lu

x

770 780 790 800 810 820 830 840

Time [day]

47.0

47.1

47.2

47.3

47.4

47.5

47.6

47.7

F
re

q
u
en

cy
[d

�
1
]

0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

Power

Fig. 15. Periodogram showing a pulsational mode around 47.3 day�1 that is just appearing at the end of the observations.

trend. We therefore discuss the possibility of a second � Pictoris
observation by TESS in the extended mission in the next section.

5.4. Detection limits for � Pictoris

Here, we determine the detection limits for companions in the �
Pictoris system using the PM method. In a prior study by Hey
et al. (2020b), the authors tried to estimate the detection lim-
its of companions around � Scuti stars. Their approach involved
simulating time-series observations of these pulsating stars and
adding white noise to the data. This allowed them to find a
relationship between the S/N of the stellar pulsations and the
observed scatter in the resulting time delay (a sin i/c). The estab-
lished relationship could be directly converted into a parameter
space defining detectable companion masses and their orbital
periods. The authors found that the detectability of companions
strongly depends on the S/N of the stellar pulsations. Given the
comparably low observed S/N of the � Scuti pulsations observed
in � Pictoris and the instability of the pulsational modes, we

opted for a more conservative detection limit than what (84th
percentile in Hey et al. 2020b) presented in their prior work.

Our findings are presented in Fig. 13. We determined that the
intrinsic variability of � Pictoris is too high to detect planet c.
The other companion, � Pictoris b, is primarily not detectable
at the moment due to the short baseline of observations com-
pared to its long orbital period of approximately 24 yr. It is worth
noting that these calculations assume that the pulsational modes
stay stable during the time of observations. However, we show in
Sect. 5.5 by using the TESS data that this assumption is generally
not met, with some modes appearing and disappearing during
the observations. This further complicates any efforts to detect
companions around the star.

5.5. Analysis of pulsational stability using TESS data

� Pictoris was observed in seven individual sectors between
October 2018 and February 2021 (see Table 3). We performed
a frequency analysis of these TESS sectors using maelstrom.
We find that � Pictoris is seemingly undergoing significant
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frequency and amplitude modulation, which buries any signal
induced by planetary companions. The periodograms of the
stellar pulsations clearly show significant amplitude modula-
tion by the rotational signal (see Fig. 14). We also find that
the star is showing modes that are appearing and disappear-
ing on short timescales. Figure 15 shows a mode that seems to
be just appearing during the second half of the TESS obser-
vations. In summary, we find that � Pictoris’ modes are not
stable enough to probe to the necessary phase precision for the
planetary companions.

5.6. Comparison to KIC 7917485

Here, we compare the � Pictoris system to another A star
with a planet detected through pulsation timing, KIC 7917485
(Murphy et al. 2016a), and evaluate the differences between the
host stars that have affected the detectability of their correspond-
ing planets. Compared to other Kepler � Scuti stars, including
those with binary star companions, (e.g., Murphy et al. 2018,
2020a), and Murphy et al. (2016a) found that KIC 7917485 had
an exceptionally low time delay noise (sixth lowest of the 2040
� Scuti stars in the Kepler primary mission sample). Similar
planetary-mass companions might exist around the second and
ninth lowest noise stars in the Kepler sample (KIC 9700322 and
KIC 8453431). Unlike KIC 7917485, however, the observations
of these systems and their potential companions do not cover a
full orbital period, thus precluding determination of their orbital
parameters.

The additional time-delay jitter seen in � Pictoris might arise
from mode interaction or from other effects causing the observed
changes in mode amplitude. It is this jitter that hinders the abil-
ity to detect planetary-mass objects around pulsating stars. This
is comparable to the intrinsic RV jitter of a star, which impacts
the ability to detect planets using RV measurements. The intrin-
sic variability is evident in the � Scuti pulsations of � Pictoris
and generally renders white dwarfs and subdwarfs as less ideal
targets for the analysis of their time delays using the PM method
(Murphy 2018). This limitation persists despite the high oscil-
lation frequencies exhibited by these pulsating stars that would
otherwise make them promising targets for detecting time delays
caused by a companion (Compton et al. 2016).

6. Conclusions

In this work, we have analyzed the time delays derived from
the phases of the � Scuti pulsations of � Pictoris. The pho-
tometric data of the star were collected over a time period of
approximately 4 yr by four different observatories: the BRITE-
Constellation, bRing, ASTEP, and TESS. In contrast to previous
studies, we did not segment the observations into smaller sets
(e.g. ten-day bins). This would have caused high uncertainties
in the phases and therefore also in the time delays. Neverthe-
less, we could not see the influence of � Pictoris b or c in the
data due to this time delay scatter. The uncertainty in the pulsa-
tional frequencies leads to a linear trend in the time delays and
has also been seen in a previous study by Murphy et al. (2013)
and in simulations by Murphy et al. (2016b). We performed a
frequency analysis using the open-source tool maelstrom. We
find that � Pictoris does not have the needed stability to detect
planetary companions using the time delay method. The stellar
pulsations clearly show strong amplitude modulation caused by
the rotational signal and identify modes that seemingly appeared
during our observations.

Previous studies have used the PM method on Kepler data,
finding many binary star systems (Murphy et al. 2016b, and ref-
erences therein) and a planet (Murphy et al. 2016a). This work is
the first to use the PM method with so many different data sets
that have a precision significantly lower than the Kepler mis-
sion. However, the PM method remains valuable technique, as
it is able to find planets and stars in a parameter space that is
poorly covered by other methods, such as the RV method (see
e.g. Murphy 2018).
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Appendix A: TESS frequency analysis

A.1. Frequency list

Table A.1. Pulsational frequencies, amplitudes in instrumental millimagnitudes, and normalized flux in parts per million, phases, and signal-to-
noise ratio sorted by the pre-whitening sequence.

# Freq. (d�1) Ampl. (mmag) Ampl. (ppm) Phase S/N
1 47.43895(6) 1.029(9) 948(9) 0.9071(14) 20.6
2 53.69166(7) 0.948(9) 873(9) 0.2782(16) 19.4
3 50.49168(7) 0.926(9) 852(9) 0.5567(16) 23.4
4 54.23716(12) 0.553(9) 509(9) 0.982(3) 22.8
5 39.06315(15) 0.442(9) 407(9) 0.699(3) 22.5
6 46.54259(16) 0.415(9) 382(9) 0.391(4) 18.7
7 48.9192(3) 0.230(9) 212(9) 0.950(6) 17.3
8 43.5283(3) 0.214(9) 197(9) 0.029(7) 19.9
9 47.2853(4) 0.182(9) 168(9) 0.186(8) 16.2
10 57.4525(4) 0.164(9) 151(9) 0.577(9) 18.0
11 34.7605(5) 0.143(9) 131(9) 0.754(10) 23.7
12 38.1297(5) 0.131(9) 121(9) 0.980(11) 20.2
13 45.2698(5) 0.120(9) 110(9) 0.411(12) 12.8
14 51.4969(6) 0.118(9) 109(9) 0.397(13) 14.7
15 47.2686(7) 0.093(9) 85(9) 0.419(16) 12.3
16 50.8310(8) 0.086(9) 79(9) 0.630(17) 12.9
17 49.7131(8) 0.085(9) 78(9) 0.290(17) 11.3
18 53.8545(8) 0.085(9) 78(9) 0.566(17) 9.5
19 44.6833(8) 0.084(9) 77(9) 0.297(18) 11.3
20 65.1356(8) 0.083(9) 76(9) 0.350(18) 17.9
21 43.8292(8) 0.082(9) 76(9) 0.555(18) 16.3
22 49.5595(8) 0.079(9) 73(9) 0.980(19) 13.4
23 42.0365(9) 0.077(9) 71(9) 0.327(19) 11.1
24 54.2269(9) 0.073(9) 67(9) 0.51(2) 10.0
25 41.6498(9) 0.071(9) 65(9) 0.59(2) 13.0
26 48.1381(10) 0.064(9) 59(9) 0.23(2) 11.2
27 45.8998(10) 0.064(9) 59(9) 0.73(2) 12.4
28 50.2689(12) 0.054(9) 50(9) 0.90(3) 12.1
29 75.6780(13) 0.052(9) 48(9) 0.68(3) 12.2
30 58.3469(13) 0.050(9) 46(9) 0.61(3) 11.3
31 45.4375(14) 0.047(9) 44(9) 0.00(3) 12.3
32 54.4625(14) 0.047(9) 43(9) 0.16(3) 8.1
33 53.6827(15) 0.042(9) 39(9) 0.16(3) 7.3
34 53.5521(16) 0.040(9) 37(9) 0.48(4) 7.7
35 42.1735(16) 0.040(9) 37(9) 0.70(4) 9.5
36 58.2515(17) 0.039(9) 36(9) 0.81(4) 10.5
37 42.3963(17) 0.039(9) 36(9) 0.68(4) 11.5
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A.2. Gaussian high-pass filter

By applying a Gaussian high-pass filter on the TESS light curve (see Fig. A.1), the long-term variations such as systematics and
the exocomets are significantly weakened. At the same time however, the higher frequencies related to the � Scuti pulsations are
preserved.

Fig. A.1. Comparison of the PDCSAP light curve (black in the background) and the Gaussian high-pass filter (red dots) of it. The Gaussian high-
pass filter clearly shows less long-term variations in the light curve.
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