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Abstract

The Kepler and K2 missions enabled robust calculations of planet occurrence rates around FGKM-type stars.
However, these missions observed too few stars with earlier spectral types to tightly constrain the occurrence rates
of planets orbiting hotter stars. Using TESS, we calculate the occurrence rate of small (1 R⊕ < Rp < 8 R⊕), close-in
(Porb < 10 days) planets orbiting A-type stars for the first time. We search a sample of 20,257 bright (6 < T < 10)
A-type stars for transiting planets using a custom pipeline and vet the detected signals, finding no reliable small
planets. We characterize the pipeline completeness using injection–recovery tests and determine the 3σ upper
limits of the occurrence rates of close-in sub-Saturns (4 R⊕ < Rp < 8 R⊕), sub-Neptunes (2 R⊕ < Rp < 4 R⊕), and
super-Earths (1 R⊕ < Rp < 2 R⊕). We find upper limits of 2.2 ± 0.4 sub-Saturns and 9.1 ± 1.8 sub-Neptunes per
1000 A-type stars, which may be more than 3× and 6× lower than Kepler-era estimates for Sun-like stars. We
calculate an upper limit of 186 ± 34 super-Earths per 1000 A-type stars, which may be more than 1.5× lower than
that for M dwarfs. Our results hint that small, close-in planets become rarer around early-type stars and that their
occurrence rates decrease faster than that of hot Jupiters with increasing host star temperature. We discuss plausible
explanations for these trends, including star–disk interactions and enhanced photoevaporation of planet
atmospheres.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Transits (1711); Extrasolar rocky planets (511);
Extrasolar gaseous planets (2172); Exoplanet formation (492); Exoplanet evolution (491); Exoplanet detection
methods (489); Transit photometry (1709); Exoplanet astronomy (486)

Materials only available in the online version of record: machine-readable table

1. Introduction

The Kepler spacecraft (W. J. Borucki et al. 2010) provided a
glimpse into the demographics of planets orbiting close to
FGKM-type stars (e.g., A. W. Howard et al. 2012; C. D. Dres-
sing & D. Charbonneau 2013, 2015; F. Fressin et al. 2013;
E. A. Petigura et al. 2013; G. D. Mulders et al. 2015a, 2015b;
K. K. Hardegree-Ullman et al. 2019; D. C. Hsu et al. 2019;
M. Kunimoto & J. M. Matthews 2020; S. Bryson et al. 2021;
G. J. Bergsten et al. 2022, 2023; J. K. Zink et al. 2023;
J. L. Christiansen et al. 2023). Because the primary goal of the
Kepler mission was to calculate the occurrence rate of Earth-
like planets orbiting Sun-like stars, more massive and hotter
stars were largely neglected in the search for transiting planets,
with only 1.6% of the 200,000 star Kepler mission target list
being comprised of stars hotter than 7500 K (S. Mathur et al.
2017). Ground-based transit surveys have found over a dozen
hot Jupiters around stars hotter than 7500 K (e.g., B. S. Gaudi
et al. 2017; M. B. Lund et al. 2017), but their relatively low
photometric precisions and lack of continuous monitoring have
made it challenging to find planets smaller than Jupiter or with
orbital periods longer than a few days. In addition, radial
velocity surveys, which are similarly sensitive to close-in
planets, typically have not targeted hot stars due to their rapid
rotation rates that greatly limit radial velocity precision and

inhibit detection of orbiting planets (R. E. M. Griffin et al.
2000; F. Galland et al. 2005). As a consequence, our
understanding of short-period planets has historically been
limited to cooler FGKM-type stars.
With the launch of the Transiting Exoplanet Survey Satellite

(TESS; G. R. Ricker et al. 2015), which observes stars nearly
indiscriminately across almost the entire sky, our ability to
search for transiting planets around early-type stars improved
drastically. Some studies have utilized this ability to explore the
occurrence rate of hot Jupiters orbiting main-sequence A-type
stars, finding evidence that the occurrence rate of hot Jupiters
decreases with increasing stellar mass, with about half as many
hot Jupiters around A-type stars compared to G-type stars
(G. Zhou et al. 2019; M. Beleznay & M. Kunimoto 2022).
However, this finding is at tension with findings from earlier
surveys. For instance, using data from the K2 mission
(S. B. Howell et al. 2014), J. K. Zink et al. (2023) found no
significant change in the occurrence rate of hot Jupiters across
FGK-type stars. In addition, radial velocity surveys that
targeted slowly rotating “retired” A-type stars have reported
an increase in giant planet occurrence rate with increasing
stellar mass (J. A. Johnson et al. 2010).4 More detailed
calculations, which utilize a larger sample of stars and a longer
TESS baseline, are needed to definitively resolve these
discrepancies.
The occurrence rate of small (Rp< 8 R⊕) close-in

(Porb < 10 days) planets orbiting A-type stars is, to this day,
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4 However, we note that these calculations included giant planets with longer
orbital periods than those in G. Zhou et al. (2019) and M. Beleznay &
M. Kunimoto (2022), which may have different formation and migration
histories.
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completely unknown. The demographics of these planets can
reveal novel information about how planets form and evolve
around stars of different masses. For example, it is known that
more massive stars have more dust mass in their protoplanetary
disks (M. Ansdell 2016), providing more solid material with
which to build planets. It has been posited that this increased
dust mass is responsible for the observation that wide-
separation (10−100 au) giant planets are more than twice as
common around high-mass (Må > 1.5Me) stars than low-mass
(Må < 1.5Me) stars (E. L. Nielsen 2019). More massive stars
are also known to become depleted in gas at a higher rate than
less massive stars (Á. Ribas et al 2015). Thus, planets orbiting
A-type stars likely have relatively little time to migrate toward
their host stars via disk migration, a process that relies on the
presence of gas in the disk, in comparison to lower-mass stars.

After the dispersal of the protoplanetary disk, planets
orbiting close to A-type stars are subjected to different
environments than those orbiting cooler stars. Unlike low-
mass stars, which have convective outer layers, A-type stars are
primarily radiative in structure. It has been inferred that these
radiative layers are less efficient at dissipating tides excited by
short-period planets (e.g., J. N. Winn et al. 2010), potentially
leading to slower tide-induced orbital evolutions relative to
cooler stars. The radiative interiors of A-type stars also lead to
lower levels of X-ray and extreme-ultraviolet (XUV) radiation
(C. Schröder 2007), which is thought to drive the photo-
evaporation of planetary atmospheres around young low-mass
stars (e.g., H. Lammer et al. 2003; I. Ribas 2005; R. A. Murra-
y-Clay et al. 2009; A. P. Jackson et al. 2012). However, unlike
their low-mass counterparts, A-type stars have high levels of
near-ultraviolet continuum emission, which may drive efficient
photoevaporation of planet atmospheres over the entire main-
sequence lifetime of the star (A. García Muñoz & P. C. Schn-
eider 2019). The impact of photoevaporation on the landscape
of short-period planets around Sun-like stars and cooler has
been explored in depth (e.g., E. D. Lopez & J. J. Fortney 2013;
J. E. Owen & Y. Wu 2013, 2017; E. D. Lopez & K. Rice 2018;
J. E. Owen & D. Lai 2018), but the role this mechanism plays
in sculpting the population of planets orbiting hotter stars is less
well understood.

The population of short-period planets around A-type stars
is also relevant to our understanding of planetary systems
orbiting white dwarfs. Because A-type stars have short
lifetimes and masses too low for the formation of neutron
stars or black holes upon their collapse, many of the white
dwarfs we observe today are the remnants of A-type stars
(e.g., A. Heger et al. 2003; J. D. Cummings et al. 2018).
Evidence has been found for the presence of transiting
planets, asteroids, and metal-rich disks around these compact
objects (E. E. Becklin et al. 2005; Gänsicke et al. 2006;
A. Vanderburg et al. 2015, 2020; S. Rappaport et al. 2016;
Z. Vanderbosch et al. 2020). In addition, observations have
found that up to 50% of white dwarfs have heavy element
contamination in their photospheres (B. Zuckerman et al.
2003, 2010; D. Koester et al. 2014). Some studies have
proposed planetary, asteroidal, or cometary engulfment to be
responsible for this metal enhancement (A. Bonsor &
D. Veras 2015; C. Petrovich & D. J. Muñoz 2017;
J. H. D. Harrison et al. 2021; C. H. McDonald &
D. Veras 2021; A. M. Buchan et al. 2022; K. Stock et al.
2022; C. E. O’Connor et al. 2023). In general, planetary mass
companions and rocky material around white dwarfs are

believed to originate at wide separations and migrate inwards
via common-envelope evolution (F. Lagos et al. 2021;
A. Merlov et al. 2021), Kozai–Lidov cycles (D. J. Muñoz &
C. Petrovich 2020; C. E. O’Connor et al. 2021; A. P. Stephan
et al. 2021), or planet–planet scattering (D. Veras &
B. T. Gänsicke 2015; R. F. Maldonado et al. 2021; D. Veras
& S. Hinkley 2021) after the star has evolved off of the main
sequence. Planets that are close-in while their stars are on the
main sequence are unlikely to contribute to this contamination,
as they would be engulfed by their post-main-sequence host
stars as they expand. Any surviving material accreted onto the
white dwarf would quickly sink into its interior via gravita-
tional sedimentation (e.g., E. B. Bauer & L. Bildsten 2019).
However, the demographics of planets in the inner regions of
these systems may inform planet formation and evolution
theories at more distant orbits and provide clues for the origin
of this white dwarf pollution phenomenon.
To gain a better understanding of how planets form and

evolve around early-type stars, we calculate the occurrence
rate of small short-period planets orbiting A-type stars using
TESS (MAST 2021). The calculation provides a closer look
into the population of planets smaller than Jupiter around
these hot stars, providing new insight into the demographics
of small planets in the Galaxy. This work complements other
recent studies that use TESS to explore the demographics of
planetary systems in previously inaccessible regions of
stellar parameter space (e.g., R. B. Fernandes et al. 2022;
E. M. Bryan et al. 2023; R. B. Fernandes et al. 2023; T. Gan
et al. 2023; K. Ment & D. Charbonneau 2023; M. Temmink &
I. A. G. Snellen 2023; S. Vach et al. 2024).
This paper is organized as follows. In Section 2, we discuss

the selection of the stellar sample used in this study. In Section 3,
we describe our planet-detection pipeline and planet candidate
vetting procedure. In Section 4, we outline the calculation of our
pipeline completeness. In Section 5, we calculate the occurrence
rate of small, short-period planets around our sample of stars. In
Section 7, we compare our results from Section 6 to previous
studies and discuss possible physical explanations for our
calculated occurrence rate. Lastly, in Section 8, we provide a
summary of our findings and brief concluding remarks.

2. Sample Selection

We begin by defining a sample of main-sequence A-type
stars around which to search for planets. We build this sample
by querying version 8.2 of the TESS Input Catalog (TIC;
K. G. Stassun et al. 2018, 2019), selecting stars that have all of
the following properties:

1. an effective temperature (Teff) between 7500 and
10,000 K,

2. a radius (Rå) less than or equal to 2.5 Re,
3. a TESS magnitude (T) between 6 and 10, and
4. a nonzero mass (Må) estimate.

In addition, we require all stars to have data products from the
MIT Quick Look Pipeline (QLP; C. X. Huang & A. Vanderb-
urg 2020a, 2020b) available on the Mikulski Archive for Space
Telescopes (MAST). The Teff requirement is meant to ensure
that the stars are of the desired spectral type.5 The Må and Rå

5 We note that similar Teff bins have been used by previous occurrence rate
studies, such as G. D. Mulders et al. (2015a), with which we compare our
results in Section 7.
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requirements ensure that the stars are on the main sequence and
also remove particularly large stars for which it is difficult to
detect the transits of small planets. The lower T requirement
removes very bright stars that are likely to have extreme
systematics due to saturation of the TESS cameras. The upper T
requirement removes particularly faint stars, for which TESS

has a lower photometric precision and therefore a lower
sensitivity to planetary transits (e.g., T. Barclay et al. 2018;
M. Kunimoto et al. 2022b). The QLP requirement is needed
because the QLP-processed light curves are used in the
occurrence rate calculation, which is described further in the
following sections. The final sample is shown in Figure 1 and

Figure 1. Coordinates and properties of the 20,257 A-type stars that are used in this study. In the top-most panel, each point is a star, with color indicating the number
of sectors it has been observed by TESS.
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consists of 20,257 stars observed in TESS full frame images
between Sectors 1 and 69 (i.e., the first 5 yr of the TESS
mission).

To better understand the noise properties of our sample, we
performed a preliminary exploration of the combined differ-
ential photometric precisions (CDPPs) of the stars (R. L. Gillil-
and et al. 2011; J. E. Van Cleve et al. 2016) using the
estimate_cdpp function in the Lightkurve Python
package (Lightkurve Collaboration et al. 2018). Figure 2
displays the distribution of CDPP as a function of T, assuming
a 1 hr window length. A majority of the stars in our sample
have CDPPs between 0.1 and 1 parts per thousand, in general
agreement with previously reported noise values (e.g.,
M. Kunimoto et al. 2022a, 2022b). Given these noise levels,
we anticipated being able to detect the transits of sub-Jovian
planets around our sample of stars. We direct the reader to
Section 4 for a more rigorous analysis of the sensitivity.

We note that ∼18% of the stars in our sample have radii that
fall below the typical cutoff for main-sequence A-type stars
(Rå ≈ 1.7 Re). To assess the reliability of the TIC properties of
these relatively small stars, we compare their values of Teff and
surface gravity ( glog ) to those estimated in Gaia Data Release
3 (DR3; Gaia Collaboration et al. 2023). Specifically, we
compare them to the quantities estimated by the Apsis pipeline
using the GSP-Phot module, which determines stellar para-
meters using photometry and BP/RP spectra (M. Fouesneau &
R. Andrae 2023). We find that the Teff values agree well in the
two catalogs: the distribution of Teff,DR3/Teff,TIC has a mean
and standard deviation of 1.010 ± 0.096. We find that the glog
values are systematically lower in Gaia DR3 than they are in
the TIC: the distribution of g glog logDR3 TIC/ has a mean and
standard deviation of 0.969 ± 0.026. While this discrepancy is
statistically significant, it only corresponds to a modest Rå

increase of ∼20% when going from the TIC to Gaia DR3
(assuming a fixed mass). We ultimately conclude that the TIC
parameters for these stars are relatively reliable, although we
account for this potential 20% systematic uncertainty in Rå in
our occurrence rate calculation (see Section 5).

Assuming the radii of these stars are correct, it is
alternatively possible that some of them are subdwarf stars.
In general, there are two classes of subdwarfs: hot subdwarfs,
which are stars that have evolved off of the main sequence and
have lost significant fractions of their envelopes as they
expanded (most likely due to stripping from a close-in
degenerate companion; U. Heber 2009), and cool subdwarfs,

which are main-sequence stars with very low metallicities
(G. P. Kuiper 1939). Hot subdwarfs are typically O-type or
B-type with surface gravities of glog 5 and Teff > 20,000 K
(U. Heber 2009). Our stars are much too cool to fall under this
category, but bear a slightly closer resemblance to subdwarf
A-type stars (sdAs), which have similarly high surface gravities
but Teff < 20,000 K (S. O. Kepler et al. 2016). It was originally
hypothesized that sdAs are extremely low-mass white dwarfs
that formed in a way similar to hot subdwarfs. If this were true
and the smallest stars in our sample (which are generally easier
to find transiting planets around) are in fact evolved, it would
introduce age-related biases into our analysis that would likely
compromise the validity of our results. Nonetheless, the general
consensus today is that the vast majority of sdAs are indeed
metal-poor main-sequence A-type stars (W. R. Brown et al.
2017; J. J. Hermes & E. Breedt 2017; I. Pelisoli et al. 2018a,
2018b, 2019; S. O. Kepler et al. 2019; J. Yu et al. 2019). We
therefore keep these stars in our sample with high confidence
that they are indeed on the main sequence.

3. Planet Search

3.1. Light-curve Retrieval and Flattening

For a given star, we download the QLP light-curve file using
the Lightkurve Python package (Lightkurve Collaboration
et al. 2018). Downloaded light curves have cadences of 30
minutes (Sectors 1–26), 10 minutes (Sectors 27–55), and 200 s
(Sectors 56–69). We record the “raw” flux provided by the
QLP, rather than that which has been flattened using a spline-
fitting procedure, and mask out all data flagged as having poor
quality (quality flag> 0). We use the raw flux, rather than the
spline-flattened flux provided by the QLP, for the purpose of
calculating the pipeline sensitivity. Any light-curve flattening
procedure has the potential to remove or distort embedded
transits. The impact this has on the ability of the pipeline to
detect planets can only be quantified by injecting artificial
transits into raw light curves before the flattening is performed
(this injection–recovery process is described in detail in
Section 4). We therefore apply a custom light-curve flattening
routine to the raw data.
The custom flattening routine is performed using the wōtan

Python package (M. Hippke et al. 2019). We first separate the
light curve into segments by identifying gaps >0.5 days in
length. We then discard segments <2 days long, which cannot
be flattened easily without affecting the shapes of planet
transits. We flatten each remaining segment using the “robust
penalized pspline” algorithm, which fits the data with a spline
curve through iterative sigma clipping. In each iteration, data
points that are 3σ outliers are removed, and the iterations
continue until no outliers remain or until 10 iterations occur.
The algorithm calculates the optimal number of knots per
segment using ridge regression, in which the data are fit using a
cost function that penalizes solutions in which a greater number
of knots are used in order to combat overfitting. The minimum
distance between knots is set to 0.5 days to prevent the
algorithm from significantly impacting transits in the data,
which will always have durations under 12 hr for orbital
periods under 10 days. We determined this minimum knot
distance visually using real TESS light curves with artificial
injected transits. We then remove 0.25 days of data from the
edges of each segment, due to the flattening procedure

Figure 2. 2D histogram of the stars in our sample, binned according to their 1
hr CDPPs and their TESS magnitudes. Most stars in the sample have CDPPs
between 0.1 and 1 parts per thousand.
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struggling to fit the data properly near the start and end of each
segment.

Next, we remove data collected near TESS momentum
dumps. These momentum dumps cause temporary changes in
spacecraft pointing, leading the positions of stars to change
slightly within the TESS pixels. These shifts, which are not
accounted for in the simple aperture photometry light-curve
extraction used by the QLP, typically cause the measured flux
of the target star to increase or decrease as more or less light is
captured by the predefined aperture. Because momentum
dumps are regularly spaced in any given sector, these dips in
flux are often erroneously identified as periodic transits by
transit-detection algorithms. In order to prevent our pipeline
from labeling these false alarms as potential planets, we do the
following.

1. For data collected in Sectors 1–13, we remove data within
0.25 days of each momentum dump. Each of these
sectors typically experienced eight momentum dumps
separated by 3–4 days.

2. For data collected in Sectors 13–26, we remove data
within 0.5 days of each momentum dump. Each of these
sectors experienced 4–6 momentum dumps separated by
2–5 days.

3. For all remaining sectors, we remove data within 0.75
days of each momentum dump. After Sector 26, each
sector experienced 2–4 momentum dumps separated by
5–15 days.

Sectors with fewer momentum dumps have more data removed
per dump because those events tend to induce a larger change
in pointing and therefore a larger change in measured flux.

Lastly, we clean our flattened light curves by clipping 10σ
outliers and removing data points labeled as NaN. The flattened
and cleaned light curves are then analyzed for transiting planets
using the methods described below.

3.2. Automated Threshold-crossing Event Detection Pipeline

After flattening and cleaning the raw QLP light curve, we
employ an automated pipeline to detect threshold-crossing
events (TCEs) and eliminate those that display nontransit-like
morphologies. We begin by searching for periodic signals
using the box least-squares algorithm (BLS; G. Kovács et al.
2002), as implemented in Lightkurve. The BLS searches
for events using a grid of 100,000 orbital periods between 0.5
days and 10 days that are uniformly separated in frequency
space.6 Next, we split the grid of orbital periods into 0.5 day
chunks. Within each chunk, the search utilizes several possible
box widths (i.e., transit durations, Tdur), with a maximum
possible box width determined by the following equation:

⎜ ⎟
⎛
⎝

⎞
⎠

( )T
P R

a
arcsin , 1dur,max

orb,max

maxp
=

where Porb,max is the maximum period searched within the
chunk, amax is the maximum possible semimajor axis (given
Porb,max, a circular orbit, and the properties of the star), and an
orbital inclination of 90o is assumed. At the end of this search,
the BLS periodograms generated for the chunks are

recombined so as to span the full 0.5–10 day period range.
The purpose of this procedure is to decrease the number of
false alarm detections caused by signals with durations too long
to be caused by a planet transiting the target star at a given
orbital period. Using the periodogram generated by this
procedure, we calculate the signal detection efficiency (SDE)
for each tested orbital period using Equation (6) of G. Kovács
et al. (2002) and record all periods with SDE� 10.
For signals with SDE� 10, we calculate the signal-to-noise

ratio (S/N) following J. L. Christiansen et al. (2012):

( )
( )R R

NS N
CDPP

, 2
p

2

1hr
tra/

/
=

where CDPP1hr is the 1 hr CDPP for the star calculated in
Section 2 and Ntra is the number of transits observed. The
purpose of this S/N test is to eliminate signals with high
probabilities of being false alarms. For instance, the Kepler
mission pipeline required signals to have S/N > 7.1 to advance
to TCE status, which J. M. Jenkins et al. (2010) determined to
ensure no more than one statistical false alarm in the Kepler
data set (J. M. Jenkins et al. 2002). For our pipeline, we apply a
more liberal requirement of S/N > 1 for a signal to advance to
the next stage of vetting. While this threshold is expected to
result in more false alarms than relatively high thresholds, we
apply additional automated and manual tests to eliminate
nonplanetary signals from our planet candidate list, which we
outline below.
All signals that surpass the SDE and S/N thresholds are

analyzed with a test to determine if they more closely resemble
transits or sinusoids. M. Kunimoto et al. (2023) noted a high
rate of sinusoid-like false alarms in TESS data at orbital periods
under ∼1 day, likely as a result of scattered light from the
rotation of the Earth, stellar variability, and blended light from
nearby contact eclipsing binaries. However, it was found that
the sine wave evaluation event test (SWEET), utilized by
S. E. Thompson et al. (2018) for the Kepler data set, is able
identify and remove a significant fraction of these false alarms.
We employ a test similar to SWEET in our pipeline. First, we
phase fold the light curve using the event period and midpoint
returned by the BLS. We then fit the phase-folded data with
two models using a simple grid-based optimization approach.
The first model is a sinusoid model with three free parameters:
amplitude, period, and phase. The second model is a transit
model, as implemented by the batman Python package
(L. Kreidberg 2015), with two free parameters: planet radius
and orbital inclination. For the transit model, the orbital
ephemeris is fixed to that returned by the BLS search,7

eccentricity is fixed to zero, the stellar parameters are fixed to
those listed in the TIC, and quadratic limb-darkening
coefficients are selected based on Teff and glog using the
values provided by A. Claret (2017). Using the best-fit
parameters, we calculate the Bayesian information criterion
(BIC) for each model using the equation:

( )k nBIC log 2 log , 3= -

6 We note that other choices of frequency spacings, such as f 2/3, have been
shown to be more efficient (A. Ofir 2014). Our decision to use a uniform
frequency spacing was purely due to it being the default option in
Lightkurve.

7 While the orbital period and transit epoch returned by the BLS are not as
precise as those that would be obtained by a proper fit of the data, we
determined them to be sufficient for the purpose of this test based on the
injection–recovery analysis outlined in Section 4.
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where k is the number of free parameters in the model, n is the
number of data points, and  is the maximized value of the
Gaussian likelihood function:

( ( ))
( )

y f t
0.5 , 4

i

i i

y i

2

,
2å

s
= -

-

where ti is the time of data point i, yi is the flux of data point i,
σy,i is the flux uncertainty of data point i, and f (t) is the value of
the model at time t. We calculate the difference between the
two as ΔBIC = BICsinusoid − BICtransit, with the requirement
that ΔBIC� 50 for a signal to pass the test. This test is
visualized in Figure 3.

In addition to the sinusoid test, we perform a test to evaluate
the symmetry of the detected signal. Signals originating from
astrophysical transits or eclipses should be symmetrical, to first
order. However, signals of instrumental origin, such as those
arising due to flux variations near TESS momentum dumps,
often have asymmetric morphologies. To evaluate the sym-
metry of the signal, we phase fold the light curve using the
event period and midpoint returned by the BLS, masking data
more than two event durations from the midpoint. We then
divide the data in half at the midpoint and flip one of the
sequences in time space, such that the premidpoint and
postmidpoint data can be directly compared. The two
sequences are binned onto a common time grid and we
calculate the reduced χ2 between the two data sets as:

( )
( )

n

y y1
, 5

i

i i

y i y i
red
2 pre, post,

2

,pre,
2

,post,
2åc

s s
=

-

+

where n is the number of data points in each binned sequence,
y ipre, and ypost,i are the premidpoint and postmidpoint flux
values at data point i, and y i,pre,s and σy,post,i are their
uncertainties, respectively. We find (through the injection–
recovery tests described in Section 4) that planetary signals
generally return 2red

2c < . We therefore require signals to have

2red
2c < to pass the test. This test is visualized in Figure 4.

Signals that pass the two previously described tests have
their approximate planet radii calculated using the signal depth
estimated by the BLS and the radius of the star. Because this
study is focused on smaller planets (Rp < 8 R⊕), we eliminate
all signals with approximate planet radii larger than 8 R⊕.
After running the full sample of stars through this automated

pipeline, we recover 299 TCEs, which we list in Table 1. In
addition, we visualize the detected TCEs in Figure 5. Fourteen
of these TCEs correspond to previously reported TESS Objects
of Interest (TOIs; N. M. Guerrero et al. 2021), which appear on
the Exoplanet Follow-up Observing Program (ExoFOP)
website, see doi:10.26134/ExoFOP3.8 In order to identify
reliable planet candidates, we vet these 299 TCEs manually
using the steps outlined in the following subsection.
We acknowledge that five stars in our sample have TOIs

with reported Porb < 10 days and Rp < 8 R⊕ that were not
detected by our pipeline: TOI-1037.01, TOI-1497.01, TOI-
1570.01, TOI-4180.01, and TOI-5387.01. TOI-1037.01 was
not detected by the BLS search due to light-curve
systematics. TOI-1497.01, TOI-1570.01, and TOI-5387.01
were detected by the BLS search but failed the ΔBIC test.
TOI-4180.01 was not detected by the BLS search, but this is
unsurprising given that the TESS pipelines only detected
this TOI in short-cadence TESS data and not in the
relatively long-cadence full frame images that the QLP
pipeline utilizes. Lastly, we note that TOI-1037.01, TOI-
1497.01, and TOI-1570.01 are all listed as astrophysical
false positives in ExoFOP. TOI-4180.01 and TOI-5387.01
are currently listed as planet candidates, although we note
that spectroscopic observations have revealed evidence that
both of these systems are false positives.9 No other reliable
TOIs were missed by our search.

Figure 3. Visualization of the sinusoid test described in Section 3.2. The black points show the phase-folded data of the event detected by the BLS periodogram. The
solid light blue curves show the best-fit sinusoid models and the dashed dark blue curves show the best-fit transit models. The left-side panel shows the results for
TIC 238597883 (TOI-1004), which strongly favors the transit model, and the right-side panel shows the results for TIC 1965523096, which strongly favors the
sinusoid model. With our threshold of ΔBIC = 50, the former passes the sinusoid test and the latter fails.

8 https://exofop.ipac.caltech.edu/tess/
9 A high-resolution spectrum of TOI-4180 has revealed a binary companion
(https://exofop.ipac.caltech.edu/tess/edit_obsnotes.php?id=126737992).
Radial velocities of TOI-5387 have revealed a signal that is in phase with the
orbital ephemeris of the planet candidate, but is far too large in amplitude to
correspond to a planet smaller than 8 R⊕ (https://exofop.ipac.caltech.edu/
tess/edit_obsnotes.php?id=166086403).
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3.3. Manual Vetting

3.3.1. Comparison to SPOC Light Curves

We begin our manual vetting of TCEs by searching for the
signals detected in our flattened QLP light curves in the
analogous light curves generated by the TESS SPOC
(J. M. Jenkins et al. 2016). The SPOC pipeline originally
delivered processed light curves only for a select set of stars
that had been observed with a short-cadence “postage stamps,”
but the pipeline has since been utilized to generate light curves
for a large fraction of stars with T < 10 that have been observed

only in long-cadence full frame images. The SPOC pipeline is
able to identify and remove systematics from light curves more
robustly than the QLP pipeline, which was optimized for
efficiency in order to search for transiting planets around a
larger number of stars. We can therefore use the SPOC light
curves to determine if the signals detected by our pipeline are
false alarms. We eliminate TCEs as false alarms if any of the
following criteria are true.

1. The phase-folded signal is clearly not transit-like in shape
in the QLP light curve, the SPOC light curve, or both.

Figure 4. Visualization of the event symmetry test described in Section 3.2. The left-side panels show the phase-folded events detected by the BLS periodogram. The
right-side panels compare the binned premidpoint (blue circles) and postmidpoint (red squares) data. The top two panels show the results for a symmetric event
detected around TIC 25590886, which returns 0.75red

2c = . The bottom two panels show the results for an asymmetric event detected around TIC 337442870, which
returns 19.34red

2c = . With our threshold of 2red
2c = , the former passes the symmetry test and the latter fails.

Table 1
Threshold-crossing Events Detected by the Automated Pipeline

TIC ID TOI T Teff Rå Må T0 Porb δ Vetting Outcome
(mag) (K) (Re) (Me) (TBJD) (days) (ppm)

144193330 L 8.85 8450 2.10 2.05 1330.1818 9.2691 230 Failed SPOC comparison
61851084 L 7.05 7583 1.76 2.09 1658.5744 6.9497 271 Failed SPOC comparison
254158364 L 9.14 7731 1.82 2.45 1662.0146 8.7717 513 Failed SPOC comparison
265663360 L 7.86 8680 2.17 1.67 1658.5824 0.5857 259 Failed SPOC comparison
176109599 L 9.13 8265 2.03 1.56 1630.3262 0.7824 1404 Nearby eclipsing binary detected

Note. T mag, Teff, Rå, and Må are the properties of the host star according to the TIC (K. G. Stassun et al. 2018, 2019). T0, Porb, and δ are the transit midpoint times,
orbital periods, and transit depths estimated by the BLS periodogram, respectively. The column titled “Vetting Outcome” describes the reason why the TCE was
classified as a false alarm or false positive, including those that failed the Science Processing Operations Center (SPOC) comparison. This table is published in its
entirety in machine-readable format.

(This table is available in its entirety in machine-readable form in the online article.)
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Signals are visually assessed as nontransit-like based on
features such as degree of in-transit flux variability, out-
of-transit flux variability immediately preceding or
following the event, and event symmetry.10

2. The phase-folded signal that appears in the QLP light
curve is absent in the SPOC light curve, indicating that
the signal is a systematic that our pipeline failed to
remove. A signal is determined to be absent in the SPOC
data if there is no visible decrease in flux at the reported
period and epoch with respect to the baseline.

3. The phase-folded signal that appears in the QLP light
curve is inverted in the SPOC light curve, indicating that
the signal originates in the background or from a different
nearby star. Inverted signals are visually identified as
events that are transit-like in shape but increase in flux
over the event window, rather than decrease in flux.

4. The star has been observed in more than one sector but
the signal is only apparent in one of them, indicating that
the signal is likely a sector-dependent systematic. We
assess whether a signal is apparent in a given sector by
phase folding the data from each sector separately and
performing the three previously listed checks. We
acknowledge that this test has the potential to remove
true planets with orbital periods close to 10 days,
especially if some of the transits occur close to intrasector
data gaps. We therefore assess longer period TCEs more
conservatively.

Using this comparison technique, we rule out 211 TCEs as
false alarms, leaving 88 for further scrutiny. TOI-1354.01 and
TOI-6260.01 are among the TCEs that are removed by this
step, the former of which is designated a false positive in
ExoFOP and the latter of which is currently designated a

planet candidate, pending further follow-up observations.
However, we note that TOI-6260.01 has a particularly
V-shaped transit that is common for astrophysical false
positives. In Figure 5, we display the TCEs ruled out by this
vetting step in period–depth space. In general, these TCEs
have relatively shallow depths and long periods, with a peak
in the distribution near 7 days. This is consistent with the
findings of M. Kunimoto et al. (2023), who found an excess of
false alarms near half of the 13.7 day TESS orbital period.
These longer periods are also consistent with the spacings
between TESS momentum dumps.

3.3.2. Secondary Eclipse Search

Next, we visually inspect the light curves of the surviving
TCEs for evidence of secondary eclipses and variations in
transit depth between odd-numbered and even-numbered
transits, both of which are strong evidence that the TCE is
actually an eclipsing binary. We assess whether a secondary
eclipse is present by masking out the events detected by the
automated pipeline and rerunning the BLS periodogram on
the light curve. If the periodogram detects a signal with
SDE� 10 and with a period within 0.1% of the originally
detected period, we rule a secondary eclipse to be present.
Odd–even transit depth variation is assessed visually, where a
variation is ruled to be present if the depths of the phase-
folded transits are inconsistent given the 1σ error bars.
Examples of TCEs that are eliminated by this inspection are
shown in Figure 6. In total, 31 TCEs are found to have
secondary eclipses and 13 TCEs are found to have odd–even
transit depth variations, all of which we discard as false
positives. We note that TOI-1387.01, which is designated a
false positive in ExoFOP, is among the discarded TCEs. After
this inspection, 44 TCEs remain.

Figure 5. Periods and depths of TCEs detected by the automated pipeline described in Section 3.2. The points are divided into two categories: red circles, which were
determined to be false alarms or false positives in the SPOC comparison vetting test (Section 3.3.1), and blue squares, which were determined to be false positives in
the secondary eclipse test (Section 3.3.2), centroid offset test (Section 3.3.3), ExoFOP crossmatch (Section 3.3.4), or transit shape analysis (Section 3.3.5). The period
distribution of TCEs is somewhat bimodal, with peaks between 0.5 and 1 day and between 6 and 9 days. Nearly all of the TCEs with longer periods were ruled out as
false alarms in the SPOC comparison test, which suggests that they are artifacts associated with the orbit of the TESS spacecraft or its momentum dumps (e.g.,
M. Kunimoto et al. 2023). Most of the shorter-period TCEs are consistent with being false positives caused by eclipsing binary stars or stellar variability.

10 We note that while our event symmetry test removes a majority of clearly
asymmetric signals, a small fraction pass the test and are classified as TCEs.
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3.3.3. Centroid Offset Test

It is possible to identify false positives in the form of nearby
eclipsing binary stars at the pixel level using difference
imaging (S. T. Bryson et al. 2013). With this method, one
subtracts the in-transit images from the out-of-transit images
and measures the location of the difference image centroid,
which should be close to the true source of the detected signal.
For the TCEs that pass the vetting steps described previously,
we calculate difference images using the publicly available
TESS-plots tool (M. Kunimoto et al. 2022c). For each
TESS sector in which a TCE is observed, we download
21 × 21 pixel cutouts of the TESS full frame images, separate
them into in-transit frames and out-of-transit frames using the
periods and transit times reported by the TCE detection
pipeline (discarding data within one transit duration before
transit ingress and following transit egress), and subtract the
average of the two to generate a difference image. Next, we

search for an offset between the pixel containing the maximum
difference image signal and the pixel containing the target star.
If an offset is present and is consistent in location across
sectors, we extract a light curve from the pixel with the
maximum difference image using Lightkurve. If a signal is
recovered that matches the ephemeris of the TCE, but has a
deeper transit than that detected by the QLP, we rule out the
TCE as a nearby eclipsing binary. We demonstrate this process
in Figure 7. We identify 34 false positives using this method,
leaving 10 TCEs to be further analyzed. TOI-957.01, TOI-
1004.01, and TOI-2115.01, which are all designated false
positives in ExoFOP, are among the TCEs eliminated by this
analysis.

3.3.4. Crossmatching with ExoFOP

For the remaining 10 TCEs, we consult ExoFOP to
determine if any have been previously identified as TOIs and,

Figure 6. Visualization of signals that fail the manual secondary eclipse search. The left-side panel shows the signal detected in the light curve of TIC 126449150,
which has a convincing secondary eclipse. The phase-folded light curve is shifted by half of the detected period so that the secondary eclipse appears at the center of
the plot. The right-side panel shows the phase-folded odd-numbered events (blue circles) and even-numbered events (red squares) of the signal detected in the light
curve of TIC 355453890, which exhibit significantly different depths.

Figure 7. Visualization of the centroid offset test for TIC 177120452, which was found to have 2.5 day signal by the TCE detection pipeline. Left: the difference
image of the TESS Sector 7 data of the star, which show a clear offset 3 pixels (approximately 1¢ ) to the east. TIC 177120452 is indicated by a white star and bright
nearby stars are indicated by cyan circles, where size corresponds to relative brightness. Center: the time-averaged TESS Sector 7 image of the target. The red square
corresponds to the pixel with the peak residual flux in the difference image. Right: the light curve extracted from the highlighted pixel, phase folded to the ephemeris
detected by the TCE pipeline. The red dashed line shows the signal predicted by the TCE pipeline for photometry extracted from TIC 177120452. The true source if
the detected signal appears to be a pair of eclipsing binary stars originating from TIC 177014166 (ΔT = 4.71, separation = 6″).
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if so, any have been determine to be astrophysical false
positives or bona fide planets via follow-up observations. Eight
of the TCEs have corresponding TOIs in ExoFOP:
TIC 373424049 (TOI-742), TIC 54390047 (TOI-998),
TIC 136274063 (TOI-1094), TIC 267489265 (TOI-1132),
TIC 367102581 (TOI-1522), TIC 315350812 (TOI-4373),
TIC 259230140 (TOI-4384), and TIC 350575997 (TOI-4386).
According to publicly available information in ExoFOP, the
first five of these TOIs have been determined to be false
positives based on follow-up observations. The signal around
TIC 259230140 has not yet been classified as a false positive or
bona fide planet, but has a true orbital period (14.32 days) that
is twice that detected by our pipeline (7.16 days). Because this
planet candidate falls outside of the orbital period range
considered by this study, we consider the signal to be a false
alarm. The signals around TIC 315350812 and TIC 350575997
are, as of the writing of this paper, still classified as planet
candidates in ExoFOP. We discuss these two candidates and
the remaining two non-TOI TCEs (TIC 100588438 and
TIC 120155231) in the following subsection.

3.3.5. Transit Shape Analysis

Lastly, we analyze the shapes of the transits of the remaining
four TCEs using TRICERATOPS, which assesses the prob-
ability that each is an astrophysical false positive (S. Giacalone
& C. D. Dressing 2020; S. Giacalone et al. 2021). TRICERA-
TOPS uses a Bayesian model to calculate the likelihood of a
transit-like signal being caused by a number of astrophysical
scenarios, including (1) a planet transiting the target star, (2) a
stellar companion eclipsing the target star, (3) a planet
transiting an unresolved star that is gravitationally bound to
or chance aligned with the target star, (4) an unresolved pair of
eclipsing binary stars that are gravitationally bound to or
chance aligned with the target star, (5) a planet transiting a
known nearby star that is resolved from the target star, or (6) a
pair of nearby eclipsing binary stars that are resolved from the
target star. This calculation returns both a false positive
probability (FPP; the overall probability that the signal is
caused by an astrophysical false positive) and a nearby false
positive probability (NFPP; the probability that the signal is
caused by an astrophysical false positive originating from a
known nearby star). S. Giacalone et al. (2021) showed that, in
general, TCEs with FPP < 50% and NFPP < 0.1% are likely
bona fide transiting planets, whereas those with higher values
of FPP or NFPP are most often false positives.

Prior to running TRICERATOPS on each TCE, we refine our
estimates of T0 (the transit midpoint time) and Porb by fitting
the TESS data with a light-curve model using exoplanet
(D. Foreman-Mackey et al. 2021), which implements pymc3
to estimate planet properties via a Markov Chain Monte Carlo
algorithm (J. Salvatier et al. 2016). We initialize each model
with the following priors: Gaussian priors on Må and Rå based
on the values in the TIC; Gaussian priors on T0, the log of Porb,
and the log of the planet–star radius ratio (Rp/Rå), all centered
on the values estimated by our TCE detection pipeline; and a
uniform prior on the transit impact parameter (b) that ranges
from 0 to 1 + Rp/Rå. We apply uniform priors to the quadratic
limb-darkening coefficients and assumed circular orbits for all
fits. For each TCE, we run a 10 walker ensemble with 20,000
steps and discarded the first 10,000 steps as burn in, ensuring
convergence using the Gelman–Rubin statistic (A. Gelman &
D. B. Rubin 1992). We then use the best-fit T0 and Porb to

create phase-folded light curves for the TCEs, which are used
as input in TRICERATOPS. We display these transits in
Figure 8.
TIC 100588438. TIC 100588438 was observed in Sectors

12, 39, and 66 with cadences of 30 minutes, 10 minutes, and
200 s, respectively. We use the SPOC-processed light curves
from Sectors 12 and 39 to calculate updated planet properties
and analyze the signal with TRICERATOPS, binning the data
to the longest cadence at which the star was observed (i.e., 30
minutes). Based on our light-curve model fit of the data, we
estimate the planet candidate to have radius of
R R5.29p 0.31

0.28= -
+

Å. After running TRICERATOPS 20 times,
we consistently found FPP > 99% and NFPP > 99%,
indicating that this TCE is most likely an astrophysical false
positive. This star is located close to the Galactic plane
(Galactic latitude= 0.19) in a dense stellar field. TRICERA-
TOPS estimates 27 nearby stars that could plausibly cause the
observed signal. We also note that the transit of this planet
candidate exhibits “shoulder-like” features before ingress and
after egress, which may be ellipsoidal variations from a nearby
pair of eclipsing binary stars. Based on this analysis, we
classify this TCE as a false positive.
TIC 120155231. TIC 120155231 was observed in Sectors

10, 36, 37, 63, and 64 with cadences of 30 minutes, 10 minutes,
10 minutes, 200 s, and 200 s, respectively. We found the
SPOC-processed data in Sectors 63 and 64 to contain the best-
quality data, so we used only these two sectors to calculate
updated planet properties and analyze the detected signal with
TRICERATOPS. Although, we note that even these data suffer
from high photometric scatter (especially out of transit, which
can be seen in Figure 8). Based on our light-curve model fit of
the data, we estimate the planet candidate to have radius of
R R8.08p 0.65

0.64= -
+

Å, with a high impact parameter of
b = 0.91 ± 0.01. Because this planet candidate has a best-fit
size outside of the range we test in this study, we classify it a
false positive. In addition, we note that the best-fit transit model
for the planet candidate does not provide an excellent fit to the
data, by visual inspection. In Figure 8, we see that the data is
much more V-shaped than the transiting planet model is able to
achieve, hinting that the signal may actually be an unresolved
pair of background eclipsing binary stars.
TIC 315350812. TIC 315350812 (TOI-4373) was observed

in TESS Sectors 11, 38, and 65 with cadences of 30 minutes,
10 minutes, and 20 s, respectively. We use the SPOC-
processed light curves to calculate updated planet properties
and analyze the signal with TRICERATOPS, binning the data
to the longest cadence at which the star was observed (i.e., 30
minutes). Based on our light-curve model fit of the data, we
estimate the planet candidate to have radius of
R R7.09p 0.55

0.56= -
+

Å. After running TRICERATOPS 20 times,
we consistently found FPP > 92% and NFPP > 27%,
indicating that this TCE is most likely an astrophysical false
positive. The high NFPP is partially a result of the star residing
in a region of the Galactic plane (Galactic latitude= −2.72)
that has a very high stellar density. TRICERATOPS estimates
149 nearby stars that could plausibly cause the observed signal.
Based on this analysis, we classify this TCE as a false positive.
TIC 350575997. TIC 350575997 (TOI-4386) was observed

in TESS Sectors 12, 39, and 66 with cadences of 30 minutes,
120 s, and 20 s, respectively. We use the SPOC-processed light
curves to calculate updated planet properties and analyze the
signal with TRICERATOPS, binning the data to the longest

10

The Astronomical Journal, 169:45 (21pp), 2025 January Giacalone & Dressing



cadence at which the star was observed (i.e., 30 minutes).
Based on our light-curve model fit of the data, we estimate the
planet candidate to have radius of R R7.58p 0.81

0.80= -
+

Å. After
running TRICERATOPS 20 times, we consistently found
FPP > 99% and NFPP > 22%, indicating that this TCE is most
likely an astrophysical false positive. Like the previously
discussed TCE hosts, this star resides close to the Galactic
plane (Galactic latitude=−9.95) in a dense stellar field.
TRICERATOPS estimates 28 nearby stars that could plausibly
cause the observed signal. Based on this analysis, we classify
this TCE as a false positive.

Based on the analyses described here and in the previous
subsections, we determine that all of the TCEs detected by our
pipeline for our stellar sample are likely to be false alarms or
false positives. We therefore report no bona fide planets with
Porb < 10 days and 1 R⊕ < Rp < 8 R⊕ orbiting the 20,257
A-type stars searched in this study. We quantify this

nondetection into an upper limit on the occurrence rate of
such planets in the following sections.

3.4. Caveats

We acknowledge that our analysis neglects some astro-
physical phenomena that impact the detectability of planetary
transits. Here, we call attention to these caveats and encourage
others to include them in future studies.
A-type stars often display variability in the form of δ Scuti

pulsations. Because these pulsations have similar durations and
flux variations as planetary transits, they can inhibit the
detection of transiting planets. While it is possible to remove
these pulsations and improve the sensitivity of a planet-
detection pipeline (e.g., J. P. Ahlers et al. 2019; D. R. Hey et al.
2021), the task is nontrivial. Rather than removing this
variability from our light curves, we simply incorporate the

Figure 8. Phase-folded light curves of the four signals discussed in Section 3.3.5, binned to 2 minute intervals for clarity. Best-fit transit models with 1σ uncertainties
are shown in blue. After fitting the signal around TIC 120155231 with a transit model, we determined the planet candidate to be larger than 8 R⊕. We determined the
remaining signals to be false positives based on analyses with TRICERATOPS.
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loss of sensitivity into our occurrence rate calculations (see
Section 4).

A-type stars also often rotate so rapidly that their shapes
deviate significantly from spherical. This distortion results in a
lower temperature near the equator and a higher temperature
near the poles, with a corresponding change in brightness across
the stellar surface. This gravity darkening can affect the shapes,
depths, and durations of planetary transits depending on the
orientation of the orbit. For instance, J. W. Barnes (2009)
predicted that a planet transiting Altair could have a depth that
varies by∼50% for different orbital orientations. Such variations
would certainly impact the ability of a transit-detection algorithm
to find planets, and would likely impact the estimation of the
physical properties of transiting planets. However, we note that
the Altair scenario is an extreme example. Altair rotates
extremely rapidly, with a v isin 200> km s−1, a rotation
period of less than 9 hr, and an oblateness (defined as
1 − Rpole/Req, where Rpole is the polar radius and Req is the
equatorial radius) of ∼0.2 (J. D. Monnier et al. 2007). However,
the average A-type star in our sample likely has a much lower
rotational speed and oblateness, resulting in less prominent
gravity darkening effects. For instance, J. Zorec & F. Royer
(2012) found the average A-type star with Må < 2.6Me to have
a v isin between 100 and 150 km s−1. Gravity-darkened transit
observations of A-type stars with these more moderate rotation
rates have been found to exhibit relatively minor variations to
transit shape and have yielded oblateness measurements below
0.1 (e.g., G. Zhou et al. 2019; J. P. Ahlers & E. Kruse 2020a;
J. P. Ahlers et al. 2020b; M. J. Hooton et al. 2022).
Consequently, we expect the impacts of gravity darkening on
our occurrence rate calculation to be relatively minor. None-
theless, we encourage future studies to take this effect into
account for more robust calculations.

4. Pipeline Completeness

Calculating the occurrence rate of planets around our sample
of stars requires knowledge of the completeness of the transit-
detection pipeline. Completeness accounts for two factors: the
probability of the pipeline detecting a planet that is transiting
(also known as the pipeline sensitivity) and the geometric
probability of a planet being in an orientation such that it
transits along our line of sight. We outline the procedure for
calculating these probabilities here.

The pipeline sensitivity is determined using injection–
recovery tests. These tests involve injecting artificial transit
signals into real data and quantifying the ability of the pipeline
to detect them. Following the precedent established by previous
occurrence rate studies (e.g., C. D. Dressing & D. Charbonn-
eau 2013, 2015; E. A. Petigura et al. 2013; E. M. Bryan et al.
2023; T. Gan et al. 2023), we calculate pipeline sensitivity with
the following steps. The results of this pipeline sensitivity
calculation are shown in Figure 9.

1. We download the raw QLP light curves for all 20,257 stars
defined in Section 2, discarding the 300 stars with signals
detected by our automated TCE detection pipeline. These
stars are the basis of the injection–recovery tests. For each
star, we simulate 50 instances of transiting planets,
producing approximately 1,000,000 instances in total.

2. For each instance k, we draw Rp and Porb from uniform
distributions linearly spaced over the intervals [1 R⊕,
8 R⊕] and [0.5 days, 10 days], respectively. The midpoint

time of the first transit (T0) is randomly selected between
the starting time of the light curve (tmin) and t Pmin orb+ .
The transit impact parameter (b) of the simulated planet is
drawn from from a uniform distribution over the interval
[0, 0.9] and the eccentricity is set to zero.11 The quadratic
limb-darkening coefficients of the star are determined
based on the Teff and glog of the star using the values
reported by A. Claret (2017), assuming solar metallicity.
Transits are then injected into the raw light curves using
batman (L. Kreidberg 2015), with the data super-
sampled to account for the different observation cadences
used in different TESS sectors.

3. For each injected planet, we flatten the light curve using the
procedure outlined in Section 3.1 and run the automated TCE
detection pipeline described in Section 3.2. If an injected
planet is detected with a SDE� 10, an S/N > 1, a
ΔBIC� 50, a 2red

2c < , and a BLS Rp < 8R⊕, we more
closely examine if the parameters predicted by the BLS
periodogram match those of the injected planet. If the BLS
Porb is within one transit duration of the injected Porb or its
four nearest harmonics (i.e., 1/2×, 2/3×, 3/2×, or 2× the
injected Porb), the BLS T0 is within one transit duration of
any injected T0, and the BLS Rp is within a factor of 2 of the
injected Rp, the injected planet is considered recovered and
we set rk= 1. If the injected planet fails any of the automated
TCE detection pipeline tests or is detected at the incorrect
Porb or T0, we set rk = 0.

4. After all instances are run, we generate a sensitivity map
by defining a grid in Porb–Rp space, where each cell is
indexed as (i, j). We calculate the fraction of recovered
planets in a given grid cell using the equation:

( ) r 1, 6i j
k K

k
k K

,

i j i j, ,

å å=
Î Î

where Ki,j is the set of instances that fall within the cell.

The full pipeline completeness is determined by also taking
into account the geometric transit probability, which, for a
given injection instance k, can be approximated as:
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which assumes circular orbits and that the radii and masses of
the planets are negligible compared to those of their stars. We
take this factor into account by treating it as a weight in
Equation (8), such that the completeness within a given grid
cell (i j, ) is given by the equation:

( ) r p 1. 8i j
k K

k k
k K

, geo,
i j i j, ,

å å=
Î Î

The results of these sensitivity and completeness calculations
are shown in Figure 9. Pipeline sensitivity uncertainties are
calculated as Poisson errors associated with the number of
injected planets that are recovered in each cell. Pipeline
completeness uncertainties are a combination of Poisson errors
and a 20% systematic uncertainty on the geometric transit

11 We note that this upper limit on b leads to a slight overestimate in
completeness, but we expect this difference to have a negligible impact on our
final occurrence rate estimates.
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probability, which stems from the precision with which Må and
Rå are known. We note that >99% of the stars in our sample
have fractional Må and Rå uncertainties less than 20% in the
TIC; our choice of systematic uncertainty is therefore
conservative. The overall completeness of our pipeline, when
integrated across all planet radius and orbital period bins, is
7.2% ± 1.4%. When split into different planet radius ranges,
we achieve a completeness of 13.2% ± 2.6% for planets
4−8 R⊕ in size, 3.1% ± 0.6% for planets 2−4 R⊕ in size, and

0.14% ± 0.03% for planets 1−2 R⊕ in size. This demonstrates
that we are primarily sensitive to planets larger than 2 R⊕, a
testament to how difficult the transits of Earth-size planets are
to detect around these large stars.

4.1. Completeness for Early versus Late A-type Stars

Because our sample of A-type stars spans a wide range of
properties, there is a possibility that our completeness is high

Figure 9. Pipeline sensitivity (top) and completeness (bottom) for different planet radii and orbital periods for our sample of 20,257 stars. The color of each cell
corresponds to the value displayed within it. Uncertainties in sensitivity are Poisson errors associated with injected planets that were recovered in each cell. Uncertainties
in completeness include both Poisson errors and an additional 20% systematic uncertainty to account for the precision of the stellar-mass and radius estimates.
Nonmonotonicity near large Rp and low Porb is a product of the automated vetting tests described in Section 3.2. The overall completeness of the pipeline (i.e., integrated
over the full Porb and Rp range) is 7.2%. The completenesses for planets with radii of 4–8 R⊕, 2–4 R⊕, and 1–2 R⊕ are 13.1%, 3.2%, and 0.2%, respectively.
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for only a small subset of systems. To test this, we split the
sample into early (Teff� 8750 K) and late (Teff < 8750 K)
samples and repeat our completeness calculation. For the early
stars, which are generally slightly larger, we find complete-
nesses of 16.1% ± 3.2%, 4.2% ± 0.8%, and 0.21% ± 0.04%
for planets with radii of 4−8 R⊕, 2−4 R⊕, and 1−2 R⊕,
respectively. For the late stars, we find completenesses of
12.3% ± 2.5%, 2.8% ± 0.6%, and 0.11% ± 0.02% for planets
with radii of 4−8 R⊕, 2–4 R⊕, and 1−2 R⊕, respectively. The
higher completeness for hotter stars is likely a consequence of
they being brighter, which allows for better photometric
precisions. The completenesses for the early and late samples
agree within a factor of 2, with the largest discrepancy existing
for the smallest planets to which we already had a low
sensitivity with the unified sample. Thus, our results are not
strongly sensitive to the properties of the underlying stars.

5. Occurrence Rate

We calculate the occurrence rate following the procedure
outlined in studies like A. W. Howard et al. (2012), E. A. Peti-
gura et al. (2018), G. Zhou et al. (2019), and T. Gan et al.
(2023). The effective number of stars searched for planets in a
given grid cell, after correcting for search completeness, is
calculated with the equation (dropping the index subscripts so
as to consider any arbitrarily defined cell):

( )n n , 9trial =

where nå is the total number of stars in the sample. We also
define the number of observed planets in a given grid cell as:

( ) ( )n f1 , 10
l

n

lobs
1

FP,

p

å= -
=

where np is the total number of planet candidates in the cell and
fFP,l is the false positive rate, which is set to one for known false
positives and to zero for confirmed planets. Finally, the
occurrence rate in a given grid cell is given by:

( )f n n . 11cell obs trial/=

Because all TCEs detected in our sample are labeled false
positives, we calculate the upper limit on the occurrence rate by
assuming that the probability of detecting X planets in a given
grid cell follows a binomial distribution:
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Thus, for a null detection in a given grid cell, the upper limit on
planet occurrence rate to a confidence interval (CI) is calculated
with:

( ) ( ) ( )n P n f df1 , 0, CI, 14
f

0
trial trial cell cell

cell,upper

ò + =

which is solved to find:

( ) ( )( )f 1 1 CI . 15n
cell,upper

1 1trial/= - - +

For ease of comparison with previous occurrence rate studies
and to distinguish the effects of various formation and
evolution mechanisms, we divide planets into three size

regimes: sub-Saturns (4 R⊕ < Rp < 8 R⊕), sub-Neptunes
(2 R⊕ < Rp < 4 R⊕), and super-Earths (1 R⊕ < Rp < 2 R⊕).
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Integrated over the full range of orbital periods tested, we
obtain 3σ (2σ) upper limits of 2.2 ± 0.4 (1.1 ± 0.2) sub-
Saturns per 1000 A-type stars, 9.1 ± 1.8 (4.7 ± 0.9) sub-
Neptunes per 1000 A-type stars, and 186 ± 34 (101 ± 19)
super-Earths per 1000 A-type stars. In Figure 10, we compare
these occurrence rates to those calculated for FGKM-type stars
by C. D. Dressing & D. Charbonneau (2013, 2015),
G. D. Mulders et al. (2015a), and M. Kunimoto & J. M. Matt-
hews (2020) using Kepler data. We discuss these results further
in the following section.

6. Results

6.1. The Occurrence Rates of Small Planets as a Function of
Stellar Effective Temperature

We place our upper limits into context by comparing them to
previously calculated occurrence rates for planets of the same
size around FGKM-type stars. Here, we specifically focus on
the results from C. D. Dressing & D. Charbonneau
(2013, 2015) and M. Kunimoto & J. M. Matthews (2020). We
judge the results from these studies to be among the most
reliable due to their robust methodologies of occurrence rate
calculation, which include injection–recovery tests similar to
those described above to characterize the search and vetting
completeness of their pipelines.13 In addition, these studies
calculated occurrence rates in similar grids as those we use.
C. D. Dressing & D. Charbonneau (2013) reported occurrence
rates for planets with orbital periods between 0.68 and 10 days,
C. D. Dressing & D. Charbonneau (2015) reported occurrence
rates for planets with orbital periods between 0.5 and 10 days,
and M. Kunimoto & J. M. Matthews (2020) reported
occurrence rates for planets with orbital periods between 0.78
and 12.5 days. All three of these studies reported occurrence
rates in the same planet radius bins we use in our calculation.
These grids allow for a nearly one-to-one comparison of the
upper limits we report.
For sub-Saturns, M. Kunimoto & J. M. Matthews (2020)

found occurrence rates of 3.86 1.24
1.49

-
+ , 9.17 2.50

2.88
-
+ , and 10.14 3.80

4.68
-
+

planets per 1000 F-type, G-type, and K-type stars, respectively.
C. D. Dressing & D. Charbonneau (2013) found an occurrence
rate of 4 2

6
-
+ planets per 1000 M dwarfs. With our upper limit of

2.17 planets per 1000 A-type stars, this suggests that sub-
Saturns may be rarer around A-type stars than FM-type stars
and more than 3× as rare around A-type stars than GK-type
stars. Put in another way: based on the completeness of our
pipeline to sub-Saturns with Porb < 10 days (13.2%), we
estimate having detected 10 3

4
-
+ , 25 7

8
-
+ , 27 10

13
-
+ , and 11 5

16
-
+ sub-

Saturns around our sample of A-type stars if they had
occurrence rates equivalent to those around FGKM-type stars.
For sub-Neptunes, M. Kunimoto & J. M. Matthews (2020)

found occurrence rates of 23.21 4.55
5.03

-
+ , 70.82 8.95

9.15
-
+ , and

12 In the literature, “super-Earths” are generally defined as being smaller than
1.6 R⊕, which corresponds roughly to the radius at which planets transition
from having thin atmospheres to volatile-rich atmospheres (e.g.,
L. A. Rogers 2015). However, most previous occurrence rate calculations
did not draw a bins according to this definition. Our use of the term is therefore
purely for the sake of convenience.
13 G. D. Mulders et al. (2015a) likely overestimates the completeness of the
Kepler pipeline, resulting in lower occurrence rates than C. D. Dressing &
D. Charbonneau (2015) and M. Kunimoto & J. M. Matthews (2020) in
Figure 10.
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137.43 17.83
19.06

-
+ planets per 1000 F-type, G-type, and K-type stars,

respectively. C. D. Dressing & D. Charbonneau (2015) found
an occurrence rate of 189.18 35.25

44.73
-
+ planets per 1000 M dwarfs.

With our upper limit of 9.10 planets per 1000 A-type stars, this
suggests that sub-Neptunes may be more than 2× as rare
around A-type stars than F-type stars, more than 6× as rare
around A-type stars than G-type stars, more than 13× as rare
around A-type stars than K-type stars, and more than 16× as
rare around A-type stars than M dwarfs. Based on the
completeness of our pipeline to sub-Neptunes with Porb < 10
days (3.1%), we estimate having detected 15 ± 3, 45 ± 6,
87 11

12
-
+ , and 120 22

28
-
+ sub-Neptunes around our sample of A-type

stars if they had occurrence rates equivalent to those around
FGKM-type stars.
For super-Earths, M. Kunimoto & J. M. Matthews (2020)

found occurrence rates of 47.44 6.77
7.11

-
+ , 124.54 11.71

11.85
-
+ , and

196.68 23.53
24.37

-
+ planets per 1000 F-type, G-type, and K-type stars,

respectively. Comparing with our upper limit of 186 planets per
1000 A-type stars, super-Earths may be slightly less common
around A-type stars than K-type stars, but we cannot say
confidently that they are also rarer around A-type stars than
FG-type stars. This ambiguity is mostly due to the fact that
A-type stars are larger than FGK-type stars, on average, which
make the transits of super-Earths more difficult to detect.

Figure 10. Calculated 3σ upper limits on the occurrence rates of sub-Saturns (4 R⊕ < Rp < 8 R⊕; top), sub-Neptunes (2 R⊕ < Rp < 4 R⊕; middle), and super-Earths
(1 R⊕ < Rp < 2 R⊕; bottom) with Porb < 10 days around A-type stars from TESS data (black). Error bars on the 3σ upper limits are shown as gray shading. Shown for
comparison are the corresponding occurrence rates from C. D. Dressing & D. Charbonneau (2013, Porb = 0.68−10 days; red), C. D. Dressing & D. Charbonneau
(2015, Porb = 0.5−10 days; red), G. D. Mulders et al. (2015a, Porb = 0.4−10 days; light green), and M. Kunimoto & J. M. Matthews (2020, Porb = 0.78−12.5 days;
blue) for FGKM-type stars, which are calculated from Kepler data. Our results indicate a continual decrease in the occurrence rate of sub-Saturns and sub-Neptunes
between G-type and A-type stars, and rules out the possibility of an M dwarf–like super-Earth occurrence rate around A-type stars at a high level of confidence. These
findings suggest that small planets either cannot survive at, form at, or migrate to short separations around hot stars.
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Super-Earths are known to be much more common around M
dwarfs than FGK-type stars, with an occurrence rate of
351.37 43.63

51.63
-
+ planets per 1000 M dwarfs as reported by

C. D. Dressing & D. Charbonneau (2015). This suggests that
super-Earths may be more than 1.5× as rare around A-type
stars than M dwarfs. Based on the completeness of our pipeline
to super-Earths with Porb < 10 days (0.14%), we estimate
having detected 6 ± 1 and 10 ± 1 super-Earths around our
sample of A-type stars if they had an occurrence rates
equivalent to those around KM-type stars.

These results resemble the trend for the occurrence rate of
small close-in planets to decrease with increasing stellar Teff,
which has been reported in a number of other studies (e.g.,
A. W. Howard et al. 2012; K. K. Hardegree-Ullman et al. 2019;
D. C. Hsu et al. 2019; J.-Y. Yang et al. 2020; J. K. Zink et al.
2023). However, all previous calculations have relied on
Kepler and K2 data and have not extended to stars hotter than
7300 K. In addition, this trend has only been reported
conclusively for planets with Rp < 4 R⊕. Our finding that
sub-Saturns may also decrease in frequency with increasing Teff
has not previously been reported.

6.2. The Slope of the Radius Cliff as a Function of Stellar
Effective Temperature

We also compare our occurrence rate upper limits to those
calculated for hot Jupiters (9 R⊕ < Rp < 28 R⊕, Porb < 10 days)
around A-type stars. M. Beleznay & M. Kunimoto (2022)
reported occurrence rates of 5.5 ± 1.4, 3.6 ± 0.6, and 2.9 ± 0.5
hot Jupiters per 1000 G-type, F-type, and A-type stars,
respectively. By comparing these statistics with the occurrence
rates reported here and in other works, we can examine how the
radius distribution of close-in planets for A-type stars differs
from those of cooler stars.

One feature of the radius distribution that we can examine is
the “radius cliff,” the steep drop-off in the occurrence rate of
planets as a function of increasing planet size at Rp ≈ 3 R⊕
(e.g., B. J. Fulton et al. 2017; A. Dattilo et al. 2023; A. Dattilo
& N. M. Batalha 2024). The “steepness” of the cliff can be
described simply as the ratio of the occurrence rates of close-in
sub-Neptunes and hot Jupiters ( f fSN HJ/ ). Using the close-in
sub-Neptune occurrence rates from M. Kunimoto & J. M. Mat-
thews (2020) and the hot Jupiter occurrence rates from
M. Beleznay & M. Kunimoto (2022), we calculate

f f 12.9 3.9SN HJ/ =  for G-type stars and f fSN HJ/ =
6.4 1.7 for F-type stars. Using our close-in sub-Neptune
occurrence rate upper limits and the hot Jupiter occurrence rates
from M. Beleznay & M. Kunimoto (2022), we find that the
sub-Neptune-to-hot-Jupiter occurrence ratio for A-type stars is
f f 3.1 0.8SN HJ/ <  , leaving open the possibility that close-in
sub-Neptunes are as common or less common than hot Jupiters
around these early-type hosts (Figure 11). Assuming these
ratios, f fSN HJ/ is greater for G-type stars than A-type stars at
>99% confidence and is greater for F-type stars than A-type
stars at >95% confidence.
This possible decrease in f fSN HJ/ hints that the radius cliff

may become less steep with increasing stellar Teff. In other
words, the occurrence rate of close-in sub-Neptunes may
decrease faster than the occurrence rate of hot Jupiters around
progressively hotter host stars. However, we stress that because
this trend relies on combining the results of different
occurrence rate calculations with different methodologies, it
should not necessarily be taken at face value. A more rigorous
calculation involving a uniform sample of stars and a self-
consistent analysis is required to judge if this trend really exists.

7. Discussion

Through our analysis of the TESS data, we find hints that (1)
the occurrence rate of small close-in planets may decrease with
increasing stellar Teff, and that (2) the occurrence rate of close-
in sub-Neptunes decreases faster than that of hot Jupiters with
increasing Teff. Here, we discuss a number of possible
explanations for these tentative findings.

7.1. Disk Truncation and Dust Sublimation

The landscape of short-period planets is likely influenced by
interactions between the young star and its inner protoplanetary
disk. For instance, E. J. Lee & E. Chiang (2017) show that the
drop off in occurrence rate of sub-Neptunes and super-Earths at
Porb = 10 days can be attributed to the magnetospheric
truncation of the disk at the corotation radius, inside of which
material is channeled by magnetic field lines and accreted onto
the star (also see K. Batygin et al. 2023). They predict that
because A-type stars rotate more rapidly than stars of lower
mass, this drop-off should occur at a Porb closer to 1 day. In
other words, the small planet occurrence rate around A-type

Figure 11. Occurrence rates for super-Earths, sub-Neptunes, sub-Saturns, and hot Jupiters for G-type (left), F-type (center), and A-type (left) stars. Blue data are from
M. Kunimoto & J. M. Matthews (2020), green data are from M. Beleznay & M. Kunimoto (2022), and black data are the 3σ upper limits calculated in this paper. The
limits calculated from each of these papers suggest that the radius cliff may become less steep with increasing host star Teff, based on the ratio of sub-Neptune
occurrence rate to hot Jupiter occurrence rate ( f fSN HJ/ ). In other words, the frequency of close-in sub-Neptunes may decrease more rapidly than that of hot Jupiters
around progressively hotter stars.
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stars should remain roughly constant with increasing Porb

exterior to Porb = 1 day. Unfortunately, because we detect no
small planets interior to 10 days around A-type stars, we are
unable to test this prediction.

Another possibility is that A-type stars are so weakly
magnetized (as a consequence of their largely nonconvective
interiors) that no magnetospheric truncation occurs at all. In
this situation, material would accrete directly onto the star via
the so-called hot “boundary layer” (e.g., D. Lynden-Bell &
J. E. Pringle 1974; L. A. Hillenbrand et al. 1992; I. Mendigu-
tìa 2020). With no disk truncation, planets migrating through
the disk could spiral directly into the star, potentially
contributing to the death of small planets searched for in this
paper. However, we note that most observations of Herbig Ae
stars (young A-type stars actively undergoing accretion) favor
magnetospheric accretion similar to that inferred for relatively
low-mass classical T Tauri stars (e.g., A. Koenigl 1991;
J. S. Vink et al. 2002, 2003; J. A. Eisner et al. 2004; I. Men-
digutìa et al. 2011), whereas there is tentative evidence that
accretion via the boundary layer plays a more dominant role for
more massive Herbig Be stars (e.g., J. C. Mottram et al. 2007;
K. M. Ababakr et al. 2017).

Dust sublimation may also play a significant role in sculpting
the population of close-in planets. The minimum distance from
a star at which a planet can form is set by the dust sublimation
radius (asub), within which solid planet-building material is
depleted. In the simplest terms, a Lsub PMSµ , where LPMS is
the pre-main-sequence stellar luminosity. For A-type stars,
LPMS is approximately an order of magnitude higher than for
G-type stars (C. Hayashi 1961), meaning that asub is
approximately 3× greater. Assuming young solar-mass stars
have asub ≈ 0.04 au (C. Pinte et al. 2008), the average A-type
star would have asub ≈ 0.12 au, which corresponds roughly to
an orbital period of 10 days for a star with Må = 2Me. Thus,
the in-situ formation of small close-in planets is likely
mitigated around A-type stars. In addition, dust sublimation
may hinder the inward migration of planets that form at orbital
periods beyond 10 days. M. Flock et al. (2019) find that the
sublimation of dust induces a pressure bump beyond asub that
halts the inward migration of super-Earths between 10 and 20
days for FGKM-type stars, after which they may migrate
inwards due to tidal interactions with the host star. For A-type
stars, migration would be halted at even longer orbital periods
where star–planet tidal interactions are weak, leaving the
planets stranded at wide separations. This may explain why no
small planets have been discovered with orbital periods interior
to 20 days around A-type stars (e.g., T. D. Morton et al. 2016;
K. Masuda & D. Tamayo 2020; S. Giacalone et al. 2022).

This mechanism also self-consistently explains the tentative
decrease in hot Jupiter occurrence with increasing stellar mass
reported by G. Zhou et al. (2019) and M. Beleznay &
M. Kunimoto (2022), as well as the potential “flattening” of the
radius cliff around A-type stars reported here. Hot Jupiters are
thought to reach their close-in orbits via either disk migration
or high-eccentricity migration (e.g., D. N. C. Lin et al. 1996;
F. A. Rasio & E. B. Ford 1996; D. Fabrycky & S. Tremaine
2007; S. Chatterjee et al. 2008; Y. Wu & Y. Lithwick 2011;
R. I. Dawson & J. A. Johnson 2018; M. Rice et al. 2022),
whereas most sub-Neptunes are thought to reach close-in orbits
via the former (e.g., C. Terquem & J. C. B. Papaloizou 2007;
M. Ogihara & S. Ida 2009; S. Ida & D. N. C. Lin 2010;
D. S. McNeil & R. P. Nelson 2010; A. C. Boley &

E. B. Ford 2013; S. Chatterjee & J. C. Tan 2014; C. Cossou
et al. 2014; A. Izidoro et al. 2017; S. N. Raymond et al. 2018).
If disk migration is effectively “turned off” within 0.1−0.2 au
for A-type stars, the only planets that can obtain orbital periods
under 10 days are hot Jupiters migrating inwards via high-
eccentricity migration, leading to a slight decrease in the hot
Jupiter occurrence rate and a more drastic decrease in the sub-
Neptune occurrence rate.

7.2. Atmospheric Mass Loss

For FGKM-type stars, photoevaporation is thought to strip
close-in planets of their atmospheres due to high levels of
stellar XUV emission (H. Lammer et al. 2003; I. Ribas 2005;
R. A. Murray-Clay et al. 2009). This period of high XUV
emission is typically thought to persist for the first 100 Myr of
the system lifetime, although it may last longer than 1 Gyr for
low-mass M dwarfs (A. P. Jackson et al. 2012). Unlike their
cool counterparts, A-type stars emit very little in the XUV
during their youths, largely due to their lack of convective
interiors (C. Schröder 2007). As a result, we should not expect
XUV photoevaporation to strongly influence their population
of close-in planets. However, it has been shown that A-type
stars can efficiently strip planets of their atmospheres thanks to
high levels of near-ultraviolet continuum emission (A. García
Muñoz & P. C. Schneider 2019). Invoking this mechanism,
S. Giacalone & C. D. Dressing (2022) showed that the warm
Neptune HD 56414 b, which orbits an A-type star with
Teff ∼ 8500 K, would likely completely lose its atmosphere
within a 1 Gyr timescale if it were located closer than 0.1 au
from its A-type host star. This effect would be most significant
for sub-Saturns and sub-Neptunes, which have low bulk
densities relative to super-Earths, leaving them more vulnerable
to hydrodynamic atmospheric escape (e.g., T. Hallatt &
E. J. Lee 2022).
Core-powered mass loss, the process by which the cooling

planetary core gradually strips the planet of its atmosphere, is
also thought to influence the occurrence rate of close-in sub-
Neptunes and super-Earths (S. Ginzburg et al. 2016, 2018).
The rate of this process is chiefly dependent on the bolometric
stellar flux incident on the planet, meaning that it may occur
more efficiently for planets around A-type stars than those
around cooler stars. However, because models predict this
mass loss to occur on timescales comparable to the 1−2 Gyr
main-sequence lifetimes of A-type stars (A. Gupta &
H. E. Schlichting 2019, 2020), its effect may be secondary
to those of the relatively rapid photoevaporation. More studies
exploring the effects of core-powered mass loss as a function
of stellar mass are needed to truly understand its effects on
close-in planets around hot stars.
Atmospheric mass loss offers a compelling explanation for

the small f fSN HJ/ around A-type stars relative to cooler stars.
Observations of escaping exoplanet atmospheres have proven
these mechanisms to be effective at stripping the envelopes of
sub-Neptunes (e.g., M. Zhang et al. 2022a, 2022b, 2023a,
2023b) and relatively ineffective at eroding those of hot
Jupiters (S. Vissapragada et al. 2022). If atmospheric stripping
is enhanced around A-type stars, it would naturally lead to a
suppression in the occurrence rates of sub-Neptunes. This
process would leave behind Earth-sized or super-Earth-sized
cores that may exist around our sample of stars, but that we
lack the sensitivity to detect with the current TESS data set.
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7.3. The Influence of Massive Outer Companions

More massive stars are known to more frequently have
stellar companions and host long-period Jupiter-like planets
(J. A. Johnson et al. 2010; M. Moe & R. Di Stefano 2017;
E. L. Nielsen 2019). It is reasonable to hypothesize that the
presence of these massive companions could have an impact on
the ability of small planets to form at, migrate to, or survive in
close-in orbits.

N-body simulations suggest that the scattering of long-period
giant planets can efficiently destroy small planets in the inner
regions of the system (e.g., S. N. Raymond et al. 2010;
A. J. Mustill et al. 2015; B. Pu & D. Lai 2021). In addition, it
has been shown that stars with stellar-mass companions at
separations < 10 au less frequently have small close-in planets
relative to single stars (L. A. Hirsch et al. 2021; M. Moe &
K. M. Kratter 2021), although it is unclear if this is a
consequence of suppressed planet formation or dynamical star–
planet interactions.

Interestingly, there is also evidence that stars with giant
planets at wide separations (a > 1 au) frequently harbor
single inner sub-Neptunes or super-Earths (D. Barbato et al.
2018; W. Zhu & Y. Wu 2018; M. L. Bryan et al. 2019;
L. J. Rosenthal et al. 2022), indicating that outer giant
planets may sometimes aid the formation of small close-in
planets (e.g., B. Bitsch & A. Izidoro 2023). Some may
therefore view the dearth of small close-in planets around
A-type stars as surprising, given the positive correlation
between stellar mass and wide-separation giant planet
occurrence (E. L. Nielsen 2019). Perhaps the physical
mechanism behind this phenomenon is sensitive to the
number of wide-separation giant planets in the system,
where systems with more outer giants less frequently harbor
small inner planets. This interpretation would be consistent
with direct imaging surveys, which have found that planetary
systems around A-type stars frequently have multiple giant
planets (e.g., β Pictoris and HR 8799; C. Marois et al.
2008, 2010; A. M. Lagrange et al. 2009, 2010, 2019).

Others have invoked pebble accretion to explain the inverse
correlation between long-period giant planets and short-period
small planets as a function of host star mass. The core accretion
model of giant planet formation posits that giant Jupiter-like
planets form in a two-step process: the formation of a massive
solid core followed by the runaway accretion of a gaseous
envelope from the disk (J. B. Pollack et al. 1996). This model
therefore requires giant planet cores to form before the gas in
the protoplanetary disk is full dissipated. It has been argued that
cores can only form on these rapid timescales through the
accretion of small millimeter- to centimeter-sized “pebbles”
that drift inward from the outer disk (M. Lambrechts &
A. Johansen 2014). However, if the inward drift of pebbles
were to be cut off, the formation of inner planets may be
hindered. G. D. Mulders (2021) predicts that pebble accretion
forms giant outer planets more rapidly than small inner planets.
After the formation of a giant outer planet, a large gap is
thought to be carved out of the outer protoplanetary disk,
inhibiting the inward flow of pebbles and preventing small
inner planets from forming efficiently. This prediction has been
supported by observations of protoplanetary disks, which show
more massive protostars to have disks with more gaps (N. van
der Marel & G. D. Mulders 2021).

7.4. Flux Dilution from Unseen Stars

Another possible explanation for the nondetection of small
planets around A-type stars is the presence of unresolved stellar
companions. Over half of A-type stars have at least one
physically associated companion star (M. Moe & R. Di
Stefano 2017). An unseen star increases the overall brightness
of the system, causing the depth of a planetary transit to appear
more shallow in the data than it would be for a single star,
thereby making the planet more difficult to detect (e.g.,
D. R. Ciardi et al. 2015; E. Furlan et al. 2017; L. A. Hirsch
et al. 2017). In our case, this dilution would most significantly
impact super-Earths, which are already challenging to detect
around A-type stars due to their large size differences. Because
the presence of unknown stellar companions has been shown to
influence planet occurrence rate calculations in the past (e.g.,
L. G. Bouma et al. 2018; J. K. Teske et al. 2018; A. B. Savel
et al. 2020; M. Moe & K. M. Kratter 2021), it is plausible that
the same is true in this paper. We do not attempt to correct for
flux dilution due to stellar multiplicity in this analysis, but we
note that it is an area that should be afforded more careful
attention in future occurrence rate studies.

7.5. Dependence on Stellar Age

Because main-sequence lifetime decreases with increasing
stellar mass, any study of planet occurrence as a function of
stellar mass is also a study of planet occurrence as a function of
stellar age. While Sun-like stars can remain on the main
sequence for upwards of 10 Gyr, A-type stars have an average
main-sequence lifetime between 1 and 2 Gyr. The average
A-type star targeted in this study is likely younger than 1 Gyr,
significantly younger than the FGK-type stars observed by
Kepler. A number of processes are thought to influence planet
demographics within the first gigayear, including tidal interac-
tions with the host star (e.g., S. Matsumura et al. 2010;
F. Valsecchi & F. A. Rasio 2014), dynamical interactions with
other planets (e.g., J. H. Hamer & K. C. Schlaufman
2022, 2024; F. Dai et al. 2024), and atmospheric mass loss
(e.g., H. Lammer et al. 2003; I. Ribas 2005; R. A. Murray-Clay
et al. 2009; E. D. Lopez & J. J. Fortney 2013; S. Ginzburg et al.
2016, 2018; A. García Muñoz & P. C. Schneider 2019;
A. Gupta & H. E. Schlichting 2019, 2020). Recently, the
impact of these processes on the occurrence rates of small,
close-in planets has come into view. Using data from the K2
mission, J. L. Christiansen et al. (2023) found that the
occurrence rate of sub-Neptunes around FGK-type stars is
∼10× higher in the 0.6–0.8 Gyr old Praesepe cluster than in
the >1 Gyr old field. R. B. Fernandes et al. (2022), R. B. Fer-
nandes & K. K. Hardegree-Ullman et al. (2023), R. B. Fernan-
des et al. (2024, submitted), and S. Vach et al. (2024) found a
similar result for sub-Neptunes and sub-Saturns in clusters with
ages between 0.01 and 1 Gyr. This enhancement points to
efficient formation and early inward migration of small planets
around FGK-type stars, followed by dynamical or atmospheric
evolution that drives down occurrence rate. If all conditions
were held constant across stellar mass, one might reasonable
extrapolate this trend to young A-type stars and predict a
similarly high occurrence rate around our sample. The fact that
we do not see this enhancement suggests that A-type stars are
particularly hostile to the formation of small planets near the
stellar vicinity or their early migration to close-in orbits.
Alternatively, it is possible that these planets do arrive at close-
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in orbits early but experience extremely rapid photoevaporative
atmospheric mass loss (e.g., A. García Muñoz & P. C. Schne-
ider 2019), shrinking them to sizes below our detection
threshold. The youth of the A-type stars in our sample slightly
disfavors interpretations in which the observed dearth of
planets is caused by longer-term processes such as core-
powered atmospheric mass loss or dynamical instabilities with
nearby planets (e.g., F. Dai et al. 2024).

8. Conclusions

Using a sample of 20,257 bright A-type stars, we search for
transiting planets using a custom transit-detection pipeline. We
calculate the occurrence rate of small close-in planets and find
the following.

1. Sub-Saturns (4 R⊕ < Rp < 8 R⊕) with Porb < 10 days
have an occurrence rate of <2.2 ± 0.4 planets per 1000
A-type stars, at 3σ confidence. By comparison with the
results of C. D. Dressing & D. Charbonneau (2013) and
M. Kunimoto & J. M. Matthews (2020), we find that sub-
Saturns may be rarer around A-type stars than FM-type
stars and may be more than 3× as rare around A-type
stars as GK-type stars.

2. Sub-Neptunes (2 R⊕ < Rp < 4 R⊕) with Porb < 10 days
have an occurrence rate of <9.1 ± 1.8 planets per 1000
A-type stars, at 3σ confidence. By comparison with
C. D. Dressing & D. Charbonneau (2015) and M. Kuni-
moto & J. M. Matthews (2020), we find that sub-
Neptunes may be more than 2× as rare around A-type
stars as F-type stars, more than 6× as rare around A-type
stars as G-type stars, more than 13× as rare around
A-type stars as K-type stars, and more than 16× as rare
around A-type stars as M dwarfs.

3. Super-Earths (1 R⊕ < Rp < 2 R⊕) with Porb < 10 days
have an occurrence rate of <186 ± 34 planets per 1000
A-type stars, at 3σ confidence. By comparison with
C. D. Dressing & D. Charbonneau (2015) and M. Kuni-
moto & J. M. Matthews (2020), we find that super-Earths
may be rarer around A-type stars than K-type stars and
may be more than 1.5× as rare around A-type stars as M
dwarfs. We cannot, however, confidently claim that they
are rarer around A-type stars than FG-type stars,
primarily due to our low detection sensitivity to small
planets.

4. The occurrence rate of close-in sub-Neptunes may
decrease faster than that of hot Jupiters, suggesting that
the radius cliff (e.g., B. J. Fulton et al. 2017; A. Dattilo
et al. 2023; A. Dattilo & N. M. Batalha 2024) may
become less steep with increasing stellar Teff.

These findings are consistent with earlier results that found
planets with Rp < 4 R⊕ to become increasingly rare around
progressively hotter main-sequence stars (e.g., G. D. Mulders
et al. 2015a; M. Kunimoto & J. M. Matthews 2020; J. K. Zink
et al. 2023). There are a number of possible explanations for
this trend, including mitigated planet formation and migration
interior to the dust sublimation front, atmospheric mass loss,
dynamical scattering from wide-separation giant planets,
depletion of planet-forming pebbles in the inner protoplane-
tary disk, and flux dilution from unresolved companions stars.
If real, the potential decrease in sub-Saturn occurrence rate
and “flattening” of the radius cliff around hotter stars would
be novel results, and would indicate that these planets are

either unable to form in or migrate to close-in orbits or that
they are rapidly stripped of their atmospheres by the intense
and high-energy continuum emission of their hot host stars.
Assuming these planets are able to arrive at close-in orbits via
a similar mechanism to known hot Jupiters orbiting A-type
stars, the cores left over by this rapid photoevaporation may
become detectable as TESS continues to collect data, or with
upcoming exoplanet-hunting missions like PLATO (H. Rauer
et al. 2014).
These results also have interesting implications for the

population of planets around white dwarfs. The dearth of
short-period sub-Jovian planets around our sample of A-type
stars supports the notion that white dwarf contaminants
migrate inward from wide separations after the star migrates
off of the main sequence, which is consistent with earlier
predictions (D. Veras & B. T. Gänsicke 2015; D. J. Muñoz &
C. Petrovich 2020; F. Lagos et al. 2021; R. F. Maldonado
et al. 2021; A. Merlov et al. 2021; C. E. O’Connor et al. 2021;
A. P. Stephan et al. 2021; D. Veras & S. Hinkley 2021). Our
understanding of planetary systems around white dwarfs and
their relation to planets around A-type stars will likely
improve in the near future, thanks to data from the Rubin
Observatory and Gaia (E. Agol 2011; H. Sanderson et al.
2022).
We make the code for our automated TCE detection pipeline

and injection–recovery tests open to the public.14 We hope this
code will facilitate future studies of planet statistics
using TESS.
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