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ABSTRACT

Context. PLATO will discover exoplanets and characterize their host stars. Since photometry for most PLATO targets will be extracted
on board, an efficient strategy to detect false positives (FPs) – transit-like signals not caused by planets – is needed. Centroid shifts are
a standard FP diagnostic; however, only 5–20% of PLATO’s largest stellar sample (P5 sample) will have centroids computed on board.
An alternative onboard strategy is required for the remaining targets.
Aims. We propose a double-aperture photometry strategy to detect FPs and test two mask types: extended masks, which enlarge the
nominal aperture, and secondary masks, centered on the main contaminant. For each mask we derive flux and centroid metrics to
assess their ability to discriminate FPs.
Methods. Using Gaia Data Release 3, we defined our P5 targets and background stars, which we assumed to be eclipsing binaries with
transit depths and durations drawn from observed distributions. From simulated photometry and centroids, we computed extended and
secondary fluxes and also extended, secondary, and nominal centroids, and compared the FP detection efficiency of each metric.
Results. Under these assumptions, ∼35% of P5 targets have a single FP-creating contaminant, and ∼22% have two or more. Extended
centroid shifts reach an efficiency of 87%, while nominal and secondary centroids reach 84% and 75%, respectively. The secondary
flux attains an efficiency of 92%, whereas the extended flux reaches 73%.
Conclusions. The secondary flux is the most efficient metric. Since double-aperture photometry is 50% less demanding in CPU and
telemetry budgets, secondary and extended fluxes are optimal for most P5 targets. Secondary masks are optimal for targets with one
FP-creating contaminant. Extended masks are preferable when extended flux is competitive with centroids. Our results show that
double-aperture photometry and centroid shifts will allow PLATO to discard a large fraction of false positives caused by eclipsing
binaries.

Key words. methods: data analysis – methods: numerical – methods: statistical – techniques: photometric –
planets and satellites: detection

1. Introduction

The launch of the Hubble Space Telescope (HST) in 1990 rev-
olutionized astronomy, and several space missions devoted to
different scientific objectives regarding exoplanets have followed
the path of HST. Among these are CoRoT (Auvergne et al. 2009),
Kepler (Borucki et al. 2007; Borucki et al. 2010), and TESS
(Ricker et al. 2015). So far, these missions have enabled the
discovery of almost 6000 exoplanets (as well as 7000 candi-
dates)1. In late 2026 the PLAnetary Transits and Oscillations of
stars (PLATO) mission (Rauer et al. 2014; Rauer & Heras 2018;
Rauer et al. 2025) will lead to major progress in this domain.
With PLATO, the number of detections of Earth-like planets
will increase. Furthermore, the characterization of this type of
planet in terms of radius, mass, and age will also be improved
(see Heller et al. 2022).

⋆ Corresponding author: fernando.canales@obspm.fr
1 As of 29 July 2025 from the NASA Exoplanet Archive.

In order to achieve its objectives, PLATO will use several
stellar samples (see Montalto et al. 2021a). Sample 1 (P1) is
the backbone sample of the mission, and it contains stars bright
enough – i.e., lower than V=11, where the dominant noise source
is the photon noise and with a maximum random noise, or ran-
dom noise-to-signal ratio (NSR), of 50 ppm in one hour – to
allow ground-based radial velocity (RV) follow up and detailed
characterization of the host stars thanks to asteroseismology.
Sample 2 (P2) consists of stars brighter than V = 8.5 with the
same spectral types and noise performance as the P1 stars. Sam-
ple 4 (P4) consists of nearby cool late-type dwarf stars with
habitable zones relatively close-in, meaning the planets in their
habitable zone have orbital periods of only a few weeks. Sample
5 (P5), which is the largest of the four samples, is derived from
the requirement of observing a large number of stars to obtain
statistical information on planetary properties. Hence, with this
sample more than 4000 planets are expected to be detected (see
Rauer et al. 2025). However, only a small fraction of these stars
can be characterized with asteroseismology (see Goupil et al.
2024) and have the mass of their planet determined with RV
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observations. PLATO has chosen to extract onboard photomet-
ric measurements of a large number of stars. For the brightest
targets, imagettes (square regions a few pixels side of a charge-
coupled device (CCD), i.e., postage-stamps in Kepler jargon)
will be downloaded unprocessed to ground-based facilites. How-
ever, for most of the targets, aperture photometry will be com-
puted on board (similarly to CoRoT, see Marchiori et al. 2019).

The PLATO mission will generate over 100 Terabits of
raw data daily, far exceeding the available bandwidth for data
download (see Rauer et al. 2025), namely, 435 Gbits/day. This
huge data volume creates significant constraints on PLATO ’s
onboard CPU and telemetry systems (for more details about the
onboard data processing for PLATO, we refer to the work by
Ziemke et al. 2023). As a result, the mission’s onboard soft-
ware must prioritize essential analyses and computations. Given
these constraints, the mission strategy will rely on collecting
and processing data on board for posterior ground-based vali-
dation in order to distinguish transit signals that are unlikely to
be false positives (FPs). By “validation” we mean assessing a
transit signal against one or several criteria to see how likely it
is for the signal to be planetary (e.g., Torres et al. 2011; Díaz
et al. 2014). For instance, a common procedure is to match the
observed light curve to a planetary model rather than an eclips-
ing binary (EB) (see Lissauer et al. 2012). The word “validation”
should not be confused within this context with the word “con-
firmation”. The confirmation of a transit signal as planetary is
typically achieved by measuring the mass of the planet creating
the signal, usually via RV measurements. Validation is partic-
ularly crucial for PLATO, given that confirmation through RV
observations is not possible given the huge number of target stars
for the mission. For instance, there will be up to ∼245 000 P5
targets. Furthermore, only 4500 of the brightest P5 targets will
have their photometry extracted on ground from imagettes. All of
these considerations show that PLATO faces considerable con-
straints regarding onboard processing and telemetry due to the
vast volume of generated data. Furthermore, even if it would be
useful to know, it is not in the scope of this paper to realistically
determine the expected EB populations for PLATO.

A well-known method for detecting as many FPs as possible
and therefore making it possible to validate transit signals is mea-
suring centroid shifts. Centroid shifts are widely used to detect
FPs in ground-based transit surveys (see Günther et al. 2017) as
well as in space-based transit surveys (see Batalha et al. 2010
and Bryson et al. 2013 for Kepler and Hedges 2021 for TESS)2.
For PLATO, centroid shift measurements were part of the initial
FP detection strategy. Thus, obtaining centroids on board for at
least 5% of the targets has been proposed (ESA 2021). Due to
technical limitations, no more than 20% of the targets can have
centroids measured on board. Furthermore, since the photometry
is extracted on board for most of the targets, only the information
of a very small fraction of targets is going to be downloaded to
detect FPs on the ground with a series of techniques. Due to all
of these reasons, the concept of double-aperture photometry was
proposed since a strategy was needed for the targets that would
not have centroid shift measurements.

The current strategy to detect FPs for PLATO involves
a range of techniques. Two of them are the computation of
centroid shifts and the use of the double-aperture photometry
method. However, the efficiency of the double-aperture photom-
etry strategy has never been assessed until now. The purpose of

2 The introduction present in Melton et al. (2024) shows an extensive
list of papers regarding the vetting of exoplanet candidates from transit
signals.

this paper is to provide the first overall efficiency study regard-
ing double-aperture photometry for PLATO and its use alongside
Centroid shifts, even if centroid shifts will be analyzed after-
ward (on ground). The idea of double-aperture photometry is to
have two masks or apertures per each CCD window focused on a
given star. One of these masks is the nominal mask, which is cen-
tered on the target, and it is used to extract the target photometry
with the highest possible signal-to-noise ratio (S/N). The pur-
pose of the additional mask is to measure an additional flux that,
as will be shown here, enables detection of FPs under certain
conditions.

We considered two options for the additional mask. One
option is the “extended mask”, and the other is the “secondary
mask”. The extended mask is an extension (or an expansion) of
the nominal mask, making the nominal mask larger, in order
to reach contaminant stars surrounding each target. The sec-
ondary mask is a smaller mask that is centered only on the most
prominent contaminant around each target. With the extended
mask we can obtain what we refer as to the extended flux (or
extended photometry), and with the secondary mask we obtain
the secondary flux (or secondary photometry). We can also use
extended and secondary masks to compute centroid measure-
ments. These centroids are alternatives to the centroids measured
with the nominal mask. Similar approaches have appeared in
the literature, for example, in Cabrera et al. (2017), who applied
comparable vetting techniques using K2 data. However, in the
context of PLATO, double-aperture photometry is advantageous,
as it requires 50% less CPU and telemetry than centroid shifts3,
making it an attractive alternative for onboard implementation.
The approach followed in the present work can be applied
to future exoplanet missions based on transit detection. This
approach allows FPs to be discarded in order to enhance the
selection of true positives. By “true positives” we mean transit
signals coming from real planets around target stars.

The paper is organized as follows. First, we give a small
overview of the PLATO mission and photometry extraction
methods in Section 2. We present the proposed method of
double-aperture photometry for detecting FPs and how to use it
to perform flux measurements in Section 3. The centroid method
for detecting FPs is described in Sect. 4. Our analysis with all the
corresponding assumptions is presented in Sect. 5, and we show
how we computed the efficiency of each method in Section 6.
We show our results in Sect. 7 and our conclusions in Section 8.

2. PLATO mission

2.1. PLATO instrument

PLATO payload is composed of 26 cameras mounted on a single
optical bench. Each camera is a 12 cm pupil diameter, wide-
field refractive telescope that see ∼1037 deg2 (see Pertenais et al.
2021a,b). Out of the 26 cameras, 24 work at a cadence of 25 s
and are called normal cameras (N-CAM). N-CAMs are used for
the core science observations and are divided in four groups of
six. The remaining two cameras work at a cadence of 2.5 s and
are called fast cameras (F-CAM). There are four CCDs mounted
on the focal plane of each N-CAM and F-CAM. Also, all N-
CAMs of a given group share the same line of sight and field
of view (FoV). Every ∼91 days (this period of time is known as
a “quarter”), the spacecraft has to rotate 90 degrees to have its
solar panels directed toward the sun (see Rauer & Heras 2018).

3 It requires only one measurement per imagette for flux and two for
centroid computations (x and y positions) per imagette.
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Fig. 1. Schematic view (from left to right) of example nominal, extended, and secondary masks. For the extended and secondary masks, the
respective nominal mask is represented with dashed lines. In this case, the nominal mask consists of 5 pixels, the extended mask has 19 pixels,
and the secondary mask has 3 pixels. The red circle represents the target star, and the cyan triangle represents a nearby contaminant star that could
be an EB. Nominal masks are used to extract target photometry and were built to have the lowest NSR. The extended masks are constructed by
enlarging the nominal masks, typically by surrounding each nominal mask with a ring of one pixel. Secondary masks are typically smaller and are
centered on the most problematic contaminant star in the window.

The expected duration of the PLATO mission is four years,
envisaged as two long observation phases of two years each or
even one long observation of three years. If an extended mission
is approved, a step-and-stare phase could be scheduled after-
ward. As mentioned by Nascimbeni et al. (2022), the center of
both PLATO long observation phase fields are inside the spheri-
cal caps of ecliptic coordinate |β| > 63◦, and the size of each field
is ∼2232 square degrees.

In order to fulfill the mission science objectives, four stellar
samples have been defined, as mentioned in Sect. 1. For this work
we only consider the P5 sample, which is often called the “sta-
tistical sample” since it will be used for planet frequency studies.
This is also the sample studied by Marchiori et al. (2019) and
Bray et al. (2023). The P5 sample contains at least 245 000 dwarf
and sub-giant stars (F5-K7) with V ≤ 13 mag and temperatures
ranging from 3875 K to 6775 K (Bray et al. 2023). The number
of targets of this sample assumes two long duration observation
phases.

2.2. PLATO photometry

All PLATO photometric measurements, either done on board or
on ground, rely on the concept of imagette. An imagette is a CCD
window that surrounds a target star. The center of the imagette
is located at no more than 0.5 pixels from the star barycenter
(Marchiori 2019). In the case of the P5 sample the imagettes will
be 6 × 6 CCD pixel squares. In particular, for the brightest targets
the imagettes will be downloaded to extract their photometry on-
ground. In this work we focus on the remaining P5 targets where
the photometry will be extracted on board, which are the vast
majority of P5 targets and that is about 80 000 stars per camera.
For each one of these targets a stellar light curve will be produced
on board the satellite at a cadence of 600 s or 50 s using an
aperture mask. It is important to mention that there is a formal
distinction between the words window and imagette for PLATO
pipeline. Briefly, the word imagette refers to the 6 by 6 pixel
squares that are downloaded in order to extract their photometry
and centroids on-ground using a PSF fitting method. While the
word window refers to the 6 by 6 squares where we compute the
flux and centroid on board using an aperture.

2.3. Nominal onboard photometry

Onboard photometry extraction is done by integrating the flux
over a subset of the window pixels called the aperture or the

mask. Marchiori et al. (2019), in Sect. 4.6.3, showed that binary
masks are the best option for PLATO and gave a procedure
for obtaining a binary mask for every target. The binary mask
obtained following this procedure is called the nominal mask.
Furthermore, any time we refer to onboard photometry, we imply
onboard photometry for N-CAM.

The main concept behind the Marchiori et al. (2019) proce-
dure is the noise-to-signal ratio, NSR (the inverse of the S/N),
of individual window pixels. The procedure of Marchiori et al.
(2019) is summarized in Appendix B. Fig. 1a shows a schematic
view of an example nominal mask, ωn, obtained following this
procedure. The NSR for a single PLATO pixel is

NSR =
Noise
Signal

, (1)

where by “Signal” we mean the flux of the target and by “Noise”
we mean the overall noise in a given window. For PLATO light
curves computed using a binary mask,ω, and in our case a single
camera, the NSR (or sometimes called N/S∗) is

NSR∗ =

√
36∑

n=1

(
IT
n +

NC∑
k=1

Ik
n + B∆texp + σ

2
D + σ

2
Q

)
ωn

36∑
n=1

IT
nωn

, (2)

where the subscript k runs over the number of contaminants of
the imagette, Nc, the subscript n refers to the imagette pixels
{1, 2, ..., 36} and ωn refers to the binary mask over those pixels.
Eq. (2) gives the NSR value for each flux measurement involving
an imagette based on the noise and signal contribution of each
pixel. The most recent study about the noise budget for PLATO
can be found in Börner et al. (2024). Table 1 gives a complete
description of the parameters in Eq. (2). For the noise related
to the background flux (zodiacal light), we are using the median
value from the distribution of background noise levels present
in Fig. 8 of Marchiori et al. (2019). We made this choice after
using the lowest (25e−/px/s) and highest (65e−/px/s) values of
the distribution and realizing only a small change in our results
after using both values.

For a one-hour duration signal and a given number of
PLATO cameras, NT, we can use the following expression for
the NSR in ppm· hr1/2 (assuming NSR scales with multiple
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Table 1. Noise and other parameters.

Symbol Description Value

IT
n Target star flux contribution

to pixel intensity

Ik
n Contaminant star flux

contribution to pixel
intensity

B Sky-background (zodiacal light) 45e−/px/s

σD Detector noise (readout,
smearing and dark current) 50.2e−/px

σQ Quantization noise 7.2e−/px

∆texp Exposure time 21 s

Notes. Description of terms in Eqs. (1) and (B.1) and assumed values
taken from Marchiori et al. (2019).

independent measurements)

NSR1h =
106

12
√

NT
NSR∗, (3)

where the 12 constant refers to the square root of the number of
samples in one hour for a given PLATO N-CAM, i.e., using the
25 s cadence (

√
3600 s/25 s = 12).

Here, we briefly introduce the concept of PLATO data prod-
ucts, which represent the final outputs of the PLATO mission.
The data products are organized into four levels (0–3). Level 0
includes imagettes, raw light curves, and raw centroids computed
on board, while Level 1 contains processed versions of these.
Level 2 involves asteroseismic parameter measurements as well
as the transit planetary candidates. Finally, Level 3 data products
consist of the “final catalog” of confirmed planetary systems.
For this paper, we assumed that the L1 pipeline has perfectly
removed the systematics and background flux of each imagette.
In particular, we assumed there is no residual drift of the stars
across the CCD. By “residual drift” we mean the remaining posi-
tional drift after the L1 correction. While drift and correction
effectiveness do vary across the FoV, detailed assessment of this
variation is part of ongoing work within the consortium.

2.4. Detectability of transit signals

In every imagette several stars surrounding the target will be
present. Following the Marchiori et al. (2019) recommendation
we refer as to “contaminant” any foreground star located within
a 10 pixel radius from the target. Marchiori et al. (2019) showed
that above a distance of 10 pixels the probability for a contami-
nant to generate FP is very low. Contaminants that are EBs might
produce signals that can be misinterpreted as planetary transits
on the target. These events are the most common examples of
FPs for PLATO. In order to know the flux contribution of each
contaminant to the total flux of the window, Marchiori et al.
(2019) introduced the stellar-pollution ratio (SPR):

SPRk =
Fk

Ftot
, (4)

where Fk is the flux of a single contaminant of index k and Ftot
is the total flux (from all sources) present in the window. These

terms are

Fk =

36∑
n=1

Ik
nωn, (5)

Ftot =

36∑
n=1

In ωn, (6)

where ωn is the nominal mask and where In is the sum of the
target contribution and the contribution of all contaminant stars:

In = IT
n +

NC∑
k=1

Ik
n. (7)

We assumed that the sky background has been removed. How-
ever, the noise from the background flux removal remains in the
expression for the NSR in Eq. (2). The total amount of pollution
(i.e., total flux contribution from contaminants) in a given win-
dow is the sum of all the individual SPRk. This metric is named
the total SPR (SPRtot):

SPRtot =

NC∑
k=1

SPRk. (8)

The main feature of any transit signal is its transit depth, δ. This
is the fraction of the area of the stellar disk that is covered during
the transit. In the case of a planet transiting a star, the transit
depth is called δp and can be approximated as

δp =

(
Rp

R∗

)2

, (9)

where Rp is the radius of the planet and R∗ is the radius of
the star. Since we are interested in detecting FPs, we focus on
the transit depth of individual background EBs, δEB, instead of
focusing on δp. We recall that a given transit depth can also be
defined in terms of flux. In the case of a transit happening on a
contaminant star, k, the transit depth is

δEB =
Fk − Fin

k

Fk
=
∆Fk

Fk
, (10)

where Fk is the flux of the star out of transit and Fin
k is the flux of

the star during a transit
(
i.e.Fin

k =
36∑

n=1
Ik,in
n

)
. The flux out of transit

in the window is given by Eq. (6) and can be re-expressed as

Fout = Ftot = FT +

NC∑
k=1

Fk. (11)

The flux in the window when a transit is happening in a
contaminant of index k is

Fin = Ftot + Fin
k − Fk. (12)

The difference between Eq. (11) and Eq. (12) is called ∆Fnom

where the superscript “nom” refers to the nominal mask and is

∆Fnom = δEBFk, (13)

where δEB (Eq. (10)) is the intrinsic transit depth (in all the fol-
lowing we assume δEB to be given in ppm). The quantity δEB is
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also diluted by a given amount due to the flux of the target and
other contaminants in the window. This causes that we are not
able to measure δEB directly, but what we call the “observed” (or
“apparent”) transit depth. This quantity is denoted as δnom

k and
is obtained by dividing Eq. (13) over Eq. (11)

δnom
k = δEB SPRk. (14)

With this we were able to define the statistical significance of
the transit. First we recall that the statistical significance, η, of
the transit is the ratio of the apparent transit depth, δnom

k , over
the noise. The expression for the statistical significance in the
nominal mask for a transit happening in a contaminant star is

ηnom
k =

δnom
k Ftot

√
tEB ntr

σFtot

, (15)

where tEB and ntr are, respectively, the transit duration (in hours)
and number of transits, andσFtot is the 1-σ dispersion in the light-
curve averaged over 1 hour and over NT cameras. We do this
1-hour average because we are using transit durations expressed
in hours and also because measurements have to be averaged over
the duration of a transit, that typically last only a few hours. By
definition we have (see Eq. (1))

NSR1hr ≡
σFtot

FT
. (16)

Furthermore,

FT

Ftot
= 1 − SPRtot. (17)

Accordingly, with the help of Eqs. (14), (16) and (17), Eq. (15)
can be rewritten as

ηnom
k =

δEB SPRk
√

tEB ntr

(1 − SPRtot) NSR1h
, (18)

where NSR1h is given by Eq. (3). As can be seen, the significance
scales with δEB

√
tEB, whose value varies depending on the star.

In order to be detectable, any transit signal should have a
statistical significance value above a given threshold. We call
this threshold ηmin. Based on considerations given by Jenkins
et al. (2010), Marchiori et al. (2019) used ηmin = 7.1 for their
analysis. More recent studies (e.g., Hsu et al. 2018; Christiansen
et al. 2020; Kunimoto & Matthews 2020; Bryson et al. 2020)
have challenged this choice. However, we keep it for consistency
with the study by Marchiori et al. (2019). It follows that a con-
taminant star that is an EB generates a significant transit in the
nominal flux (FP) whenever we have

ηnom
k > ηmin. (19)

Following Marchiori et al. (2019), it is possible to derive a thresh-
old in terms of SPR above which a transit in a contaminant star
can cause an FP. Indeed, using Eqs. (18) and (19), it can be shown
that this happens when

SPRk > SPRcrit
k , (20)

where

SPRcrit
k =

ηmin(1 − SPRtot)NSR1h

δEB
√

tEBntr
, (21)

is by definition the critical SPR.
For completeness, we write the statistical significance in the

nominal mask of a planet transiting the target star:

η =
δp

√
tpntr

NSR1h
, (22)

where δp, tp and ntr are, respectively, the planet transit depth (in
ppm), the transit duration in hours and the observed number of
transits (metrics such as Eq. (22) are called MES: Multiple Event
Statistic in Kepler jargon).

We remark that Eqs. (21) and (22) are, respectively, cor-
rected versions of Eqs. (28) and (23) in Marchiori et al. (2019).
The corrections address the proper placement of the (1− SPRtot)
factor to ensure mathematically consistent flux ratio treatments
between target and total flux measurements. In more detail, the
proper treatment of target flux (FT) to total flux (Ftot) ratios
requires FT/Ftot = 1 − SPRtot, which was incorrectly applied in
the original formulations.

3. Double-aperture photometry and flux
measurements for detecting FPs

The idea of the double-aperture photometry is to use an extra
aperture to compute an alternative photometry to the nominal
photometry in order to detect FPs. Here we consider two ver-
sions of double-aperture photometry: the extended mask and the
secondary mask. Sections 3.1 and 3.2 respectively present and
describe each one of these masks. Sect. 6 explains that extended
and secondary masks can also be used alongside centroid shift
measurements. This allows the extended centroids to be created
when using extended masks as well as the secondary centroids
when using secondary masks. In Sect. 8, we draw a scheme to
indicate different applicable scenarios for each mask.

3.1. Extended mask and extended flux

The extended mask is an expansion of the nominal mask. Given
the scenario of a target surrounded by contaminants, collecting
their flux is useful to look for FPs. In order to collect that con-
taminant flux we increase the size of the nominal mask. This
is done to reach as much contaminants as possible. The expan-
sion process is done by surrounding the nominal mask by a given
number of pixels, typically one pixel, in order to avoid increasing
the noise significantly. Fig. 1b shows an schematic representation
of how an extended mask is built.

At window level, there will be an overlap between the nomi-
nal and the extended masks. A large fraction of the flux collected
by the extended mask comes from the target. However, the
extended mask collect a larger fraction of the flux from the con-
taminant stars compared to the nominal mask, and hence it is
more sensitive to the existence of a transit on a contaminant star.
From this perspective the extended mask can be seen as a nomi-
nal mask that is more sensitive to all the contaminant flux in the
imagette. If a transit happens in a contaminant star of index k,
the observed transit depth in the extended mask is called δext

k and
is

δext
k = δEB SPRext

k , (23)

where SPRext
k is computed with Eq. (4) by using the extended

mask. We can define the statistical significance in the extended
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mask for a transit happening in a contaminant star

ηext
k =

δEBSPRext
k

√
tEB ntr

(1 − SPRext
tot )NSRext

1h
, (24)

where SPRext
tot and NSRext

1h are, respectively, Eqs. (2) and (8)
assuming an extended mask. Since the photometry extraction
for each mask is performed separately, two light curves will be
created per window: one based on the nominal mask and the
other on the extended mask. The light curve produced with the
extended mask is used to detect FPs since the extended mask
might enhance any transit signal coming from the contaminants.
For instance, if we have a transit signal in the nominal light curve
but an even deeper transit signal in the extended light curve, we
can conclude that the origin of the signal is not the target but
it is due to one of the contaminant stars located nearby the tar-
get. In other words we are dealing with a FP that thanks to the
extended mask we can identify as such. The physical explanation
for this relies on dilution effects: if a genuine planet transits the
target star, the extended light curve will exhibit equal or shal-
lower transit depth than the nominal curve due to additional
flux from nearby stars in the larger aperture. Extended transits
that are deeper than nominal transits are therefore physically
incompatible with target-star planets and can only arise from
contaminating EBs.

Of course, by increasing the size of the mask we are also
increasing the NSR (lowering the S/N) of the photometric sig-
nature of the background transit, which means that a trade-off
has to be established. For instance, it would be enough to
increase the size of the extended mask by one more pixel and
see the impact on the efficiency. This has been done already by
Gutierrez Canales (2025), where Fig. 7.1 shows that creating
extended masks by extending nominal masks beyond the single-
pixel ring significantly reduces flux efficiency, likely because
the added pixels increase noise more than signal. Therefore,
even if more optimal ways to build extended masks could be
implemented (ongoing work in the mission consortium), such as
adding only specific pixels to the nominal mask (see Sect. 8.4),
we opted for the 1-pixel ring approach for the rest of this work
for the sake of simplicity.

3.2. Secondary mask and secondary flux

The idea behind the concept of a secondary mask is to collect the
flux only from one contaminant in each window. That contami-
nant is the one with the highest SPRk value. This is the reason
we sometimes refer to that contaminant as the most prominent.
The reason behind this choice is that the contaminant with the
highest SPRk value is also the most probable to cause an FP.
However, the observed transit depth of a transit happening in the
most prominent contaminant star in the secondary mask, δsec

kmax,
can be diluted by nearby contaminants. This is expressed as

δsec
kmax = δEB SPRsec

kmax, (25)

where SPRsec
k is computed with Eq. (4) by using the secondary

mask. Then, as done for the nominal mask (see Sect. 2.4), we
derived the statistical significance in the secondary mask for a
transit happening in the most prominent contaminant star:

ηsec
kmax =

δEB
√

tEBntr

NSRsec
1h
, (26)

where NSRsec
1h refers to Eq. (2) assuming a secondary mask and

the most prominent contaminant in the window having the role

of the target. This means that Ikmax
n appears in the denomina-

tor of NSRsec
1h . The secondary mask can be seen as a nominal

mask that is centered not in the target but in the contaminant
with the highest value of SPRk in the window. This is the reason
Eq. (26) is formally equivalent to Eq. (22), which corresponds to
the significance of the planet transiting the target star. From this
perspective, the process to obtain the secondary mask is anal-
ogous to the one for obtaining the nominal mask (described in
Appendix B). Given the fact that most contaminants are fainter
than the target, the resulting secondary mask is typically only a
few pixels in size. This is why secondary masks have – in most
cases – a lower NSR (high S/N) than the extended masks. Fig 1c
shows an example view of the secondary mask.

As for the extended mask, two light curves will be produced
for every window containing a nominal and a secondary mask.
This “secondary” light curve can be used to detect FPs in the fol-
lowing way: if we have a transit signal in the nominal mask but
an even deeper transit in the secondary mask, we can conclude
that the origin of the signal in the nominal mask was in fact the
star where the secondary mask is centered. From this perspec-
tive, the secondary mask works as a focused nominal mask that
enhances the transit signal from a single, specific contaminant,
instead of dealing with several contaminants at the same time, as
in the case of the extended mask. However, this can also be seen
as a possible drawback for secondary masks, specially for very
crowded windows. If more than one contaminant can create an
FP in a window, monitoring as much contaminants as possible is
crucial. In Sect. 8.1 we explore this in more detail.

4. Centroid shifts for detecting FPs

The centroid shift method is based on detecting a shift in the cen-
ter of brightness of a window whenever there is a transit. When
we refer to the centroid (often called the “center of brightness”
or “photocenter”) of a given window, we refer to the coordinates
of the geometric center of all the flux sources in the window.
Centroid measurements are computed using only pixels within
a given aperture. We recall that – for the targets for which pho-
tometry is extracted on board – the current strategy for PLATO
to detect FPs includes the computation of centroid shifts using
the nominal mask. However, just a small amount of P5 targets
will have those measurements.

When no transits occur, the centroid of the window remains
close to the target. If there is a transit on the target, a small
centroid shift is created. If a transit happens on a contaminant
star that is bright and distant enough, but not too far away, from
the target, the resulting centroid is enhanced. As pointed out by
Günther et al. (2017), if the system (target plus contaminants) can
be visually resolved, the direction of the shift indicates which
object undergoes the eclipse.

The coordinates of the centroid in the window reference
frame are

Cx =

36∑
n=1

xnInωn

Ftot
, Cy =

36∑
n=1

ynInωn

Ftot
, (27)

where Ftot is given in Eq. (6), In is the total intensity in the pixel
of order n (Eq. (7)), xn is the row coordinate of the center of
every pixel in the window frame, yn is consequently the column
coordinate of the center of every pixel in the window frame and
ωn is the considered mask.

When a background transit occurs, In in Eq. (27) is replaced
by Iin

n , which is the total intensity in the pixel of order n during
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the transit. Any centroid shift is always associated with a given
contaminant, k, which we suppose is an EB. The corresponding
x and y coordinates of the centroid during the transit are called,
respectively, Ck,in

x and Ck,in
y . We note that the centroid shift in the

transit is indexed with k since it depends on the contaminant of
index k at the origin of the background transit.

At this point, we could define the centroid shift in each direc-
tion. The change in the position of the centroid alongside the x
direction is ∆Ck

x = Cx − Ck,in
x , and the change alongside the y

direction is ∆Ck
y = Cy − Ck,in

y . The absolute (or total) centroid
shift is

∆Ck =

√(
∆Ck

x

)2
+

(
∆Ck

y

)2
. (28)

We also defined the centroid shift alongside one direction in
terms of the transit depth as follows:

∆Ck
x = λk[δ]Γk

x, (29)

where

λk[δEB] =
δEB × 10−6

1 − δEB × 10−6SPRk
, (30)

and

Γk
x =

36∑
n=1

(xn − Cx)ωnIk
n

Ftot
. (31)

We recall that in this work the transit depths are assumed to be in
parts per million. This requires conversion to dimensionless frac-
tions (×10−6) such as the one in Eq. (30). The absolute centroid
shift can therefore be rewritten as

∆Ck = λk[δEB]
√

(Γk
x)2 + (Γk

y)2 = λk[δEB]Γk, (32)

where we have defined

Γk =

√
(Γk

x)2 + (Γk
y)2. (33)

4.1. Centroid shift error

In order to compute the error for the absolute centroid shift, we
needed to compute first the error for the shift in each direction.
We introduced the term δIn = In − Īn as an additional help in our
calculations. The term Īn refers to the mean of the variable In,
which is given by Eq. (7). We could thus write the variances as

Var(δIn) = Īn + B∆texp + σ
2
D + σ

2
Q, (34)

where B, ∆texp, σ2
D, σ2

Q are the quantities involved in Eq. (2) and
their values are given in Table 1. With this new term, we could
compute the noise associated with the centroid in the x direction,
σ2

x, as follows (the noise for the centroid in the y direction is
analogous):

σ2
x =

36∑
n=1

(xn − Cx)2ωnVar (δIn)

F2
tot

. (35)

Equation (35) is actually a revision of Eq. (2) from Bryson et al.
(2013), which is not invariant under translations of the reference
system.

The error for the absolute centroid shift is therefore

σ∆C =
1
∆C

√
∆C2

xσ
2
x + ∆C2

yσ
2
y, (36)

where we assumed a larger number of out-of-transit centroid
measurements than for the in-transit ones. This gives more
precision for the out-of-transit centroids than for the in-transit
centroids. Accordingly, we can assume σout

x << σ
in
x (and analo-

gously σout
y << σ

in
y ).

Furthermore, Eq. (36) is equivalent to Eq. (7) from Bryson
et al. (2013). There is, however, a difference in the reference sys-
tem of both papers. In this work the reference system for the
centroid computations is the CCD reference frame while Bryson
et al. (2013) use equatorial coordinates (RA and declination).

To derive Eq. (36), we have assumed that the centroid error is
always significantly smaller than the centroid shift itself. As can
be seen, Eq. (36) goes to zero as the centroid shift, ∆C, goes to
zero. However, this is problematic for scenarios where the cen-
troid shift is very small and comparable to the centroid error.
One of these scenarios is the one where centroid shifts are com-
puted with secondary masks of only one pixel in size. For such
cases centroid shifts are naturally zero, and therefore Eq. (36) no
longer holds. More details about how we avoided such cases are
given in Sects. 6.2.1, 6.2.2, and 6.2.3.

4.2. Significance of the centroid

We can define the statistical significance of a centroid shift
signal by taking into account some PLATO specifications and
scientific requirements. For instance we can average centroid
measurements over a duration of one hour and a given number
of cameras, NT, in order to reduce the uncertainty as follows:

σ1h,NT =
σ∆C

12
√

NT
. (37)

We recall that in a parallel way to the flux measurements
described in Sect. 2.4, we computed the centroid uncertainty
after averaging the centroid over one hour.

The corresponding statistical significance of the centroid
shift in the nominal mask for a transit happening in a contam-
inant star is

ηnom,∆C
k =

∆Ck
√

tEBntr

σ1h,NT
=
λk[δEB]Γnom

k

√
tEBntr

σ1h,NT
. (38)

While the significance of the background transit in the flux scales
as δEB

√
tEB, the statistical significance of the centroid shift rather

scales as λ[δEB]
√

tEB. However, the denominator in Eq. (30) is
for most contaminant stars close to 1 such that in most cases
λ ∝ δk. Accordingly, we can consider that as for the significance
in terms of photometry (Eq. (18)), the significance of the centroid
shift predominantly scales as δEB

√
tEB.

The subscript “nom” in Eq. (38) indicates that we are using
the nominal mask. However, we can replace the nominal mask
with either the extended or secondary masks and have the
following equivalent expressions:

ηext,∆C
k =

λk[δEB]Γext
k

√
tEBntr

σ1h,NT
ext

(39)

ηsec,∆C
k =

λk[δEB]Γsec
k

√
tEBntr

σ1h,NT
sec

, (40)

where σ1h,NT
ext and σ1h,NT

sec refers to Eq. (37) but using respectively
the extended and secondary masks instead.
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5. Methods and assumptions

In this section, we present our methodology and key assump-
tions, particularly those regarding contaminant stars and EBs.
We recall that our goal is to see how efficient are flux and
centroid shift measurements when using double-aperture pho-
tometry for detecting FPs. For this goal, we compared the
flux and centroid measurements based on our alternative aper-
tures (extended and secondary masks) with the centroid shifts
computed with the nominal mask.

5.1. Stellar sample

We used a stellar sample with data from Gaia Data Release
3 (DR3) (Gaia Collaboration 2016, 2023). Our sample con-
tains 13.6 million of stars, ranging from magnitude 2.1 up to
21 in the Gaia band. This magnitude range and cutoff for faint
targets comes from Gaia DR3, rather than PLATO sensitivity
constraints. The sample was selected based on an approximation
of the number of stars in the FoV of a single PLATO N-CAM
for a single pointing at the center of the SPF (Southern PLATO
Field). However, we note that this is only somewhat representa-
tive of what the true respective PLATO sample would resemble.
For simplicity, we did not take into account the proper motion
of any star in the Gaia catalog. We converted the magnitude of
the stars in the sample from the Gaia band to the PLATO magni-
tude system by using Eq. (9) from Marchiori et al. (2019), where
P is related to G, Gbp, and Grp magnitudes measured by Gaia.
Afterward, and taking into account PLATO P5 sample specifica-
tions described in Sect. 2.1, we defined as a target every star with
magnitude between 8.0 ≤ P ≤ 13.0. We defined as contaminant
stars any star in the whole magnitude range of the sample, within
a distance of 10 pixels for every target. This since the proba-
bility of having an FP generated by a contaminant located at a
distance larger than 10 pixels is very low according to Marchiori
et al. (2019).

5.2. Assumptions about background eclipsing binaries

In principle, the information that PLATO will have about con-
taminant stars comes from Gaia and the PLATO Input Catalog
(PIC) (see Montalto et al. 2021b), where a flag system for EBs
can be implemented. However, there are studies about EB popu-
lations such as Söderhjelm & Dischler (2005) and Mowlavi et al.
(2023). This last one is of particular interest since they report
approximately two million EB candidates identified with Gaia.
In terms of EB occurrence rates for space missions, we can men-
tion Prša et al. (2011) that reported and EB occurrence of 1.2%
for Kepler4 and Prša et al. (2022) that reported an EB occurrence
of 3% at low Galactic latitudes for TESS. However, even if we
recognize that it is not feasible to know all contamination sources
for each individual window or imagette for PLATO in advance,
our aim here is not to estimate realistic EB rates for PLATO, as
we mentioned in the introduction, and we refer to the work by
Bray et al. (2023) on that regard. Another important assumption
of this work is related to stellar variability. We did not include in
our flux or centroid shift calculations intrinsic stellar variability
out for simplicity.

4 This estimation is ∼50% higher than another, previous one produced
with Hipparcos data. The authors suggest that the increase is due to
Kepler’s photometric superiority.

Following Marchiori et al. (2019), we assumed that all con-
taminants in this work are EBs but instead of assuming that all
EBs have the same transit depth and duration, we refined their
approach by drawing their properties from known distributions.
For each EB we randomly sampled (δEB, tEB) pairs from the
Kepler Eclipsing Binary Catalog (Kirk et al. 2016)5 and tran-
sit duration distribution in the Certified FP Table.6 However, we
note that assuming all contaminants are EBs represents a worst-
case scenario for contamination. This allowed us to assess the
maximum capability of each detection method under challenging
conditions.

5.3. Instrument performance and PSF assumptions

The point-spread function (PSF) describes how a stellar signal
is distributed after interacting with the optics of an instru-
ment. In the case of PLATO, the PSF determined how the
stellar signal is distributed over the pixels of the detectors. We
used 4224 PLATO-representative PSFs that were created in
ZEMAX by simulating the baseline optical layout of the instru-
ment. These PSFs also include miss-alignment and mounting
errors. They were computed for the PLATO reference 6000 K
G0V star and for the best focus (0 µm distance to the best
focus).

Furthermore, a convolution with a Gaussian kernel with a
given width was applied on each PSF to mimic the charge diffu-
sion effect in PLATO CCDs. Two widths were adopted, 0.1 px
and 0.2 px. The difference between the results produced with
each width is marginal. At the end we adopted the PSFs convo-
luted with a 0.2 px width kernel. We made this decision because
CCD diffusion strongly depends on the effective temperature of
an observed star and a 0.2 px width approximates the aforemen-
tioned case of PLATO reference stellar source: a 6000 K GOV
star.

Once we obtained the PSFs, we looked for their coordinates
in the focal plane to find the closest one to each target star. After
this process, we decomposed every PSF into b-spline polyno-
mials that are analytically integrable. This is done to accurately
integrate the PSF over a given array of pixels, in our case, a
6 × 6 pixel window. For this work, we assumed that each camera
has the same set of PSFs. Each PSF is, however, not constant,
as each PSF varies across the whole FoV. Furthermore, our PSF
set reflects realistic camera-to-camera variations based on Monte
Carlo simulations of alignment and mounting errors. These sim-
ulations were carried out by a member of the PLATO Mission
Consortium (PMC) and distributed within the consortium. Fig. 2
shows some example PSFs used in our work. The PSFs are
shown at three different angles of the FoV of one camera, before
and after adding the diffusion effect. The corresponding win-
dows for each PSF are shown in the last column of the figure.
The PLATO cameras are designed to enclose about 77% of the
PSF flux within a 2.5 pixel window and 99% of the flux within a
5x5 pixel window. We also notice that photometry performance
depends on the knowledge of the PSF and the shape of the PSF
is expected to change after launch. This implies that the “true”
PSF cannot be obtained. In order to reconstruct the “true” PSF
a microscanning technique will be implemented on board (see
Samadi et al. 2019).
5 https://archive.stsci.edu/kepler/eclipsing_binaries.
html
6 https://exoplanetarchive.ipac.caltech.edu/docs/data.
html
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Fig. 2. Simulated PLATO PSFs (1/64 pixel resolution) at different angular positions, α, of a flux source in the FoV of a PLATO camera. When
α = 0◦ the source is in the center of the FoV and when α = 18◦ the source is at the edge of the FoV. The top row shows the PSFs without charge
diffusion, while in the middle row a Gaussian kernel was applied to simulate charge diffusion in the CCD. The bottom row shows the PSF integrated
over the pixels of a 6x6 window. The color scheme goes from the highest value (red) to the smallest values (blue).

6. Efficiency of flux and centroid shift
measurements for detecting FPs

6.1. Efficiency of flux measurements

6.1.1. Efficiency of extended flux

Determining the efficiency of extended flux measurements
requires two quantities. The first quantity is the total number of
FPs expected for the nominal mask, which we call NFP. It is given
by the number of contaminants per window for which Eq. (19)
holds (ηnom

k > ηmin). This is written as

NFP =
∑

targets

NC=10∑
k=1

ηnom
k > ηmin

 . (41)

We recall that ηmin = 7.1. To compute NFP we have to obtain
the value of ηnom

k for every contaminant in the window and then
compare it to ηmin. However, the number of contaminants per
window, Nc, can be up to hundreds. For simplicity, we com-
puted ηnom

k for only the ten most significant contaminant stars in
the window, based on their SPRk values. Section 7 justifies this
approach, as only a few contaminants per window can induce an
FP.

The second quantity for computing the efficiency of the
extended mask is the number of detectable FPs by the extended
mask, which we call Next

FP . To compute Next
FP we count the num-

ber of times the following three conditions are fulfilled: The
observed transit depth in the extended mask, δext

k , significantly
exceeds that in the nominal mask; the statistical significance in
the extended mask, ηext

k , surpasses the threshold that we call ηext
min

(whose value is three), and finally the transit event has to be
detectable in the nominal mask. All of this can be summarized

as follows:

condext
k = (δext

k > δ
nom
k + 3σδ) & (ηext

k > η
ext
min) & (ηnom

k > ηmin),
(42)

where we have defined

σδ =
√
σ2
δ,ext + σ

2
δ,nom, (43)

where σδ,ext (resp. σδ,nom) is the 1σ uncertainty associated with
the transit depth measurement with the extended flux (resp. nom-
inal flux). The condition (δext

k > δ
nom
k + 3σδ) in Eq. (42) ensures

that the (apparent) transit depth measured in the extended flux is
significantly larger than in the nominal flux. It must be pointed
out that in Eq. (43) we are assuming both analysis of the extended
and nominal flux measurements are done independently, and
hence the noise associated with each transit depth measurement
adds quadratically. In fact extended and nominal masks have a
non-negligible number of pixels in common. This means the
noises associated with the transit depths of each mask are not
strictly independent. However, in this work we assumed two
independent measurements of the apparent transit depths. A
more in-depth approach is considering a differential analysis of
both extended and nominal light curves. By differential analy-
sis we mean to study simultaneously the extended and nominal
light curves. To do this, we define the concept of “differen-
tial transit depth.” This concept refers to the difference ∆δ(t) =
δext

k (t) − δnom
k (t). The differential analysis consists of measuring

∆δ(t). This analysis can substantially reduce the noises and make
the detection of FP more sensitive (see discussion in Sect. 8.1).

By definition of the significance, ηnom
k = 1 is reached when

the (apparent) transit depth equals the 1-σ dispersion in the light
curve. Accordingly, by substituting the apparent transit depth
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δk SPRk with σδ,nom and by imposing ηnom
k = 1 in Eq. (18), we

derived

σδ,nom = NSR1h (1 − SPRtot)/
√

tEB ntr. (44)

For the extended mask, we have

σδ,ext = NSRext
1h

(
1 − SPRext

tot

)
/
√

tEB ntr (45)

for the same reason. As for the centroid error (see Sect. 4.1),
these estimates assume a larger number of out-of-transit flux
measurements than for the in-transit ones. The condition (δext

k >
δnom

k + 3σδ) in Eq. (42) can equivalently be rewritten in a
dimensionless form as

SPRext
k > SPRk + 3 SPRt, (46)

where we have defined

SPRt =

√
SPR2

t,ext + SPR2
t,nom, (47)

SPRt,ext =
NSRext

1h (1 − SPRext
tot )

δEB
√

tEB ntr
, (48)

SPRt,nom =
NSR1h (1 − SPRtot)
δEB
√

tEB ntr
. (49)

The term γ defined by Eq. (19) has been introduced for the same
reason than for the significance (see Eq. (18) and Sect. 5.2).
Accordingly, the condition of Eq. (42) can be rewritten as

condext
k = (SPRext

k > SPRk + 3 SPRt) &

(ηext
k > η

ext
min) & (ηnom

k > ηmin). (50)

The total number of (background) transit detected by the
extended flux is then

Next
FP =

∑
targets

 10∑
k=1

condext
k

 . (51)

The efficiency of the extended flux measurements is the ratio of
Next

FP to NFP:

Effext =
Next

FP

NFP
. (52)

6.1.2. Efficiency of secondary flux

The efficiency of secondary flux measurements requires two
quantities. The first quantity is the total number of FPs the nom-
inal mask is sensitive to. However, and unlike for the extended
mask, for secondary flux measurements we consider only FPs
induced by the most significant contaminant star in every win-
dow. This significant contaminant is identified as the one with
the highest SPRk. We proceed this way because secondary masks
are always centered only on one contaminant per window. At the
same time, and to increase our chance to detect the background
transit, we chose the contaminant for which the signature will
be the higher, which in the majority of cases is the one with the
highest SPRk.

We count the number of times the most significant contam-
inant is able to create a detectable signal in the nominal mask
(ηnom

kmax > ηmin) and call this number Nsingle
FP . This is

Nsingle
FP =

∑
targets

(
ηnom

kmax > ηmin

)
. (53)

The second quantity for computing the efficiency of secondary
flux measurements is the number of detectable FPs by the sec-
ondary mask. We call this number Nsec

FP . To compute it, in an
analogous way to the extended mask, we count the number of
times the following three conditions are fulfilled: The observed
transit depth in the secondary mask, δsec

kmax, significantly exceeds
that in the nominal mask; the statistical significance in the sec-
ondary mask, ηsec

kmax, surpasses the threshold that we call ηsec
min

(whose value is three), and the transit event is detectable in the
nominal mask. All of this is summarized as follows:

condsec
kmax =

(
δsec

kmax > δ
nom
kmax + 3σkmax

δ

)
&

(ηsec
kmax > η

sec
min) & (ηnom

kmax > ηmin), (54)

where we have defined

σkmax
δ =

√
σ2
δ,nomkmax

+ σ2
δ,sec, (55)

where σδ,nomkmax is Eq. (44) for the most prominent contaminant
and

σδ,sec = NSRsec
1h SPRsec

kmax/
√

tEB ntr. (56)

The condition (δsec
kmax > δ

nom
kmax + 3σkmax

δ ) from Eq. (54) can
equivalently be rewritten in a dimensionless form as

condsec
kmax =

(
SPRsec

kmax > SPRkmax + 3 SPRs

)
&

(ηsec
kmax > η

sec
min) & (ηnom

kmax > ηmin), (57)

where SPRs is given by

SPRs =

√
SPR2

t,sec + SPR2
t,nom, (58)

SPRt,sec =
NSRsec

1h SPRsec
kmax

δEB
√

tEB ntr
, (59)

and where SPRt,nom is given by Eq. (49). As for the extended
mask, the condition (SPRsec

kmax > SPRk + 3 SPRs) assumes that
the analysis of the alternative flux (here the secondary flux) and
of the nominal flux are done independently (see Sect. 6.1.1 and
Eq. (43)). Unlike the extended masks, the secondary masks in
general do not have pixels in common with the nominal mask.
Accordingly, contrary to the extended flux, doing a differential
analysis of the secondary and nominal light curves is not going to
reduce the noise and to increase the sensitivity of the secondary
flux in detecting FP. Finally, Nsec

FP is

Nsec
FP =

∑
targets

condsec
kmax. (60)

The efficiency of secondary flux measurements is the ratio of
Nsec

FP to Nsingle
FP :

Effsec =
Nsec

FP

Nsingle
FP

. (61)
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6.2. Efficiency of centroid shift measurements

The efficiency assessment of the centroid shift measurements
parallels that of double-aperture photometry. We count the num-
ber of detectable FPs by centroid shifts with each mask (i.e.,
nominal, extended and secondary) against the total number of
FPs the nominal mask is sensitive to, produced by the ten most
significant contaminants in each window. The denominator for
the efficiency expressions for the centroid shifts with each mask
are the same as those for double-aperture photometry. We recall
that nominal centroids are the strategy that is already envisaged
for a minimal fraction of 5% of the P5 sample. The extended and
secondary centroids can be part of the additional strategy to the
nominal centroids.

6.2.1. Efficiency of nominal centroid shifts

To compute the efficiency of nominal centroid shift measure-
ments, we considered the ten most significant contaminants
(ranked by SPRk value) within a distance of 10 pixels form
the target. First we obtain N∆C

FP , that is the count the number of
detectable FPs by centroid shifts using the nominal mask. Then
we count the number of times the following three conditions are
fulfilled: the significance in the nominal mask of the centroid
shift produced by each one of the ten contaminants, η∆C

k , exceeds
a significance threshold called η∆C

min (which value is 3); the transit
event has to be detectable in the nominal mask and the nominal
centroid shift has to be ten times bigger than the nominal cen-
troid uncertainty scaled by the transit duration and number of
transits (see last paragraph of Sect. 4.1). This is summarized as
follows:

condnom,∆C
k = (η∆C

k > η
∆C
min) & (ηnom

k > ηmin)

&
∆Cnom

k > 10
σ1h,NT

nom
√

tEBntr

 . (62)

Then N∆C
FP is

N∆C
FP =

∑
targets

 10∑
k=1

condnom,∆C
k

 . (63)

The efficiency for the nominal centroid shift is

Effnom
∆C =

N∆C
FP

NFP
. (64)

It is worth to note that because of the last condition in Eq. (62),
Eq. (64) has to be considered as a lower limit for the efficiency
of the nominal centroid shift.

6.2.2. Efficiency of extended centroid shifts

Similar to the nominal case, extended centroid shift efficiency
is computed by considering the same ten most significant con-
taminants per window. The extended mask provides enhanced
sensitivity to these contaminants due to its larger size. First we
obtain Next,∆C

FP , that is the count of detectable FPs with cen-
troid shifts using the extended mask. Then we count how many
times the following three conditions are fulfilled: the signifi-
cance in the extended mask of the centroid shift produced by
each one of the ten contaminants, ηext,∆C

k , exceeds the signif-
icance threshold η∆C

min; the transit has to be detectable in the

nominal mask and the extended centroid shift has to be ten
times bigger than the extended centroid uncertainty scaled by
the transit duration and number of transits. This summarized as
follows:

condext,∆C
k = (ηext,∆C

k > η∆C
min) & (ηnom

k > ηmin)

&

∆Cext
k > 10

σ1h,NT
ext
√

tEBntr

 . (65)

Then Next,∆C
FP is

Next,∆C
FP =

∑
targets

 10∑
k=1

condext,∆C
k

 . (66)

The efficiency of the extended centroid is

Effext
∆C =

Next,∆C
FP

NFP
. (67)

For the same reason as the nominal centroid shift, Eq. (67) is a
lower limit for the efficiency of the extended centroid shift.

6.2.3. Efficiency of secondary centroid shifts

For secondary centroid shifts, we consider only the single most
prominent contaminant (highest SPRk value) per window, as the
secondary mask is specifically centered on this star. This rep-
resents the most problematic contaminant that is most likely to
generate an FP signal. First we obtain Nsec,∆C

FP , that is the count
of detectable FPs with centroid shifts using the secondary mask.
Then we count the times the following three conditions are ful-
filled: the significance in the secondary mask of the centroid shift
produced by the most significant contaminant, ηsec,∆C

kmax , exceeds
the significance threshold η∆C

min; the transit has to be detectable
in the nominal mask and that the secondary centroid shift has
to be ten times bigger than the secondary centroid uncertainty
scaled by the transit duration and number of transits. This is
summarized as follows:

condsec,∆C
kmax = (ηsec,∆C

kmax > η
∆C
min) & (ηnom

kmax > ηmin)

&
∆Csec

k > 10
σ1h,NT

sec
√

tEBntr

 . (68)

As mentioned in Sect. 4.1, we had to account for the fact
that Eq. (36) no longer holds for very small centroid shifts,
such as the ones produced by 1-pixel secondary masks.
These occurrences are automatically discarded by the condition(
∆Csec

k > 10 σ
1h,NT
sec√
tEBntr

)
, and Nsec,∆C

FP is then

Nsec,∆C
FP =

∑
targets

condsec,∆C
kmax . (69)

The efficiency of the secondary centroids is

Effsec
∆C =

Nsec,∆C
FP

Nsingle
FP

. (70)

For the same reason as for the nominal centroid shift, Eq. (70) is
a lower limit for the efficiency of the secondary centroid shift.
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Fig. 3. Distribution of the number of contaminants with ηnom
k > ηmin

for the targets in the magnitude range 10 ≤ P ≤ 13 from the catalog
described in Sect. 5 and observed with 24 cameras.

7. Results

We present the results for the scenario described in Sect. 5.2. We
analyze how variable EB transit parameters affect FP detection
efficiency and resource allocation for the metrics described in
this work.

7.1. Contamination landscape

The metrics and procedures described on Sect. 6 estimates the
number of FPs per window. Fig. 3 shows the distribution of NFP,
Eq. (41), for targets in the magnitude range 10 ≤ P ≤ 13 from the
stellar sample described in Sect. 5.1. We select this magnitude
range because the brightest P5 targets will have their photome-
try extracted on-ground. Our results indicate that ∼40% of the
P5 targets have no contaminant stars capable of creating an FP,
while ∼35% have only one. This suggests that for more than 70%
of the P5 targets only up to one of such contaminants is able to
create an FP. Additionally, ∼15% of the targets could have two
contaminant stars causing FPs. The percentage of targets that
can have more than two FPs is only of ∼6%. This is the reason
behind the simplification made in Sect. 6, i.e., the use of NC = 10
in Eq. (41).

We studied the number of unique mask shapes for the nom-
inal, extended and secondary masks. This is important because
the introduction of extended and secondary masks could increase
the total number of mask shapes such that the allowed onboard
limit of the mask shapes is reached. In more detail, the onboard
software has a mask library that consists of 8000 different shapes
that are shared among the three types of masks. This library is
prepared on-ground and it is programmed to be shared between
the 24 N-CAMs. Fig. 4 shows the cumulative number of unique
masks for the extended, nominal and secondary masks. The total
number of unique mask shapes is 1179. This is way below the
8000 threshold in the mask library.

7.2. Efficiency of the metrics

Figures 5a and 5b show the results for the efficiency of centroid
shift and flux measurements using nominal and double-aperture
photometry. To produce these plots, we divided the target magni-
tude range (10 ≤ P ≤ 13) into 7 magnitude bins of 0.5 magnitudes
in size.

For each bin, we randomly select 1000 targets from all avail-
able stars within the range P ± 0.25 magnitudes around each
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Fig. 4. Cumulative count of unique mask shapes as a function of target
P magnitude. The plot shows the unique number of each mask, i.e.,
extended (blue triangles), secondary (red crosses), and nominal (black
circles), and the three types of masks together (orange squares).

central value. Each data point represents the efficiency calcu-
lated for all 1000 targets within that specific magnitude bin.
Also, all magnitude values referenced in the efficiency plots and
tables correspond to target star magnitudes, including for sec-
ondary mask analyses. While secondary masks are centered on
the most significant contaminant star, the efficiency is evaluated
as a function of target magnitude to maintain consistency across
all detection methods and to align with the magnitude-binned
target selection approach described in Sect. 6.

Both Figures show a light blue and purple regions that over-
lap each other in the magnitude range 10.7 ≤ P ≤ 11.7. The light
blue ones show the magnitude region where Earth-like planets
can be detected by PLATO using 24 cameras. The light purple
regions show the magnitude range where photometry extraction
is expected to be performed on board. The region where they
overlap is a rough estimate of where, in principle, PLATO could
detect Earth-like planets with onboard photometry using 24 cam-
eras. The P = 10.7 (i.e., V = 11 for a star with Teff = 6000 K)
threshold can be found in both the PLATO Red Book (2017)
and ESA (2021). On the other hand, the P = 11.7 threshold is
the result of the calculation presented in Appendix A, which
confirms the results shown in Fig. 18 of Marchiori et al. (2019).

Figure 5a shows the efficiency of the centroid shift mea-
surements using both nominal and double-aperture photometry.
The calculations were performed for the cases of 24 and 6 cam-
eras. The nominal centroids are very close in efficiency to the
extended ones. The secondary centroid shifts are the next ones
in efficiency. Since secondary masks are always centered on the
most significant contaminant star of each window and if there is a
transit happening on that contaminant star, the resulting centroid
shift will be small. This means a less significant signal according
to Eq. (40). We also notice a small decrease of their efficiency
with increasing P magnitude. This can be explained showing the
variation of the averaged centroid shift uncertainty, σ1h,NT

k , of
each metric with the magnitude. Fig. 6 shows this variation and
we can see that the uncertainty associated with the extended cen-
troid increases more rapidly than does the uncertainty associated
with the nominal centroid. Hence, this explains the decrease of
the efficiency with the magnitude.

Figure 5b shows the efficiency of flux measurements using
the double-aperture photometry method. The calculations were
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Fig. 5. Comparison of centroid shifts and flux measurements with double-aperture photometry for detecting FPs. The results are produced for the
case of variable transit parameters for the EBs. On the left, we show the efficiency for centroid shift measurements using the three types of masks
mentioned in this work so far. On the right, we show the efficiency for both the secondary and extended masks. Both figures were obtained using
24 and 6 cameras for each mask. The Earth-like planet detection region is colored in light blue. The vertical dot-dashed red line corresponds to the
P = 10.7 magnitude threshold. The pink colored region is the region where light curves will be produced on board for the P5 sample. The threshold
of P = 11.7 is the vertical dashed green line.

Fig. 6. Distribution of the average uncertainty of the centroid shift
(Eq. (37)) along target P magnitude for the extended (blue triangles)
and nominal (black circles) masks.

performed again for both the cases of 24 and 6 cameras. The
secondary flux is the most efficient method for both 24 and 6
cameras. This result is intuitive given that secondary masks are
always centered on the contaminant with the highest probability
to cause an FP in every window, given it has the highest SPRk
value and – in most cases – lowest NSR too.

We observe that efficiency is consistently higher for 24 cam-
eras than for 6 cameras across all detection methods. This occurs
because photometric uncertainty scales as σ ∝ 1/

√
NT for both

centroid and flux measurements, where NT is the number of con-
tributing cameras. Therefore, increasing from 6 to 24 cameras
reduces uncertainty by a factor of

√
24/6 = 2, correspondingly

increasing statistical significance by the same factor. A detailed
analysis is provided in Appendix C using the extended flux as
example.

Table 2 shows the magnitude-averaged efficiencies across the
entire P5 range of the values in Figures 5a and 5b.

The results present in Table 2 show that secondary flux is
the most efficient metric for detecting FPs. It is followed by

Table 2. Detection efficiency averages.

Metric Efficiency

Nominal centroids (NCOB) 83.7 ± 1.2%
Extended centroids (ECOB) 87.1 ± 1.0%
Secondary centroids (SCOB) 75.4 ± 1.4%
Secondary flux (SFX) 92.1 ± 0.8%
Extended flux (EFX) 73.5 ± 1.4%
Extended flux (EFX with δext

k > δ
nom
k ) 87.2 ± 1.0%

Notes. Detection averaged efficiency across the entire P5 magnitude
range.

the centroid shift measurements and finally by the extended
flux. Secondary flux is particularly effective when only one con-
taminant is capable of generating an FP, as secondary masks
are specifically designed for single-contaminant scenarios. How-
ever, when multiple contaminants can generate FPs, nominal
and extended centroids become preferable due to their ability
to simultaneously monitor several contaminants and their higher
efficiency compared to extended flux, though only where com-
putational resources allow it. Furthermore, flux measurements
involving double-aperture photometry are both CPU and teleme-
try cheaper than centroid shift measurements computed with a
nominal, secondary, or extended mask. This is because flux mea-
surements require only a single scalar value per aperture, while
centroid measurements must compute and transmit both x and
y coordinates. Taken together, these considerations suggest that
for the targets where flux measurements are as efficient as cen-
troid shift measurements, the former should be preferred over the
latter. More detailed suggestions about this are given in Sect. 8.2.

8. Discussion and conclusions

8.1. Overall efficiency of the different metrics

As discussed in the previous sections, the efficiency of the dif-
ferent metrics depends on the conditions under which they are
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evaluated (see Sect. 6). These conditions are related to how
PLATO measurements are obtained. Any change in the condi-
tions will create changes in the efficiency of the metrics. An
illustrative example is given by the extended flux measurements:
if we replace the condition (δext

k > δ
nom
k + 3σδ) by the condi-

tion (δext
k > δ

nom
k ) we get an efficiency for the extended flux of:

87.2%. As pointed out in Sect. 6.1.1, in the expression for σδ
given by Eq. (43), we have assumed that the analysis of both the
extended and nominal flux are done independently. A differential
analysis of the extended flux and the nominal flux, as men-
tioned in the same Section, is expected to substantially reduce
σδ and make the detection of FPs with the extended flux more
efficient. Indeed, in the limit case where σδ tends to zero, the
condition δext

k > δ
nom
k + 3σδ tends to the condition δext

k > δ
nom
k .

Hence, a differential analysis should increase the efficiency of
the extended flux and put the latter somewhere between 73.5%
and 87.2%. However, it should be noted that a differential anal-
ysis would require dedicated processing to be implemented on
ground, which is not currently planned for the PLATO Exoplanet
Analysis System (EAS).

8.2. Overall strategy for selecting the best metrics

Just after the secondary flux, the extended and nominal centroid
measurements are the most efficient method for detecting FPs.
However, the maximum number of centroids that can be mea-
sured on board is limited due to the CPU, memory and telemetry
constrains. Indeed, we have the following onboard constraints
(the numbers below are given for a single camera):

– Max. number of nominal centroids per camera: 7400.
– Max. number of extended centroids per camera: 7400.
– Max. number of extended or secondary flux per camera:

45 400.
– Max. number of nominal flux per camera: 104 8507.

Within these limits, it is possible to consider an optimal distribu-
tion between centroid measurements and extended or secondary
flux measurements. To determine this distribution, we isolate the
cases in which one metric is able to detect an FP while another
is not. We care about the number of targets per camera because
this is how most CPU resources are organized in the pipeline.

We present the percentage of FPs detected by each metric
in combination with the other ones. The following abbreviations
were introduced for convenience: NCOB for nominal centroid
shift measurements, ECOB for extended centroid shift measure-
ments, EFX for extended flux measurements, SFX for secondary
flux measurements and SCOB for secondary centroid shift mea-
surements. Table 3 shows the percentage of FPs for the different
combinations of extended and nominal mask-based methods. For
these comparisons the first ten most significant contaminants in
terms of SPRk in each window were considered. Accordingly,
Table 4 shows the FPs percentage detection among the combina-
tions of secondary mask-based methods. For these comparisons
only the most prominent contaminant in terms of SPRk of each
window was considered8.

Table 3 shows that extended and nominal centroid shifts
detect a similar fraction of FPs. Nominal centroid shifts recover
7 This number includes the stars from the guest observer program, that
is about 20 000 targets per camera and for a single pointing.
8 The fractions of FP detection were computed by considering the pro-
portion of contaminant stars that meet the detection criteria for each
metric described in Sect. 6 in each magnitude bin. These fractions were
then weighted based on the actual distribution of stars across magnitude
bins, with error estimates derived from the weighted variance assuming
a binomial distribution.

Table 3. Percentage of FPs detectable by one method but not by
another.

NCOB ECOB EFX

NCOB – 4.2 ± 0.6 17.4 ± 1.2
ECOB 7.6 ± 0.8 – 13.9 ± 1.1
EFX 7.2 ± 0.8 0.3 ± 0.2 –

Notes. Percentage of FPs detectable by the method in the row but not by
the method in the column, using the ten most significant contaminants
per window.

Table 4. Percentage of FPs detectable by one method but not by
another.

SFX SCOB

SFX – 20.6 ± 1.3
SCOB 3.9 ± 0.6 –

Notes. Percentage of FPs detectable by the method in the row but not by
method in the column, using only the most prominent contaminant per
window (secondary masks).

Table 5. Proposed strategy to assign metrics.

NFP per window Metric

0 EFX
1 SFX or NCOB
2 or more EFX or NCOB or ECOB

Notes. Decision scheme about different scenarios involving the opti-
mal metric to choose depending on the number of contaminants able to
create an FP in each window.

17.4% of FPs missed by extended fluxes, while extended cen-
troid shifts recover 13.9%. Conversely, extended fluxes identify
7.2% of FPs missed by nominal centroid shifts but only 0.3% of
those missed by extended centroid shifts. These results highlight
the strong complementarity between extended fluxes and both
extended and nominal centroid shifts. Accordingly, the choice
between the extended centroids, nominal centroids and extended
fluxes have to be made such as to optimize both the CPU and
TM resources and the amount of FPs potentially detectable for
each given target. However, extended fluxes could be prioritized
since they have a lower cost in CPU and TM; also, nominal cen-
troids could be prioritized over the extended centroids because
they can be directly implemented in a window without invoking
an additional, extended aperture. Table 4 shows that secondary
flux clearly outperforms secondary centroids, detecting 20.6%
of FPs that secondary centroids cannot identify, while secondary
centroids detect only 3.9% of FPs missed by secondary flux.
This demonstrates the greater superiority of flux-based over
centroid-based detection when focusing on the most problematic
contaminant. Together with the multi-contaminant comparison
above, these results highlight the complementarity of flux- and
centroid-based metrics, and how their usefulness depends on
the context of each window and the available CPU and TM
resources.

At this point, we can outline our proposed strategy to select
the best metric for each target since this is how metrics will be
assigned on ground (per target). The strategy takes into account
the number of contaminants able to create a FP in each window,
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Table 6. Possible scenario for the metrics.

NFP Num. of stars Secondary flux Extended flux Nominal centroid Extended centroid

0 34 400 [43%] – 6396 [8.0%] – –
1 28 000 [35%] 25 760 [32.2%] – 2240 [2.8%] –
>2 17 600 [22%] – 13 434 [16.7%] 2829 [3.5%] 1337 [1.7%]

Total: 80 000 [100%] 25 760 [32.2%] 19 830 [24.8%] 5069 [6.4%] 1337 [1.7%]

Notes. Possible scenario for metrics assignments. The quantities inside brackets refer to the percentages in terms of the maximum 80 000 targets
for a single N-CAM.

NFP, as well as the results and computations presented so far. The
strategy is summarized as follows:

– NFP ≥ 2: For each target, we chose the extended flux, the
nominal centroid metrics, or the extended centroid metrics
based on which metric detects the largest number of FPs. If
for a target the extended flux is able to detect the same num-
ber of FPs than the centroids, we choose the former because
of its lower cost; otherwise we select the nominal centroid
and, if needed, the extended centroid.

– NFP = 1: We chose between the secondary flux and the nom-
inal centroid. When for a given target the FP is detectable
by the secondary flux (i.e., if the condition of Eq. (57) is
verified), we select this metric because of its lower cost;
otherwise, we select the centroid metric.

– NFP = 0: Our proposal is to choose – if the resources allow
it – an extended flux by default. This is because we might
have missed some contaminant stars or we may have incor-
rect information about them. By choosing an extended flux
by default we further maximize our chances of detecting an
FP.

Table 5 summarizes the previous list.

8.3. An example of metric assignment

To assign a metric to a target we have to take into account for
limitations imposed by the onboard software or the TM budget.
At the same time, it has to take the scientific requirements
into account as well. For instance the number of P5 targets
for which photometry can be extracted on board is 80 000 for
a single N-CAM. At the same time, centroid computations
are limited to 14 800 targets per N-CAM while the number of
extended/secondary flux to 45 400 targets again for a single
N-CAM.

Table 6 shows our summarized proposed metric assignment
scenario. To build it, we proceeded as follows: From Fig. 3 we
see that the number of P5 targets with NFP = 1 is ∼35%, which
corresponds to about 28 000 targets for a single N-CAM. Given
that the efficiency of the secondary mask is 92%, we consider
a secondary mask for the 92% of the 28 000 targets for a sin-
gle N-CAM, these are about 25 760 targets. These are the targets
that shall have a secondary flux computed on board, whereas
for the remaining ∼2240 stars, a nominal centroid measurement
shall be considered. These values correspond to the NFP = 1
row in Table 6. Furthermore, Fig. 3 shows that among the P5
sample, ∼22% are expected to have NFP ≥ 2; this represents a
total of ∼17 600 targets for a single N-CAM. These targets in
principle can be monitored with extended flux measurements or
nominal or extended centroid shift measurements. We can use
Table 3 to find a possible share between metrics. According to
it, extended centroid shifts detect 7.6% of the FPs missed by
nominal centroids, while nominal centroids detect 17.4% of the
FPs not detectable by extended fluxes. Therefore, we can start by
assigning an extend centroid to 1337 targets (7.6% of 17 600) for

which NFP ≥ 2. Then, we can assign a nominal centroid to 2829
targets ((17 600–1337) × 0.174). Lastly, the remaining targets can
get an extended flux, that is 13 400 targets (17 600–1337–2829).
These values correspond to the NFP > 2 row of Table 6. We
recall that the total centroid budget for a single N-CAM is up to
14 800 (7400 nominal plus 7400 extended). Finally, we can say
that the maximum number of extended/secondary flux measure-
ments (45 400) together with the maximum number of centroid
measurements (14 800) fully suffices for all the targets for which
NFP > 0. The remaining number of extended flux measurements
(6396 of the 45 400) can be assigned to the remaining P5 targets
for which NFP = 0 (the ∼40% of the P5 sample); these targets can
for instance be selected by putting more priority to the brightest
ones. This gives the NFP = 0 row in the Table 6. To conclude, this
metrics share results in an optimal use of the resources while ful-
filling the technical constraints: we have 25 760 secondary flux,
19 830 extended flux and 6433 centroid measurements leading to
a total of 52 023 targets, staying within the 80 000 targets for a
single N-CAM budget, as summarized in the last row of Table 6.

8.4. Concluding remarks

In this paper, we have evaluated the efficiency of double-aperture
photometry for detecting FPs. With this new method, we pro-
duced flux measurements that we compared with the known
centroid shift method in terms of FP detection. The secondary
flux was shown to be the most efficient metric overall, and it is
followed in efficiency by extended centroid shifts, then by the
nominal centroids, and then by the secondary centroid shifts.
The extended flux is the last metric in terms of overall effi-
ciency. However, we showed that for a higher fraction of the
PLATO P5 targets, flux measurements using the double-aperture
photometry are an alternative that is more competitive in terms
of CPU and memory resources than the centroid shift method.
We then established a strategy to optimally detect FPs with the
double-aperture photometry and centroid methods while taking
into account the technical limitations of the PLATO software and
hardware. Finally, we conclude that by using the double-aperture
photometry approach alongside centroid shift measurements
implemented on board, a high fraction of FPs are expected to
be discarded for the PLATO P5 sample. Our approach can also
be used as a guideline for the design of future space missions
aimed at detecting exoplanets with the transit technique.

As a next step, we plan on undertaking a future work
involving a differential analysis for extended and nominal
masks. Furthermore, we think another natural step is to ana-
lyze the dependence of our results regarding the following
aspects: different FoV, camera pointings, and color-dependency
of the targets and contaminants. However, we refer to the work
by Gutierrez Canales (2025)9 for a detailed analysis of the

9 The thesis is available here: https://theses.hal.science/
tel-05165095
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efficiency of the metrics under different values of PSF tem-
perature, diffusion kernel, and other configurations. Finally, a
possible improvement for extended masks could consist of com-
puting them in such a manner as to maximize the significance
(for both extended flux and extended centroid shift measure-
ments) of all the contaminant stars that can potentially generate
a background transit. The exact procedure to obtain such optimal
extended masks, however, needs to be studied in the future.
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Appendix A: Planets detectability

Although the main interest behind PLATO mission is to discover
Earth-like planets, the mission is capable of detecting different
types of planets as well. In this section, we are interested in
studying the ability of PLATO to detect three different types of
planets: Jovian, Super-Earths, and Earth-like planets. Fig. A.1
shows our results for each one of these planets. The results were
produced taking into account ntr = 3.

Fig. A.1: Statistical significance of true planets (Eq. (22)), for
three different types. The results are computed for 10000 targets
in total. The dashed red line refers to the value of the detection
threshold ηmin. The blue diamonds refer to the significance val-
ues related to Jovian planets using six cameras (δp = 10100 ppm
and td = 29.6 hr), the orange stars refer to Super-Earths using six
cameras (δp = 522 ppm and td = 42 hr), and the green circles
refer to Earth-like planets using 24 cameras (δp = 84 ppm and
td = 13 hr). The chosen δp and td values for the Jovian and Earth-
like planets come from Fig. 18 from Marchiori et al. (2019).
The chosen δp and td values for the Super-Earths were estimated
interpolating between the Earth and Neptune values reported in
Table 1 from Borucki et al. (1996).

Our analysis show that the significance of Earth-like plan-
ets around Sun-like stars has a magnitude limit at P∼11.7, using
NT = 24 and ntr = 3. This is consistent with the results provided
by Fig. 18 from Marchiori et al. (2019). Another consistent result
from Fig. A.1 is that PLATO is able to detect Jovian planets even
if only using NT = 6. In the case of Super-Earths, there was no
previous analysis by Marchiori et al. (2019), but our results show
as well that only using NT = 6 could be enough for PLATO
to detect Super-Earths since they appear to be well above the
detectability threshold ηmin when using 6 cameras.

Appendix B: Nominal mask computation

The NSR expression useful to obtain the nominal mask is Eq.
(36) from Marchiori et al. (2019):

NSRn =

√
IT
n +

NC∑
k=1

Ik
n + B∆texp + σ

2
D + σ

2
Q

IT
n

. (B.1)

The terms used in Eq. (B.1) are defined in Table 1 since they
are the same than the ones from Eq. (3). The subscript “n” indi-
cates that we compute the NSR for every window pixel. Once

we computed it for 36 pixels of the window, we sort them in
increasing order. We use the subscript “m” for denoting the index
of the sorted window pixels. These pixels are used to compute
what Marchiori et al. (2019) called the “aggregate NSR," which
is written as

NSRagg(m) =

√
m∑

n=1

(
IT
n +

NC∑
k=1

Ik
n + B∆texp + σ

2
D + σ

2
Q

)
m∑

n=1
IT
n

. (B.2)

Finally, we obtained the nominal mask, ωn, by looking for the
collection of pixels that minimizes Eq. (B.2). This is shown in
Figs. 13 and 14c of Marchiori et al. (2019) and in Figs. B.1a and
B.1b of this work. This refers to a star with P = 11.12.

Fig. B.1: Top: Example of NSR plot. Bottom: Consequent shape
of the nominal mask. For this case, the size of the nominal mask
is 8 pixels.

The way for building a secondary mask is completely analo-
gous to what have just been described. The only difference is that
we substitute IT

n by Ikmax
n since for the secondary mask the star
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with the highest SPR value in the window is regarded as the
target. Furthermore, the way of building the extended mask is
simply by surrounding the nominal mask by a single pix. Fig. B.2
shows the average size in pixels of the three types of masks as a
function of the P target magnitude.
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Fig. B.2: Average mask size in pixels for the nominal (black cir-
cles) and extended (blue triangles) masks as a function of the
target P magnitude.

Appendix C: Change in efficiency when switching
from 24 to 6 cameras

To investigate the change in efficiency of both double-aperture
photometry and centroid shifts when shifting from 24 to 6 cam-
eras, we use the extended mask as an example. The analysis for
other versions of both methods is analogous. We begin with the
following expression involving NFP and Next

FP for both 24 and 6
cameras:

Next,6cameras
FP

N6cameras
FP

=
Next,24cameras

FP

N24cameras
FP

[
(1 − α)
(1 − β)

]
, (C.1)

where α and β are terms useful for investigating the efficiency
change with different camera numbers. This change results from
the loss of a certain number of stars when switching the camera
number. We denote this loss as Lossext, defined as

Lossext = αNext,24cameras
FP . (C.2)

We observe that switching from 6 to 24 cameras can double the
signal. The efficiency change can be attributed to the distribu-
tion change of ηext

k (denoted as L1), the distribution change of
ηnom

k (denoted as L2), or a combination of both (L1 + L2). Addi-
tionally, the efficiency change might depend on the denominator,
the distribution change of ηnom

k (denoted as L2). This is expressed
by

L1 = (ηmin < η
ext
k < 2ηmin) ∧ (ηnom

k < 2ηmin) ,

L2 = (ηmin < η
nom
k < 2ηmin) ∧ (ηext

k < 2ηmin) ,
L3 = L1 + L2 ,

L4 = (ηmin < η
nom
k < 2ηmin) .

(C.3)

Then equation (C.2) becomes

Lossext = αNext,24cameras
FP =

∑
targets

NC∑
k=1

(δext
k > δ

nom
k )×[

L1 or L2 or L3 and L4

]
.

(C.4)

We then obtained the values for L1, L2, L3, and L4. From
equation C.4 we derived

α =
L1 + L2 + L3

Next,24cameras
FP

, (C.5)

and

β =
L4

Next,24cameras
FP

. (C.6)

Our analysis shows that (1 − α) is always greater than (1 − β)

Appendix D: Reference table

With the aim to make our results as reproducible as possible,
the interested reader can have Table D.1 as reference. Table D.1
shows the most relevant metrics for a given target in our stellar
sample and the ten most significant contaminants around it.
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Table D.1: Comparison of important metrics.

Target Gaia ID DR3: 5552642365761527040
R.A. and Decl. [deg]: 101.84629226792525 and -46.173084507722656

Number of contaminants: 31
Magnitude: 12.08

Contams P
mag.

∆xCCD ∆yCCD SPRnom
k [ppm] ηnom

k ηext
k ηsec

kmax ηnom,∆C
k ηext,∆C

k ηsec,∆C
kmax

5 552 642 370 059 980 800 17.624 -0.057 -0.375 5961.853 17.790 38.892 21.066 10.439 5.938 2.237

5 552 642 404 418 781 184 16.545 1.091 0.522 5780.367 16.965 14.636 13.178 50.197

5 552 643 121 676 967 936 19.321 0.402 1.791 166.539 0.516 2.377 0.448 3.447

5 552 643 121 676 965 888 20.473 -0.665 1.368 107.353 0.332 1.016 0.360 1.473

5 552 642 365 762 705 408 18.646 -1.264 -2.374 99.234 0.282 1.210 0.664 10.446

5 552 643 125 970 941 952 20.001 0.158 1.834 91.024 0.096 0.657 0.241 1.703

5 552 642 400 122 460 160 18.346 2.711 0.991 31.466 0.087 0.827 0.061 1.066

5 552 643 121 676 971 008 19.007 0.070 2.646 28.131 0.020 0.166 0.076 1.248

5 552 643 125 973 283 840 16.977 -2.454 0.309 7.096 0.018 5.488 0.020 10.212

5 552 642 404 418 783 232 16.577 4.245 0.875 6.435 0.003 1.983 0.016 0.266

A2, page 19 of 19


	Detecting false positives with PLATO using double-aperture photometry and centroid shifts
	1 Introduction
	2 PLATO mission
	2.1 PLATO instrument
	2.2 PLATO photometry
	2.3 Nominal onboard photometry
	2.4 Detectability of transit signals

	3 Double-aperture photometry and flux measurements for detecting FPs
	3.1 Extended mask and extended flux
	3.2 Secondary mask and secondary flux

	4 Centroid shifts for detecting FPs
	4.1 Centroid shift error
	4.2 Significance of the centroid

	5 Methods and assumptions
	5.1 Stellar sample
	5.2 Assumptions about background eclipsing binaries
	5.3 Instrument performance and PSF assumptions

	6 Efficiency of flux and centroid shift measurements for detecting FPs
	6.1 Efficiency of flux measurements
	6.1.1 Efficiency of extended flux
	6.1.2 Efficiency of secondary flux

	6.2 Efficiency of centroid shift measurements
	6.2.1 Efficiency of nominal centroid shifts
	6.2.2 Efficiency of extended centroid shifts
	6.2.3 Efficiency of secondary centroid shifts


	7 Results
	7.1 Contamination landscape
	7.2 Efficiency of the metrics

	8 Discussion and conclusions
	8.1 Overall efficiency of the different metrics
	8.2  Overall strategy for selecting the best metrics 
	8.3 An example of metric assignment
	8.4 Concluding remarks

	Acknowledgements
	References
	Appendix A: Planets detectability
	Appendix B: Nominal mask computation
	Appendix C: Change in efficiency when switching from 24 to 6 cameras
	Appendix D: Reference table


