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ABSTRACT

Context. Young planetary systems represent an opportunity to investigate the early stages of (exo)planetary formation because the
gravitational interactions have not yet significantly changed the initial configuration of the system.

Aims. TOI-4562 b is a highly eccentric temperate Jupiter analogue orbiting a young F7V-type star of <700 Myr in age with an orbital
period of P, ~ 225 days and an eccentricity of e = 0.76, and is one of the largest known exoplanets to have formed in situ.
Methods. We observed a new transit of TOI-4562 b using the 0.6-m Zeiss telescope at the Pico dos Dias Observatory (OPD/LNA) in
Minas Gerais, Brazil, and combine our data with Transiting Exoplanet Survey Satellite (TESS) and archive data, with the aim being
to improve the ephemerides of this interesting system.

Results. The O —C diagram for the new ephemeris is consistent with the presence of a giant planet in an outer orbit around TOI-4562.
TOI-4562 c is a planet with a mass of M = 5.77 My, an orbital period of Py, = 3990 days, and a semi-major axis of a = 5.219 AU.
Conclusions. We report the discovery of TOI-4562 c, the exoplanet with the longest orbital period discovered to date via the transit
timing variation (TTV) method. The TOI-4562 system is in the process of violent evolution with intense dynamical changes — judging
by its young age and high eccentricity — and is therefore a prime target for studies of formation and evolution of planetary systems.
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1. Introduction

Young stellar systems provide a unique window onto the early
stages of planetary evolution, which are marked by dynamic
processes and rapid changes. These systems undergo significant
transformations as they interact and evolve, and studying young
systems offers valuable insights into the formation and evolution
of planets. By examining young stellar systems, we gain a fun-
damental understanding of the mechanisms that drive planetary
formation and the initial conditions that shape the diversity of
planetary architectures observed in mature systems.

TOI-4562b (=TIC 349576261) is a highly eccentric tem-
perate Jupiter analogue discovered by Heitzmann et al. (2023,
hereafter HEI23). The planet orbits a young F7V-type star
of <700Myr in age with an orbital period of P, =

* Corresponding author; vitorfreitasfermiano@outlook.com

225.11781f81888§§ days and an eccentricity of e = 0.76 = 0.02
(HEI23). Combining transits from the Transiting Exoplanet Sur-
vey Satellite (TESS) satellite with a transit from a ground-
based telescope, and spectroscopic data, HEI23 measured the

planet’s radius and mass as Rp = 1.11870013 Ry, and Mp =

2.30*09% Myyp. The HEI23 ephemeris for TOI-4562b results in
an observed-minus-calculated variation (‘O—C’ or ‘TTV’, short
for transit timing variation) at the ~3—15 minute level for all five
transits used in their analysis, suggesting the presence of a third
body.

We observed a transit of TOI-4562b at the Pico dos Dias
Observatory (OPD/LNA) in Brazil on November 9 2023, which,
much to our surprise, occurred ~2 hours earlier than expected
according to the HEI23 ephemeris (O — C = 116 min.). By
combining this new event time with the existing data from
TESS and ground-based observations, we were able to provide
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Fig. 1. Transit of TOI-4562 b observed at the OPD/LNA on the night of
UT 2023 Nov 9. Top panel: Raw data of TOI-4562b and the standard
star TYC 8914-2239-1 collected at the OPD/LNA. The y-axis is the
instrumental magnitude with the data of TYC 8914-2239-1 displaced by
+2.44 mag for visualisation purposes. Bottom panel: Normalised transit
of TOI-4562 b (black data-points) and the modelled transit signal (green
solid line). Midtransit occurred at T,;,(BJD) = 2,460,257.73350,
resulting in an O—C of ~2 hours in relation to the HEI23 ephemeris. The
residuals after the fitting of the transit model are also shown. Fig. A.1 in
the Appendix complements the fit for the OPD transit, showing the fits
for the five TESS transits.

a new ephemeris for TOI-4562b whose TTV diagram is con-
sistent with the presence of a giant gas planet in an outer orbit
around TOI-4562. Here we report the discovery of TOI-4562c,
a Jupiter-size planet of Mp = 5.77Mj,, with an orbit of Py, =
3990 days, and semi-major axis a ~5.22 AU. TOI-4562 c is the
longest-period TTV-discovered exoplanet to date'.

2. Ground-based observations of TOI-4562

Ground-based observations of TOI-4562 were carried out with
the 0.6-m /12.5 Zeiss telescope at the Pico dos Dias Observatory
on UT November 9 2023. OPD/LNA is located in the Brazilian
state of Minas Gerais (22° 32’ 04" S, 45° 34’ 57” W) at an alti-
tude of 1864 m above sea level. TOI-4562 is at coordinates RA,
Dec (J2000)=07:28:02.41, —63:31:04, thus allowing good cov-
erage starting at 2023 Nov 9 UT 01:51:33, with an airmass of
2.45 (corresponding to an altitude of 23°), reaching a minimum
airmass of 1.32 at UT ~07:20. The observations were concluded
at 2023 Nov 9 UT 07:46:10, with an airmass of 1.35 (altitude
48°). For TOI-4562 b observations, the telescope was equipped
with an Andor iXon EMCCD camera, with a field of view (FoV)
of approximately 6 X 6 arcmin.

' According to the NASA Exoplanet Archive on the time of writing
(https://exoplanetarchive.ipac.caltech.edu/)
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The observations of TOI-4562b were conducted with the R
filter (Ac ~ 6450 A), an exposure time of 60 s and readout time
of 2.3 s, thus allowing a cadence of ~1 min (62.3 s). This cover-
age should allow observation of the first half of the TOI-4562b
transit (cycle #8, according to HEI23 ephemeris), which would
have its midtransit near the twilight time in the OPD/LNA. The
observations were taken under good atmospheric conditions and
the photometric data were reduced using standard IRAF tasks to
produce the TOI-4562b light curve. Eight field stars were used
for the differential photometry, with TYC 8914-2239-1 (V =
11.43 mag and r = 11.08 mag; Munari et al. 2014) as the main
reference. The unreduced data of TOI-4562b and TYC 8914-
2239-1 collected at the OPD/LNA are presented in the top panel
of Fig. 1, while the normalised transit of TOI-4562b is shown in
its bottom panel.

Our updated ephemeris (discussed in Sect. 4) suggests that
another transit of TOI-4562 b — cycle #9 according to the HEI23
ephemeris — was expected to occur on 21 June 2024, with the
midtransit at 08:06:51 UT. Although the transit the OPD/LNA
was able to partially observe the transit, the extremely low ele-
vation of 510 deg prevented data collection.

3. Data archive searches

TOI-4562 lies in the TESS southern continuous viewing zone
and was photometrically monitored with almost no interruptions
during years 1 and 3 of operations. The star was observed at a
cadence of 30 min during Sectors 1-8 (from July 25 2018 to
February 28 2019) and Sectors 10-13 (March 26 2019 to July
18 2019), at a cadence of 2 min during Sectors 27-39 (from
July 4 2020 to June 24 2021), and at a cadence of 20s in sec-
tor 63 (March 10 2023 to April 6 2023). The first transit signa-
ture of TOI-4562 b was detected by the TESS Science Process-
ing Operations Center (Jenkins et al. 2016), and the object was
designated as a TESS Object of Interest (TOI) in 2021.

We retrieved all available TESS data for TOI-4562 using
lightkurve (Lightkurve Collaboration 2018), which were pro-
cessed with the SPOC pipeline (Jenkins et al. 2016, 2020). A
total of five transits of TOI-4562b were found in TESS light
curves, including a new event that occurred on March 29 2023
(cycle #7). The four previous events were used by HEI23 in
their analysis (cycles #0, #1, #3 and #4). The timing of a TOI-
4562 b transit observed on January 3 2022 at the LCOGT’s South
African Astronomical Observatory (SAAO) node using two 1 m
telescopes (details in HEI23) was also included in our analysis.

4. Data analysis

The aim of our analysis is to understand the variation of the
O — C detected in the TOI-4562 b transits, which could indicate
the presence of a third body in the system. We first performed a
transiting exoplanet light-curve fitting on the Zeiss and the five
TESS light curves simultaneously. We modelled the transit sig-
nal using the batman package (Kreidberg 2015) together with
a Markov Chain Monte Carlo (MCMC) method, implemented
through the emcee package Foreman-Mackey et al. (2013). We
considered as free parameters the planet-to-star radius R, 5/Ry
for the Zeiss and TESS light curves ky and krgss, the semi-
major axis normalised to the stellar radius a /R, the inclination
angle i, and the transit times 7. for each epoch individually. We
obtained all the other parameters (with their uncertainties) from
HEI23, which were kept fixed during the fitting. This includes
two quadratic limb-darkening coefficients u; and u; in the V-
filter that were interpolated from the Claret (2000) tables. In
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Table 1. Midtransit instances for TOI-4562 b.

Cycle Observed Observatory (O — C)ygms Calculated TTV
BJD [days] [min] BJD [days] [min]
0 2,458,456.8791670:00112 TESS +10.7712 2,458,456.900401  —30.7440
1 2,458, 681.98020%0:00092 TESS -13.3776 2,458,682.006969 —38.4624
3 2,459,132.21623*0:00110 TESS -12.7872 2,459,132.220105  -5.0112
4 2,459,357.34510%0:000%¢ TESS +3.1392 2,459,357.326673  +27.3456
5 2,459,582.46321*000142  LCOGT* +3.5712 2,459,582.433241  +44.2080
7 2,460,032.64015*0:00113 TESS -80.9280 2,460,032.646377  —7.4304
8 2,460,257.73350%0903%  OPD/LNA  —116.1504 2,460,257.752945  —26.2224

Notes. The cycles are numbered according to To(BJD) = 2458456 days. The second column shows the observed midtransits for TOI-4562 b for
the seven cycles used in our analysis. For the LCOGT observations, the midtransit is from HEI23. The remaining midtransits are calculated using
a multiple-transit simultaneous-fit procedure (see Section 4). Column four presents the O — C according to the HEI23 ephemeris, while columns
five and six present the calculated midtransit and the respective TTVs with respect to the ephemeris obtained in this work.

addition, we included in the fit a second-order polynomial to
account for the normalisation of the light curves. For the MCMC
fit, we used 50 000 steps and 64 walkers, and we assumed uni-
form priors for all the free parameters.The parameters are sum-
marised in Tables 1 and 2 (transit times and remaining param-
eters, respectively), and show good agreement with those pre-
sented in HEI23. We find that all the parameters in the fit are in
agreement with those presented in HEI23.

Our next step consisted of determining the orbital period of
the system and performing a polynomial fit to obtain the delays
and advances in the orbital cycles of the exoplanet and thus
build the O — C diagram. Using the midtransit timing for all
seven events (see Table 1), a new ephemeris for TOI-4562 b was
obtained, as follows:

Timia(BID) = 2459476.90051* 000053 +225.10640* 500013 < E. (1)

A longer baseline produced a slightly different ephemeris
with respect to that obtained by HEI23. In particular, we note
that the orbital period is approximately 16 min (= 0.00114 days)
shorter than the previous HEI23 value, thus producing a distinct
O — C diagram, as shown in Fig. 2. When fitting the transit-time
measurements using a linear ephemeris, we note a possible peri-
odic signal with a semi-amplitude of approximately 40 min. This
signal could indicate the presence of an additional third body
gravitationally interacting with the system.

We searched for the parameters of this possible third object
by modelling the observed transit-times with the TTVFast code
(Deck et al. 2014), which is a modified n-body simulation code
that uses a WH integrator (Wisdom & Holman 1991) with a
Keplerian orbit interpolator to calculate transit times and TTVs
in transiting planetary systems (Deck etal. 2014; Agol et al.
2021). The code requires the parameters of both bodies, the mass
of the star, and the time and the time-step for the integration. We
took the TOI-4562 mass and TOI-4562b parameters given by
HEI23, and integrated from BJD 2458254 to BJD 2460258 with
a time-step of 0.01 days. The parameters of the third body and
those of TOI-4562 b that do not appear in HEI23 were taken as
free parameters and were determined using a MCMC procedure
from the emcee package. At each step of the MCMC, we used
the generated values to compute the transit times of the observed
planet and compared them with the observed times through a y?

Table 2. Parameters of TOI-4562 b and TOI-4562 c.

Parameter Description Value

TOI-4562 b

kopp/ina  Planet-to-star radius 0.0960*0-0071

kTESS Planet-to-star radius 0.09485f§:§§{§

a/R Normalised semi-major 150.3%15
axis

i Orbit inclination [deg] +89.15%04)

u) Limb-darkening coeffi- 0.41
cient

u Limb-darkening coeffi- 0.29
cient

Ty Linear ephemeris [BJD] 2459476.90040f8:888§é

Porb Orbital period [days] 225.10640f8:888i§7

Qp Longitude of the ascend- 241.¢
ing node [deg]

M, Mean anomaly [deg] 38.297 + 0.004

TOI-4562 ¢

Mp Mass Planet [Mjyp ] 57703

Porp Orbital period [days] 3990f232

e Eccentricity 0. 122j81é§g

a Semimajor axis [AU] 5.219 £ 0.002

w Argument of periapsis 3430
[deg]

i Orbit inclination [deg] 90.00f8:i§

Q. Longitude of the ascend- =57%5,
ing node [deg]

M. Mean anomaly [deg] 194433

Notes. Orbital parameters of TOI-4562 b and TOI-4562 c derived from
our analysis. A corner plot for the posterior distribution of our free
parameters is presented in Fig. A.2 of the Appendix.

goodness-of-fit estimation, that is,

n 2
WP = Z(Oi;'ci) ’

where O; are the observed times, C; are the corresponding com-
puted times, and o; are the errors in the observations.

@
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Fig. 2. O — C diagrams of the TOI-4562 b transit. Left panel: O — C diagram for all seven events according to the HEI23 ephemeris. In addition
to the large O — C value for cycle #8 observed from OPD/LNA, the O — C for cycle #7 observed by TESS is also notable. Top right panel: O — C
diagram of the TOI-4562 b transits, according to the ephemeris described in Equation (1). The observed midtransit times are shown as filled circles,
while the model is shown as a green curve. Bottom right panel: Residuals from the fitting in the top right panel, with the respective error bars.
The colour coding of the data points denotes the observatory and is the same in all panels: black for TESS, yellow for LCOGT, and magenta for

OPD/LNA.

TOI-4562 ¢

TOI-4562: bO

" Earth
7 Mars

Distance (AU)
o

Jupiter

-6 -4 =7 0 2 4
Distance (AU)

Fig. 3. Schematic diagram showing the orbits of TOI-4562b and TOI-
4562 c compared with planets of the Solar System. TOI-4562 c is a giant
planet with 5.77 Jupiter masses in an orbit with a semi-major axis of
5.22 AU and an orbital period of 3990 days.

As free parameters, we use the mass of the third body (M,),
the orbital period (P,), the eccentricity (e.), the longitude of the
ascending node (€2.), the periastron argument (w,), and the mean
anomaly (Mc), together with the longitude of the ascending
node () and the mean anomaly (M},) of the transiting body. We
manually searched for the best initial values of the free param-
eters to start the MCMC. The priors were distributed normally
around the initial values. We used 16 walkers (twice the number
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of free parameters) and 5000 steps, discarding the first 100 steps
as burn-in. Table 2 lists the median values and the 10~ confidence
interval (£34%) obtained from the a posterior distributions. The
corner plot with the posterior distributions of the parameters is
shown in Fig. A.2 in the appendix.

Figure 2 shows thebest solution for the midtransits together
with the observed transit times. The next five upcoming events
of TOI-4562 b are presented in the Appendix (see Table A.1 and
Fig. A.3). Figure 3 shows the schematic diagram of the TOI-
4562 system compared with planets of the Solar System.

5. Discussion

Young planetary systems such as TOI-4562 represent an oppor-
tunity to observe the early stages of planetary formation. In the
first million years of the life of these systems, gravitational inter-
actions have not yet significantly changed their initial config-
uration (e.g. Martioli et al. 2021. Figure 3 shows a schematic
diagram of the TOI-4562 system compared with planets of the
Solar System. TOI-4562c is the planet with the largest period
found so far using the TTV technique. The large TTV amplitude
may be an indication of planetary migration, although the ratio
between orbits is very high and there is no indication of reso-
nance between the planets (P./Py ~ 17.7). In addition, the orbit
of TOI-4562b is one of the most eccentric among exoplanets
with indications of in situ formation (e.g. Chabrier et al. 2014).
The TTV method is susceptible to dynamic degeneracies
between planet eccentricity and planet mass, and perturbations
caused by non-transiting planets can be misattributed to transit-
ing planets (Weiss 2016). This degeneracy can be broken with
additional information such as radial-velocity measurements,
as in the analysis of TOI-4562b by HEI23; or the assump-
tion of stability of the planetary system (Fabrycky et al. 2012;
Lithwick et al. 2012; Weiss et al. 2017), which is unlikely here
given the youth of TOI-4562. In our TTV analysis, we kept the
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mass of TOI-4562 b as a prior and fixed parameter with the value
(and uncertainties) as reported by HEI23 to minimise this degen-
eracy effect, thus decreasing the probability of solutions with
similar residuals for different configurations of planet mass and
eccentricity for TOI-4562 c.

Other possible interpretations of the TTV signal may include
the consideration that TOI-4562 is made up of only the star and
the transiting planet. Firstly, there is the possibility that TTV is
caused by stellar activity. The most plausible explanation entail-
ing dynamical interaction with the star, causing the TTV signal,
is the Applegate effect (Applegate 1992) applied to exoplanets,
as described in Watson & Marsh (2010). According to this effect,
the star undergoes a magnetic cycle that alters the gravitational
pull of its rotational bulge on the planet, causing slight varia-
tions in its orbital period. To produce the observed TTV signal,
the magnetic cycle would need to have a period of ~1995 days
(the initial fit for the TTV signal). For magnetic dynamos typ-
ical of solar-type stars like Kepler-19, Watson & Marsh (2010)
calculate TTV variations of less than 1 second over timescales
of several years; too small to explain our data. In addition to this
dynamical interaction, activity could cause an apparent TTV due
to the planet’s transit over starspots, and the rotation of the apsi-
dal line of the planetary orbit.

Despite the high inclination of the orbit of TOI-4562 c, we
were unable to find any signal of its transit in the available TESS
data. This absence is not surprising given that the current TESS
baseline of ~6 years is shorter than the planet’s orbital period
of almost 11 years. Moreover, TESS does not provide continu-
ous coverage of the TOI-4562 field. Even for planet TOI-4562 b,
which has a shorter period, only half of the transits have been
observed by TESS since the first detection. In addition, some of
the orbital parameters that should predict the transits of planet
TOI-4562 c still have high uncertainties due to the small num-
ber of transits observed for planet TOI-4562 b, from which we
obtained the TTV curve. This result highlights the challenges in
observing long-period exoplanets with current transit-based sur-
vey missions. Future monitoring is necessary to refine the orbital
parameters for both planets in order to confirm the presence of
transits for TOI-4562 c.

6. Conclusions

We observed a new transit of TOI-4562 b using the 0.6-m Zeiss
telescope at the Pico dos Dias Observatory in Minas Gerais,
Brazil, in order to improve the ephemeris of this interesting sys-
tem. The O — C diagram considering our observation, together
with all the other transits observed with TESS and the LCOGT
transit available in the literature, allowed us to detect the pres-
ence of a giant planet in an outer orbit around TOI-4562. We
report the discovery of TOI-4562c, a planet with a mass of
M = 5.77Mjy,, with an orbital period of Py, = 3990 days, and a

semi-major axis of a = 5.219 AU. To the best of our knowledge,
this is the exoplanet with the largest orbital period discovered
using the TTV method known to date. There is also no sign of
resonance between the orbits of the planets, with the TOI-4562 b
orbit being one of the most eccentric known. The TOI-4562 sys-
tem is in the process of violent evolution and intense dynamical
changes — judging by its young age and the high eccentricity of
the TOI-4562 b planet — and is therefore a prime target for stud-
ies of the formation and evolution of planetary systems.

Data availability

The lightcurve data are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via
https://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/
690/L7
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Fig. A.1. TESS light curves and respective simultaneous multi-transit
fit for five transits of TOI-4562b. The panels correspond to cycles #0,
#1, #3 and #4 and #7, from top to bottom. Cycle #7 is the as-yet-
unpublished event occurred on March 29, 2023. Phase 0.00 in the light
curves corresponds to the instants of midtransit listed in the 1st column
of Table 1.

Appendix A: Complementary material

A.1. Simultaneous multi-transit fit of the TESS observations

As described in Section 2 and 3, we used a total of 7 transits
of TOI-4562b in our analysis. With the exception of the transit
obtained at the LCOGT and described by HEI23, for all other
TESS transits we calculated the transit midpoints independently,
by performing a simultaneous multi-transit fit. Fig. A.1 comple-
ments the fit shown in Fig. 1 for the OPD transit, showing the fits
for the 5 TESS transits, including the as-yet-unpublished event
occurred on March 29, 2023 (Cycle #7).

A.2. Posterior distribution of free parameters

In Section 4 we describe the process to obtain the orbital param-
eters of TOI-4562 c, by modelling the posterior probability using
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the Markov Chain Monte Carlo (MCMC) method. Fig. A.2
presents the posterior distribution of our free parameters: the
third-body mass (M,), the orbital period (P.), the eccentricity
(e.), the longitude of the ascending node (€2.), the periastron
argument (w,), the mean anomaly (M(c), the transiting body lon-
gitude of the ascending node (€2;) and mean anomaly (M).

A.3. Next events for TOI-4562b

Due to the uniqueness of TOI-4562 system, transit times for
upcoming events of TOI-4562b are presented in HEI23. This
importance is greater now, with the discovery of another exo-
planet in the system. The ephemeris and TTVs calculated in this
work significantly changes the instants of the next transits, which
is why the predicted timing for the next 5 transits of TOI-4562b
are presented in Table A.1 and Fig. A.3. As mentioned in Section
4, we could not find any sign related to the transit of the TOI-
4562 c in the TESS data, but given its long period of more than
a decade and the large orbit, this detection is unlikely.
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Fig. A.2. Corner plot for the a posterior distribution of our free orbital parameters of TOI-4562 b and TOI-4562 ¢ derived from our analysis. The
values for the orbital parameters are listed in Table 2.
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Cycle are presented in Table A.1.
Table A.1. Midtransits for the next TOI-4562 b events
Cycle Transit Mid-time Transit Date Visibility
BID [days] [UT]
10 2,460,707.95681 2025-02-01 UT 10:57:47 Oceania, Antarctica
11 2,460,933.07844  2025-09-14 UT 13:52:57 Oceania

12 2,461,158.19603  2026-04-27 UT 16:42:17 Oceania, Africa

13 2,461,383.30698  2026-12-08 UT 19:22:03 Africa, Antarctica
14 2,461,608.41116 2027-07-21 UT 21:52:04 Africa

15 2,461,833.50982 2028-03-03 UT 00:14:08  South America, Africa

Notes. Midtransits for the next five transits of TOI-4562 b according with the ephemeris and TTVs described in our work. Locations in the Southern
Hemisphere where the transit would be observable from ground-based telescopes are also presented. Full or partial coverage will depend on the
observatory coordinates.
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