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Abstract

TrES-5 b is one of only three ultrahot Jupiters with suggestions of a possibly decreasing orbital period that have
persisted through multiple independent analyses. While WASP-12 b’s decreasing period is well explained by
tidally induced orbital decay, and stellar acceleration has been proposed for WASP-4 b, the cause of the apparent
trend for TrES-5 b has not been satisfactorily explained. This work extends the previous observations with 14 new
ground-based transits from 2016 to 2024 and two newly published midtimes for data from 2007 and 2009. Four
TESS sectors (75, 77, 82, and 84) have also been included for the first time. With the new data, the case for a
decreasing orbital period is much weaker than before. The revised rate of period change,
P 5.3 2.2 ms yr 1= ± , is less than half that found in previous work, and the preference for a quadratic over
a linear model, as measured through ΔBICLQ, has been falling since 2020, with a current value of 11.
Furthermore, these results are not robust to outliers; removing a single early transit midtime causes the effect to
vanish (ΔBICLQ = −1). Additionally, no significant periodic signals in the transit timing data are identified. The
current data are well explained by a linear ephemeris.

Unified Astronomy Thesaurus concepts: Photometry (1234); Transit photometry (1709); Transit timing variation
method (1710)
Materials only available in the online version of record: machine-readable tables

1. Introduction

As observational baselines have passed the decade mark for
many systems, a growing number of ultrahot Jupiters (UHJs)
around main-sequence stars have been presented with sugges-
tions of potentially decreasing orbital periods. The Short
Period Planets Group has been systematically reanalyzing
existing data and taking new observations to search for signs
of non-Keplerian orbital evolution. Of the 43 planets examined
in the previous paper of the “Doomed Worlds” series
(E. R. Adams et al. 2024), only two had statistically significant
decreasing orbital periods: (1) WASP-12 b (first noted to be
decaying by G. Maciejewski et al. 2016; K. C. Patra et al.
2017) and (2) TrES-1 b (previously noted as possibly
decreasing by S. R. Hagey et al. 2022; E. S. Ivshina &
J. N. Winn 2022), for which the apparent rate of change
observed is much larger than expected for orbital decay.

The present study is focused on a single target, namely,
TrES-5 b, a UHJ not included in E. R. Adams et al. (2024)
since new observations had not yet been taken by the group.
TrES-5 b orbits a main-sequence K dwarf (R� = 0.9 R⊙,
M� = 0.9M⊙, log g = 4.5, V = 13.7) and is one of the earlier
known transiting exoplanets (G. Mandushev et al. 2011), but

follow-up observations have been more limited compared to its
contemporaries. Searches for possible transit timing variations
(TTVs) can be used to look for companion planets or stars and
to reveal long-term changes caused by, e.g., tidal decay. An
early TTV analysis was published that found evidence for
short-term periodic perturbations in E. N. Sokov et al. (2018),
which future work has failed to replicate. A potentially
decreasing orbital period was first noted by G. Maciejewski
et al. (2021), and evidence has been seen in subsequent
analyses drawing from largely the same data (S. R. Hagey
et al. 2022; E. S. Ivshina & J. N. Winn 2022; W. Wang et al.
2024; L.-C. Yeh et al. 2024). In particular, G. Maciejewski
et al. (2021) observed a deviation from a Keplerian orbit,
which was fit equally well by either a long-term periodic
model or a quadratic model with a decreasing orbital period.
The best-fit orbital decay rate of P 20.4 4.5 ms yr 1= ±
implied a tidal quality factor of *Q 1.4 104= × , much smaller
than expected for typical dwarfs (e.g., A. S. Bonomo et al.
2017). Apsidal precession was ruled out using a joint radial
velocity and TTV model. As discussed by D. Ragozzine &
A. S. Wolf (2009), the rate of apsidal precession in UHJs is
sensitive to the planet’s internal structure, parameterized by
the planetary Love number k2. For TrES-5 b, the value of k2
inferred under the precession hypothesis was found to be
unphysically high. The most likely remaining explanation was
an acceleration of the systemic barycenter along the line of
sight. This could be caused by a massive, wide-orbiting
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companion, an architecture that may be common among hot
Jupiter systems (L. G. Bouma et al. 2020); however, no
evidence of such a companion has yet been detected.

The goal of this work is therefore twofold: (1) to reexamine
the evidence in the literature that the period of TrES-5 b is in
fact changing by incorporating new transit observations and
analyses and (2) to inspect which of the three potential models
—orbital decay, orbital precession, or line-of-sight accelera-
tion—could best account for the observed deviations in the
transit timing residuals, if any.

2. Transit Ephemerides

When the orbital period remains constant, the midtransit
time, or midtime, is a linear function of the number of elapsed
orbits. The linear ephemeris can be described by

T T P E, 1E 0,lin lin · ( )= +

where TE is the midtime at epoch E, T0 is the reference
midtime at E = 0 for the given model, and Plin is the constant
orbital period.

If the orbital period decreases over time, transits occur
slightly earlier than expected based on a Keplerian orbit,
introducing a quadratic term. The quadratic ephemeris can be
described by

T T P E
dP

dE
E

1

2
, 2E 0,quad quad

2· ( )= + +

where dP/dE is the rate of change of the quadratic orbital
period, Pquad, per epoch. The period change per orbit may be
converted into the period change per unit time (in ms yr−1)
using

P
dP

dE P

365.25
86, 400 1000 . 3

quad
· ( · ) ( )=

In the presence of a periodic variation in the orbit—
potentially caused by apsidal precession or line-of-sight
acceleration—a sinusoidal model can be fit to the transit
timing data without specifying the physical mechanism. This
model is given by

T T A f Esin , 4E 0,sin ( · ) ( )= + +

where T0,sin is an arbitrary time offset, A denotes the amplitude,
f is the frequency, and δ represents the phase shift.

The best fit for each model is achieved using the standard
Levenberg–Marquardt algorithm (K. Levenberg 1944;
D. W. Marquardt 1963). To determine which model is

preferred, the Bayesian information criterion (BIC; G. Schw-
arz 1978) can be used to compare different models following
the approach of A. R. Liddle (2007). It can be calculated as

k NBIC ln , 52 ( )= +

where k is the number of model parameters (two for the linear
model, three for the quadratic model, and four for the
sinusoidal model), N is the number of data points, and χ2

quantifies the goodness of the fit as a calculated statistic
representing the difference between the data and the model. A
lower BIC indicates a model is preferred because it provides a
better balance between model fit and complexity. To compare
models X and Y, the difference in BIC is computed as

BIC BIC BIC , 6YXY X ( )=

where a positive ΔBICXY thus favors model Y. This work uses
the letters L, Q, and S to refer to linear, quadratic, and
sinusoidal models, respectively. Per this definition, ΔBIC
values reported in most prior works correspond to ΔBICLQ

here.
An approximate estimate for the uncertainty of ΔBICXY is

given by

N k k2 , 7BIC
2

X YXY
( ) ( )

where the degrees of freedom (DOF) for each model are
DOFL = N − 2, DOFQ = N − 3, and DOFS = N − 4. As
discussed in B. Jackson et al. (2025), the variance for ΔBIC
depends on the DOF for the two models being compared, the
covariance between the best-fit χ2 values for those two
models, and terms representing the degree of mismatch
between the actual behavior of the transit timing data and
the model used to fit the data. Equation (7) does not include
these latter two terms but represents a reasonable minimum
estimate for the variance. A ΔBIC that exceeds zero by at least
Equation (7) suggests an emerging non-Keplerian trend but is
not, on its own, decisive. Additional analysis and observations
would be required to confirm such a trend.

3. Prior Analyses

Previous studies of TrES-5 b have reported significant
variability in the calculated values for P and ΔBICLQ, as
illustrated in Table 1. All authors find a deviation from the
linear ephemeris and suggest the potential presence of orbital
decay in their analyzed time frame. However, many of these
investigations (S. R. Hagey et al. 2022; E. S. Ivshina &

Table 1
Suggested Orbital Decay Rates of TrES-5 b to Date

Reference Data Sources Data Points Period ΔBICLQ P
(ms yr−1)

G. Maciejewski et al. (2021) Literature, new light curves 26 2009–2020 14.9a −20.4 ± 4.5
E. S. Ivshina & J. N. Winn (2022) Literature, TESS (41)b 73 2009–2021 ⋯ −17.5 ± 3.8
S. R. Hagey et al. (2022) ETD (DQ 1–3) 100 2012–2021 22.2 −34.5 ± 4.6
W. Wang et al. (2024) Literature, TESS (41, 55, 56, 57)b 121 2009–2022 15.4 −9.7 ± 2.1
L.-C. Yeh et al. (2024) Literature, TESS (41)b 105 2009–2021 ⋯ −31.9 ± 2.2c

Notes.
a A sinusoidal model had similar ΔBICLS = 13.3.
b Respective sectors from TESS.
c Calculated from value for dP/dE = −1.5 × 10−9 ± 1 × 10−10 given by L.-C. Yeh et al. (2024).
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J. N. Winn 2022; W. Wang et al. 2024; L.-C. Yeh et al. 2024)
did not concentrate solely on TrES-5 b; instead, they employed
semiautomated methods to analyze multiple exoplanetary
systems. Data were drawn from a diverse collection including
prior publications in the peer-reviewed literature, newly
observed light curves, transits reported to the Exoplanet
Transit Database (ETD; S. Poddaný et al. 2010), and
photometry from TESS (G. R. Ricker et al. 2015). As
highlighted in the first paper of this series (E. R. Adams
et al. 2024), it is important to be cautious when compiling
literature transit midtimes. Therefore, meticulously examining
published midtimes and eliminating any inaccuracies was the
first task of this work.

3.1. Data from the Peer-reviewed Literature

As a starting point for compiling the database for this study,
the work of E. S. Ivshina & J. N. Winn (2022) provided both a
comprehensive review of the peer-reviewed literature up to
2022 and new fits of light curves from TESS Sector 41. The 73
transit midtimes reported therein were sourced from four
distinct studies (G. Maciejewski et al. 2016, 2021; E. N. Sokov
et al. 2018; E. S. Ivshina & J. N. Winn 2022).

G. Maciejewski et al. (2016) published four new midtimes in
BJDTDB from individual transit observations. Additionally, a total
of 10 transit midtimes from previous studies (G. Mandushev
et al. 2011; D. Mislis et al. 2015) were incorporated, with
midtimes provided in BJDTDB. The discovery paper of TrES-5 b,
G. Mandushev et al. (2011), did not provide individual transit
midtimes but published a transit ephemeris based on survey data
from the Lowell Observatory Planet Search Survey Telescope
(PSST; E. W. Dunham et al. 2004, discussed here in Section 4.1)
combined with five subsequent light curves from telescopes at
Lowell Observatory (originally in HJDUTC). These light curves
were provided to G. Maciejewski et al. (2016), who converted the
times to BJDTDB and refit them. Because the latter work used a
fitting algorithm that assigned a common midtime to all
observations at the same transit epoch, only four midtimes were
reported in G. Maciejewski et al. (2016), since two transits were
observed at different wavelengths during the same night.
Similarly, the times initially reported by D. Mislis et al. (2015)
were based on a refit of the same five light curves. One midtime
published by G. Maciejewski et al. (2016) was credited to
D. Mislis et al. (2015) despite not appearing in that work. It was
confirmed through private communication that the corresponding
light curve had been provided by D. Mislis et al. (2015) along
with the other data from that work, yet its midtime got published
first in G. Maciejewski et al. (2016). No errors were discovered in
the timing conversions, nor were any of the provided
uncertainties unrealistically small (e.g., <10 s for a 1 m class
telescope). It is noted, however, that composite midtimes (that is,
midtimes derived from more than one light curve of the same
transit epoch) were often mislabeled as derived from single light
curves by E. S. Ivshina & J. N. Winn (2022).

E. N. Sokov et al. (2018) published 30 new individual transit
midtimes; most of the corresponding transit light curves were
uploaded to the ETD. Those were automatically incorporated
into this study if they met certain criteria (Section 3.2).

G. Maciejewski et al. (2021) published 12 new midtimes in
BJDTDB. On 3 nights, composite times were reported, which
were again not noted as such by E. S. Ivshina & J. N. Winn
(2022). As these midtimes showed no signs of errors, they
were included in the database.

E. S. Ivshina & J. N. Winn (2022) published 17 individual
transit fits from TESS Sector 41 data. These midtimes,
provided in BJDTDB, were added to the database and were
also used to evaluate this work’s fitting model (Section 6).

3.2. Data from the Exoplanet Transit Database

The ETD acted as the second source for this work. All
transit midtimes with large uncertainties ( 5 minutes> ) and
poor data quality (using their data quality flag DQ � 3,
indicating lower reliability) were automatically excluded.
Three ETD entries were identified as duplicates and thus
removed. Timing data, which are provided in HJDUTC, were
downloaded in bulk and transformed to HJDTDB using the
Astropy package (Astropy Collaboration et al. 2013, 2022).
This results in the ETD times being in a hybrid HJDTDB format
rather than the generally favored BJDTDB timing system,
which differs by not more than a few seconds. Given the
typical magnitude of the ETD midtime errors, this has minimal
impact on the TTV analysis.

The present study does not use the transit midtimes
compiled by the Exoclock catalog (A. Kokori et al. 2023).
Many transits have been reported to both Exoclock and the
ETD, but unfortunately neither site has a complete set of
transits: observations are found in each database that are
missing from the other. Since transit epochs may have multiple
independent observations and there is no standard nomencla-
ture to distinguish between them, untangling which observa-
tions are unique and compiling a master database free of
duplicates is not trivial and is beyond the scope of this work.
All but one of the preceding studies used the transits from the
ETD; this work does the same to provide more directly
comparable results.

3.3. Timing Analysis of Data through 2022

As of 2025 January, a total of 150 transits were compiled,
including 43 from the peer-reviewed literature and 107 from
the ETD, covering the period from 2009 to 2024. Two ETD
midtimes were found to differ from a best-fit linear ephemeris
by more than 10σ, indicating a possible timing issue, and
discarded. No additional duplicates were found between the
data in the peer-reviewed literature and the ETD.

Figure 1 presents an initial TTV analysis intended to
replicate prior results using peer-reviewed literature and ETD
data up to the end of 2022. The transit timing residuals from
the ephemeris models were calculated using linear and
quadratic least-squares fits using the numpy.polyfit
function of the NumPy Python library. It shows the residuals
from a linear model, also commonly referred to as the
observed-minus-calculated (O− C) times. The dataset used is
approximately equivalent to combining the data available in
S. R. Hagey et al. (2022) and E. S. Ivshina & J. N. Winn
(2022), except that S. R. Hagey et al. (2022) used 110 points
with DQ = 1–3 and excluded partial transits, while this work
uses 101 points with DQ = 1–2 and does not exclude partials.
The quadratic model for this subset of the data has
P 22.9 5.4 ms yr 1= ± , a 4σ effect, with a corresponding
ΔBICLQ = 67, which shows significant support for a
decreasing orbital period and thus a potential for orbital
decay. Removing one of the early midtimes (the second point,
from G. Mandushev et al. 2011) causes the ΔBICLQ value to
drop by slightly less than 25%, and, taken as a group, it
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appears that the five earliest times, all taken from
G. Mandushev et al. (2011), have a significant influence on
the model and favor a quadratic trend.

To investigate whether there is an issue with the reported
midtimes for the earliest transits, five original light curves
representing the first four midtimes in the literature
record were obtained from G. Mandushev et al. (2011) and
G. Maciejewski et al. (2016) and fitted using juliet
(N. Espinoza et al. 2019) in the same manner as the other
light curves (Section 6). The resulting transit midtimes and
errors were very similar (Table 2), and no evidence was found
for a possible timing conversion error. Note that two of these
transits are partials: (1) the first transit (2009 November 17,
Lowell 0.8 m) is missing egress, which is reflected in its error
bars in both the original and the refit midtimes, and (2) the
fourth transit (2010 November 30, Lowell 1.1 m) also ends
right as egress ends. In addition, two transits observed on the
same night (2010 September 5, Lowell 1.8 m in the B and I
filters) appear as a single midtime in G. Mandushev et al.
(2011); the value fitted to both transits together in G. Maciej-
ewski et al. (2016) lies precisely between the individual
midtimes reported here. Since the midtimes (or average
midtimes) of none of these transits disagree by more than 5 s
between the two fitting methods, the original values were used
for consistency with past work in the rest of the analysis.

The question therefore remains: is the timing of the five
earliest transits evidence of a real departure from a linear
ephemeris or simply a statistical quirk of low number statistics
and random noise?

3.4. Other Data on System in Sparse

Due to a combination of the relative faintness of the target
star and competition for observational resources with other
exoplanets, the TrES-5 system is relatively unstudied, thus
limiting the available data that could be used to complement
timing data. Only eight radial velocity measurements spanning
217 days have ever been published (G. Mandushev et al. 2011)
and are thus not useful for identifying long-term trends caused
by potential planetary or stellar companions. A single high-
resolution imaging study to search for close stellar companions
was reported by E. N. Sokov et al. (2018). Although no
companions were detected down to 1 mag fainter than the host
star at separations of 72–1080 au, these modest limits do not

exclude a range of plausible configurations involving fainter
stars or brown dwarfs.

The rotation period of the star TrES-5 is likewise unknown.
No estimate was made by D. Mislis et al. (2015), who
examined two UHJs, TrES-5 b and Qatar-1 b, orbiting similar
K-type dwarfs but derived a rotation period for Qatar-1 b only
using available long-term photometry. This work examined the
two longer sets of photometry available, the PSST data from
2007 and 2009 and the TESS data (eight sectors spanning 3 yr)
using the TESS-SPOC pipeline before flattening. After
masking out the transit epochs, a Lomb–Scargle periodogram
(N. R. Lomb 1976; J. D. Scargle 1982) was calculated for each
TESS sector or PSST segment. No significant or consistent
periodicity was uncovered in any of the time series, aside from
the transit signal.

Finally, no occultations have been reported for this system.
The planet is estimated to be relatively cool for a hot Jupiter
(Teq = 1480 ± 13 K; D. Mislis et al. 2015); coupled with the
host star’s faint magnitude, the detection of an occultation
would probably require observations at longer (near-infrared)
wavelengths with a moderate-to-large-aperture telescope.

Figure 1. Timing residuals of a linear model for data available up to the end of 2022, with the best quadratic fit to these data shown in red. This is equivalent to the
data available for the timing analyses of S. R. Hagey et al. (2022) and E. S. Ivshina & J. N. Winn (2022). Literature midtimes compiled by E. S. Ivshina & J. N. Winn
(2022) are shown in black, while those from the ETD are in gray.

Table 2
Comparison of Fits to Earliest Reported Transits

Midtime +1σ −1σ Diff. Source
(BJDTDB) (days) (days) (s)

2455152.73184 0.00093 0.00080 ⋯ G. Maciejewski et al.
(2016)

2455152.73182 0.00094 0.00071 −2 This work

2455352.83535 0.00029 0.00028 ⋯ G. Maciejewski et al.
(2016)

2455352.83535 0.00031 0.00027 0 This work

2455444.73500 0.00053 0.00053 ⋯ G. Maciejewski et al.
(2016)a

2455444.73536 0.00071 0.00053 +38 This work, B
2455444.73456 0.00065 0.00057 −31 This work, I

2455530.70451 0.00056 0.00046 ⋯ G. Maciejewski et al.
(2016)

2455530.70445 0.00035 0.00031 −5 This work

Note.
a From a joint fit to the B and I light curves.
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4. Ground-based Observations

This paper revisits TrES PSST survey data acquired
between 2007 and 2009 by G. Mandushev et al. (2011), as
the timing of these observations had not yet been indepen-
dently analyzed.

In addition, 14 new ground-based transit light curves of
TrES-5 b are introduced. These observations were carried out
between 2016 August and 2024 October using the 1.23 m
Calar Alto Telescope (CA 1.23 m) at Calar Alto Observatory
(CAO) in Spain (one light curve) and the 0.6 m Astronomical
Telescope of the University of Stuttgart (ATUS) at Sierra
Remote Observatories (SRO) in California (13 light curves). A
summary of all observational details is provided in Table 3.
Full light curves for each transit, including data from PSST
that were not previously published, have been provided with a
stub table for reference in Table 4.

4.1. TrES Survey Data

Observations of the TrES-5 b field were made by the TrES
survey team between UT 2007 July 15 and UT 2007 October 7
and again between UT 2009 June 23 and UT 2009 August 29
at the Lowell Observatory. The original data used to discover

the planet were published in G. Mandushev et al. (2011) as a
figure and as part of the best transit ephemeris, but no light-
curve data or individual midtimes were published. Light-curve
data were kindly provided by G. M̃andushev and have been fit
here independently for the first time; permission was also
granted to publish the photometry in this work.

Due to the long cadence (≈500 s between exposures) and the
low signal-to-noise ratio of the PSST data, it was not possible to
fit individual transits. Instead, the data were split between the
two observing campaigns, and each campaign was phase-folded
using the ephemeris published by G. Mandushev et al. (2011;
T0 = 2455443.25153 in HJDUTC, P = 1.4822446 days). Using
this ephemeris, the transit midtime nearest the middle of the
campaign was identified as the assigned epoch, and the orbital
phase was found for all times in the sequence. Using the
corresponding calculated midtime for the assigned epoch, which is
set to zero phase, a time was assigned to each data point based on
its orbital phase. All times, including the light-curve data and the
ephemeris, were originally provided in HJDUTC in G. Mandushev
et al. (2011), so for this work, they were converted to HJDTDB

before comparison with other data. The resulting folded transits
are shown in Figure 2; the second campaign (P2) had notably
better data quality than the first (P1).

Table 3
Observational Details for PSST Data and 14 Other New Ground-based Transits

No. Datea Telescope Diameter Site Duration Binning Nframes
b Filter Exposure

(m) (hr) (s)

P1 2007 Jul–Oct PSST 0.30 Lowell ⋯ ⋯ 1178 R 90
P2 2009 Jun–Aug PSST 0.30 Lowell ⋯ ⋯ 1754 R 90

1 2016-08-23 CA 1.23 m 1.23 CAO 2.9 1 x 1 507 R 120
2 2019-07-23 ATUS 0.60 SRO 3.1 1 x 1 507 Clear 20
3 2019-07-29 ATUS 0.60 SRO 3.1 1 x 1 256 Clear 35
4 2020-07-29 ATUS 0.60 SRO 2.8 1 x 1 214 Clear 45
5 2023-12-13 ATUS 0.60 SRO 3.2 1 x 1 95 Exo 120
6 2024-03-18 ATUS 0.60 SRO 3.2 2 x 2 173 Exo 70
7 2024-03-21 ATUS 0.60 SRO 3.8 2 x 2 265 Exo 50
8 2024-05-03 ATUS 0.60 SRO 4.0 2 x 2 278 Clear 50
9 2024-05-09 ATUS 0.60 SRO 4.7 2 x 2 139 Clear 120
10 2024-05-12 ATUS 0.60 SRO 5.6 2 x 2 197 Clear 100
11 2024-05-21 ATUS 0.60 SRO 3.8 2 x 2 114 Exo 120
12 2024-09-15 ATUS 0.60 SRO 4.2 2 x 2 486 Exo 30
13 2024-09-30 ATUS 0.60 SRO 2.8 1 x 1 117 Clear 80
14 2024-10-03 ATUS 0.60 SRO 3.6 2 x 2 426 Clear 10–30

Notes.
a Date of transit midtime in UT.
b Number of used exposures.

Table 4
Light Curves for PSST Data and 14 Other New Ground-based Transitsa

Transit Instrument Time Orig. Timeb Flux Flux Err.
(BJDTDB) (HJDUTC)

TrES-5b_20070718_PSST PSST 2454339.721130 2454299.738781 0.99355 0.00870
TrES-5b_20070718_PSST PSST 2454339.721700 2454299.745241 0.98780 0.01462
TrES-5b_20070718_PSST PSST 2454339.722192 2454299.752217 0.99710 0.01023

Notes.
a Light-curve photometry for transits in Table 3.
b Original times for PSST data only (before timing conversion and phase folding).
(This table is available in its entirety in machine-readable form in the online article.)
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4.2. Calar Alto 1.23 m Telescope

A series of 120 s exposures was taken on the CA 1.23 m
with a DLR-MKIII CCD camera through a Cousins R filter,
covering the full transit as well as data before ingress and after
egress. The air mass ranged from 1.27 to 2.01. The data were
reduced using the defot aperture photometry pipeline
(J. Southworth et al. 2009, 2014) with software apertures of
16, 24, and 50 pixels. No bias or flat-field calibrations were
applied, as these have little effect beyond slightly increasing
the scatter of the observations. A differential-magnitude light
curve was constructed by optimizing the weights of five
comparison stars simultaneously with a low-order polynomial
fitted to the out-of-transit data. The data were placed on the
BJDTDB timescale using routines from J. Eastman et al. (2010).
Complete information about this facility is reported in
L. Mancini et al. (2017).

4.3. University of Stuttgart’s Astronomical Telescope

ATUS is a 0.6 m, fully reflective f/8 Ritchey–Chrétien
telescope mounted on a customized German equatorial mount.
It is optimized for photometric measurements of transient
events in both the high-cadence and deep-exposure domain. Its
primary instrument is an Andor camera with a back-
illuminated, frame-transfer 1k × 1k EMCCD. Each individual
image gets time-stamped with an accuracy of better than 1 μs
thanks to a GPS-disciplined time reference system that is
directly triggered by the camera. Observations were made with
either an exoplanet (blue-blocking) bandpass filter or a clear
filter for more throughput. The telescope was located at SRO
near Auberry, California, until 2024 October and is described
in detail in K. Schindler et al. (2025, in preparation).

Data reduction and differential aperture photometry of all
ATUS data were performed using AstroImageJ (AIJ;
K. A. Collins et al. 2017). The reduction process, managed
through the integrated CCD Data Processor, applied dark
and flat-field frames and converted times to BJDTDB.
Differential aperture photometry was employed using the
integrated Multi-Aperture Tool. Up to 12 candidate
comparison stars were used, each with brightness levels

between 50% and 150% of the target star. Aperture radii were
updated dynamically throughout each observational window to
accommodate varying conditions. Bright background pixels
were removed to avoid contamination from stars within the
background annulus. A preliminary transit model determined
the optimal set of comparison stars by minimizing the BIC.
Any frame whose relative flux deviated by more than 5σ from
the initial fit was discarded (e.g., aperture contamination
through cosmic-ray hit or satellite trail). Flux values were
detrended against air mass and normalized to an average unity
baseline flux.

5. TESS Observations

In addition to new ground-based observations, this study
presents a total of 114 new fits to individual light curves
obtained from the TESS mission between 2022 and 2024. The
analysis encompasses transits from Sectors 55 (17), 56 (19), 57
(16), 75 (19), 77 (11), 82 (17), and 84 (15), utilizing the data
with the shortest available cadence for each sector.

The Python package lightkurve (Lightkurve Collabora-
tion et al. 2018) was used to download and analyze the data
from the SPOC pipeline; all TESS data utilized in this study
can be accessed through the MAST archive (TESS
Team 2021). It was then conditioned to mask segments with
excessive noise. Because TESS light curves often exhibit more
long-term stellar variability than ground-based data, a
detrending step for long-period variability became necessary
before fitting. Planetary transit times were masked to
interpolate a smoothing function for each sector using a
smoothing window of 501 frames with the built-in “flatten”
method. The full time series was divided by the smoothed light
curve and normalized. Each sector was then segmented around
individual transits.

6. Light-curve Fitting

Transit light curves were analyzed using the publicly
available Python package juliet (N. Espinoza et al.
2019), which relies on the K. Mandel & E. Agol (2002)
analytical approach for transit modeling using batman
(L. Kreidberg 2015a). The package employs the nested
sampler MultiNest (F. Feroz et al. 2009, 2019) to efficiently
explore the parameter space and provide robust estimates of
transit and orbital parameters.

In all fits, joint (Section 6.1) and individual (Section 6.2),
the orbital period was fixed to the value taken from the
Exoplanet Characterization Catalog, developed for the Exo-
Clock project (A. Kokori et al. 2022), since its precise value
has little effect on the other fit parameters. Following
G. Maciejewski et al. (2021), a circular orbit was assumed,
setting both the orbital eccentricity, ecc, and the argument of
periastron, omega, to zero. This assumption is further
discussed in Section 7.1. For the photometric instrument,
mdilution is the dilution factor,

D
1

1
, 8

n
F

F
n

T

( )=
+

with n being the number of blended sources each contributing
a flux, Fn, and the target star flux, FT, all located inside the
aperture. Since bright background pixels were removed in AIJ
when performing the aperture photometry, this value was set to

Figure 2. Folded transits for PSST data from 2007 (blue) and 2009 (orange)
using data taken by G. Mandushev et al. (2011).
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1. The quadratic limb-darkening coefficients, u1 and u2, were
calculated in juliet using PHOENIX models (A. Claret &
S. Bloemen 2011), together with the filter response curves and
the stellar parameters. juliet does not incorporate these
coefficients directly but instead uses the correlations proposed
by D. M. Kipping (2012):

q u u , 9a1 1 2
2( ) ( )= +

q
u

u u2
. 9b2

1

1 2( )
( )=

+

By default, two instrumental parameters remained free. The
parameter mflux represents the offset in relative flux for the
photometric instrument, while sigmaw captures a jitter term
added in quadrature to the error bars (in parts per million) to

account for any noise not otherwise accounted for. Best-fitting
values emerged from the medians of the marginalized posterior
distributions, with 1σ intervals determined by the 15.9th and
84.1st percentiles.

6.1. Joint Fit to Determine System Parameters

To determine the best system parameters, a joint-fit model
with the 14 new ground-based light curves was calculated,
excluding the TrES survey data. The fitted parameters include
the ratio of orbital semimajor axis to stellar radius, a; the ratio
of planet to stellar radius, p; and the impact parameter, b, and
were constrained to take on the same value for all light curves.
A transit midtime, t0, was fit for each light curve. Following
N. Espinoza (2018), the parameters r1 and r2 served to
efficiently sample p and b. The coefficients q1 and q2 were held
fixed and linked for light curves acquired with the same filter.
To ensure thorough exploration, the fit was performed with
700 live points, which are the active samples maintained by the
nested sampling algorithm to explore the parameter space and
compute the Bayesian evidence. Convergence was verified by
inspecting the posterior distributions and parameter correla-
tions. The refined transit parameters are listed in Table 5,
including parameters computed from the model outputs, with
uncertainties propagated accordingly. The results are consis-
tent within 1σ of previous studies, demonstrating the precision

Figure 3. Left: joint-fit transit model of 14 new ground-based observations, as
numbered in Table 3. Right: residuals from the model fit to each light curve.
Transits and models were normalized to 1 for out-of-transit flux and then
offset by 0.05 for display.

Table 5
System Parameters Derived from a Joint-fit Transit Model of 14 New Ground-

based Observations

Parameter This Work

Semimajor axis to stellar radius 6.1465 0.069
0.093+

Planet radius to stellar radius 0.14097 0.00074
0.00063+

Transit depth (ppth) 19.872 0.208
0.178+

Impact parameter 0.573 0.019
0.014+

Inclination (deg) 84.65 0.19
0.26+

Transit duration (minutes) 110.7 1.5
1.8+

Stellar density (ρ⊙) 1.420 0.048
0.064+

Table 6
Initial Planetary and Instrumental Parameters and Their Prior Distributions in

juliet

Parameter Distribution Hyperparameter

P Fixed 1.482246865
t0 Normal [tref,a 0.1]
a Fixed 6.15
e Fixed 0
ω Fixed 0
p Fixed 0.141
b Fixed 0.573
mdilution Fixed 1.0
mflux Normal [0, 0.1]
σw Log uniform [0.1, 1000]
q1 Fixed q1

b

q2 Fixed q2
b

Notes.
a Initial guess using reference epoch (2457011.470352) and orbital period, P.
b Depending on the chosen filter: R (q1 = 0.44923, q2 = 0.41054), Clear/
Open (q1 = 0.48374, q2 = 0.44156), Exo (q1 = 0.42875, q2 = 0.41203), and
TESS (q1 = 0.34300, q2 = 0.38708).
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achievable with well-maintained small-to-mid-sized ground-
based telescopes. The best-fitting transit model for each light
curve is presented in Figure 3.

6.2. Individual Fits to Determine Midtimes

The set of priors for the individual fits is summarized in
Table 6. Most parameters were fixed to the best-fit values
obtained from the joint fit. Each light curve, now including the
TESS and PSST survey data, was fit individually to determine
the transit midtime t0. For the individual fits, 500 live points
were used.

For each fit, the reduced χ2 value was calculated to
determine the goodness of fit for the transit model. For the 13
ATUS transits, a broad range of χ2 values from 1.1 to 3.4 was
found, with most light curves well fit by χ2 < 1.5, though six
curves showed 1.7 < χ2 < 3.4. The point-to-point noise
assigned by AIJ to the transit flux varied considerably from
transit to transit; in particular, the earliest three transits from
2019 to 2020 had smaller assigned errors and the worst χ2

values (χ2 > 3). Lower errors may have been due to including
variable observing strategies (exposure times ranged from 10
to 120 s, and both open and exoplanet filters were used),
telescope cleanings and upgrades, and variable weather
conditions. This is not the case for the light curves obtained
from PSST, CAHA, or TESS, all of which had reduced
χ2 < 1.4, indicating reasonable assigned errors. Thus, for the
ATUS light curves, only the nominal flux errors were rescaled
by a factor of χ based on the initial fit, which increased the
midtime errors of these transits by factors ranging from 1.04 to
1.84. Midtimes for the new fits to ground-based transits are
listed in Table 7. All midtimes used, including those from
TESS, the ETD, and the peer-reviewed literature, are included
in the full version of this table.

6.3. Validation of Fitting Method

The reliability of this work’s fitting approach was tested by
comparing fits of midtimes and errors from TESS Sector 41 to
those published by E. S. Ivshina & J. N. Winn (2022). That
work used a custom Markov Chain Monte Carlo method to
calculate the midtimes and their uncertainties, but otherwise
similar methodology and values, with the ratio of planet to
stellar radius, the ratio of orbital semimajor axis to stellar
radius, the impact parameter, and the limb-darkening para-
meters all fixed. Their free parameters were the transit midtime
and the coefficients of a detrending polynomial.

On average, the transit midtimes are in excellent agreement.
The times reported by E. S. Ivshina & J. N. Winn (2022) have
a median difference of 13 s compared to those calculated using
the present study’s approach, insignificant compared to the
large error bars (median error: 95 s) of the TESS data points.
Notably, though, midtime values determined here using
juliet with MultiNest have consistently smaller esti-
mated uncertainties, by roughly 15% across various fits
compared to other fitting methods, e.g., using the package
pylightcurve (A. Tsiaras et al. 2016) as in E. R. Adams
et al. (2024). The cause of this discrepancy in the errors is
worth investigating in the future.

7. Updated Timing Analysis

As discussed in Section 3.3, the initial timing analysis
examined the literature data from 2009 to 2022, spanning
roughly 13 yr or 3000 epochs. This work has added a
substantial number of new midtimes (Table 7). The time span
of observations has increased by about one-third, or 4 yr, now
covering 2007–2024 (17 yr or 4000 epochs), and the number
of available data points nearly doubled to 280.

Table 7
New Ground-based Midtime Values Added by This Study

No. Telescopea Time System Midtime +1σ −1σ
(days) (days) (days)

P1 PSST HJDTDB 2454340.46624 0.00144 0.00152
P2 PSST HJDTDB 2455044.52935 0.00113 0.00108
1 CA 1.23 m BJDTDB 2457623.63768 0.00025 0.00028
2 ATUS BJDTDB 2458687.89053 0.00020 0.00020
3 ATUS BJDTDB 2458693.81929 0.00019 0.00019
4 ATUS BJDTDB 2459059.93454 0.00025 0.00023
5 ATUS BJDTDB 2460291.68197 0.00066 0.00067
6 ATUS BJDTDB 2460388.02912 0.00155 0.00134
7 ATUS BJDTDB 2460390.99228 0.00045 0.00049
8 ATUS BJDTDB 2460433.97847 0.00058 0.00061
9 ATUS BJDTDB 2460439.90679 0.00056 0.00058
10 ATUS BJDTDB 2460442.87085 0.00056 0.00051
11 ATUS BJDTDB 2460451.76453 0.00069 0.00070
12 ATUS BJDTDB 2460568.86187 0.00031 0.00029
13 ATUS BJDTDB 2460583.68377 0.00023 0.00024
14 ATUS BJDTDB 2460586.64865 0.00021 0.00024

Note.
a The complete table shows the full database including peer-reviewed literature, ETD, and TESS midtimes for Sectors 55 (17), 56 (19), 57 (16), 75 (19), 77 (11), 82
(17), and 84 (15).
(This table is available in its entirety in machine-readable form in the online article.)
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7.1. Periodic Model

Periodic signals may result from orbital precession driven
by tidal interactions, gravitational perturbations from addi-
tional celestial bodies, or stellar line-of-sight acceleration (as
hypothesized for WASP-4 b; L. G. Bouma et al. 2020). The
first search for periodic signals in TrES-5 b was conducted by
E. N. Sokov et al. (2018), who identified a signal with a period
of around 99 days. G. Maciejewski et al. (2021) also detected
this approximately 99 day periodicity but found it was not
statistically significant, as all tested periods shorter than
roughly 3000 days exhibited false-alarm probabilities (FAPs)
exceeding 5%. Instead, a long-term trend with a period of
31,000 days was proposed as the most promising scenario,
favored by a significant ΔBICLS value of 13.3 over the linear
model.

To investigate whether any sinusoidal component could be
robustly extracted from the updated timing dataset, the linear
model was first subtracted from the transit midtime data to
obtain the timing residuals. Since transit midtime data are

sampled no more often than the orbital period of the planet, the
minimum period that can be searched for is the Nyquist period
PN = 2 × P = 2.96 days. A Lomb–Scargle periodogram
(N. R. Lomb 1976; J. D. Scargle 1982) was calculated on the
full set of these residuals searching for periods between 3 and
100,000 days in order to detect a putative 31,000 day period, as
shown in the top panel of Figure 4. However, the effective
maximum period that can be meaningfully probed is half the
time spanned by the dataset, or about 3000 days, beyond which
the Lomb–Scargle algorithm does not return any peaks.

The top three locally significant peaks were then calculated,
with an arbitrary distance of 30 days between peaks to avoid
clustering all of the detections at a single period and its near
aliases. Only one peak was found with an FAP of less than 1%
(at 5.2 days); the next closest peaks (at 85 and 2736 days) have
much higher FAPs (>5% and 95%, respectively). However, it
is important to consider that these FAP values should only
serve as general indicators, as their calculation inherently
assumes that the uncertainties in the data points are
independent and identically distributed random variables

Figure 4. Lomb–Scargle periodograms (N. R. Lomb 1976; J. D. Scargle 1982) for all 280 midtimes used in this work (top) and for a subset of midtimes derived
solely from TESS observations (bottom). The full dataset exhibits much higher levels of noise, with one signal (at 5.2 days) above a nominal 0.1% FAP. This peak,
however, has only a marginal (2σ) detection in amplitude and is not seen using just the TESS data. Green dashed vertical lines highlight locally significant peaks,
none of which are consistent between the full dataset and the TESS subset. The TESS data also do not evince any significant periods with an FAP less than 70%.
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(J. T. VanderPlas 2018). This assumption likely does not hold
for heterogeneous datasets containing errors and measure-
ments derived from diverse sources.

Using each of these three values as an initial guess, the best
sinusoid was then fit to the timing data using Equation (4). In
all cases, the fitted amplitudes are small (P = 5.2 days:
A = 7.3 ± 5.8 s; P = 85.9 days: A = 18.1 ± 6.0 s; P = 4175
days: A = 22.5 ± 6.6 s) and at low significance (1.3σ, 3.0σ,
and 3.4σ, respectively). Note that the longer period is not well
constrained by the available data, hence the jump from an
initial guess of ∼3000 days to the fitted ∼4000 days.

Motivated by the number of subsignificant peaks in the full
dataset, a second search for periodicities was performed using
only the eight TESS sectors, as seen in the bottom panel of
Figure 4. For consistency, the midtimes for Sector 41 were

conducted using the same method as for the other seven sectors,
rather than adopting the values from E. S. Ivshina & J. N. Winn
(2022). Although the TESS data span just one-sixth of the time
of the full dataset (2021–2024), they have the advantage of
regular sampling, with an average distance between data points
of one transit epoch (in the full dataset, there has been
on average only one observation every 15 transit epochs).
Moreover, the TESS data spanned nearly 1200 days, sufficient
to test whether the 5.2 and 85.9 day periods still appear.
However, no significant peaks were detected; moreover, none of
the three highest peaks corresponds to a period identified from
the full dataset.

As a final point of analysis, the marginal signal at ∼2700 days
(not ruled out in the TESS data since it lacks the baseline to
detect it) was analyzed using a ΔBICLS evolution model similar

Figure 5. Timing residuals of a linear versus a quadratic model after adding new data (2007–2024). Top: O − C midtimes assuming a linear ephemeris. New
midtimes derived from TESS light curves are shown in green, while new ground-based observations are in blue. Literature midtimes compiled by E. S. Ivshina &
J. N. Winn (2022) are in black, and those from the ETD are in gray. Middle: evolution of ΔBICLQ. The red curve represents the value calculated using Equation (6),
while the blue curve depicts the quasi-analytic estimate of B. Jackson et al. (2023), which is the trajectory ΔBIC would be expected to take with observations at these
epochs if the best-fit P corresponded to real orbital decay. Both are accompanied by shaded regions indicating their expected 1σ variations (Equation (7)). The
calculation begins only after three data points are available, reflecting the parameter fitting requirements of the quadratic model. Bottom: final observed ΔBICLQ (red
line, calculated using all data points; see right end of red curve in middle panel) compared to the final observed ΔBICLQ that results after omitting each individual
data point.
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to that in Figure 1. Although the ΔBICLS value for the sinusoidal
fit peaked around 2019 with a value of 60, it has declined
notably in recent years and is currently below 20. There are also
many outliers, indicating that the values derived for this fit are
highly sensitive to individual points in the dataset.

Combining all the evidence, there is no case for a sinusoidal
signal anywhere between 3 and 3000 days in these data, and no
timing data are available to search for periodicities outside that
range.

7.2. Quadratic Model

In Figure 1, a quadratic model was favored over a linear
model by ΔBICLQ = 67, with an estimated period decrease
rate of P 22.9 5.4 ms yrinit

1= ± .
An updated TTV analysis is shown in Figure 5. The inferred

orbital decay rate has substantially decreased to
P 5.3 2.2 ms yr 1= ± (top panel), less than half of the
initial estimate. With the inclusion of new data, the previously
rising trend in ΔBICLQ has reversed, lowering the ΔBICLQ

from 67 to 11, thereby weakening the case for a quadratic
model.

The sharp early rise of the actual data (red curve, middle
panel) in ΔBICLQ compared to the quasi-analytic estimate
calculated following B. Jackson et al. (2023; blue curve),
which tracks the path an idealized ΔBIC evolution would take
with observations at the epochs observed, strongly suggests
that statistical outliers may have artificially strengthened the
preference for a quadratic model in the past. Most critically,
the bottom panel shows that the very first data points of
G. Mandushev et al. (2011) still have a particularly strong
impact on the fit of the quadratic model. Removing just one of
the early data points would cause the ΔBICLQ value to drop
significantly.

It is noted that in neither model does the reduced χ2 value
reach 1. The best O− C fit with a linear ephemeris has a
reduced χ2 = 3.0, while the quadratic fit has a reduced
χ2 = 2.9. A likely explanation for at least some of this
discrepancy is underestimated errors in some or all of the
transit midtimes. Following E. R. Adams et al. (2024), a
rescaling test was performed wherein the errors on all
midtimes were increased by a factor of χ = 1.7. In this
experiment, the shape of the evolution of ΔBICLQ is
unchanged, but the magnitude of ΔBICLQ decreases, so that
ΔBICLQ peaks at 12 and has a final value of 0.1, indicating no
statistical preference for either model. This shows that
underestimated errors could explain all of the ΔBICLQ from
the nominal fit.

If this significantly lower value of P 5.3 2.2 ms yr 1= ±
still reflected orbital decay due to tidal dissipation, it can be
used to estimate the modified tidal quality parameter of the
host star (P. Goldreich & S. Soter 1966),
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being the ratio of planetary to stellar mass (values

taken from A. S. Bonomo et al. 2017) and a

R
being the ratio of

orbital semimajor axis to stellar radius (a in juliet). The
best-fit decay rate corresponds to Q 5 104= × , which, while
higher than the previous estimate of Q 1.4 104= × found by

G. Maciejewski et al. (2021), is still lower than both theoretical
predictions (≈106; N. N. Weinberg et al. 2024; N. Weinberg
2025, private communication) and the value derived from the
observed decay of WASP-12 b (Q 1.75 105= × ; S. W. Yee
et al. 2020). Furthermore, while WASP-12 may be a possible
subgiant (see discussion in P. Leonardi et al. 2024), TrES-5 is
unlikely to also be one.

Combining all of the evidence available—the unusually low
value of Q , the nonsignificant detection (2.4σ) of P, the much
more muted preference for a quadratic model that has rapidly
diminished in significance as measured by ΔBICLQ with
longer observational baselines, and the fact that the model
preference is significantly dependent on single data points—
leads to the conclusion that there is no evidence for orbital
decay in TrES-5 b.

8. Discussion and Conclusions

In total, 280 midtimes were used to derive an updated
ephemeris for TrES-5 b. Table 8 shows that a linear model
provides the best fit, yielding a refined ephemeris of
T0 = 2459443.836676(57) BJDTDB and P = 1.482246448
(57) days.

The TrES-5 b timing data have exhibited putative signs of
nonlinearity since 2018 (E. N. Sokov et al. 2018), with at least
five subsequent studies reporting modestly significant values
indicating a decreasing orbital period (G. Maciejewski et al.
2021; S. R. Hagey et al. 2022; E. S. Ivshina &
J. N. Winn 2022; W. Wang et al. 2024; L.-C. Yeh et al.
2024). The values for the decay rates presented in Table 1 vary
by a factor of 4, though interpretation is complicated since
each value is derived from different subsets of the available
transit midtimes. Examining the three most directly compar-
able datasets, which sequentially incorporate literature data
along with an increasing number of TESS sectors, there was a
clear trend of decreasing P values even prior to this analysis.
Specifically, G. Maciejewski et al. (2021) derived
P 20.4 4.5= ± ms yr−1 using all data available through
2020. Adding one TESS sector and extending the observations
through 2021, E. S. Ivshina & J. N. Winn (2022) reported a
slightly reduced rate of P 17.5 3.8= ± ms yr−1. With four
TESS sectors and observations through 2022, W. Wang et al.
(2024) found that the decay rate had halved relative to 2 yr
earlier, reporting P 9.7 2.1= ± ms yr−1. Incorporating 2
recent yr of data (including four new TESS sectors) and 2
earlier yr with larger uncertainties, the current analysis finds
that the decay rate has halved once more to P 5.3 2.2= ±
ms yr−1.

The corresponding values for ΔBICLQ also appear to have
peaked around 2021 (Figure 5); using this uniform analysis for
values of ΔBICLQ, the peak was around 50 and has now
dropped to 11. Even more critically, the value significantly
drops if a single early transit with low error bars is removed.
The 1σ errors on ΔBICLQ also place it firmly consistent with
zero, with a range of ±20.

Both the high dependence on a small number of points and
the decreasing trend in ΔBICLQ overall suggest that the initially
observed trend was a statistical quirk resulting mainly from the
low error bars on the second transit from G. Mandushev et al.
(2011). There is also an element of low number statistics in
play. The amount by which the early transits deviate from

11

The Planetary Science Journal, 6:292 (13pp), 2025 December Rothmeier et al.



expectations is similar to that of later observations. However,
having 10–20 transits per year at later epochs compared to 2–3
at the earliest epochs means that in recent years, no single
outlying point has a strong impact on observed ΔBICLQ. In
contrast with other systems (e.g., OGLE-TR-111 b, WASP-19
b, CoRoT-2 b) where early detections of apparent transit timing
deviations were due to errors in earlier analyses (E. R. Adams
et al. 2010, 2024), the case for TrES-5 b does not seem to result
from mistakes but rather from an initial signal that disappears
with further data.

Additionally, although there is still fairly high scatter in the
transit midtime residuals, there is no evidence for either
precession or line-of-sight acceleration, as postulated by
G. Maciejewski et al. (2021) in the absence of other viable
explanations for their apparent trend. No periodicity was
detected at either shorter timescales (∼tens to hundreds of
days), which would have completed several cycles during the
available time series, or longer timescales (∼3000 days)
comparable to the full data span (see Figure 4).

Finally, it is instructive to note the effect of a single,
concerted observing campaign, of the type available to
dedicated small-aperture facilities like ATUS, in comparison
to TESS observations in a single season. With each additional
TESS sector, the value for ΔBICLQ in this system fell, but a
similar effect was also seen if the TESS data were excluded
and only the 14 ground-based observations were included.
Although most bright UHJ systems are regularly observed with
TESS, about 13% of UHJs fall through observing gaps with
either zero or one TESS sector available, and another 8% were
skipped in the most recent TESS cycle for their hemisphere,
which can mean a 4+ yr gap in data. Small telescopes are well
poised to observe during these gaps in TESS observations.
Importantly, the timing precision of ground-based observa-
tions—especially from dedicated facilities—can be signifi-
cantly better than that of TESS. In this case, the median
uncertainty of the ground-based midtimes was smaller than for
the TESS-derived midtimes. Thus, even a few ground-based
observations per year using a 0.6 m telescope may be just as
constraining as a full TESS season. The chief advantage of
regular observations is to avoid situations where only a few
data points are available (as at the beginning of the TrES-5 b
time sequence), wherein slight random fluctuations may give
the appearance of a detection of orbital decay where none
actually exists.

Acknowledgments

This study was supported by grants from NASA’s Exoplanet
Research Program 80NSSC22K0317 and 80NSSC25K7170.

Thanks to G. Mandushev and G. Maciejewski for kindly
both providing data and answering questions about data
originally taken over 15 yr ago.

ATUS was made possible through funding from the
Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR;
German Aerospace Center) and the University of Stuttgart in
support of SOFIA, the Stratospheric Observatory for Infrared
Astronomy, as well as quality assurance funds allocated by the
State of Baden-Württemberg for improving the quality of
teaching and learning.

This paper includes data collected with the TESS mission,
obtained from the MAST data archive at the Space Telescope
Science Institute (STScI). Funding for the TESS mission is
provided by the NASA Explorer Program. STScI is operated
by the Association of Universities for Research in Astronomy,
Inc., under NASA contract NAS 5-26555. This research also
made use of the Astrophysics Data System (https://ui.adsabs.
harvard.edu/), funded by NASA under cooperative agreement
80NSSC21M00561.

L.M. acknowledges the financial contribution from PRIN
MUR 2022 project 2022J4H55R.
Facilities: ATUS, CAO:1.2m, TESS.
Software: Astropy (Astropy Collaboration et al.

2022, 2018, 2013), Matplotlib (J. D. Hunter 2007), pylight-
curve (A. Tsiaras et al. 2016), Numpy (C. R. Harris et al.
2020), SciPy (P. Virtanen et al. 2020), emcee (D. Foreman-
-Mackey et al. 2013a, 2013b), ExoTETHyS (G. Morello et al.
2020), AstroImageJ (K. Collins & J. Kielkopf 2013), Juliet
(N. Espinoza et al. 2018), batman (L. Kreidberg 2015b),
MultiNest (F. Feroz et al. 2011), PyMultiNest (J. Buchner
et al. 2014; J. Buchner 2016), lightkurve (Lightkurve
Collaboration et al. 2018), defot (J. Southworth et al.
2009, 2014).

ORCID iDs

Marvin Rothmeieraa https://orcid.org/0009-0004-5054-664X
Elisabeth R. Adamsaa https://orcid.org/0000-0002-
9131-5969
Karsten Schindleraa https://orcid.org/0000-0001-7337-2452
André Beckaa https://orcid.org/0000-0002-1373-1377
Brian Jacksonaa https://orcid.org/0000-0002-9495-9700
Jeffrey P. Morgenthaleraa https://orcid.org/0000-0003-
3716-3455
Amanda A. Sickafooseaa https://orcid.org/0000-0002-
9468-7477
Malia Barkeraa https://orcid.org/0009-0003-3543-5872
Luigi Manciniaa https://orcid.org/0000-0002-9428-8732
John Southworthaa https://orcid.org/0000-0002-3807-3198
Daniel Evansaa https://orcid.org/0000-0002-5383-0919
Alfred Krabbeaa https://orcid.org/0000-0002-8522-7006

References

Adams, E. R., Jackson, B., Sickafoose, A. A., et al. 2024, Doomed Worlds. I.
No New Evidence for Orbital Decay in a Long-term Survey of 43 Ultrahot
Jupiters, PSJ, 5, 163

Adams, E. R., López-Morales, M., Elliot, J. L., Seager, S., & Osip, D. J. 2010,
Lack of Transit Timing Variations of OGLE-TR-111b: A Re-analysis with
Six New Epochs, ApJ, 714, 13

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L., et al. 2022, The
Astropy Project: Sustaining and Growing a Community-oriented Open-
source Project and the Latest Major Release (v5.0) of the Core Package,
ApJ, 935, 167

Table 8
Best Ephemeris Fit Parameters Based on 280 Midtimes of TrES-5 b

Linear (preferred)

T0 (BJDTDB) 2459443.836676(57)
P (days) 1.482246448(57)

Quadratic

ΔBICLQ 11.1 ± 20
T0 (BJDTDB) 2459443.836691(57)
P (days) 1.48224625(10)
P (ms yr−1) −5.3 ± 2.2
Corresponding Q 5 × 104

12

The Planetary Science Journal, 6:292 (13pp), 2025 December Rothmeier et al.

https://ui.adsabs.harvard.edu/
https://ui.adsabs.harvard.edu/
https://orcid.org/0009-0004-5054-664X
https://orcid.org/0000-0002-9131-5969
https://orcid.org/0000-0002-9131-5969
https://orcid.org/0000-0001-7337-2452
https://orcid.org/0000-0002-1373-1377
https://orcid.org/0000-0002-9495-9700
https://orcid.org/0000-0003-3716-3455
https://orcid.org/0000-0003-3716-3455
https://orcid.org/0000-0002-9468-7477
https://orcid.org/0000-0002-9468-7477
https://orcid.org/0009-0003-3543-5872
https://orcid.org/0000-0002-9428-8732
https://orcid.org/0000-0002-3807-3198
https://orcid.org/0000-0002-5383-0919
https://orcid.org/0000-0002-8522-7006
https://doi.org/10.3847/PSJ/ad3e80
https://ui.adsabs.harvard.edu/abs/2024PSJ.....5..163A/abstract
https://doi.org/10.1088/0004-637X/714/1/13
https://ui.adsabs.harvard.edu/abs/2010ApJ...714...13A/abstract
https://doi.org/10.3847/1538-4357/ac7c74
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A/abstract


Astropy Collaboration, Price-Whelan, A. M., Sipőcz, B. M., et al. 2018, The
Astropy Project: Building an Open-science Project and Status of the v2.0
Core Package, AJ, 156, 123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, Astropy: A
Community Python Package for Astronomy, A&A, 558, A33

Bonomo, A. S., Desidera, S., Benatti, S., et al. 2017, The GAPS Programme
with HARPS-N at TNG . XIV. Investigating Giant Planet Migration
History via Improved Eccentricity and Mass Determination for 231
Transiting Planets, A&A, 602, A107

Bouma, L. G., Winn, J. N., Howard, A. W., et al. 2020, WASP-4 is
Accelerating toward the Earth, ApJL, 893, L29

Buchner, J., 2016 PyMultiNest: Python interface for MultiNest, Astrophysics
Source Code Library, v.2.12, ascl:1606.005

Buchner, J., Georgakakis, A., Nandra, K., et al. 2014, X-ray Spectral
Modelling of the AGN Obscuring Region in the CDFS: Bayesian Model
Selection and Catalogue, A&A, 564, A125

Claret, A., & Bloemen, S. 2011, Gravity and Limb-darkening Coefficients for
the Kepler, CoRoT, Spitzer, Uvby, UBVRIJHK, and Sloan Photometric
Systems, A&A, 529, A75

Collins, K., & Kielkopf, J., 2013 AstroImageJ: ImageJ for Astronomy,
Astrophysics Source Code Library, v.6.02, ascl:1309.001

Collins, K. A., Kielkopf, J. F., Stassun, K. G., & Hessman, F. V. 2017,
AstroImageJ: Image Processing and Photometric Extraction for Ultra-
precise Astronomical Light Curves, AJ, 153, 77

Dunham, E. W., Mandushev, G. I., Taylor, B. W., & Oetiker, B. 2004, PSST:
The Planet Search Survey Telescope, PASP, 116, 1072

Eastman, J., Siverd, R., & Gaudi, B. S. 2010, Achieving Better than 1 Minute
Accuracy in the Heliocentric and Barycentric Julian Dates, PASP, 122, 935

Espinoza, N. 2018, Efficient Joint Sampling of Impact Parameters and Transit
Depths in Transiting Exoplanet Light Curves, RNAAS, 2, 209

Espinoza, N., Kossakowski, D., & Brahm, R., 2018 Juliet: Transiting and Non-
transiting Exoplanetary Systems Modelling Tool, Astrophysics Source
Code Library, v.2.2.4, ascl:1812.016

Espinoza, N., Kossakowski, D., & Brahm, R. 2019, Juliet: a Versatile
Modelling Tool for Transiting and Non-transiting Exoplanetary Systems,
MNRAS, 490, 2262

Feroz, F., Hobson, M. P., & Bridges, M. 2009, MULTINEST: an Efficient and
Robust Bayesian Inference Tool for Cosmology and Particle Physics,
MNRAS, 398, 1601

Feroz, F., Hobson, M. P., & Bridges, M., 2011 MultiNest: Efficient and
Robust Bayesian Inference, Astrophysics Source Code Library,
ascl:1109.006

Feroz, F., Hobson, M. P., Cameron, E., & Pettitt, A. N. 2019, Importance
Nested Sampling and the MultiNest Algorithm, OJAp, 2, 10

Foreman-Mackey, D., Conley, A., Meierjurgen Farr, W., et al., 2013b Emcee:
The MCMC Hammer, Astrophysics Source Code Library, v.3.1.4,
ascl:1303.002

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013a, Emcee:
The MCMC Hammer, PASP, 125, 306

Goldreich, P., & Soter, S. 1966, Q in the Solar System, Icar, 5, 375
Hagey, S. R., Edwards, B., & Boley, A. C. 2022, Evidence of Long-term

Period Variations in the Exoplanet Transit Database (ETD), AJ, 164, 220
Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Array

Programming with NumPy, Natur, 585, 357
Hunter, J. D. 2007, Matplotlib: A 2D Graphics Environment, CSE, 9, 90
Ivshina, E. S., & Winn, J. N. 2022, TESS Transit Timing of Hundreds of Hot

Jupiters, ApJS, 259, 62
Jackson, B., Adams, E. R., Huchmala, R. M., et al. 2025, AJ, in press
Jackson, B., Adams, E. R., & Morgenthaler, J. P. 2023, Metrics for Optimizing

Searches for Tidally Decaying Exoplanets, AJ, 166, 142
Kipping, D. M. 2012, An Analytic Model for Rotational Modulations in the

Photometry of Spotted Stars, MNRAS, 427, 2487
Kokori, A., Tsiaras, A., Edwards, B., et al. 2022, ExoClock Project: an Open

Platform for Monitoring the Ephemerides of Ariel Targets with
Contributions from the Public, ExA, 53, 547

Kokori, A., Tsiaras, A., Edwards, B., et al. 2023, ExoClock Project. III. 450 New
Exoplanet Ephemerides from Ground and Space Observations, ApJS, 265, 4

Kreidberg, L. 2015a, batman: BAsic Transit Model cAlculatioN in Python,
PASP, 127, 1161

Kreidberg, L., 2015b batman: BAsic Transit Model CalculatioN in Python,
Astrophysics Source Code Library, v.2.4.9, ascl:1510.002

Leonardi, P., Nascimbeni, V., Granata, V., et al. 2024, TASTE. V. A new
Ground-based Investigation of Orbital Decay in the Ultra-hot Jupiter
WASP-12b, A&A, 686, A84

Levenberg, K. 1944, A Method for the Solution of Certain Non-linear
Problems in Least Squares, QApMa, 2, 164

Liddle, A. R. 2007, Information Criteria for Astrophysical Model Selection,
MNRAS, 377, L74

Lightkurve Collaboration, Cardoso, J. V. d. M., Hedges, C., et al., 2018
Lightkurve: Kepler and TESS Time Series Analysis in Python,
Astrophysics Source Code Library, v.2.4.2, ascl:1812.013

Lomb, N. R. 1976, Least-squares Frequency Analysis of Unequally Spaced
Data, Ap&SS, 39, 447

Maciejewski, G., Dimitrov, D., Mancini, L., et al. 2016, New Transit
Observations for HAT-P-30 b, HAT-P-37 b, TrES-5 b, WASP-28 b,
WASP-36 b and WASP-39 b, AcA, 66, 55

Maciejewski, G., Fernández, M., Aceituno, F., et al. 2021, Revisiting TrES-5
b: Departure from a Linear Ephemeris Instead of Short-period Transit
Timing Variation, A&A, 656, A88

Mancini, L., Southworth, J., Raia, G., et al. 2017, Orbital Alignment and Star-
spot Properties in the WASP-52 Planetary System, MNRAS, 465, 843

Mandel, K., & Agol, E. 2002, Analytic Light Curves for Planetary Transit
Searches, ApJL, 580, L171

Mandushev, G., Quinn, S. N., Buchhave, L. A., et al. 2011, TrES-5: A
Massive Jupiter-sized Planet Transiting a Cool G Dwarf, ApJ, 741, 114

Marquardt, D. W. 1963, J. Soc. Ind. Appl. Math., 11, 431
Mislis, D., Mancini, L., Tregloan-Reed, J., et al. 2015, High-precision

Multiband Time Series Photometry of Exoplanets Qatar-1b and TrES-5b,
MNRAS, 448, 2617

Morello, G., Claret, A., Martin-Lagarde, M., et al. 2020, The ExoTETHyS
Package: Tools for Exoplanetary Transits around Host Stars, AJ, 159, 75

Patra, K. C., Winn, J. N., Holman, M. J., et al. 2017, The Apparently Decaying
Orbit of WASP-12b, AJ, 154, 4

Poddaný, S., Brát, L., & Pejcha, O. 2010, Exoplanet Transit Database.
Reduction and Processing of the Photometric Data of Exoplanet Transits,
NewA, 15, 297

Ragozzine, D., & Wolf, A. S. 2009, Probing the Interiors of very Hot Jupiters
using Transit Light Curves, ApJ, 698, 1778

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, Transiting Exoplanet
Survey Satellite (TESS), JATIS, 1, 014003

Scargle, J. D. 1982, Studies in Astronomical Time Series Analysis. II.
Statistical Aspects of Spectral Analysis of Unevenly Spaced Data, ApJ,
263, 835

Schwarz, G. 1978, Estimating the Dimension of a Model, AnSta, 6, 461
Sokov, E. N., Sokova, I. A., Dyachenko, V. V., et al. 2018, Transit Timing

Analysis of the Exoplanet TrES-5 b. Possible Existence of the Exoplanet
TrES-5 c, MNRAS, 480, 291

Southworth, J., Hinse, T. C., Burgdorf, M., et al. 2014, High-precision
Photometry by Telescope Defocussing - VI. WASP-24, WASP-25 and
WASP-26, MNRAS, 444, 776

Southworth, J., Hinse, T. C., Jørgensen, U. G., et al. 2009, High-precision
Photometry by Telescope Defocusing - I. The Transiting Planetary System
WASP-5, MNRAS, 396, 1023

TESS Team 2021, TESS Light Curves - All Sectors, STScI/MAST, doi: 10.
17909/T9-NMC8-F686

Tsiaras, A., Waldmann, I. P., Rocchetto, M., et al., 2016 Pylightcurve:
Exoplanet Lightcurve Model, Astrophysics Source Code Library, v.4.0.1,
ascl:1612.018

VanderPlas, J. T. 2018, Understanding the Lomb-Scargle Periodogram, ApJS,
236, 16

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, SciPy 1.0:
Fundamental Algorithms for Scientific Computing in Python, NatMe,
17, 261

Wang, W., Zhang, Z., Chen, Z., et al. 2024, Long-term Variations in the
Orbital Period of Hot Jupiters from Transit-timing Analysis using TESS
Survey Data, ApJS, 270, 14

Weinberg, N. N., Davachi, N., Essick, R., et al. 2024, Orbital Decay of Hot
Jupiters due to Weakly Nonlinear Tidal Dissipation, ApJ, 960, 50

Yee, S. W., Winn, J. N., Knutson, H. A., et al. 2020, The Orbit of WASP-12b
is Decaying, ApJL, 888, L5

Yeh, L.-C., Jiang, I.-G., & A-thano, N. 2024, Searching for Candidates of
Orbital Decays among Transit Exoplanets, NewA, 106, 102130

13

The Planetary Science Journal, 6:292 (13pp), 2025 December Rothmeier et al.

https://doi.org/10.3847/1538-3881/aac387
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://doi.org/10.1051/0004-6361/201629882
https://ui.adsabs.harvard.edu/abs/2017A&A...602A.107B/abstract
https://doi.org/10.3847/2041-8213/ab8563
https://ui.adsabs.harvard.edu/abs/2020ApJ...893L..29B/abstract
http://www.ascl.net/1606.005
https://doi.org/10.1051/0004-6361/201322971
https://ui.adsabs.harvard.edu/abs/2014A&A...564A.125B/abstract
https://doi.org/10.1051/0004-6361/201116451
https://ui.adsabs.harvard.edu/abs/2011A&A...529A..75C/abstract
http://www.ascl.net/1309.001
https://doi.org/10.3847/1538-3881/153/2/77
https://ui.adsabs.harvard.edu/abs/2017AJ....153...77C/abstract
https://doi.org/10.1086/426303
https://ui.adsabs.harvard.edu/abs/2004PASP..116.1072D/abstract
https://doi.org/10.1086/655938
https://ui.adsabs.harvard.edu/abs/2010PASP..122..935E/abstract
https://doi.org/10.3847/2515-5172/aaef38
https://ui.adsabs.harvard.edu/abs/2018RNAAS...2..209E/abstract
http://www.ascl.net/1812.016
https://doi.org/10.1093/mnras/stz2688
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.2262E/abstract
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.398.1601F/abstract
http://www.ascl.net/1109.006
https://doi.org/10.21105/astro.1306.2144
https://ui.adsabs.harvard.edu/abs/2019OJAp....2E..10F/abstract
http://www.ascl.net/1303.002
https://doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://doi.org/10.1016/0019-1035(66)90051-0
https://ui.adsabs.harvard.edu/abs/1966Icar....5..375G/abstract
https://doi.org/10.3847/1538-3881/ac959a
https://ui.adsabs.harvard.edu/abs/2022AJ....164..220H/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.3847/1538-4365/ac545b
https://ui.adsabs.harvard.edu/abs/2022ApJS..259...62I/abstract
https://doi.org/10.3847/1538-3881/acef00
https://ui.adsabs.harvard.edu/abs/2023AJ....166..142J/abstract
https://doi.org/10.1111/j.1365-2966.2012.22124.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427.2487K/abstract
https://doi.org/10.1007/s10686-020-09696-3
https://ui.adsabs.harvard.edu/abs/2022ExA....53..547K/abstract
https://doi.org/10.3847/1538-4365/ac9da4
https://ui.adsabs.harvard.edu/abs/2023ApJS..265....4K/abstract
https://doi.org/10.1086/683602
https://ui.adsabs.harvard.edu/abs/2015PASP..127.1161K/abstract
http://www.ascl.net/1510.002
https://doi.org/10.1051/0004-6361/202348363
https://ui.adsabs.harvard.edu/abs/2024A&A...686A..84L/abstract
https://doi.org/10.1090/qam/10666
https://doi.org/10.1111/j.1745-3933.2007.00306.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.377L..74L/abstract
http://www.ascl.net/1812.013
https://doi.org/10.1007/BF00648343
https://ui.adsabs.harvard.edu/abs/1976Ap&SS..39..447L/abstract
https://ui.adsabs.harvard.edu/abs/2016AcA....66...55M/abstract
https://doi.org/10.1051/0004-6361/202142424
https://ui.adsabs.harvard.edu/abs/2021A&A...656A..88M/abstract
https://doi.org/10.1093/mnras/stw1987
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465..843M/abstract
https://doi.org/10.1086/345520
https://ui.adsabs.harvard.edu/abs/2002ApJ...580L.171M/abstract
https://doi.org/10.1088/0004-637X/741/2/114
https://ui.adsabs.harvard.edu/abs/2011ApJ...741..114M/abstract
https://doi.org/10.1137/0111030
https://doi.org/10.1093/mnras/stv197
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.2617M/abstract
https://doi.org/10.3847/1538-3881/ab63dc
https://ui.adsabs.harvard.edu/abs/2020AJ....159...75M/abstract
https://doi.org/10.3847/1538-3881/aa6d75
https://ui.adsabs.harvard.edu/abs/2017AJ....154....4P/abstract
https://doi.org/10.1016/j.newast.2009.09.001
https://ui.adsabs.harvard.edu/abs/2010NewA...15..297P/abstract
https://doi.org/10.1088/0004-637X/698/2/1778
https://ui.adsabs.harvard.edu/abs/2009ApJ...698.1778R/abstract
https://doi.org/10.1117/1.JATIS.1.1.014003
https://ui.adsabs.harvard.edu/abs/2015JATIS...1a4003R/abstract
https://doi.org/10.1086/160554
https://ui.adsabs.harvard.edu/abs/1982ApJ...263..835S/abstract
https://ui.adsabs.harvard.edu/abs/1982ApJ...263..835S/abstract
https://doi.org/10.1214/aos/1176344136
https://ui.adsabs.harvard.edu/abs/1978AnSta...6..461S/abstract
https://doi.org/10.1093/mnras/sty1615
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480..291S/abstract
https://doi.org/10.1093/mnras/stu1492
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444..776S/abstract
https://doi.org/10.1111/j.1365-2966.2009.14767.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.396.1023S/abstract
https://doi.org/10.17909/T9-NMC8-F686
http://doi.org/10.17909/T9-NMC8-F686
http://doi.org/10.17909/T9-NMC8-F686
http://www.ascl.net/1612.018
https://doi.org/10.3847/1538-4365/aab766
https://ui.adsabs.harvard.edu/abs/2018ApJS..236...16V/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJS..236...16V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.3847/1538-4365/ad0847
https://ui.adsabs.harvard.edu/abs/2024ApJS..270...14W/abstract
https://doi.org/10.3847/1538-4357/ad05c9
https://ui.adsabs.harvard.edu/abs/2024ApJ...960...50W/abstract
https://doi.org/10.3847/2041-8213/ab5c16
https://ui.adsabs.harvard.edu/abs/2020ApJ...888L...5Y/abstract
https://doi.org/10.1016/j.newast.2023.102130
https://ui.adsabs.harvard.edu/abs/2024NewA..10602130Y/abstract

	1. Introduction
	2. Transit Ephemerides
	3. Prior Analyses
	3.1. Data from the Peer-reviewed Literature
	3.2. Data from the Exoplanet Transit Database
	3.3. Timing Analysis of Data through 2022
	3.4. Other Data on System in Sparse

	4. Ground-based Observations
	4.1. TrES Survey Data
	4.2. Calar Alto 1.23 m Telescope
	4.3. University of Stuttgart’s Astronomical Telescope

	5. TESS Observations
	6. Light-curve Fitting
	6.1. Joint Fit to Determine System Parameters
	6.2. Individual Fits to Determine Midtimes
	6.3. Validation of Fitting Method

	7. Updated Timing Analysis
	7.1. Periodic Model
	7.2. Quadratic Model

	8. Discussion and Conclusions
	References



