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Where is the exoplanet community at?

Figure 1: The distributions of the ⇠4300 confirmed low mass companions to stars as a function of their
mass and period (left) and radius and period (right) where semi-major axis is converted to period Kepler’s
third law. The color coding denotes the method by which planets were detected. Some of the features in
these diagrams are real, however many are due to the selection e↵ects. For example, the large population of
1–4 R� planets in the right panel is largely missing in the left panel due to the fact that these planets were
primarily detected by Kepler, and thus typically have host stars that are too faint to enable a measurement of
their mass via radial velocity. Similarly, the fact that there are nearly equal numbers of Hot Jupiters as cold
Jupiters in the left panel is due to the fact that ground-based transit surveys, which have larger sample sizes
than radial velocity surveys, are primarily sensitive to Hot Jupiters. Thus Hot Jupiters are over-represented
in the figures. Finally, the paucity of planets in the lower-right corner of each plot is purely a selection e↵ect
due to the fact that the radial velocity, transit, and direct imaging methods are not currently sensitive to
planets in this region of parameter space. Note that ⇠ 25 directly-imaged planets are not shown in the left
plot because they have periods that are greater than & 106 days. This figure is based on data from the
NASA Exoplanet Archive: https://exoplanetarchive.ipac.caltech.edu/.

recent theories predict that water rich “pebbles” are likely to migrate interior to the snow line, which may
result in the formation of many water worlds in planet population synthesis models (c.f. [73]). Thus giant
planets formed near the snow line could also act barriers to limit the inward migration of such volatile-rich
material.

2 State of the art

Although it was not the first exoplanet to be detected [22, 71, 135], the discovery of the Jovian companion
to 51 Pegasi by [85] ignited the field of exoplanets. There are now over 4300 confirmed exoplanets4, which
were primarily detected with four techniques: radial velocities, transits, microlensing, and direct imaging.
The distribution of the properties of known exoplanets in mass/period and radius/period space is shown in
Figure 1.

Essentially all of the initial discoveries were made by the radial velocity (RV) method. For many years,
the primary focus of the field was on discovering new exoplanets and improving the precision of RV surveys
in order to expand the region of parameter space to which the method was sensitive. Eventually, the sample
of known exoplanets detected in individual RV surveys was su�ciently large that a reasonably constraining
statistical analysis could be performed. The first such statistical analysis was that of the Lick planet survey by
[29], which contained 74 stars hosting 8 confirmed planetary companions, and several additional candidates.

4As of 11/23/2020; https://exoplanetarchive.ipac.caltech.edu/
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Exoplanet Detection Techniques

Transits measure the radius  
of an exoplanet. 

Radial velocities measure  
the mass of an exoplanet.



How have we been finding long-
period transiting exoplanets?

Kepler Search Space: 
3000 light-years 0.25% of the sky

TESS Search Space: 
300 light-years 

“All-sky”

Credit: Tom Barclay

• Kepler - spent 4 years staring at 
200,000 stars

• found ~2700 exoplanets


• But often missing planet mass (and 
thus density)

• relatively small sample

• stars to faint for follow-up 

transit-based observations (e.g. 
transmission spectroscopy, RM 
effect…)



Kepler’s planet yield

V mag < 12



The Transiting Exoplanet Survey Satellite 
(TESS) and its Observing Strategy

• 10 cm aperture 

• 600 - 1100 nm 

• elliptical 13.7-day 
Earth orbit  

• searches for transits 
of exoplanets around 
nearby, bright stars



The Transiting Exoplanet Survey Satellite 
(TESS) and its Observing Strategy

• 10 cm aperture 
• 600 - 1100 nm 
• elliptical 13.7-day Earth orbit  
• searches for transits of exoplanets 

around nearby, bright stars
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TESS Objects of Interest 
(TOIs) 6867



False Positive Vetting

5 PIXEL LEVEL DIAGNOSTICS Target 52368076 / Planet Candidate 2 / Sector 1 / Target Table 128

Di↵erence image for target 52368076, planet candidate 2, sector 1, target pixel table 128. Upper left: di↵erence between mean flux out-of-transit and in-transit; upper
right: mean out-of-transit flux; lower left: mean in-transit flux; lower right: di↵erence between mean flux out-of-transit and in-transit after normalizing by the uncertainty
in the di↵erence for each pixel. The optimal aperture is outlined with a white dash-dotted line in each panel and the target mask is outlined with a solid white line. Symbol
key: x: target position from TIC RA and Dec converted to CCD coordinates via motion polynomials; *: position of nearby TIC objects converted to CCD coordinates via
motion polynomials; +: PRF-fit location of target from out-of-transit image; triangle: PRF-fit location of transit source from the di↵erence image. Number of transits
= 3; number of valid in-transit cadences = 217; number of in-transit cadence gaps = 2; number of valid out-of-transit cadences = 542; number of out-of-transit cadence
gaps = 6. Di↵erence image quality metric = 0.97 (good).
Open ./planet-02/difference-image/0000000052368076-02-difference-image-01-128.fig
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1 pix = 21’’

Image credit: Andrew Collier Cameron



False Positive Vetting 
through the TESS Follow-
Up Observing Program 
(TFOP)



Why do we want to find transiting 
long-period exoplanets with TESS?  
Didn’t Kepler find enough?

larger sample of warm/
cold planets for 

population-level studies

characterize 
the mass-radius relation of 

(giant) exoplanets as a function 
of irradiation, stellar mass and 

stellar abundances

probe limits of planet 
formation in the outskirts of 

M dwarf planetary 
systems

atmospheric 
and dynamical 

characterization of 
cooler (giant) 



TESS Expected Yield for Single-
Transiting Planets

Predicted Yield  
(Villanueva et al. 2019)



How do we find TESS 
long-period planets?

• search all Tmag < 12 Full Frame 
Image stars


• use TESS diagnostics for a first 
pass at false positives


• use TFOP and TSTPC resources to 
rule out any remaining false 
positives

Figure credit: Hugh Osborn 
Villanueva et al. (in prep.)



Let’s warm up with some vetting



Let’s warm up with some vetting



Follow Programs within TSTPC WG
u RV

u APF (PI: P. Dalba)

u WIYN-NEID (PI: A. Gupta)

u Magellan-PFS (PI: K. Collins)

u HARPS-N (PIs: E. Palle and I. Carleo)

u HARPS (PI: S. Ulmer-Moll)

u CORALIE (PI: S. Ulmer-Moll)

u SOPHIE (PIs: G. Hebrard and A. 
Santerne)

u CHIRON (PI: J. Rodriguez)

u VLT-ESPRESSO (PI: K. Hesse)

u Minerva-Australis (PI: B. Nicholson)

u TRES (PI: D. Latham)

7Paul Dalba | TESS Science Meeting 29

u Photometry

u CHEOPS (H. Osborn)
u NEOSSat (C. Mann) 
u LCO (D. Dragomir, K. Collins, et al.)

u SG 1
u Citizen Science Observers

Talk Later à

Talk Friday à



“Planet Yield to Date” versus 
“Expected Planet Yield”

Predicted Yield  
(Villanueva et al. 2019)

Yield to Date



Yield to date

• fewer candidates than predicted, 
especially at longer periods


• possible reasons:


• eccentric orbits


• SNR threshold


• missed transits (a small fraction) 
due to e.g. detrending 
distortions or unaccounted-for 
gaps

4 Villanueva Jr., Dragomir, & Gaudi

Figure 1. Top Left: Probability of observing a single transit (solid) or two or more transits (dashed) for the 27.4 day baseline
as compared to the geometric transit probability (dotted). Colors correspond to a 1.0, 0.6, and 0.25 M! host star. Top Right:

Mission-weighted probability of observing a single transit (solid black line) or two or more transits (dashed black line) over all
observing baselines as compared to the geometric transit probability (red dotted line) for a 1.0 M! host star. All 13 individual
single transit probability curves, corresponding to the 13 possible baselines, are shown as grey solid lines for reference. Bottom

Left: Planet occurrence rates for Teff ≥ 4000 K stars (blue) and Teff < 4000 K stars (red). Dark lines are the fraction of stars
expected to host at least one planet in each period bin, while the dotted lines represent our extrapolation to long periods.
Bottom Right: Combining the first three panels with the total number of stars, we estimate the period distribution of single
transit events expected from TESS postage stamps (black) and in the FFIs (gray). Events around stars with Teff ≥ 4000K are
in blue, and stars Teff < 4000 K in red. The darker shades are for the 2-minute cadence, while the lighter shades are for the
30-minute cadence. The total number of planets exhibiting a single transit event expected from the TESS mission is over 1000.
There are 241 planets expected in the 2-minute cadence data, and lower limit of 977 planets in the FFIs.

Villanueva et al. (2019)

Cooke et al. (2018)


Current PC yield



The TESS extended 
mission(s) opportunity

• In EM1, ~60% of all year Primary 
Mission ST candidates transited 
again, becoming “duos”


• In EM2, over 80% of duos will show 
a third transit


• in many of those cases, the 
period will be uniquely 
determined with just TESS data

Osborn et al.  (2022)



Diana Dragomir                                                          TESS Early Results

Discovery of HD 21749b (née TOI 186.01)
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DV Fit Results:
Period = 17.99182 [0.00241] d
Epoch = 1332.3221 [0.0016] BTJD
Rp/R* = 0.0317 [0.0020]
a/R* = 25.19 [5.91]
b = 0.83 [0.09]
Seff = 22.21 [8.41]
Teq = 554 [52] K
Rp = 2.56 [0.32] Re
a = 0.1006 [0.0196] AU
Rho = 0.664 [0.467]

Ag = 128.64 [62.64]  [2.04 sigma]
Tp = 2883 [235] K  [9.68 sigma]

DV Diagnostic Results:
ShortPeriod-sig: N/A
LongPeriod-sig: N/A
ModelChiSquare2-sig: 0.0%
ModelChiSquareGof-sig: 99.4%
Bootstrap-pfa: 1.07e-28
GhostDiagnostic-chr: N/A
OotOffset-rm: 3.731 arcsec [1.48 sigma]
TicOffset-rm: 3.398 arcsec [1.35 sigma]
OotOffset-tot: 1
TicOffset-tot: 1
DiffImageQuality-fgm: 1.00 [1/1]
DiffImageOverlap-fno: 1.00 [1/1]

TIC: 279741379     Candidate: 1 of 1     Period: 17.992 d

Software Revision: spoc-3.3.38-20181012    --    Date Generated: 13-Oct-2018 12:30:58 Z
This Data Validation Report Summary was produced in the TESS Science Processing Operations Center Pipeline at NASA Ames Research Center
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TESS sectors 1, 2, 3 Dragomir et al. (2019)
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Who is HD 21749b?

6 Dragomir et al.

Figure 3. Relative RV measurements and best-fit models for HD 21749. Top: Complete time series including HARPS pre-
upgrade (dark blue open circles), HARPS post-upgrade (dark blue points), PFS pre-upgrade (cyan open circles), and PFS
post-upgrade (cyan points) data. The error bars are the quadrature sum of the instrument jitter terms and the measurement
uncertainties for all RVs. The best-fit constant o↵sets have been subtracted, and the gray line shows the best-fit 2-planet RV
model. Bottom: Phase-folded radial velocities using periods of 35.61 days for planet b (left) and 7.788 days for planet c (right),
with residuals shown below. Point colors are as in the top panel, with the addition of red open circles showing the average
velocities binned in 0.073 intervals of orbital phase. Each planet’s best-fit model is shown with a gray line, with the Keplerian
orbital model for the other planet and the long term trend subtracted.

As mentioned in 2.1, the log(RHK) value for HD 21749
suggests a stellar rotation period of 34.5 ± 7 days (Ma-
majek & Hillenbrand 2008). We investigate this further
by extracting SHK and H↵ indices from the HARPS and
PFS (pre-upgrade only) spectra. Figure 4 shows Lomb-
Scargle periodograms of these indices (second and third
panels from the top). In the 10 to 100-day range, the
highest peak in both of these HARPS activity indicators
corresponds to 37.19 days, which we attribute to the ro-
tation of the star. We do not see significant power at
the period of HD 21749b.
We also obtained Kilodegree Extemely Little Tele-

scope (KELT; Pepper et al. 2004) photometry of HD
21749. The star has been monitored by KELT as part
of their long-term transit survey of bright stars. The
KELT light curve for HD 21749 spans ⇠3.3 years, con-

tains 7848 individual points (taken between February,
2010 and June, 2013), and has an RMS of ⇠0.0098 mag.
A Lomb-Scargle periodogram of the KELT photometry
finds the most significant peak at a period of 38.954 days
(see bottom panel of Figure 4).
More data will help to pin down the stellar rotation

period more precisely. The existing photometric and
spectroscopic data sets suggest that the stellar rotation
period is longward of the planet period. Importantly,
the RV periodogram (top panel of Figure 4) shows the
strongest peak at 35.6 days (the period of HD 21749b)
but does not show significant (above 0.01% FAP) power
in the 37 to 39-day period range.
Nevertheless, we employ equation 2 of ? to estimate

the magnitude of systematic errors due to the stellar
variability (�s,RV ) that could a↵ect the RV signals of HD

HARPS radial velocities 
PFS radial velocities

Transit 1 
Transit 2

• TESS mag: 6.95 

• RS: 0.69 ± 0.03 RSun 

• MS: 0.73 ± 0.07 MSun 

• Period: 35.6077 ± 0.0014 days 

• Eccentricity: 0.198 ± 0.073  

• RP:  2.84 ± 0.24 REarth  

• MP: 23.2 ± 2.0 MEarth 

• ρP:  5.7 ± 1.5 g/cm3 

• Teq: 423  ± 14 K

Dragomir et al. (2019)



Planets from the TSTPC 
Working Group

1 10 100 1000
Orbital Period (d)Figure credit: Ismael Mireles
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TESS’s coldest M dwarf planet  

(Harris et al., submitted)

A system of two temperate  
gas giants 

(Mireles et al., submitted)

An eccentric temperate gas 
giant (Dalba et al. 2022;  

has RV mass)

A 47-day sub-Neptune 
(Hesse et al., in prep.;  
RV mass in progress)

A multi of well-separated 
planets (Osborn et al., in prep.)

A high-eccentricity warm Jupiter  
(Gupta et al., in press.; has RV 

mass)
A dense temperate gas giant 

(Dragomir et al., in prep.; 
has RV mass)

A 141-day Jovian 
(Mann et al., in prep.;  

has RV mass)



Why do we want to find transiting 
long-period exoplanets with TESS? 

larger sample of warm/
cold planets for 

population-level studies



TOI 4600

Mireles, Dragomir et al. (2023)

TOI-4600 b & c 11

Figure 4. Top left: Period-radius diagram of verified transiting planets orbiting stars with V < 13 (black) and V > 13 (gray),
as of November 2022 (NASA Exoplanet Archive). Bottom left: Equilibrium temperature diagram (assuming albedo a = 0) for
the same sample. Right: The TOI-4600 system and other warm gas giant systems with multiple transiting planets. TOI-4600 c
is the coldest and has the longest orbital period of any transiting planet in these systems.

Ismael Mireles - UNM 
grad student

Period1 = 82.7 days 
Period2 = 482.8 days 

Host: K star 
Vmag = 12.6

Rp1 = 6.8 REarth 
Rp2 = 9.5 REarth 

4 Mireles et al.

Figure 1. Top: Full TESS PDCSAP light curve of TOI-4600 showing four clear transits of TOI-4600 b and two transits of
TOI-4600 c. An additional transit of TOI-4600 b is obscured by a sudden systematic increase in flux near TBJD 1850 while
another transit at TBJD 2750 is obscured by a transit of TOI-4600 c that occurs 1.5 days later. Another transit of TOI-4600
b near TBJD 2419 occurred during a downlink gap and thus was not observed by TESS. The apparent di↵erence in the transit
depths is due to the di↵erent time resolutions, with the left portion showing 30-minute data and the middle and right portions
showing 2-minute data. Bottom left: Phase-folded detrended 2- (gray) and 30-minute (black) TESS data and best-fit model for
TOI-4600 b. Bottom right: Same as bottom left but for TOI-4600 c.



TOI 4600

Mireles, Dragomir et al. (2023)



TOI 4127

Rp = 1.1 RJup 
Mp = 2.3 MJup

9

Figure 5. In-transit TESS data for TOI-4127 b, folded to
the fitted orbital period. In the top panel, we plot the Sector
20 and Sector 26 data in green and blue, respectively, and
the Sector 53 data in pink, to match the light curves shown
in Figure 1. We include both the binned (30 minute cadence)
and unbinned (2 minute cadence) Sector 53 transit data. We
show the best-fit model in black and 3� uncertainies in grey,
and we plot the residuals to this fit in the bottom panel.

From the best-fit solution, we confirm that TOI-4127401

b is a warm Jupiter on an eccentric orbit. The fitted402

orbital period is P = 56.39879+0.00010
�0.00010 days, which is403

in good agreement with the initial estimate from ob-404

served transit separation, and we report a relatively high405

eccentricity of e = 0.7471+0.0078
�0.0086. The best-fit com-406

panion mass and radius are Mp = 2.30+0.11
�0.11MJ and407

Rp = 1.096+0.039
�0.032RJ , consistent with a gas giant exo-408

planet. The transit and phase-folded orbit are shown409

in Figures 5 and 6, respectively, and we list the fitted410

parameters in Table 4.411

We compute the generalized Lomb-Scargle (Zechmeis-412

ter & Kürster 2009, 2018) periodogram of the RV time413

series and residuals (residual RMS = 13.8 m s�1) to414

explore whether the data might contain evidence for415

additional, non-transiting planets or other periodic sig-416

nals (Figure 7). Following the removal of the 56.4-day417

signal for TOI-4127 b, no significant periodic signals418

emerge. In addition, we find no evidence for any long419

term trends. The best-fit RV slope from the joint fit is420

0.001± 0.025 m s�1 d�1, or 0.45± 8.95 m s�1 yr�1. We421

discuss additional constraints on the presence of exter-422

nal companions in Section 4.1.2.423

4. DISCUSSION424

Figure 6. Phase-folded RV data for TOI-4127 b. We show
the NEID data (blue) and SOPHIE data (red) as well as the
best-fit model (black) and 3� uncertainies (grey) in the top
panel, and the residuals to the fit in the bottom panel.

Figure 7. Generalized Lomb-Scargle periodograms for the
full RV data set (top) and residuals (bottom). We mark the
best-fit orbital period with a dashed red line. No periodic
signals are prominent in the residuals.

4.1. Dynamical evolution of the TOI-4127 system425

4.1.1. High-eccentricity tidal migration426

The relatively high eccentricity of TOI-4127 b places427

it in a sparsely populated region of orbital parameter428

space3. Fewer than 10 other transiting warm Jupiters429

with > 3� mass measurements have eccentricities > 0.5430

(Figure 8). Of the four planets in this class with higher431

3 Based on data taken from the NASA Exoplanet Archive (https:
//neid.ipac.caltech.edu/docs/NEID-DRP/) on 2023 January 12

Period = 56.4 days 
Eccentricity = 0.75

Host: late F star

Gupta et al., submitted



TOI 4465

Dragomir et al., in prep.

Summary of RadVel results for T004465

Fig. 1.— Best-fit 1-planet Keplerian orbital model for T004465. The maximum likelihood model is plotted while the orbital parameters

listed in Table 2 are the median values of the posterior distributions. The thin blue line is the best fit 1-planet model. We add in quadrature

the RV jitter term(s) listed in Table 2 with the measurement uncertainties for all RVs. b) Residuals to the best fit 1-planet model. c) RVs

phase-folded to the ephemeris of planet b. The Keplerian orbital models for all other planets (if any) have been subtracted. The small

point colors and symbols are the same as in panel a. Red circles (if present) are the same velocities binned in 0.08 units of orbital phase.

The phase-folded model for planet b is shown as the blue line.

Report produced by RadVel v1.3.8: http://radvel.readthedocs.io

APF

1.0 yr baseline

TOI-4465.01: A Successful Single Recovery
u Single transit giant planet in Sector 40

u APF follow-up produced a clear
detection (5.7 MJ)

u Predicted a ~3 day (+/-1σ) transit 
window in September 2022

8Paul Dalba | TESS Science Meeting 29

TESS

Dragomir, Dalba, et al. in prep

Sector 40 single transit + APF RVs 
predicted a 3-day 1σ window.

Period = 101.7 days 
Eccentricity = 0.254

Rp = 1.02 RJup 
Mp = 5.7 MJup

Host: K star 
Vmag = 10.4



TOI 4465 - transit recovery planning



Transit detections from LCO (K. Collins), NGTS (M. Battley), and Unistellar eVscope Network (P. Dalba)

9Paul Dalba | TESS Science Meeting 29

Dragomir, Dalba, et al. in prep

TOI-4465.01: A Successful Single Recovery

NGTS

Unistellar eVscope Network 
(230 hours of photometry over 3 days)

LCO- 3 sites

Transit detections from LCO (K. Collins), NGTS (M. Battley), and Unistellar eVscope Network (P. Dalba)

9Paul Dalba | TESS Science Meeting 29

Dragomir, Dalba, et al. in prep

TOI-4465.01: A Successful Single Recovery

NGTS

Unistellar eVscope Network 
(230 hours of photometry over 3 days)

LCO- 3 sites

TOI 4465 - A successful TSTPC 
Transit Recovery

Dragomir et al., in prep.

Transit detection from LCO (K. Collins), NGTS (M. Battley) 
and Unistellar eVscope Network (P. Dalba)



TOI 2010

GOT ’EM: III 5

Figure 1. PDCSAP data of the TESS transit detection in Sector 15 (left) and Sector 56 (right). Sector 15 was imaged with a
120-second cadence, while Sector 56 included a 20-second cadence. All bins are 60 minutes.

nights with a typical 15-min cadence. A total of321

32 000 photometric data points was obtained us-322

ing 200-mm, f/1.8 Canon lenses backed by 2kx2k323

CCDs. TOI-2010 is the only bright star in the324

48-arcsec extraction aperture. We searched each325

season of data for a rotational modulation using326

methods discussed in Maxted et al. (2011). We327

find a significant and persistent modulation at a328

period of 20 ± 1 day. The modulation is weak,329

with an amplitude of only 1–2 mmag, but the330

overall false-alarm likelihood is below 1%. This331

closely matches the TESS photometric modula-332

tion, and also likely reflects a stellar rotation rate333

of ⇠2.8 km s�1.334

2.2. Candidate Vetting335

Once established as a TOI, a number of vetting336

observations were undertaken. They were used337

to search for false positive indications, and to338

assess the target’s suitability for further follow-339

up observations.340

2.2.1. Keck/HIRES spectra341

We obtained a spectrum of TOI-2010 with the High342

Resolution Echelle Spectrometer (HIRES; Vogt et al.343

1994) on the Keck-I telescope at W. M. Keck Observa-344

tory to explore false positive explanations for the single345

transit event, to assess the quality of the host as a tar-346

get for Doppler spectroscopy, and to conduct a basic347

spectral characterization of the host. Initial processing348

of the spectrum with SpecMatch-Emp (“Emp” indicat-349

ing the “Empirical” flavour of the code: Yee et al. 2017)350

determined stellar parameters shown in Table 1. The re-351

sults, along with its V = 9.9 magnitude indicated that352

it would likely be a suitable target for Doppler spec-353

troscopy. We also processed the HIRES spectrum with354

ReaMatch (Kolbl et al. 2015) and failed to find any in-355

dication of a secondary set of spectral lines, arguing356

against the presence an unresolved close binary com-357

panion.358

This Keck/HIRES measurement was taken under ex-359

cellent seeing conditions and produced a spectrum with360

SNR ⇠ 200. Given this data’s quality it was used361

as the template spectrum with which the Automated362

Planet Finder (APF; Burt et al. 2015) RV measure-363

ments were extracted (see Section 2.3). Similarly, we364

favour the Keck/HIRES extracted stellar parameters365

over those from LCOGT/NRES and FLWO/TRES (see366

Section 2.2) due to the quality of the spectrum, though367

we note the close agreement of most parameters. A com-368

parison of these stellar parameters is displayed in Ta-369

ble 1.370

2.2.2. LCOGT/NRES spectra371

We scheduled spectroscopic observations for TOI-372

2010 on the Las Cumbres Observatory global telescope373

(LCOGT; Brown et al. (2013)) Network of Robotic374

Echelle Spectrographs (NRES; Siverd et al. 2018).375

NRES comprises four identical echelle spectrographs in376

di↵erent observatories, covering a range of longitudes in377

the Northern and Southern hemispheres. The resolving378

power of the echelle spectrographs is R ⇠ 53, 000 cov-379

ering the wavelength range 3900 - 8600 Å. We obtained380

four good quality (SNR 18-56) spectra with the NRES381

unit at the Wise Observatory between June 19, 2020382

and June 28, 2020. We used the BANZAI-NRES pipeline383

(McCully et al. 2022) to reduce the spectra and extract384

RVs, and the SpecMatch-Synthetic code for the stellar385

parameterization (Petigura 2015; Petigura et al. 2017).386
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Figure 3. RV coverage of 110 measurements spanning ⇠2.7 years uniformly samples the full phase of the planet’s orbit. A small
residual acceleration remains in the res after the removal of the planet’s Keplerian signal.

2.3.1. APF448

In February of 2020 (BJD 2458887), we began to449

gather spectra on the target for RV measurements. We450

started with the Levy spectrograph installed on the 2.4451

meter Automated Planet Finder (APF) telescope at Lick452

Observatory in California, acquiring 70 spectra over a 2453

year period, carried out by the dynamic queue scheduler454

(Burt et al. 2015). The Levy spectrograph is a high-455

resolution (R ⇠ 114, 000) slit-fed optical echelle spec-456

trometer (Radovan et al. 2010) that has previously been457

used to refine the orbital period and mass of single tran-458

sit planet candidates identified by TESS (e.g., Dalba459

et al. 2022). An iodine cell in the light path allows for460

wavelength calibration and the forward modeling of the461

stellar RV for each spectrum (Butler et al. 1996; Ful-462

ton et al. 2015). This forward modeling process relies463

on having a high signal-to-noise (SNR) spectrum that464

is used as a template. The HIRES spectrum described465

in Section 2.2.1, which had a SNR of roughly 200, was466

used to create a template spectrum for the extraction of467

the APF RVs.468

2.3.2. Tull469

We also gathered high precision RV observations at470

McDonald Observatory using the Tull coudé spectrom-471

eter 2 (TS2) on the 2.7m Harlan J. Smith Telescope472

(Tull et al. 1995). This cross-dispersed echelle white-473

pupil spectrometer was used in its “TS23” mode (in-474

dicating 3rd focus) with an entrance slit of 1.2 ⇥ 8.200,475

which gives spectral resolving power R = 60, 000 over476

most of the visible spectrum. A temperature stabilized477

I2 gas absorption cell in front of the spectrograph en-478

trance aperture provided the velocity calibration. An479

exposure meter recorded the time series of flux enter-480

ing the spectrograph, enabling us to compute the flux-481

weighted barycentric correction. A wavefront sensor was482

used for telescope focus to optimize pupil illumination483

stability, and throughput. The spectrum was recorded484

on a 2048⇥2048 pixel Tektronix CCD. All spectra were485

reduced and one-dimensional spectra were extracted us-486

ing standard IRAF routines (Tody 1993, 1986). In all, a487

total of 16 spectra of TOI-2010 were obtained between488

2020 December 08 and 2022 October 26. Radial veloci-489

ties were computed using the AUSTRAL code (Endl et al.490

2000).491

2.3.3. SOPHIE492

We started observing TOI-2010 with the Spec-493

trographe pour l’Observation des Phénomènes des494

Intérieurs stellaires et des Exoplanètes (SOPHIE) in495

July 2020. We secured 25 spectroscopic measurements496

up to September 2022. SOPHIE is a stabilized échelle497

spectrograph dedicated to high-precision RV measure-498

ments in optical wavelengths on the 193-cm Telescope at499

the Observatoire de Haute-Provence, France (Perruchot500

et al. 2008; Bouchy et al. 2009). We used the SOPHIE501

high resolution mode (resolving power R = 75 000). De-502

pending on the weather conditions, the exposure times503

ranged from 11 to 30 minutes (typically 18 minutes)504

and their SNR per pixel at 550 nm from 24 to 55 (typ-505

ically 46). The corresponding radial velocities were ex-506

tracted with the standard SOPHIE pipeline using cross507
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Figure 4. A week-long observation by NEOSSat. Gaps in
the light curve are due to Earth-eclipse and other necessary
telescope operations. The star was imaged with a cadence
of 23 seconds within orbits. Displayed bins are 60 minutes.
Top: A KEPLERSPLINE fit to the out-of-transit region to model
systematics (discussed in Section 3.3). Middle: The transit
fitted to the corrected light curve. The dashed orange curve
shows relative probability of the expected transit based on
the RV-derived period constraints available at the time of
observation. Bottom: Residuals of the transit fit.

correlation functions (Bouchy et al. 2009) and includ-508

ing CCD charge transfer ine�ciency correction (Bouchy509

et al. 2013). Following the method described e.g. in Pol-510

lacco et al. (2008) and Hébrard et al. (2008), we esti-511

mated and corrected for the moonlight contamination512

using the second SOPHIE fiber aperture, which is tar-513

geted on the sky while the first aperture points toward514

the star. We estimated that four of the 25 spectra were515

significantly polluted by moonlight; one of which was516

too contaminated and was excluded. The other three517

contaminated measurements were corrected, with cor-518

rections below 20 m/s. Thus our final SOPHIE data519

set included 24 measurements showing RV uncertainties520

ranging from 3 to 9 m/s.521

2.4. Follow-up Photometry522

The collective RV campaign was able to map523

out a clear planetary signal, but the period un-524

certainty was only constrained to the order of525

a few days. This was insu�cient for reliable526

scheduling of transit observations, so we under-527

took a few e↵orts to catch a subsequent transit528

and fine-tune the period.529

2.4.1. GMU530

We observed TOI 2010 with the George Mason Uni-531

versity Observatory’s 0.8m Ritchey-Chretien telescope532

on the nights of the 21 and 22 of July, 2021 to try533

and capture a second transit. We imaged in R with an534

SBIG-16803 CCD with exposure times of 30 seconds re-535

peated for a duration of ⇠5 and 2.5 hours each night,536

respectively. Both nights were impacted by intermittent537

clouds, and single measurement precision of 6.5 and 7.5538

ppt were obtained per 30 second exposure. Data was539

reduced and plate-solved using a custom python code540

alnitak
2 and aperture photometry, reference star se-541

lection and systematic detrending were performed with542

AstroImageJ (Collins et al. 2017).543

This attempt was prompted due to a predicted544

transit (from preliminary RV fits) occurring very545

near the end of TESS Sector 40, and motivated546

by an absence of TESS coverage in Sector 41.547

Unfortunately, no transit was detected on either night.548

Given the broad transit timing uncertainty at the time,549

the narrow available observing windows, and the very550

long transit duration, the odds of detecting the transit551

here were quite low. Unbeknownst at the time, the552

transit occurred only 1.8 days after the second553

observation. These data provided initial constraining554

power for refining the RV period, but do not benefit the555

global orbital model. As such, they are not included in556

the modeling of Section 3.557

2.4.2. NEOSSat558

The Near-Earth Object Surveillance Satellite559

(NEOSSat) is a small spacecraft operated jointly by the560

Canadian Space Agency (CSA) and Defence Research561

and Development Canada (DRDC). It has a 15 centime-562

ter telescope aperture and is capable of precision relative563

photometry (Abbasi et al. 2019). NEOSSat’s clear-filter564

e↵ective bandpass is approximately 400-900 nm.565

As the RV data came in, preliminary joint fits (see Sec-566

tion 3 for details) of the RVs and TESS sector 15 transit567

revealed a roughly 142-day period, albeit with broad un-568

certainties. The extended transit duration (⇠8.7 hours),569

wide timing uncertainty (on the order of a week), and570

2
https://github.com/oalfaro2/alnitak

Rp = 1.29 RJup 
Mp = 1.05 MJup

Mann et al., in prep.

Period = 141.8 days 
Eccentricity = 0.21

Host: G star 
Vmag = 9.9

NEOSSAT observations (PI Chris Mann)

Mann et al., accepted
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Figure 6. Top: Midpoint timing distributions from Figure 7 plotted
across time. Width of the blue region indicates posterior probability
distribution. The purple curves show sinusoid fits to 1000 random
draws of these distributions. The timings display a sinusoidal vari-
ation suggestive of systematic TTVs. Bottom: Distributions of the
amplitude and periodicity from fitting 105 random draws. A zero-
amplitude line (i.e. fixed-period ephemeris) is disfavoured at 5.7f.

of physically relevant parameter space. Juliet allows for a525

number of equivalent parameterizations that do a better job526

in this regard.527

One substitution we made was to forego directly fitting the528

semi-major axis (0/'¢) in favour of fitting the stellar density529

(d¢). For a given period, the two are directly interchangeable530

using Kepler’s 3rd Law, and there are independent constraints531

already set on the stellar density to use as a prior (Stassun532

et al. 2018b). We also re-parameterize the eccentricity (4)533

and argument of periastron (l) by instead fitting
p
4 sinl534

and
p
4 cosl for which it is easier to e�ciently sample the535

entire parameter space. Finally, we employ a quadratic limb-536

darkening law and use the @1, @2 parameterization of Kipping537

(2013), corresponding to the transformations in Espinoza &538

Jordán (2016) for D1, D2. Again, this simply samples the539

allowable space with improved e�ciency.540

3.4.2. TTVs541

We found a few strange inconsistencies in our initial ex-542

ploratory MCMC fits of the transit data. One oddity was a543

curious bimodal distribution in the )0 and % posteriors. An-544

other was the tendency for walkers in longer MCMC runs545

to eventually transition from a model with small impact pa-546

rameter and low eccentricity (which we will label <1) to a547

model with much more extreme parameters (<2). The ex-548

treme model <2 di�ered primarily in a few key parameters.549

The impact parameter suggested a nearly grazing transit ge-550

ometry (12 > 0.9), the eccentricity was drawn to very large551

values (42 > 0.7), and planetary radius came out about 18%552

larger. Despite the wild changes in these transit parameters,553

<1 and <2 produce very similar transit shapes. The only sub-554

tle di�erence between the two was a slight flattening of the555

ingress and egress slopes of <2 compared to <1. Subsequent556

Figure 7. Individual transit midpoint timing posteriors for each
transit in our data set. In each plot, the orange region corresponds
to the 68% highest-posterior density (HPD) region, and the blue
line shows where the best-fitting linear ephemeris would predict the
midpoint to fall. Grey dashed curves show the Gaussian prior placed
on these midpoint timings.

tests using nested sample routines found the same model shift557

even more easily, likely because nested sample techniques558

tend to be less prone to getting trapped in local likelihood559

maxima.560

The bimodal % and )0 posteriors were are first clues that561

transit timing variations (TTVs) may be at play, and the spe-562

cific di�erences in parameters between <1 and <2 lent cre-563

dence to the idea. As described in Kipping (2014, Fig. 3),564

the Photo-Timing E�ect produces exactly these biases when565

existing TTVs are unaccounted for. If one tries to fold transit566

observations according to a single period, which is e�ectively567

how a fixed-period fit operates, then the presence of TTVs will568

wash out the ingress and egress signals to a degree when they569

do not line up properly.570

In our case at hand, the artificially flattened ingress and571

egress slopes mimic a high-1 transit shape. A large im-572

pact parameter typically shortens the transit duration, by hav-573

ing a shorter chord across the stellar surface, unless another574

parameter can compensate. A shift of the semi-major axis575

(0/'¢) could make up the di�erence, except that it is quite576

well-constrained by our prior knowledge of the stellar density577

(d¢). The only remaining free parameter that could preserve578

the observed transit duration is a shift to high eccentricity579

(and accompanying appropriate argument of pericentre). A580

high-1 geometry also implies the planet transits across the581

less bright limb of the star and possibly only grazes the stellar582

disk, requiring a larger planetary radius to a�ect the same583

observed flux drop. These are exactly the di�erences we see584

between <1 and <2 parameter sets. We take this line of rea-585

soning as additional qualitative evidence that TTVs are truly586

present in this data.587

We decided that the most unbiased approach was to employ588

a transit fitting routine that made no assumptions of fixed pe-589

riodicity. Juliet o�ers just such a functionality, allowing590

priors to be set on individual timings for each detected transit.591

In this way, it is not simply the period that is fit, but the in-592
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Figure 9. All TESS and LCOGT transits stacked and aligned
to transit midpoints with highest likelihood model overlaid. Cyan
points are data binned to 30 minutes.

in size, or ⇠75% Neptune’s radius. It orbits at 0.4 au and,635

receiving about 6 times the Earth’s insolation and assuming636

no albedo and no tidal locking, would have an equilibrium637

temperature ()eq) of roughly 440 K.638

The timing posteriors of each of the 8 transits are also shown639

graphically in Figure 7. For most of them, the expected tran-640

sit midpoints of the best-fitting fixed-period ephemeris (blue641

lines) fall in the wings of the distribution. Comparing the642

observed posteriors with the priors (grey curves) shows these643

features are data-driven and not strongly influenced by the644

prior. Plotting the observed-minus-calculated (O-C) timing645

di�erences as a function of transit epoch, we arrive at the646

values displayed in Figure 6. The timing o�sets seem to647

preferentially follow an oscillatory pattern with amplitude648

23.5+5.2
�4.1 minutes and periodicity of 485+15

�19 days (5.29+0.17
�0.21649

orbits). The amplitude distribution excludes a fixed-period650

ephemeris (i.e. zero amplitude) at 5.7f. We note that the651

two final (LCOGT) transits appear to have large TTV o�-652

sets and might be thought to drive the sinusoidal pattern.653

Removing these points and running the same analysis on654

only the TESS transits slightly lessens the fitted amplitude655

by ⇠4 minutes and the non-fixed-period significance to656

3.6f. The fitted oscillatory TTV signal is strengthened by657

the two LCOGT points, but does not rely on them.658

We included Gaussian process detrending parameters in659

our fits (trying a number of kernel models), but results con-660

sistently came back with amplitudes at least an order of magni-661

tude smaller than the photometric precision and transit depth.662

Our final fit includes an (approximate) Matern multiplied by663

exponential kernel, implemented via the celerite package664

(Foreman-Mackey et al. 2017). The highest log-likelihood665

model from the final fit is shown in Figure 9.666

4. DISCUSSION667

4.1. Planet properties668

In one sense, given its sub-Neptune size of 2.9 '�, TOI-669

1221 b is a very typical exoplanet, as super-Earths and670

sub-Neptunes are the most populous exoplanet size classes671

(NASA Exoplanet Archive 2022). However, it has certain672

other traits that place it in the outskirts. Among exo-673

planets that have well-constrained radii, TOI-1221 b is674

currently at the 97th-percentile for orbital period, and the675

10th-percentile for )eq, placing it at the edges of this pa-676

rameter space (Figure 8; NASA Exoplanet Archive 2022).677

This combination of a rare (or at least under-sampled)678

temperature regime on a common type of planet makes679

TOI-1221 b a valuable test-bed for understanding cooler680

planets.681

In the course of our analysis, we experienced first-hand682

the importance that relatively minor TTVs can have on683

the outcome of a traditional transit fit. The Photo-Timing684

E�ect (Kipping 2014) caused dramatically di�erent fit re-685

sults, even when our TTVs are of a 20-minute scale com-686

pared to an 8-hour transit. Allowing for some flexibility in687

transit timings as a test is a good practice whenever TTVs688

are potentially possible.689

4.2. Transit Timing Variations690

When plotted against transit epoch, the TTVs (Figures 6691

and 7) seem to adhere to a sinusoidal pattern. An oscillatory692

pattern can be indicative of gravitational perturbations of an693

additional unseen planet, with the strongest e�ects near a first-694

order orbital resonance (Lithwick et al. 2012). Our analysis695

in Section 3.2 of the mild RV slope and high-contrast696

imaging places some limits on this possible companion.697

The RV slope could not be produced by an object smaller698

than 2 "Jup on an orbit smaller than 3 au, and the Zorro699

imaging would detect an object more massive than an700

0.24 "� orbiting at 30 au (which could also cause the RV701

slope). However, objects of lower mass could potentially702

hide below our RV and imaging thresholds.703

To explore what kind of unseen additional companion704

could cause the observed TTVs, we made use of the python705

module TTVFast (Deck et al. 2014). TTVFast accepts a706

list of bodies with specified masses and orbital elements,707

and calculates the expected transit times of each given the708

mutual gravitational interactions of the bodies involved.709

A few findings became clear as we explored the e�ects of710

various perturbing objects on the transit timings of TOI-711

1221 b. Firstly, TTVs generally have multiple components712

to them. The major component is a long-period variation713

with large amplitude that typically oscillates over tens to714

hundreds or even thousands of transit epochs. The peri-715

odicity of this component is often referred to as the “super-716

period" of the system’s TTVs. A secondary component717

caused by more frequent synodic interactions is referred718

to as “chopping" and has lower amplitude and higher fre-719

quency than the super-period signal. Our observed TTVs720
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Figure 8. TOI-1221 b (highlighted with a red border and marked with the cyan arrow near % = 91 days) placed in the context of other confirmed
exoplanets with known radii. Black marker outlines denote confirmed exoplanets with mass measurements. Blue and magenta outlines are K2
and Kepler statistically confirmed exoplanets without mass measurements, respectively.

dividual transit midpoints. Other parameters are constant593

across all transits for a given model, but the normally fitted594

timing parameter )0 is replaced by several )8 parameters,595

one for each transit epoch. General % and )0 posteriors596

are determined by Juliet , but these simply indicate the597

best linear ephemeris around which the TTVs oscillate.598

We carried out the TTV fit on the combined set of the599

TESS and LCOGT observations shown in Figures 1 & 2 us-600

ing Juliet’s built-in nested sampling routines (dynesty, in601

this case). Extreme parameter models similar to <2 are com-602

pletely absent when we make this kind of timing-agnostic603

fit, and only results similar to the moderate <1 model are604

favoured. This leads us to believe that the <2-like models are605

not physically motivated, but are the result of trying to force a606

fixed period model onto data with variable transit timing. The607

specific results of the TTV fit are addressed in Section 3.4.4.608

3.4.3. Priors609

Specific prior distributions for fitted parameters are listed610

in Table 4. Quantities without listed priors are not directly611

fitted, but are calculated from other values. % and )0 do612

not receive specific priors in the typical sense. Instead, each613

individual transit midpoint was given a wide Gaussian prior614

(Table 4 and Figure 7) based on timing predictions from the615

TESS team’s original fixed-period ephemeris. The planetary616

radius parameter 'p/'¢ receives a uniform prior over a range617

that comfortably encompasses the observed transit depth, in-618

cluding the null option of zero depth. The uniform prior for619

1 covers the entire possible range given the expected planet620

size. Physically motivated limb darkening parameters @1 and621

@2 for both TESS and LCOGT were calculated using code622

by Espinoza & Jordán (2015) and the priors determined by623

the individual telescope response functions and uncertainties624

in stellar parameters. We used uninformative uniform priors625

over the whole range of the
p
4 sinl and

p
4 cosl param-626

eters, and a Gaussian prior for d¢ which comes from the627

TESS Input Catalog (Stassun et al. 2018b). We also include628

a Gaussian process in the fit. Amplitude and length-scale pa-629

rameters were given very wide log-uniform priors spanning630

many orders of magnitude.631

3.4.4. Fit results632

The fitted and derived parameter posterior distributions are633

summarized in Table 4. TOI-1221 b is approximately 2.9 R�634
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Final statement

TOI-904 was observed for 5 sectors of the
TESS Primary and Extended missions, over
which time two planet signals were
detected

The planet parameters for TOI-904.01 and 904.02 were
calculated using a Markov Chain Monte Carlo, determining
that they were both sub-Neptune-sized planets

To determine that the transit signals were not 
due to 

To rule out grazing or blended eclipsing binaries, 
RV reconnaissance was done with the CHIRON 
and CORALIE instruments

Due to TESS’s large pixel size, follow-up photometry is needed to confirm that the signal originates 
from the host star. Follow-up observations were taken of TOI-904.01 using the Las Cumbres
Observatory telescope network
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Figure 4. Created using the dynamite (Dietrich & Apai 2020) the relative likelihood of the most probable locations of unseen
planets orbiting TOI-904 in log-period space. The yellow circle indicate the period of the two known planets in the system,
while the dark blue lines show the probability density function (PDF) calculated for this system and the light blue histogram
represents the stable Monte Carlo iterations sampled from the PDF. These scenarios were calculated using the dynamite
Exoplanets Systems Simulator model (syssim; He et al. 2019). By incorporating the location of known planets and the stellar
type, the dynamite software finds that additional non-transiting planets are most likely to have periods of 6.74, 18.5, 50.7, and
139.05 days.

TSM values of Kepler-1628 b and Kepler-1229 b are 13
and 4, respectively.
Additional study of this system could resolve the cur-

rently ambiguous composition of the two planets. Sim-
ulations conducted by Burn et al. (2021) and Pan et al.
(2022) of planet formation via core accretion around
low-mass stars both predict that planets with radii
⇠2.3R� could have a range of densities, spanning the
ultra-dense sub-Neptune, water world and pu↵y sub-
Neptune paradigms described by Luque & Pallé (2022).
Both studies expect that in any case, planets of this size
are likely to have some atmosphere, so it is not realistic
to expect these planets to be rocky in composition. The
mass limits we obtained using radvel on our CORALIE
measurements rule out none of these scenarios, with 2�
upper limits of 174 and 244 M� on the mass of TOI-904
b and c, respectively. With follow-up mass and atmo-
spheric measurements, we can resolve this degeneracy
for the outer planet and gain insight into planet forma-
tion of cold planets around low-mass stars. With the
predicted masses mentioned above, we expect radial ve-
locity semi-amplitude of 2.9 and 1.3 m/s for TOI-904 b
and c, respectively. The former should be within easy
reach of the ESPRESSO instrument at the VLT (Pepe
et al. 2021), and is potentially measurable with HARPS
(Mayor et al. 2003) or Magellan II/PFS (Teske et al.

2021) as well. The latter would require an intensive,
possibly multi-semester campaign with ESPRESSO.
If TOI-904 c is an ultra-dense Neptune, and is thus

most easily detectable for mass measurements, both
planets may have formed in situ (Kennedy et al. 2006;
Hansen & Murray 2012; Hansen 2015). This case would
have resulted in TOI-904 c forming as a rocky, ultra-
dense Neptune (similar to K2-110 b; Osborn et al. 2017)
if the snow-line of the M dwarf receded towards the star
on planet formation timescales causing a late stage of
mass accretion for planets located near the snow line
(Kennedy et al. 2006). In situ formation seems un-
likely for this system, however, as the larger inner planet
TOI-904 b could not have reached its size at its cur-
rent location due to the high temperature (>2000 K;
Ali-Dib et al. 2020) of a forming protoplanet at this dis-
tance from the host star, precluding the accretion of any
gaseous envelope. In situ formation also often predicts
4-10 rocky planets on co-planar orbits (Hansen & Mur-
ray 2012; Pan et al. 2022), for which there is currently
no evidence in this system.
It is more probable that TOI-904 c migrated to its

current location from a greater distance via type-I mi-
gration (Burn et al. 2021; Luque & Pallé 2022; Pan et al.
2022). If the planet did form further in the disk, its core
was likely formed of both rock and ice materials before
the planet migrated inward. In this case, this planet’s
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Figure 1. TESS observations of TOI-904. Panel (a): Raw observations of each TESS sector, with 2-minute data shown in
light grey and 10-minute binned data shown in dark grey. We show the Tukey biweight trend calculated with the wotan (Hippke
et al. 2019) library of the variability is shown in dark blue. Each planet transit is denoted by an arrow at the bottom of the
graph, with blue denoting transits of TOI-904 b and gold denoting transits TOI-904 c. Panel (b): TESS data detrended by
the same fit, with each transit high-lighted in the same color as the arrows in the previous figure. Panel (c): The phase folded
light curves of transits of TOI-904 b with the transit fit including a shaded region denoting 1� uncertainty. Panel (d): The
phase-folded light curves of TOI-904 c with the transit fit including a shaded region denoting 1� uncertainty.

it was then recognized as a TESS Object of Interest on
2019 July 15 on the TESS data alerts web portal at the
Massachusetts Institute of Technology1.
The SPOC conducted a subsequent multisector search

of Sectors 12, 13, 27, 38 and 39 on 2021 July 25, where
they recovered 12 transits of TOI-904 b and the sig-
nature of TOI-904 c at 4⇥ the true period. The SPOC
found the di↵erence imaging centroiding test located the
source of the transit signature to within 3.4±3.4 arcsec.
In August 2021, a member of the TSTPC working group
(Hugh Osborn) found an undetected additional transit
of TOI-904 c in SPOC-produced light curves near the
end of TESS Sector 39, which together with the Sector
12 transit constrained the period of this planet to a dis-

1
https://doi.org/10.17909/t9-wx1n-aw08

crete set of possible aliases. We proceeded to search all
previous TESS observations of this star for additional
transits of this outer planet, and discovered a third clear
transit in TESS Sector 27 from which we were able to de-
rive a unique period of 83.999± 0.001 days. This planet
was registered as a community TOI on 2021 September
01, and the TESS Science O�ce issued an alert for it on
2022 April 20. We searched the TESS observations of
TOI-904 for any additional transit signals and found no
evidence of additional planets in this system from the
transit method.
To investigate possible false positive scenarios of the

planets that were observed in this system, we visually
inspected the background of each individual light curve
that included a transit of the outer planet to rule out
false positives due to asteroids or other anomalies. We
also used the Gaia DR3 (Gaia Collaboration et al. 2022)
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Next steps
larger sample of warm/

cold planets for 
population-level studies

characterize 
the mass-radius relation of 

(giant) exoplanets as a function 
of irradiation, stellar mass and 

stellar abundances

probe limits of planet 
formation in the outskirts of 

M dwarf planetary 
systems

dynamical 
and atmospheric 

characterization of 
cooler (giant) 
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Takeaways
• Finding and characterizing long-period transiting planets is a 

necessary next step towards placing the Solar System in context

• A large (10s of planets) sample of warm and temperate gas giants 

will enable studies of: 

• planet density as a function of stellar mass, abundances, and 

of distance from the star at low irradiation

• orbital eccentricity as a function of orbital period, system 

architecture and stellar mass and abundances


• TESS has found 10s of transiting planets and planet candidates 
with period > 50 days


• growing the sample of long-period planets transiting M dwarfs 

• already a few with periods in the 200 - 500 day range

• TESS Extended Mission 2 will solve period ambiguities for 

many systems, further increasing these yields
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