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TESS Search Space:
200 light-years
All-sky

Kepler Search Space:

3000 light-years

0.25% of the sky
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We predict TESS will fill in this region
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Mission 
Comparison

Kepler TESS Prime

Main goal Measure frequency 
of Earths

Find planets around 
bright stars

Duration 8 years 
(4 Kepler + 4 K2) 2 years

Orbit Heliocentric (373 d) High-Earth (13.7 d)

Bandpass 0.4 – 0.8 µm 0.6 – 1.0 µm

Optical area 7100 cm2 114 cm2

Field of view 105 deg2 2304 deg2

% of pixels 
retained

0.003% (1 min)

6% (30 min)

8% (2 min)

100% (30 min)

Dwell time per star Kepler: 4 years 
K2: 3 months Typically 1–2 months

Magnitude of 
planet hosts 10-16 6-13
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AopAcs	

		[m2]

Ωgross	

	[deg2]	

Ωnet	

	[deg2]	

Etendue	

[m2	deg2]

TESS 0.0114 2304 2304 26.3

Kepler 0.71 105 6.30 4.2

Etendue	Comparison
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TESS	and	Kepler
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Bryson	et	al.	2010	
Ricker	et	al.	2016

TESS	is	the	highest	etendue	op6cal	
space	mission	yet	flown:	

	~6	6mes	greater	than	Kepler
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TESS	Observatory	During	Integration	and	Testing
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Advantages	of	TESS’s	13.7	Day	Lunar	Resonant	(P/2)	Orbit
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TESS	Orbit	Greatly	Simplifies	Mission	OperaAons	

- 	Extended	ObservaGons:	~300	hrs	per	orbit	
- 	Thermal	Stability:	<30	mK/day	(passive	control	only)	

- 	Earth/Moon	Stray	Light	Level:	10	6		times	less	than	LEO		

- 	Low	RadiaGon	Levels:	Outside	of	Earth’s	Radiation	Belts	
- 	Excellent	Poin6ng	Stability:	No	Drag,	No	Gravity	Gradient	

- 	Sta6on	keeping	propellant:	none	required	for	~100	years	

- 	High	Downlink	Rates:	100	Mbit/s	(185	GB	in	~5	hr	at	Apogee!)
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Advantages	of	TESS’s	13.7	Day	Lunar	Resonant	(P/2)	Orbit
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TESS	P/2	Resonant	Orbit	is	Near	Perfect!

§ Kozai	oscillaGons	will	stabilize	the	orbit	exactly	as	planned
§ Stable	TESS	orbit	behavior	is	an6cipated	for	>25	years
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TESS	Photometric	Precision	

• Photometric	precision	of	Sector	5	light	curves	is	~200	ppm	at	Tmag	=	+	10	
‣ Below	L3	requirement	of	230	ppm	

• Bright	object	limiGng	noise	floor	is	~20	ppm	
‣Well	below	Level	1	requirement	of	60	ppm
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	230	ppm	requirement	@	Tmag	=	+10



1	
Hr
	P
ho

to
m
et
ric

	P
re
ci
si
on

	(p
pm

)

105

104

103

102

101
2 4 6 8 10 12 14 16 18 20

TESS	Magnitude
Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Photometric	Precision	

• Photometric	precision	of	Sector	5	light	curves	is	~200	ppm	at	Tmag	=	+	10	
‣ Below	L3	requirement	of	230	ppm	

• Bright	object	limiGng	noise	floor	is	~20	ppm	
‣Well	below	Level	1	requirement	of	60	ppm

�11

	200	ppm	achieved	@	Tmag	=	+10

	230	ppm	requirement	@	Tmag	=	+10

	60	ppm	residual	systema6c	error	requirement
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Commissioning	Completed:	
24	July	2018	

TESS	Science	Survey	Began:		
25	July	2018
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Camera	1

Camera	2

Camera	3

Camera	4

	24°

	96°

E c l i p t i c 	 P l a n e

TESS	Year	1:	IniAal	Southern	Hemisphere	PoinAngs
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Official	“First	Light”	Image			
from	TESS	Sector	1	

(1	of	~1200	FFIs	from	Sector	1)	
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Science	Sector	#1:	EclipAc	Coordinates
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All	Year	1	Science	Sectors:	EclipAc	Coordinates
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All	Year	1	Science	Sectors:	CelesAal	Coordinates
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

Sectors	1	and	2:	First	TESS	Data	DisseminaAon	

• IniGal	Full	Data	Release	on	December	6th	
‣ 6	weeks	earlier	than	originally	planned	
‣ Accompanying	documentaIon	included		
‣ Posted	here	at	MAST	for	public	download	

• IniGal	8%	of	Sky	Survey	
‣ Sectors	1	and	2	(of	26	scheduled	over	next	two	years)	
‣ ~30,000	light	curves	at	2	min	cadence	
‣ ~2000	Full	frame	images	at	30	min	cadence	

• Full	sensiGvity	for	the	two	sectors	surveyed	
‣ ~	3500	square	degrees	
‣ ~20,000,000	stars	and	galaxies		brighter	than	Imag	=	+18	(S/N	>	10)	
‣ ConInuous	viewing	of	the	Large	Magellanic	Cloud	for	2	months	

• AnIcipated	in	full	12	month	survey:	microlensing	events,	variable	stars,	...
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TESS	Objects	of	Interest	(TOI)	EvaluaAon	Effort
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TOI Steering Committee: 
Natalia Guerrero, Sara Seager, Chelsea 
Huang, Avi Shporer, Michael Fausnaugh, 
Karen Collens, Sam Quinn, Ana Glidden, 
Scott Dynes,George Ricker, Dave Latham, 
Roland Vanderspek

Vetting Team: 
Liang Yu, Aylin Garcia-Soto, Lizhou Sha, 
Andrew Vanderburg, Joey Rodriguez, Diana 
Dragomir, Maximillian Guenther, Tansu 
Daylan, Ian Wong, Steven Villanueva, Ian 
Crossfield, Chris Burke, Jenn Burt, Elisabeth 
Newton, Zhuchang Zhan, Jason Dittman, 
Akshata Krishnamurthy, Nick Merle, David 
Berardo, Sherry Guo, Zahra Essack, Sarah 
Ballard

Team Goal: 
Issue prompt Alerts for Ground Observers 
to establish masses for TESS-discovered 
small planets ASAP, thus satisfying TESS’s 
Level 1 Mission Requirements



TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

�22

385 TOIs
Yield from 5 sectors:

(so far!)

QLP = MIT Quick Look Pipeline

SPOC = NASA Ames Kepler-derived Pipeline

104 TOIs with TESS Rp< 4RE 
54 false positives 
189 alerted with QLP parameters 
196 alerted with SPOC parameters

TESS small planets (< 4 RE ) thus far: 
Mass measurements underway: 30 
Mass measurements complete:   6
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TESS	PublicaAons	Trending
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Rate	since	Jan	1:		
26	publicaGons	in	53	days		

=>	1	per	~2	days
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Camera 4

S. Ecliptic Pole

LMCR Dor

Pi	Mensae	
T=	5.1	mag	

	TESS	Planet	Candidate	Host!



π Mensae c
Huang+	2018						arXiv:1809.05967				

5th mag G star

https://arxiv.org/abs/1809.07242


LHS 3844b
Vanderspek+	2018	
arXiv:1809.07242  

“

..”

11th mag M star

https://arxiv.org/abs/1809.07242
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THE LONGEST PERIOD TESS PLANET YET: A SUB-NEPTUNE TRANSITING A BRIGHT, NEARBY K
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ABSTRACT

The future of exoplanet science is bright, as TESS once again demonstrates with the discovery of
its longest-period confirmed planet yet, located only 16 pc away. We hereby present HD 21749b
(TOI 186.01), a sub-Neptune in a 36-day orbit around a bright (V = 8.1), nearby K4.5 dwarf. TESS
measures HD21749b to be 2.84+0.26

�0.22 R�, and combined archival and follow-up precision radial velocity
data put the mass of the planet at 23.20+2.13

�1.91 M�. HD 21749b is the longest-period TESS planet
confirmed to date, and contributes to the TESS Level 1 Science Requirement of providing 50 transiting
planets smaller than 4 R� with measured masses. Furthermore, we report the discovery of TOI
186.02, a planet candidate with a 7.8-day period which, if confirmed, could become the first Earth-
sized planet discovered by TESS . The HD21749 system is thus a prime candidate for comparative
studies of planetary composition and architecture in multi-planet systems.

Keywords: surveys: TESS , planetary systems, planets and satellites: detection, stars: individual (HD
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Figure 1. TESS photometry of HD 21749. Top: Raw light curve spanning three sectors. Middle: Light curve after spline was
applied (see text for details). Transits of HD 21749b are shown in magenta, and transits of TOI 186.02 are shown in orange.
Bottom, left: Phase-folded transits of HD 21749b, using a period of 35.61 days. The full transit from sector 1 is shown in blue,
and the partial transit from sector 3 in red. Bottom, right: Phase-folded transits of TOI 186.02, using a period of 7.79 days. In
both bottom plots, the binned light curves and best-fit transit models are plotted with black points and green lines, respectively.

licly available target pixel stamps using di↵erent photo-
metric apertures (circles as well as irregular pixel bound-
aries). We then high-pass-filtered the raw light curve by
fiting a basis spline with knots spaced by 0.3 days, after
excluding both 3� outliers and data obtained during and
immediately surrounding transits (Vanderburg & John-
son 2014). The final 2-minute cadence light curve has
an RMS of 240 ppm.
Care must be taken to rule out false positives that

could masquerade as planet candidates. A giant star
(HIP 16068/TIC 279741377; R⇤ = 3.15+0.12

�0.09 R�) is
present 22” from HD 21749. The excellent period match
between the transits and the HD 21749 RVs rule out this
neighboring star as the source of the TOI 186.01 transit
signals. Both planet candidates on HD 21749 also pass

the false positive tests performed on the TESS photom-
etry: there is no evidence of secondary eclipses or dif-
ferences between the transit depths of particular planet
candidates, nor any detectable motion of the centroid of
the star on the detector during the transit events.
However, we cannot completely rule out the neighbor-

ing giant star as the source of the TOI 186.02 transit sig-
nals. If TOI 186.02 transits the giant star, it would have
to be a Jupiter-sized object since the transit events have
a low impact parameter (and are thus highly unlikely to
be due to a grazing eclipsing binary). The presence of
the neighboring star also warrants correcting the transit
depths for dilution (see 3.2).

2.2. VLT NaCo Imaging

HD 21749b
Dragomir et al. (2019) 

arXiv:1901.00051
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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

8th Mag K star
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Just in case you thought 
TESS was only about 

exoplanets…



Time	Domain	Astrophysics	with	TESS	Full	Images	

Variable	Stars:		
Millions	in	2	years…	
✓ Asterioseismology	
◆ Brown	Dwarfs	
✓ Eclipsing	Binaries	
✓ Flare	Stars	
✓ Cepheids	 	 	
◆ T	Tauri	Stars	 	
◆ Cluster	Gyrochronology	 	
✓White	Dwarfs	 	
✓ Neutron	Stars	 	 	
◆ Emission	line	stars	(Be	stars)		
◆ RR	Lyrae	Stars	 	
◆ WD	Oscillations	 	
◆ Novae		
◆ Young	Stellar	Objects	 	

Solar	System	Objects:	
Thousands	in	2	years…	
◆ Occultation	Events	
✓ Comets	
✓ Asteroids	 	

Explosive	&	Variable	
Extragalactic	Sources:	
Thousands	(?)	in	2	years…	
✓ Supernovae	
◆ AGNs		
◆ Blazars		
◆ Quasars		
◆ Tidal	Disruption	Events	
◆ Gamma-ray	Bursts		
◆ Kilonovae	(Gravitational	

Wave	Counterparts)	
◆ Hypernovae

✓ 	Preliminary	
TESS	Results	in	
Early	Sectors



TESS!is!not!Shallow!
•  In!one!hour:!
–  1%!photometry!at!16th!mag!
–  <10%!photometry!at!18th!mag!

!

•  In!12!hours:!
–  Approximately!10%!photometry!at!19.5!mag!

!

TESS also goes deep...
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Transients	and	Time	Domain	Astrophysics	with	FFIs

Small	Exoplanet	Transits

1%	Photometry	in	1	hour	at	16th	mag

~300 Million 
Stars + Galaxies
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TESS!and!Depth!

Plot!Credit:!Mansi!Kasliwal!!
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Supernovae Detected by TESS in Early Observations

M. Fausnaugh+ 2019
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Supernovae Detected by TESS in Early Observations

M. Fausnaugh+ 2019… 35 More SN in process



TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Enables	Time-Domain	Astronomy	in	the	Coming	Decade

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

TESS

CHEOPS

JWST

LIGO

LSST

NGLT’s

PLATO

S. Hemi N. Hemi

Prime Mission
Extended Mission #1 Extended Mission #2 ?? Extended Mission #3 ??

CHEOPS Baseline Mission

JWST Design Mission••••••••••••••

O3 O4 •••••••••••••

Ten Year LSST Survey ••••••••••••••••

EELT, GMT, TMT ••••••••••••••••

PLATO ••••••••
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TESS	Early	Mission	Takeaways

• TESS’s	unique	lunar	resonant	orbit	is	
greatly	simplifying	the	mission		
‣ Stable	operaIons	in	principle	could	last	unIl	
2038	or	later	

• TESS’s	spacecrax	stability	is	exquisite	
‣ 20	milli-arcseconds	on	1	hour	Ime	scales		

• TESS’s	camera	performance	is	superb	

• TESS’s	sky	survey	sector-by-sector	is	well	
underway	
‣ 	Sectors	#1-7	are	complete;	#8	in	progress	

• TESS’s	full	frame	images	are	enabling	a	
wide	range	of	astrophysics	discoveries	
‣ Also	Stellar	Astrophysics,	Planetary	Astronomy,	
ExtragalacAc	“MulA-Messenger	Astronomy”

�38

TESS’s	torrent	of	exci6ng	new	discoveries	has	commenced...	
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TESS	Extended	Mission:	Best	is	Yet	to	Come...

•NB:	Log	Scale	on	Y-axis	

• TESS	Extended	Mission	(2020-2022)		

‣ Should	double	number	of	planets	
• 4,518		in	Primary	
• 9494	in	Extended	

‣ 3x	as	many	Earth-sized	planets	

‣ Many	more	planets	in	HZ

�40

T. Barclay
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Sky	Coverage	for	Primary	&	Extended	Missions	
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