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

The	TESS	Science	Mission	in	One	Slide

• TESS	will	monitor	the	brightness	of	200,000	stars	for	~27	days	
to	search	for	transiKng	exoplanets	
‣ Targets:		Earths,	super-Earths,	and	sub-Neptunes	
‣ Cadence:	2	minutes	
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• TESS	will	monitor	the	brightness	of	200,000	stars	for	~27	days	
to	search	for	transiKng	exoplanets	
‣ Targets:		Earths,	super-Earths,	and	sub-Neptunes	
‣ Cadence:	2	minutes		

• TESS	will	provide	images	of	every	object	in	every	observed	
field	at	a	30	minute	cadence	
‣ AnGcipated	result:	Photometric	data	for	~200	million	stars	and	~30	
million	galaxies	

•Ground	analyses	of	TESS	data	will	reveal	transiKng	planets	by	
looking	for	regular	dips	in	the	brightness	of	each	star	
•Ground	follow-up	observaKons	will:	
‣ Confirm	the	presence	of	a	transiGng	planet	
‣ Determine	the	mass	of	the	planet
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The	TESS	Science	Mission	in	One	Slide



TESS Search Space:
200 light-years
All-sky

Kepler Search Space:

3000 light-years

0.25% of the sky



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

Etendue	Comparison	of	TESS	and	Kepler

• DefiniKon	of	Etendue	[m2*deg2]:	
													E=	AopKcs	*	Ωnet		

											where	Ωnet	=	Ωgross	*																								
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AopGcs	
		[m2]

Ωgross	
	[deg2]	

E	
[m2	deg2]

TESS 0.0095 2304 1 21.9

Kepler 0.71 105 0.06 4.2

#	pixels	telemetered

#	pixels	in	focal	plane

Bryson	et	al.	2010	
Ricker	et	al.	2016

TESS	is	the	highest	etendue	op3cal	space	mission	yet	flown:	
	~5	3mes	greater	than	Kepler
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TESS	Observatory	Undergoing	Pre-Launch	Testing
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- 	Extended	&	Unbroken	ObservaKons:	>300	hrs	per	orbit	
- 	Thermal	Stability:	<40	mK/day	(passive	control	only)	
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- 	Sta3on	keeping	propellant:	none	required	
- 	High	Downlink	Rates:	100	Mbit/s	(185	GB	in	~5	hr	at	Apogee!)
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Gangestad	et	al.	2013	(astro-ph	1306.5333)

➡	1/R2	advantage:	~	23	dB	improvement	over	an	L2	orbit

Advantages	of	TESS’s	13.7	Day	Lunar	Resonant	(P/2)	Orbit
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Excellent	PoinLng	Stability	with	Revised	ACS	Algorithm
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1	Hr	Stability:	100	milliarcsec	(3	sigma)
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Excellent	PoinLng	Stability	with	Revised	ACS	Algorithm
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A)	Original	Spacecrak	ACS	Algorithm	(v	5.8)

1	Hr	Stability:	100	milliarcsec	(3	sigma)

B)	Revised	Spacecrak	ACS	Algorithm	(v	5.9)

1	Hr	Stability:	25	milliarcsec	(3	sigma)	
																		➪	~	10-3	pixel	stability
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TESS	P/2	Resonant	Orbit	is	Near	Perfect!

§ Kozai	oscillaKons	will	stabilize	the	orbit	exactly	as	planned
§ Stable	TESS	orbit	behavior	is	an3cipated	for	>25	years
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	NeighborhoodTESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

BoUom	Line:	TESS	Orbit	is	Excellent!	

§ 0.1	m/s	precision	was	
achieved	in	orbit	adjust	
burns

§ 30	kg	propellant	lek
§ Future	propellant	needs		

§ No	fuel	needed	for	
further	orbit	adjusts	

§ Remaining	fuel	is	
sufficient	for	>20	yrs	of	
spacecrak	angular	
momentum	management

§ Thus,	stable	operaKons	
anKcipated	unKl	~2038	!
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Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Photometric	Precision	

• Photometric	precision	of	Sector	1	light	curves	is	~200	ppm	at	I=10	
‣ Below	L3	requirement	of	230	ppm	

•Noise	floor	is	~30	ppm	
‣ Well	below	Level	1	requirement	of	60	ppm
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TESS	Photometric	Precision	

• Photometric	precision	of	Sector	1	light	curves	is	~200	ppm	at	I=10	
‣ Below	L3	requirement	of	230	ppm	

•Noise	floor	is	~30	ppm	
‣ Well	below	Level	1	requirement	of	60	ppm
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	200	ppm	achieved

	230	ppm	requirement

60	ppm	systematic	error	residual	requirement
Sector	1	Noise	Floor ~30	ppm



Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	“Test	Image”	Released	on	18	May	2018	
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Sa3sfies	Brightest	
Pixel	Flux	Frac3on	

(BPFF)	
requirement	of	
22%	-	35	%		
over	FOV
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Spo^ed	Star?⇐

⇐
!	Dor?
∂	Scu3?

Pulsator:

!	Dor?
Pulsator:⇐

Eclipsing	Binary		
+		
Background	Star	
Blend?

⇐

Eclipsing	Binary		
+		

Background	Star	
Blend?

⇐ All	examples	shown	were	
observed	at	same	poin3ng	

and	same	epoch	

MIT	Quick	Look	Pipeline:		
Xu	Huang	&	Andrew	Vanderburg	

Commissioning:	Sub-mmag	Variability	Evident	in	>104	Stars
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Commissioning	Completed:	
24	July	2018	

TESS	Science	Survey	Began:		
25	July	2018
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TESS	Year	1:	Southern	Hemisphere



Orientations of the 
Four TESS 
Cameras



Orientations of the 
Four TESS 
Cameras



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

TESS	Camera	ConfiguraLon	for	Science	Sector	#1

u Sector	1	commenced:	
§ 25	July	2018	at	23h	UTC	

u Sector	1	completed:	
§ 23	August	2018	at	14h	UTC
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Camera	1

Camera	2

Camera	3

Camera	4

TESS	Camera	
Number

Camera	FOV	Center	
(Eclip3c	Coordinates)

Lambda Beta

1 315.8 -18.0

2 315.8 -42.0

3 315.8 -66.0

4 315.8 -90.0

	24°

	96°

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



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

Science	Sector	#1:	EclipLc	Coordinates
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1

GalacKc	Plane

North	Eclip3c	Pole

South	Eclip3c	Pole



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

All	Year	1	Science	Sectors:	EclipLc	Coordinates
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12 345678910111213

GalacKc	Plane

North	Eclip3c	Pole

South	Eclip3c	Pole



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

All	Year	1	Science	Sectors:	EclipLc	Coordinates
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12 345678910111213

GalacKc	Plane

North	Eclip3c	Pole

South	Eclip3c	Pole
Known	Planets:	

WASP	Survey	
HATS	Survey	
Other	Surveys



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

All	Year	1	Science	Sectors:	CelesLal	Coordinates
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1
2

3

4
567

8
9

10

11
1213

North	Celes3al	Pole

South	Celes3al	Pole

GalacKc	Plane

Known	Planets:	
WASP	Survey	
HATS	Survey	
Other	Surveys

Figures:	Andras	Pal



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

TESS	Sectors	Completed		to	Date
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✔

✔

✔

↪︎ Underway	Now



TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood �29

Four	Camera	“First	Light”	
30	min	FFI	in	Sector	1	
(1	of	~1200	Images)	
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TESS	Year	1:	Southern	Hemisphere



Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood �31



Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood �32



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

Scattered	Light	in	TESS	Images

• ScaNered	light	from	the	bright	Earth	and	Moon	was	always	
anKcipated	for	certain	viewing	condiKons	
‣ Original	proposal	predicted	Camera	1	and	someGmes	Camera	2	would	be	
affected	for	periods	of	days	during	certain	observaGon	sectors
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

Scattered	Light	in	TESS	Images

• ScaNered	light	from	the	bright	Earth	and	Moon	was	always	
anKcipated	for	certain	viewing	condiKons	
‣ Original	proposal	predicted	Camera	1	and	someGmes	Camera	2	would	be	
affected	for	periods	of	days	during	certain	observaGon	sectors	

• TESS	lens	hoods	were	designed	to	minimize	the	duraKons	of	
these	periods	
‣ Design	goal	was	to	reduce	scaFered	light	from	Earth	by	107	at	angles		>35°-37°	
from	camera	boresights	
‣ Moderate-resoluGon	modeling	of	actual	lens	hood	performance	predicted	
scaFered	light	“patches”	with	3-5x	lower	suppression	
‣ Measurements	of	actual	lens	hood	performance	conducted	on	orbit	

• Approx	5%-10%	of	sky	solid	angle	in	Sectors	1	and	2	exhibit	variable	scaFered	
light	levels	2-6x	higher	than	expected	for	sum	of	zodiacal	light	+	CCD	readout	
noise	

• Lab	measurements	of	flight	spare	lens	hood	in	progress	at	MIT	
‣ Will	provide	addiGonal	quanGtaGve	guidance	as	to	when/where	in	camera	FOVs	
observers	can	expect	scaFered	light	to	be	present	in	TESS	images
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

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

TESS	Alerts	Enable	Rapid	Followup	for	Planet	Candidates	

�36
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TESS	Alerts	Enable	Rapid	Followup	for	Planet	Candidates	
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Alerts	Enable	Rapid	Followup	for	Planet	Candidates	

• Alerts	with	TESS	planet	candidates	
from	Sector	1:		
‣ 73	Alerts	posted	on	5	September	at	
tess.mit.edu/alerts	

‣ TESS	Followup	program	then	commenced	
‣ Subsequent	TESS	alerts	are	being	issued		
sector-by-sector	as	soon	as	possible	

‣ Four	publica3ons	on	astro-ph	already	
‣ Will	include	Gme-sensiGve	astrophysical	
events
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TESS	Alerts	Enable	Rapid	Followup	for	Planet	Candidates	

• Alerts	with	TESS	planet	candidates	
from	Sector	1:		
‣ 73	Alerts	posted	on	5	September	at	
tess.mit.edu/alerts	

‣ TESS	Followup	program	then	commenced	
‣ Subsequent	TESS	alerts	are	being	issued		
sector-by-sector	as	soon	as	possible	

‣ Four	publica3ons	on	astro-ph	already	
‣ Will	include	Gme-sensiGve	astrophysical	
events

• 	IniKal	Sector	2	Alerts	on	11	October
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TESS	Alerts	Enable	Rapid	Followup	for	Planet	Candidates	
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‣ TESS	Followup	program	then	commenced	
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events

• 	IniKal	Sector	2	Alerts	on	11	October
• “Beta	Test”	only	for	first	2-3	Sectors:	
‣ Available	to	all	astronomers	who	will	
contribute	“at	risk”	to	followup	effort	

‣ Public	release	of	TESS	Alerts	thereaser
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Alerts	Enable	Rapid	Followup	for	Planet	Candidates	

• Alerts	with	TESS	planet	candidates	
from	Sector	1:		
‣ 73	Alerts	posted	on	5	September	at	
tess.mit.edu/alerts	

‣ TESS	Followup	program	then	commenced	
‣ Subsequent	TESS	alerts	are	being	issued		
sector-by-sector	as	soon	as	possible	

‣ Four	publica3ons	on	astro-ph	already	
‣ Will	include	Gme-sensiGve	astrophysical	
events

• 	IniKal	Sector	2	Alerts	on	11	October
• “Beta	Test”	only	for	first	2-3	Sectors:	
‣ Available	to	all	astronomers	who	will	
contribute	“at	risk”	to	followup	effort	

‣ Public	release	of	TESS	Alerts	thereaser
• TESS	Deliveries	to	MAST:	
‣ Now:	SPOC	postage	stamps	for	Alerts	as	
they	occur	

‣ Soon:	Preliminary	FFIs	by	Late	November
�36

• Prompt	ground-based	follow-up	
program	req’d	to	establish	TESS	
objects	as	small	(<4	RE)	exoplanets		
➡	Imaging	(Direct		&	AO)	
➡	Recon	Spectroscopy	
➡	PRV	Spectroscopy

Level	1	Req’t:	50	Small	

Planet	Masses	in	<3	Yrs

Small	Planet	Search	Strategy	for	TESS



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

IniLal	Processing	of	TESS	Transit-like	Signals

�37

SPOC (Ames)

TOI 
 (TEV)

(Data Validation [DV] products)

TESS

POC (2-min cadence)
(TCEs, light curves, 
calibrated images)

SPOC (Ames) is the pipeline of 
record for the TESS Primary Mission.  
QLP is MIT-internal, primarily 
intended to supplement SPOC for 
the first four sectors and for FFIs.

QLP

(FFIs )

(QLP reports)
TOI lists to MAST: 

- planet candidates (with pixel data) 
- eclipsing binaries 
- stellar variability 
- other astrophysical findings

(SPOC DV reports)



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

TESS	Alerts	Web	Page	for	Science	Sector	#1
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TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Alerts	Web	Page	for	Science	Sector	#1
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Camera 4

S. Ecliptic Pole

LMCR Dor

Pi	Mensae	
T=	5.1	mag	

	TESS	Planet	Candidate	Host!



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

Giant	Planet	OrbiLng	Pi	Mensae	(aka	HD	39091)	

�40

Pi	Mensae	b	

IniKal	Discovery:	
2001(RV)	
P=	5.6	yrs	
Ecc=		0.6	
MP=	10.3	MJup	

							=	3300	MEarth	

RStar	=	1.15	RSun



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

TESS	Finds	a	Small	Planet	Candidate	in	the	Pi	Mensae	System

�41

QLP	Discovery	Light	Curve SPOC	Light	Curve

TESS	Alerts	Webpage,	TOI	144.1	DV	Report,	posted	5	September	2018



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

TESS	Finds	a	Small	Planet	Candidate	in	the	Pi	Mensae	System

�41

QLP	Discovery	Light	Curve SPOC	Light	Curve

QLP	and	SPOC	found	same	ini3al	transit	depth	(250ppm),	same	SNR	for	Pi	Mensae	Planet	
Candidate	

=>	2.1	REarth	for	the	2nd	Planet	Candidate	

TESS	Alerts	Webpage,	TOI	144.1	DV	Report,	posted	5	September	2018



π Mensae c
Huang+	2018						arXiv:1809.05967				

https://arxiv.org/abs/1809.07242


LHS 3844b
Vanderspek+	2018	
arXiv:1809.07242  

“

..”

https://arxiv.org/abs/1809.07242


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

Just in case you thought 
TESS was only about 
exoplanets…



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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TESS!and!Depth!

Plot!Credit:!Mansi!Kasliwal!!
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All Sky Automated Survey for SuperNovae
(ASAS-SN, Shappee et al. 2014) ATels

• Six ATels issued in/during sky regions overlapping first 3 TESS Sectors

•18qk, 18rn, 18sk, 18tb, 18ug, 18xf

• All six were much brighter at discovery than TESS’s Limiting Magnitude... 



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

TESS	Schedule	for	an	Extended	Mission

�52

2018 2019 2020 2021 2022

southern survey

northern survey

northern survey

FY 2020 FY 2021 FY 2022

(follow-up)

Prime mission

proposed new spacecraft observationsExtended mission

Jul 25

Jul 25

Jul 25

Jul 25

Oct 01

(will also consider plans for FY23-FY24) 



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

TESS	Enables	Time-Domain	Astronomy	in	the	Coming	Decade
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2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

TESS

CHEOPS

JWST

LIGO

LSST

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 ••••••••••••••••

PLATO......



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

TESS	Early	Mission	Takeaways

• TESS’s	unique	resonant	orbit	is	greatly	
simplifying	the	mission		
‣ Stable	operaGons	in	principle	could	last	unGl	
~2038	

• TESS’s	camera	performance	is	excellent		
• TESS’s	onboard	data	compression	is	
~2-3	Kmes	beNer	than	expected	
‣ <10	min	FFI’s	in	Extended	Mission		

• TESS’s	Science	Survey	by	Sky	Sector	is	
underway	
‣ 	Sectors	#1-3	are	complete;	#4	in	progress	

• TESS’s	discovery	space	encompasses	
more	than	exoplanets	
‣ Also	Stellar	Astrophysics,	Planetary	
Astronomy,	“MulL-Messenger	Astronomy”

�54

Exci3ng	science	from	TESS	has	now	begun...	





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

Schedule	for	IniLal	MAST	Data	Release

• Target	date	for	MAST	release	of	TESS	Sectors	1&2	is	late	November	
‣ Two	months	earlier	than	date	in	TESS	Science	Data	Management	Plan	
‣ MAST	needs	unGl	13	November,	given	their	staff	and	commitments	

• Preparatory	steps	complete	by	early	November	
‣ Staging	&	tesGng	of	S1	and	S2	data	at	MAST	
‣ CompleGon	of	engineering	data	format	definiGons	
‣ IncorporaGon	of	preliminary	lab	tesGng	data	of	spare	lens	hood	
‣ CompleGon	of	Instrument	Handbook	(1st	Revision)	
‣ SciDAT	of	Sectors	1	and	2	(ScatLight,	WCS,	Hot	Columns,	SensiGvity,	CR	effects...)	

•Data	product	and	website	test	and	review	(~2	weeks)	
‣ Products	at	MAST	
‣ Instrument	Handbook
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• TIC ID 
• TOI ID 
• Planet name 
• # planet 
• RA 
• Dec 
• Tmag 
• Epoch  
• Period 
• Transit 

duration 
• Transit depth 

• Sector # 
• Group vetting 

comments 
• Impact 

parameter 
• log g 
• Stellar radius 
• Planet radius 
• Teq 

• Teff 

• Insolp  

• SNRp

Planet 
candidate

!
Alert with information useful for 
follow-up

target DV 
summary (PDF)

detrended target 
light curve (FITS)

Table of parameters

target pixel file 
(TPF)


