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 Ground-based Follow-up

a)	Follow
-up	and	Stellar	science	synergies	

b)	Inform
a:on	about	Follow

-up

S
. U

dry 
U

niversity of G
eneva

�2

M
ain goals of (ground-based) follow

-up observations:  
- Establish the nature of the transit events and identify/reject 

false positives  
-C

haracterise the com
panion m

ass and eccentricity from
 Earth 

to brow
n-dw

arfs.

•  Science from
 Follow

-up 
-  Prim

ary science (e.g. m
ass), bonus science, enlarging science return  

=> planet and stellar science 
•  Vetting and validation 

-  false positives and diagnostics => requirem
ent from

 stellar science 
•  G

round-based O
bservation O

rganisation  
-  Inclusion in the consortium

 overall activities 
-  PD

C
 - PIC

 - A
ncillary database - FU

 specific tool:  
   => how

 do stellar param
eters fit in

Q
uestions addressed

Science

Ve<
ng

S1	-	Determ
ine	the	bulk	properties	(M

,	R	and	m
ean	ρ)	of	

planets	in	a	w
ide	range	of	system

s	(including	HZ	Earths)	
S2	-	Study	how

	planets	and	planet	system
s	evolve	w

ith	age	
S3	-	Study	the	typical	architectures	of	planetary	system

s	
S4	-	Analyse	the	correlation	of	planet	properties	w

ith	stellar	
param

eters	(e.g.,	stellar	m
etallicity,	stellar	type)		

S5	-	Analyse	the	dependence	of	the	frequency	of	terrestrial	
planets	on	the	environm

ent	in	w
hich	they	form

ed	
S6	-	Internal	structure	of	stars	and	how

	it	evolves	w
ith	age	

S7	-	Identify	good	targets	for	spectroscopic	follow
-up	

m
easurem

ents	to	investigate	planetary	atm
ospheres

Scientific	O
bjectives	1-7



Still very m
uch biased

Not enough data! 
W

e need m
ore…

TESS
CHEO

PS

PLATO

Instrum
ent + photon noise …

    
Instrum

ent + photon noise …
        +  stellar contribution

R
adial-velocity precision

ε ~ scales as S/N
(precision)

N
eptune                   @

 1 A
U

     :  1.5 m
 s

-1

Super-Earth (5 M
⊕ )    @

 1 A
U

     :  45 cm
 s -1

Earth                        @
 1 A

U
     :    9 cm

 s
-1

P
lanet-induced R

V
 effect

A
ctivity &

 granulation effects 
(D

um
usque et al. 2010a, 2010b) 

 => B
inning 

 => D
ecrease as 

 => below
 10 cm

/s for long P 
(N

inthebin )

Sim
ulations:

(brute force average)

Challenge of characterising sm
all planets 

•  M
ulti-planet system

s: superposition of signals
          =

>
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Challenge of characterising sm
all planets 

•  M
ulti-planet system

s: superposition of signals
          =

>
 sam

ple various tim
e scales         

•  Sam
pling effects: 

          =
>

 need to cut aliases           

•  D
ata analysis, confidence level

          =
>

 need to increase signal to noise        

•  Stellar effect
          =

>
 beat dow

n the noise (by brute force averaging?)
           

Challenge of characterising sm
all planets 

•  M
ulti-planet system

s: superposition of signals
          =

>
 sam

ple various tim
e scales         

•  Sam
pling effects: 

          =
>

 need to cut aliases           

•  D
ata analysis, confidence level

          =
>

 need to increase signal to noise        

The com
m

unity is very active
(including PLATO

 FU m
em

bers)

1) M
odelling stellar effects

•
Solar telescopes

•
Activity indicators

•
Activity m

odelling (G
P,…

)

3) Statistical approaches 
•

Robustness
•

Criteria for trust in detections
•

Non-gaussian effects ?

2) Telluric contam
inations

4) Instrum
ental challenges

•
Hardware (light injection, therm

o-
m

echanical stability,…
)

•
calibration (LFC, FP, lam

ps …
)

5) new instrum
ents 

•
Visible (ESPRESSO

, NEID, 
EXPRESS, PEPSI, VELO

CE,…
)

•
NIR (CARM

ENES, SPIRou, NIRPS)
Also Rajpaul, Aigrain, et al. 2019 
Blind, m

achine learning, selection of 
“non-variable” part of the spectrum

1. Selected choice of spectrale lines or spectral chunks

Alpha Cen A

Using 
different 
sets of lines

Tw
o exam

ples to illustrate som
e of the approaches



HELIO
S

HARPS-N ST

1 m
/s

2. Solar telescopes on HARPS-N and HARPS (Helios)

Real stellar effect?

Tw
o exam

ples to illustrate som
e of the approaches

First 3 years of the 
HARPS-N Solar 
telescope data public 
=> sum

m
er 2020.

O
fficial announcem

ent 
soon.

HARPS-N ST

HELIO
S

ESPRESSO
:	First	Light	Spectrum

R
 = 134’000 / 59’000 / 225’000 

Δ
λ = 0.38 – 0.78 µm

 
ThA

r + Fabry-Pérot + LFC
 

σ
RV  ~ 10 cm

/s  
O

peration since O
ct 2018

Short-term
 precision

"11

HD 190248
V=3.6, G

8IV

1 m
/s

Average photon noise: 25 cm
/s

M
easured dispersion: 28 cm

/s

Rocky planets in HZ w
ith ESPRESSO

Pasquini et al. 2010
HD85512



Average photon noise: 25 cm
/s

M
easured dispersion: 28 cm

/s

Tau Ceti, 1 m
onth, 62 cm

/s

Rocky planets in HZ w
ith ESPRESSO

Pasquini et al. 2010
HD85512

Real stellar effect?

σ
<night>  < 20 cm

/s

Bouchy, private com
m

HD40307 (K2V, V=7.15): a 4-planet system
 (P=4.3d, 9.6d, 20.4d, 51.6d) 

449 HARPS points (Diaz et al 2017)
ESPRESSO

 continuous observations over 5 nights: 1150 m
easurem

ents

Texp = 30s (Duty cycle=78s)
Total coverage = 6.23 nights
<RV uncertainty> = 97 cm

/s
RV global rm

s = 3.27 m
/s

Residuals = 1.23 m
/s

G
razing eclipsing 	

binaries 

E
clipsing M

 dw
arfs 

B
ackground eclipsing 	

binaries (inside PL
ATO

 w
indow

)

B
lended eclipsing 	

binaries (inside seeing)

?
H

ot and fast R
otating star  	

no signif. R
V

 variations 

 

Transiting planets

Secondary-only 	
eclipsing binaries 

A
 zoo of false positives=> Vetting

G
razing EB

s 	
 &

 triple system
s  

B
lended Eclipsing B

inaries

B
isector Span 

A
m

plitude change	
W

ith C
C

F tem
plate

Spectroscopy

Astrom
etry



G
round-based  photom

etric &
 im

aging  follow
-up

- To estim
ate dilution factor w

ithin photom
etric m

ask	
- To exclude diluted eclipsing binaries w

ith O
N

-O
FF photom

etry	
- To identify close contam

inant at high angular resolution  

1 arcm
in

CoRoT exam
ple

Kepler exam
ple

Raw
	candidates	generated	from

	
Exoplanet	Pipeline	

(Including	PIC	&
	light-curve	vetting)

Re-prioritized	Candidate	list

O
ptim

ised	O
bject	

Distribution	for	Filtering	
O
bservations

Planet	
Ranking	W

G

Re-prioritised	Candidate	list		
and	rejected	candidates

O
ptim

ized	O
bject	list		

for		Radial	Velocity	
O
bservations		

Planet	
Ranking	W

G
Confirm

ed	
Planets

PLATO
	Filtering	and	Follow

-up	Strategy

Decision	m
aking	structure

Ground-based	O
bservations

PSM
/PDC	Contributions	(PIC,	

ancillary	DB)	throughout	flow

Planet	
Ranking	W

G

Hum
an	Inspection

Radial	Velocity		
O
bservations

High	Resolution	
Im

aging

Sm
allest	Planets	O

nly:	
Rossiter-M

aclaughlin	
O
bservations

Low
	Precision	

Spectroscopy

High	Precision	
Spectroscopy

Tim
e	Critical	

Photom
etry

W
P142

W
P145

W
P142

W
P143

W
P144

•  Large num
ber of expected transit candidates 

•     => system
atic observation of all transits w

ith large telescopes unfeasible  
      => an optim

ised follow
-up schem

e has to be organised 

•  S
am

e level of precision cannot be reached for all stars 
•  (spectral type, lum

inosity class, activity, brightness) 

•  S
am

e is true for the R
V

s and high-contrast im
aging 

•  S
trategy for the follow

-up: efficient approach  
•     => m

atching targets and adequate facilities  
•     => m

inim
um

 num
ber of used facilities per target  

In practice => a m
ulti-step approach from

 m
oderate to high-precision (filtering) 

                  => a “guided” approach 

Follow-up organization of the work

    => need to design and develop tools (W
P

141): 
         - autom

atic distribution of targets in boxes according to their needs 
         - optim

um
 m

atch betw
een participating facilities and target needs (boxes)  

         - efficient interface betw
een observers and target inform

ation (P
IC

, ancillary D
B

)

=> inform
ation needed in catalogs (P

IC
, ancillary, …

)  
to run and optim

ise the Follow
 U

P

R
em

: FU
 w

ill provide  
•

Tim
e series w

ith B
JD, R

V, S
ig_R

V, C
C

F bisector, activity index,  
•

H
igh resolution, high S

/N
 spectra: vsini, Fe/H

, Teff, m
ean activity level (various indexes)

1. B
asic stellar param

eters  
•

coordinates, m
ag, spectral type, m

ass, radius, age…
   

•
specific for the reduction pipeline: star R

V
 

•
…

 others ? 
2. S

ystem
 properties: environm

ent 
•

binarity, know
n planets and their param

eters 
•

contam
inants 

3. B
est radial-velocity m

easurem
ents 

•
vsini, activity level (R

V
 precision, choice of instrum

ent)   
•

optim
ised scheduling 

4. Tim
e series from

 previous obs/surveys (w
ith uncertainties) 

•
R

V
s: know

n or long-P planets 
•

A
ctivity proxy: star-planet disentangling

=>	in	ancillary	database

	=>	in	PIC
}

	=>	use	exis:ng	archive	data

(From
 surveys: G

aia, TE
S

S
, R

V
s, etc)

FU science+vetting needs

STESCI

STESCI
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Obs. Visibility
&

 Availability

Scheduler
Archive

PLATO Follow
-up 

SchedulingOn-line Scheduler
(short-term

optim
ization)

Off-line
Scheduler

(long-term
optim

ization)

OCS
i

OCS
i

OCS
i

OCS
i

Plan/Task/SB Request/Publish

TargetData

PLATO Data Center?
PLATO Science

M
anagem

ent?

Observatory
layer

Scheduler follow-up infra

PLA
TO

 Follow-up O
rganisation

FU O
peration Center

G
O

P team

PM
C follow

-up

PDC, PSM
 (PIC, STESCI), 

Ancillary Database

Follow
8up,

Coordination
S.#Udry

Strategy,and,
O
peration,

Preparation
D.#Pollacco

RV,Follow
8U
p

F.#Bouchy
Spectroscopy
A.#Hatzes

Additional,Exoplanet,
Follow

8U
p

X.#Bonfils

Perfom
ances

Assessm
ent,and,

Follow
8U
p,Efficiency

S.#Udry

Aids,for,O
ptim

izing,
Photom

etric,and,
Spectroscopic,
M
easurem

ents
J.#Colom

é

Target,Distribution,
Requirem

ents
I.#Ribas

Tools,for,Spectral,
Classification
L.#Buchhave

Activity,Indicators,and,
Doppler,Inform

ation,
on,Active,Stars

C.#Lovis

Very,High8Precision,RV,
M
easurem

ents
[≤1,m

/s]
F.#Pepe

Interm
ediate,Precision,

Radial,Velocity,Follow
8

U
p,[385,m

/s]
C.#M

outou

First,Radial,Velocity,
Screening,[≥10,m

/s]
E.#Guenther

Radial,Velocity,
Com

putation,and,
Global,Analysis,Tools

D.#Segransan

Transm
ission,

Spectroscopy,
Follow

8up
D.#Ehrenreich

Infrared,
Spectroscopy
P.#Figueira

Rossiter8M
cLaughlin,

Effect
G.#Hébrard

Developing,Techniques,
for,Atm

osphere,
Characterisation

X.#Bonfils

Secondary,Eclipse,
and,Phase,Variation,

Spectroscopy
R.#Alonso

140,000

141,000
142,000

146,000
145,000

141,100

141,200

142,100

142,200

142,300

142,400

143,000
144,000

146,100

146,200

146,300

145,100

145,200

145,300

145,400

147,000

Inform
ation,

Transfer
F.#Villardell

141,300

Infrared,Radial,
Velocity,

M
easurem

ents
T.#Forveille

142,500

Additional,Long,Term
,

Follow
8U
p,

(RV,and,Transit,Tim
ing)

F.#Bouchy

145,500

Spectropolarim
etric

Follow
8up

P.#Petit

146,400

Planet,Yield,
Determ

ination
Y.#Alibert

141,400

Tim
e,Critical,

Photom
etry

R.#Alonso

Higher,Angular,
Resolution,
Im

aging
S.#Desidera

Interfaces,to,O
ther,

PSM
,W

Ps,and,PDC
S.#Udry

148,000

Photom
etric,Follow

8
U
p,w

ith,Sm
all,

Telescopes
G.#W

uchterl

Photom
etry,Specific,
Tools
H.#Deeg

Standard,
Photom

etric,
O
bservations
R.#Alonso

143,100

143,200

143,300

Very,High,Precision,
Photom

etric,
O
bservations
E.#Palle

143,400

Im
aging,Analysis,

Tools
A.#Vigan

High,Contrast,
Im

aging
D.#M

esa

Reconnaissance,
High,Resolution,

Im
aging

M
.#Janson

Single8Epoch,
Seeing8Lim

ited,
Im

aging
V.#Nascim

beni

144,100

144,200

144,300

144,400Candidate,
Classification
M
.#Bonavita

144,500

148 000

148 100

148 200

N.C. Santos

Follow-up W
P structure

O
ptim

isation
B

asic observations
Star &

 lim
its

Enhanced science
Perform

ances

Interfaces

C
O

R
A

LIE
/1.2-m

 
FE

R
O

S
/2.2-m

 
H

A
R

P
S

/3.6-m

H
E

R
M

E
S

/1.2-m
 

FIE
S

/2.5-m
 

H
A

R
P

S
-N

/3.6-m
 

G
IA

R
P

S
/3.6-m

S
O

P
H

IE
/2-m

TLS
-E

chelle/2-m

European RV
 facilities in operation

C
A

FE
/2.2m

 
C

A
R

M
E

N
E

S
/3.5-m

nIR
 spectro

ESPR
ESSO

/8.2-m

SPIR
O

U
/3.6-m
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N
on-E

uropean R
V

 facilities in operation 
P

FS
2@

M
agelan (6.5m

) 
H

R
S

@
S

A
LT (11m

) 
C

H
IR

O
N

@
C

TIO
 (2.5m

) 
H

IR
E

S
@

K
eck (10m

) 
A

P
F@

Lick (2.5m
)  

Veloce@
A

AT  (3.9m
) 

IS
H

E
LL@

IR
TF  (3m

) 
PA

R
V

I@
P

alom
ar (5.1m

) 
iLocater@

LB
T  (2x8m

) 
H

P
F@

H
E

T (10m
) 

IR
D

@
S

ubaru (8m
)  

E
X

P
R

E
S

@
H

appyJack (4.3m
) 

N
on-E

uropean R
V

 facilities in developm
ent or in project  

M
A

R
O

O
N

-X
@

G
em

ini-N
 (8m

) 
N

E
ID

@
K

ittP
eak (3.5m

) 
K

P
F@

K
eck (19m

)  
G

C
LE

F@
G

M
T (25m

) 

N
on-E

uropean R
V

 facilities

Reports at EPRV IV

Active in TESS follow-up

M
ost of them

 already 
at the 2-3 m

/s level


