Upstream knowledge of targets with radial velocities
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Outline

(1) The output of HWO, PCS and LIFE would be greatly enhanced by a pre-
detection of suitable targets (precursor survey)

Transits would help very marginally
(2) Radial velocity or astrometry could do it éi 39

(3) Earth-analog detection with radial velocity is hindered by stellar variability and
systematics: mostly not a hardware problem, needs new data analysis
methods and appropriate observation strategy

Detection with astrometry would require a hew space mission (concept in study)

(4) A community effort is needed to make precursor surveys happen




The Radial Velocity (RV) technique

Radial velocity (RV) = velocity of the star
projected onto the line of sight
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Radial velocities (RVs) are essential

To probe outer To mleasure

regions of planetary — exoplanetary masses:
systems with low % 5 their most fundamental
transit probabillity parameter




Impact of a precursor survey




Simulating the yield of HWO
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Impact of a radial velocity precursor survey (Morgan et al. 2021)

Metric A: 20% BW, SNR =5
35 -
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RV precursor survey is feasible in principle

Simulation with different Histogram of obtained signal to noise ratio for 100
telescope/instrument priority stars assuming they all have an Earth

associations

In principle the 100
prioritised targets can all
be characterised
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HWO prioritised targets (Mamajek et al. 2024)

IWA constraint 83 mas 72 mas 65 mas
Exoplanet
z;'cg;ht"ess limit | 30 5 mag 31.0 mag 31.0 mag
Exoplanet-star
Brightness ratio 4e-11 4e-11 2 5e-11
limit :
No disk, All disks OK,
No known or KB disks even if
Disk criterion dust disks OK if Lgisk/L* >=10"4
of any kind Lgisk/L* <= 10 or detected HZ
warm dust disk
Treatment of Single or binary | Single or binary Single or binary
binaries companion companion companion
> 10" sep 5" - 10" sep 3"-5" sep
Number of Stars 51 66

log,,(Luminosity/Lg__)

" Tier A

{:935‘2,
1P . -
L . Tier B
M2V o N2 : M2V
W{\g\‘?f g ] Tier C, -
M3V L - X rejected )I<VI3V_
| ] ] XI | ] | | | | | | | xf‘ ] | ]
5 10 15 20
Distance [parsecs]
Sample F G K M
14 | 15 | 17 1
Tier B 15| 23 | 11 2
Tier C gl | 1C 12 | O
Total 66 | 55 | 40 | 3
(A+B+C)




Further arguments

For a RV survey of nearby stars

- Even if Earth-like planets are not detected,
information on the system architecture
- Presence more or less likely of certain

o > P Masse connue
For extreme precision RVs D 0.51  Masse surestimée

Masse sous estimée
0.4 -

Trées sous estimée

- Direct measurements of the mass Is critical

(Batalha+ 2019, Kempton+ 2018) 5 u‘
- Number of measurements needed proportional ‘é 0e I ‘ l\
to individual RV uncertainty squared a III

2 .
0.0 -
N GRV -12.5 =10.0 =7.5 =5.0 =2.5

Log H>yO n




NASA Extreme precision radial velocity report (Crass+ 2021)

« There exist multiple plausible system architectures in terms of
telescope size, longitude and latitude distribution, and dedication that
could, If stellar variability mitigation, telluric mitigation, and
iInstrumental precision goals are met, successfully acquire a set of

measurements with the statistical precision required to detect Earth
analogs. »




Difficulties of RV data analysis
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The stellar variability problem

—~ 100 Vitesse radiale mesurée du Soleil par HARPS-N
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No exo-Earth detection possible with radial velocities so far

Calibration is still to be improved but instrument precision is
not the main limitation

Only solution: new data analysis methods

(>250 ref. Hara & Ford 2023, Annual Reviews)




Key ideas to correct stellar variability

Planets induce a pure Doppler shift stellar and instrumental effects change

| | | | | the shape of the spectrum
é — Integrated quiet stellar surface, no spot (1)  _
3 —— Spot minus local quiet surface (2)
N —— Integrated stellar surface with spot = (1) - (2)
<
:
=
. ‘l : 7 ><
|‘ ', 2
04k v=3,000m/s s _ H- /
' 1 1 1 1 1 a
T T T T T X
g 0.1 -\/\/\/\ | / 2
&= 0 Yy—
< _oa} | | | 1 1 b R =/ 02)
4,999.0 4,999.5 5,000.0 5,000.5 5,001.0 I
Wavelength, A (A) Wavelength lag &J Stellar surface

with spot
FWHM
— BISbottom

BIStop

Planets induce a periodic signal Wavelenath
RV data and max. likelihood model Ste”ar and

instrumental
effects are
(usually) not
strictly periodic

RV data and max. likelihood model
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The extreme precision RV problem in a nutshell

RV

measurce

+ RV,

contam

dZRVc

enter of mass

We want
1) An RV whose definition is as close as possible as a global Doppler shift
2) To leverage the shape of the spectra to estimate the contamination

3) To estimate the uncertainteson RV__ ..

Can be seen as a statistical or machine learning problem




stellar variability and modelling it in practice

Detailed physical models supposed Gaussian and
Analysis of solar data stationary with qualitative parameters
g p (data | 6,n) = N : e_%(data _f(e’”)) V(”)_l<data _f(e’”)>
< V2z [TV
g Numerous processes at
QY] . .
CTJ Dlﬁerent tlmescales : 1'00"-__\‘ —— Quasi-periodic (QP)
% .9 0.75_?_-;-___?;.{_‘\\ Quasi-pelriodic cosi'ne (QPC) ( |
) pr— AN —— Stochastic harmonic oscillator (SHO
= O o504\ —— Matérn 5/2
= m— )ﬁ\\‘\ S
2450000 2451000 2452000 2453000 2454000 2455000 at, 0-23° %;\"';;:\:_
Jour julien 8 0009 "Ry
o 0.251
= 0.50-
- Vic I o
Time (days)

Aigrain et al. 2012, Haywood et al. 2014, Foreman Mackey et al.
2017, Rajpaul et al. 2015, Perger et al. 2021. Jones et al. 2022. ..

1950 1960 [

Magnetic activity Granulation and | + oscillations,

super granulation | winds, .
J gravitational related to the physical model

redshift. ..

Statistical models are not quantitatively




we compute the covariance

g(t — 1, YWt — 1, YA@Op(y | £,n)dedy = Hara & Delisle
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Performance of the stellar activity model

HARPS-N 2015-2018
Dumusque+ 2020

rv (m/s)
)
o0

rv (m/s)

FENRIR model

1361.00 -

1360.75 -

1360.50 -

1360.25 -

1360.00 -

phot. (W/m?)

1359.75 -

SORCE TSI (2003-2020)

1359.50 -

13571 Kopp 2020
1359.25

5.3 5.4 D.D 5.6 5.7 5.8 5.780 5.785 5.790 5.795 5.800 5.805 5.810 5.815 5.820
t [I'_]d] ><104 t [l'_]d] X104




Performance of the stellar activity model

We remove a the test set

We fit the parameters to the remaining points
(the training set)

M We compare the prediction of the model with the test set
Fuor V We compute the likelihood of the predictive distribution
5.7800 5.72325 5.7I850 5.72375 ?23(]) 5.7;)25 5.7;)50 5.7;)75 X?.Oéi()OO
Model modes Period (d) Inclination (deg) Cross-validation score
data-driven 2 27. 03+8 3 —177.15 (—3.78.15*_'{?}1)
physical | sep., lat. dist. 26.8270 07 2. 59+§ 78 —181.54 (—182.06715;)
physical | sep., opp. lat. 26.8270 0s 3.61175 7% ~181.64 (—182.167}57)
latent 2 22.4477 35, 2%. 78*8 51 - —184.15 (—185.97173)
data-driven 1 27.0075 15 - —187.24 (—188.89752%)
physical | mix., lat. dist. 27.077015 29.127555 ~187.69 (- _88.11+1.33)
latent 1 24.33%0 ¢4 —191.72 (—196. 61+12g )
physical | mix., opp. lat. 27.901916 1. 20+(1, 26 —216.24 ( 218.74%357)




Optimal criterion to detect exoplanets (1)

700 -
1000 radial velocity datasets with 0,1 or

2 planets e

500 -

400 -

» Analysed with the same model

« With different detection criteria Periodogram and FAP

Periodogram and BF

300 -

Number of true detections

|1 and FAP
200- ——— 11 and BF
N PNP and FIP
Bayes factors and FAPsS 100- P periodogram + BF
« Optimal? N - == MPperiodogram + PP
= = - = = 0 1 2 3
Which criterion maximises true 10 10 10 10
_ Number of false detections
detections? o . ~ Fourier transform of the
» Do not encode where the planet is s | radial velocity time seres
%'Zf‘i‘f ................................ e fhenees S T t ..... t e th ..... o
: : " D 6.5 clection tnresno
 Are not defined on a very intuitive scale S oo
e /|

102

" Period (days)



Optimal criterion to detect exoplanets (2)

parameters are such that 6; belongs to ©; N ©s and 6»
whether we associate 6; to ©; or O, we have two or only
case, we choose the injection which leads to as many corr

We denote by m the maximum number of different 6;s t|
note by A¥, the region of parameter space with k componen
component in each of the ©;,i =1..m, m < n.

If k planets are truly present in the data, n detections are ¢
means that the true detections of min(k,n) — 7 are missed. W
adding a term —j3(min(k,n) — ¢) whenever it happens. The e

19)

Ey,[U{a,(0,m)}] = —nap(0|y)
(20)
+ [=(n—1)al 4 — (na+B) (1—La:)] p(1]y)
(21)
+[-(n—2)al sz — (n—1)a+B)Lsz — (na+2B) (1 -
(22)

(23)
k

k
+ [Z(—(n —i)a— (k—i)B)L4» — (na+kpB) (1 ->
i=1

=1

(24)

(25)

+ [" —(n—1i)(a+ B)Lar —n(a+B) (1 —Zn:IA;->]j
(26) . B 4
- [Z —(n—i)(a+B)Lyr —n(a+p) (1 - zn:f,,rﬂ

i=1

3

i=1

27

26

the argument is identical if v,, is replaced by v/,.
Let us fix z > 0. The constrained problem is

+ ; —(n—i)(a+ B)Lar —n(a+B) (1 - ;IA‘HW) — (az —

Re-arranging the terms, we have

Mmax

Eoy[UA{a,(0,m)}] = —na+(a+p)Y ila,—B Y kp(k
k=1

i=1

(29)

(30) = —(aE[FD] + BE[MD))

where E[FD] and E[MD)] are the expected numbers of false detections and 1
when claiming the detection of components with parameters in 61, ...,0,,

E[FD]=n— il
i=1

(€2))

EMD]=n-) il4,

i=1
where 72 := "= kp(k | y) does not depend on the number of componer
suming that a # 0 (or equivalently a > 0, since « is non negative), we ca
by a. Denoting by y = 3/a, without loss of generality we can maximize

(32)

Eoy[U{a,(0,m)} = —n+(1+7) ) ila, —yn.

(33)
i—1
Where ﬁ dol\n mnt damand Aan tha nnmahac AF wlanaéa
CONTINUOUS MULTIPLE HYPOTHESIS TESTING FOR
LEMMA where [1,n]; is a draw of j indices without replaceme
. Denoting |
(36) I,= Y g, reun.a
(34) ky,....k;€[Ln];
Then
where Ig, i. N o o1
Webegin  (37) dIe=3> > lew
i=1 i=1 j=0 k... k;€[1,n];\{i}
REMARFK

In this sum, the term Ig, pno,A...A0, appears n times, t

sen betweer . ! 2
pear n — 1 times, so we obtain the desired result.

tho navamoa

ENCE OF'

be guaran

PROOF. With the notation above, we have seen that u, is increasing, v, is decreasing, s denote by
and v,_1 — v, is decreasing. Furthermore, by hypothesis u,, — u,_1 is increasing, which by
definition of v/, means that v/,_; — v/, is decreasing. In the following, we reason on v,, but

imensional

I and R (¢

'} where T

min v,
n

while the maximum utility problem can be

min

Since u,, is increasing, there is a highest ng
constraint, i.e. such that u,, <= 2. Since
problem is found for n = ng, for any con
choose 7y such that the solution of the maxi
ration satisfying the constraint. We show th
to a larger value of v,, + Lu,.

From our hypotheses, we see that the rat
n < ng, we will have

Up + —U,
Y
if we take

(47)

SRS

Y=

Note that if v,,, — v,,4+1 =0, since v, — V.
also v,, — v,+1 = 0, and we can always re
such that v,, — v, 1 # 0. For n > ng, we w

1
Up + —Uy
v

if
u

< —
7 v

These two conditions can be satisfied sin
Upy — Up,—
Ung—1 — Un,

Choosing 7y between those two bounds g
increasing function of z.

As long as the sequence (u},; — uj)n-
the constrained problem have the same solt
but can be ensured under the following con

LEMMA E4. If¥n >0, Jig, Vj=1.1

subject to u,, <=1z

ssarily unig

CONTINUOUS MULTIPLE HYPOTHESIS TESTING FOR OPTIMAL EXOPLANET DETECTION 27

PROOF. Let us suppose that 3n > 1 such that un+1 — Un < un — un—1. Replacing by the

explicit expression of u,,, the inequality is equivalent to
n+1

-1
St S S S
=1 =1 =1 =1

(48)

By hypothesis, Jig, Vj =1..n—1,0;, N 6}'_1 = (), Eq. (48) can be written

n n+1 n—1 1
(49) ZIQ? — Z Ie:‘“ <Ie::o+1 +ZI9:|—i —}
i=1 =111, i=1 i=

n—1
The term Ign+: + Y, Ig-1 is a sum of n I, with disjoint ©;. By d

hand side of the inéq{lality is less than or equal to 0 and the left hand

greater than or equal to 0, which is absurd.
fVi=1l.n+1,3j=1.n—10"" N6 0. In that casc

[1,n] ©F N e;.‘—l # 0, otherwise due to lemma 3.2 this would lead |

If the condition of Lemma E.4 is not satisfied one can find a counte
ud <u¥— ufl_l and the equivalence of utility maximisation and optir
is not guaranteed. Finally, we have the desired result.

THEOREM E.5. Let us consider a dataset y and suppose that it
arability at all orders, n = 1...ny,, then there exists an increasing
that (63) and (64) have the same solution, and a function ~'(z) > 0
have the same solution.

PROOF. Under the hypothesis of separability, by lemma E.4, (
increasing, and by lemma E.3, we have the desired result.

APPENDIX F: OTHER DEFINITION OF MISSED DE

In this appendix, we show that the optimal procedure is similar i

defined as in Hara et al. (2022b).

DEFINITION E.1 (Missed detections: other definition). If n com
in fact there are n’ > n components truly present in the data, we cot
tions.

In that case the expected utility is

Let us consider ©,,+1 € T'. The solution to (P,+1) can be written as

(38) ar max

n
g Ie,..+Y Io.
©1€T\On41,...0,ET\Opn i1 1
Vi jE[1,n],i#5,0:N0;=0 =

Either Vi € [1,n], ©"11 N O = () then thanks to (P1), for E =T" and D

n+1
. n+1
T",Vi,z; 0,7

3 Ig. = (O%)iz1.n
(39) Mge,eT\e,,f,I,l.%,,eT\e..HZ 0. =(67)i=1..

Vi je[l.n],i£5,0,10,=0 =1

Asa consequence,

(40) arg max ar,

n
n
g max Io, +E Io, = (67,
O €T\UL 07~ 0,ET\O,11,..0,€T\O,yy " (5

Vi je[Lin],i5,0:N0, 0 i=1

up to a permutation of the indices (see remark B.2). If 3i € [1,n + 1],Vj
6;‘ = () then the same argument applies and the solution to (P,41) is (67, ...
]_ﬁt l 1 B 1 ™ PR -~ Ll ™ o~ n

P R

IIlv n]] ;€ CONTINUOUS MULTIPLE HYPOTHESIS TESTING FOR OPTIMAL
cases a¢
Theorem E. 1 assumes component separability (Definition 3.3)
Wer than necessary for some of the lemmas, and is not made by de
throughout the appendix that the ©;s are pairwise disjoint. Tl
LEM Eq. (4), we can write n — Z;-;l jla,; =3 71 FIPe,. We consic
and cer, and define
compor n
(41) un =Y FIPey
PRO i=1
intersec Tmax
! —
gions ( (42) Up = Z(k—n)p(k|y) ; Vp=n—n+
k=n+1
le; 4 "
where . =Y ;5" kp(k | y). The sequence u, is the expected nt
and v',, are the expected number of missed detections for the mi:
In th E.1 and 2.3, respectively (see Appendix A for details). Note that
n but we chose not to make that dependence explicit to simplify n¢
THF‘ LEMMA E.2. Yy in the sample space the sequence (1
arabilit d (v d ;
(13) ha (Vn)n=1.n,... and (V;)n=1.n,,.. are decreasing.
- PROOF. Let us suppose that there exists n such that u,, 1 <1
e
and mi¢ ntl n

n+1-— ZIQFH <n-— ZIQ;‘
i=1 i=1

2nt to

n+1

n
1+ ZIQ:‘ < ZI9?+1
i—1 i—1

yy ip an index such that ip = arg max;—1_,+1 Igf*

n n+1
28
(55) + Z—(n—z‘)aIA?“—na (1—21/4;'“) —B} p(n+1]y)
Li=1 i=1
(56)

(57) + Z —(n—i)alsy — na (1 - ZIA?W) — (Mmaz — n)ﬁ] P(Mmaz | Y)
Li=1 =1

Re-arranging the terms, we have

(58) Eon[U{a, @)} =—na+a ila,—8 S (k—n)p(k|y)
=1 k=n+1
(59) = —(aE[FD] + BE[MD)

where E[FD] and E[MD)] are the expected numbers of false detections and missed detections,
respectively.
E[FD]=n- il

i=1

(60)

Mmaz

EMD]= Y (k—n)p(k|y)

k=n+1

(61)

Assuming that o # 0 (or equivalently a > 0, since « is non negative), we can divide
Eg. (59) by a. Denoting by v = 3/, without loss of generality we can maximize

62)  Epy[U{a(61,...0,),0,m)}|=—n+Y ila,—7 > (k—n)p(k|y).
j=1 k=n+1
The expected utility is
(63)
'nl T7 (/D m N 0O \11 P Tn‘;r 'fay o \ . n%“" 71 N LN

Number of true detections
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an incre
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Optimal criterion to detect exoplanets (3)

( )

- Mathematical proof of optimality 700-

of a new detection criterion called « True 600 /Up 1o 3 times more
True deteM
500 -
/4

inclusion probability » (TIP)
400 7Y

» Optimal in a general case

—— Periodogram and FAP
Periodogram and BF

Hara et al. 2023, Annals of Applied Statistics

Number of true detections

(in revision) 300~ j  11and FAP
\ Hara, Unger, Delisle, Diaz, Ségransan 2022) 500.- — — 'Fllpand BF
R ® PNPandFIP
Bayes factors and FAPs 100 - FIP periodogram + BF

—— FIP periodogram + FAP

« Optimal? 0+ S - -
. : 10° 101 102 103
—P New criterion demonstrably optimal Number of false detections
» Do not encode where the planet is

— Encoded in new criterion In a collection of independent detections made
» Are not defined on a very intuitive scale with TIP 99%, on average 99% are correct
—» New criterion is an actual probability 90% 90%

- Optimal for all exoplanet detection methods 50% 50%



Motivation for a precursor survey
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Motivation for a precursor survey
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Motivation for a precursor survey
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Motivation for a precursor survey
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NASA Extreme precision radial velocity report (Crass+ 2021)

Existing high precision spectrograph:
HARPS, HARPS-N, ESPRESSO, NIRPS (for M dwarves)/ SOPHIE, SPIRou (Europe-led)
NEID, KPF (US)

Existing network: NASA Extreme precision RV initiative

Upcoming:
HARPS3 (Cambridge), G-Clef (Harvard)

Some key findings of the EPRYV report:
« Establishment of a NASA EPRV Research Coordination Network and Standing Advisory
* More interdisciplinary collaboration (with stellar physicists in particular)
* Collaborative work on standard datasets (especially Sun-fed spectrographs, coordinate
observations with major instruments on a small set of bright standard stars) .
27



Other topics

Achieving <1 cm/s calibration accuracy with laser frequency combs
Observation strategy: how to most efficiently spend observation time?
Telluric contamination: how to remove it?

Is spectropolarimetry interesting to correct stellar variability?

Is there an advantage to using adaptive optics?

Target list for PCS: NIRPS spectrograph in the infrared

HARPS3 spectrograph dedicated to HWO target scanning

Impact of RV survey on LIFE



Conclusion

RV precursor surveys could greatly improve the yield of HWO, LIFE, PCS

Needs work on

* High resolution spectrograph hardware (better calibration source, adaptive optics)

» Data analysis methods (telluric, systematics, stellar variability)

* Lobbying: getting funds to push precursor surveys

* Quantifying the impact on LIFE

* What Is the required precision on mass measurements to interpret atmosphere
observations?

* Are there data analysis techniques that could be transferred between RV, transits
and imaging?
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By-product: statistical Doppler imaging

Solar observations
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