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How do you detect and
measure stellar variability?




Spectroscopic Variability
. Ca ll H&K lines (S-index)

» Source: Singly-ionized Calcium H &
K lines (3968.5A and 3933.7A)

« Method: measure flux ratio of the
two Ca lines and two nearby
continuum regions.

rorrr. lux

2965 3970

Ca | K

 Tells you about: chromospheric and
photospheric activity. Since the line
core emission is concentrated in
plage regions, S-index often shows
variations with the rotation period
of the star. Proxy for the number of
Spots on the sun. T Sek0 393 '391*;4' 3935 se3e

Ain A

rorm. flux

See: Wilson+ 1968, Baliunas+ 1995, Wright+ 2004, Lockwood+ 2007, Lopez-Santiago+ 2010, Isaacson & Fischer 2010



Spectroscopic Variability
. Ca ll H&K lines (S-index)

HD 165341B 1.16

Source: Singly-ionized Calcium H &
K lines (3968.5A and 3933.7A)

« Method: measure flux ratio of the
two Ca lines and two nearby
continuum regions.

HD 2188348 0.81

 Tells you about: chromospheric and
photospheric activity. Since the line
core emission is concentrated in
plage regions, S-index often shows
variations with the rotation period T whee | om
of the star. Proxy for the number of
spots on the sun.

1T . 18 _
-#!??";l;,§?gg ’36'2$

ol
HD 23249 0.92

£ ELTTE LIRSS TIc A reae s

* : ‘ =
:l£,550:11523'36¢9§¢.005

1970 19756 1980 1985 1990 1970 1975 1880 1985 1990
S+ 1990 Year Year

See: Wilson+ 1968, Baliunas+ 1995, Wright+ 2004, Lockwood+ 2007, Lopez-Santiago+ 2010, Isaacson & Fischer 2010



Spectroscopic Variability
Ib. R'Hk

- Related to the S-index, but takes
out the basal (rotation
independent) photospheric flux.

« The photospheric flux that falls
into the S-index filters introduces
a dependency on Teff. By
removing it, you produce a | W
measure of activity that can be 0.8
compared across spectral types RSN

See: Noyes+ 1984, Schrijver+ 1987, Mittag + 2013



Spectroscopic Variability
ll. H-alpha

» Source: Hydrogen Balmer line
(6562.828A)

« Method: measure flux ratio of the
H-alpha line and two nearby
continuum regions.

X
=
L
v
-
-
3]
L
%

 Tells you about: chromospheric
activity. In areas where magnetic
field lines influence plages, Hx
photons are emitted which

produces an activity-dependent 55 e s =
. . + Wavelength (Angstroms)
depth of the Hx absorption ling =~ ™&raE S

See: Kurster+ 2003, Cincunegui+ 2007, Gomes da Silva+ 2012, Robertson+ 2013



Spectroscopic Variability
ll. H-alpha

» Source: Hydrogen Balmer line
(6562.828A) 0.066

Robertson+ 2013

. GJ 270

« Method: measure flux ratio of the P = 2687 days
H-alpha line and two nearby

continuum regions.

4
)
ﬁ
=
S
-m

 Tells you about: chromospheric
activity. In areas where magnetic
field lines influence plages, HX 2453000 2454000 2455000 2456000
photons are emitted which
produces an activity-dependent
depth of the Ha absorption line

See: Kurster+ 2003, Cincunegui+ 2007, Gomes da Silva+ 2012, Robertson+ 2013



Spectroscopic Variability
l1l. Ca IR Triplet

« Source: Three ionized Ca

lines at 8498.02, 8542.09, E
and 8662.14A 2
~ MethOdZ ta ke the average ﬂUX 8497.5 8498 8498.5 8541.\?vavel;i;tllz1 (A) 8542.5 8661.5 8662 8662.5

within a band centered on the
line, weighted by the average > 0,08
of nearby reference bands = 000
chosen to be relatively free of oo
tellurics and molecular bands B

p=-092
P<1.0x10"

e 6

p=-0.92
P <1.0x10

S
—

Ca Il 8542

S
—
.

 Tells you about:

WCa IT 8662

0.1
chromospheric activity, 0.08
, 0.18 . 0.22 [ 0.24
correlates with H-alpha. Robertson: 2018

See: Chmielewski 2000, Andretta+ 2005, Busa+ 2007, Barnes+ 2014, Robertson+ 2016, Martin+ 2018



Spectroscopic Variability
V. CCF Line Bisectors/ Bisector Spans (BIS) / FWHM

e Source: The CCF from each RV
observation

« Method: Measure the mid line as a
function of depth below the continuum
and look for curvature in the resulting
“bisector”. Measure the line's FWHM.

 Tells you about: Whether the stellar
spectra show line shape asymmetries.
Keplerian motion should only induce
lateral shifts, but activity-based
movement will change the line shape RV = fitted peuk

as well. Roy+ 2016

See: Queloz+ 2001, Povich+ 2001, Fiorenzano+ 2005, Boisse+2011



Spectroscopic Variability
V. CCF Line Bisectors/ Bisector Spans (BIS) / FWHM

e Source: The CCF from each RV
observation

« Method: Measure the mid line as a
function of depth below the continuum
and look for curvature in the resulting
“bisector”. Measure the line's FWHM.

BOTTOM | |

» Tells you about: Whether the stellar R
spectra show line shape asymmetries. ®reer=®
Keplerian motion should only induce
lateral shifts, but activity-based
movement will change the line shape
as well.

See: Queloz+ 2001, Povich+ 2001, Fiorenzano+ 2005, Boisse+2011



Spectroscopic Variability
V. CCF Line Bisectors/ Bisector Spans (BIS) / FWHM

e Source: The CCF from each RV
observation

» Method: Measure the mid line as a
function of depth below the continuum &
and look for curvature in the resulting
“bisector”. Measure the line’s FWHM.

0 200 400 600

. Tells you about: Whether the stellar e
spectra show line shape asymmetries. *eereiiisy
Keplerian motion should only induce
lateral shifts, but activity-based
movement will change the line shape
as well.

-100 0 100
Queloz+ 2001 V,_ [ms?'] (-14.1 kms1)

See: Queloz+ 2001, Povich+ 2001, Fiorenzano+ 2005, Boisse+2011



RV Chromaticity

. Compare K at different orders of the same instrument

YZ CMi (CARMENES)

. Chromatlf: Ir.1dex (CrX): Determine F SERVAL ren
the RV shift in each echelle order P=2776d —

, . K=118.7 m/s
and fit for linear trend

Tells you about: Whether the RV
amplitude is achromatic (as
expected for Keplerian signals) or
wavelength dependent (as
expected for activity-induced
signals)

0 0.5 1 1.5
rotational phase [d]

Zeichmeister+ 2013



RV Chromaticity

. Compare K at different orders of the same instrument

YZ CMi (CARMENES)
‘ SERVAL e

K4+ -2.94 Np™' (+ 4.8%) —

« Chromatic Index (CrX): Determine
the RV shift in each echelle order
and fit for linear trend

AN
-
o

N
-
o

 Tells you about: Whether the RV
amplitude is achromatic (as
expected for Keplerian signals) or
wavelength dependent (as
expected for activity-induced
signals)
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Zeichmeister+ 2013 RV [m/s]




How do you mitigate
stellar variability?

Target Selection




Target Selection

|. Avoid active stars

Mean Internal Uncertainty

« Can combine a star’s R B
median S-value and its B-V
color to calculate an
expected jitter (see, e.qg.,
Isaacson & Fischer 2010)

W
-
o

Jitter =234+ 174x* ASmst (04 < B-V <0.7)
Jitter =2.1 1 4.7*ASms! (07< BV <1.0)

N
&)
o

Jitter = 1.6 — 0.003* ASm s (1.0< B-V < 1.3)

>
O
C
)
-
O
O
e
L

N
-
o

Jitter =2.1+2.7«*ASms ' (1.3<B-V <1.6)

« Can then apply cuts that
eliminate stars likely to
exhibit RV jitter past some
threshold you set

o0

B
0
Butler+ 2017 (Meters/second)




Target Selection

|. Avoid active stars

- With a well sampled light curve,
you can use the FF' method to
simulate the star’s RV curve and
determine the variability

« Can then apply cuts that
eliminate stars likely to exhibit
RV jitter past some threshold
you set

w
S
=
e
L
v
o
<
&

300 305 | 310 315 320
Aigrain+ 2012 HID - 2454000




Target Selection

|. Avoid active stars
KID 7970740 KID 12069449 KID 5184732 KID 12069424

. Using a star’s Flicker analysis, as e
described earlier, you can get
an estimate of the expected RV
RMS from the light curve’s

periodogram

KID 12258514 KID 6106415 KID 8006161 KID 7201012

RV RMS=4.3 RV RMS=5.0

KID 3430868 KID 8566020 KID 8547390 KID 4242575

RV RMS=8.6 RV RMS=9.6
0 10 20 3

0O O 10 20

RV rms = (3.8 £ 1.7ms™") X (Npeaks) " "

« RV jitter is most sensitive to high
frequency photometric
variability - can select against
these stars for follow up efforts

3
2
1
0
-1
-2
-3
3
2
1
0
-1
-2
-3
3
2
1
0
1
2
3

Bastien+ 2014



How do you mitigate
stellar variability?

Observing Strategy




Observing Strategy

|. Average over shortest period signals (pulsations)

- Need on-target clock time to Alpha Cen B (K1V)

extend longer than the acoustic
oscillation period of the star so the
pulsations get averaged out

()

)

« Generally not hard, as Posc is ~
5-15min for RV amenable stars

RV rms (m/s)
()

» Recent work by Chaplin et al. 2019
has provided ways to calculate this
value for a given target based on
luminosity, surface gravity and
effective temperature

Credit: X. Dumusque



Observing Strategy

|. Average over shortest period signals (pulsations)

- Need on-target clock time to

) T  logg L Spectral K AtV Ath
eXtend |Onger than the aCOUStIC M) (Re) (K) (dex) (L. type (ems~ ') (min) (min)
OSCi”ation periOd Of the star so the 7 Ceti 79 0.85 5290 4.48 G8V 120 399 3707
pU|SatiOnS get averaged out aCen B 093 091 5145 4.49 K1V 11.0 36797 3.5t07

. 70 Oph A 0.89 0.91 5300 4.47 KOV 109 4071 3.910%

« Generally not hard, as Posc is ~ | N o
. Sun 1.00  1.00 5777 4.4 G2V 9.0 97720 10.1753
o-lomin fOr Y amenable stars § Pav .07 1.20 5550 4.31 1.2 8.: 1303% 1617

» Recent work by Chaplin et al. 2019 dCen A LI LT W TT MR 2
. . . Hor 1.23  1.16 6080 "8V : 1378 217H,

has provided ways to calculate this \ .

. it Ara .21 1.39 5665 4.2 . 2 30115

Value fOr d given target based on B Vir 42 1.69 6050 4.13 3.4 5.5 4323 80+
|UminOSity, Surface graVity and 3 Hyi 1.08 1.89 5790 3.92 3.60 G2IV-GOV 6.3 881y 1417t

effective temperature oCMi 146 213 6485 3.95 7.20 FS5IV-V 45 102461 203+247

Chaplin+ 2019



Observing Strategy

ll. Revisit stars throughout the night to average out granulation

aCen A

» Since granulation occurs on
minutes - day timescales, can
observe the star 2-3x per night to
sample different sections of RV
phase

Spectral type : G2V

6 8
binning in days [days]

0.2
0 2 4 6 8

Dumusque+ 2011  binning in days [days]




Observing Strategy

lll. Observing baseline - short and intensive approach

« [Intensive observations over
a short timescale mean that
the stellar activity is more
cohesive, easier to mode|

HARPS+UVES pre-2016 In-Posterior
In-Likelihood

ALL

0.1% FAP

1% FAP
HARPS PRD 10% FAP

0 .AJ,IL |L|,\IJLAIIL|AI | |l_4¥lh o, R m J..u.h.uull
2 5 10 20 50

10 20

Anglada-Escudé 201 6Period [days] Period [days]



Observing Strategy

lll. Emphasize high SNR and high cadence observing

- Need to treat variability as an
additional signal that you want to
model / mitigate

K =501ms"

- Requires high resolution spectra
taken at high SNR and preferably at
nightly cadence

K=10ms!

TS

50100 150 200 250 300 50100 150 200 250 300 50 100 150 200 250 300
Davis+ 2017 Resolution (k)




How do you mitigate
stellar variability?

Data Analysis




Data analysis

|. Model rotation periods & harmonics as additional Keplerian signals

jrereprereprgreyrrreyrrrefpeeea

ISIARAAN AR A RN RARAERARL

Tolosn b bbbt e b b b b

AFRE L Prrrprrynyrnregl
‘ —
4
~ o
- - - o -l -
' —
s

Boisse+ 20

See: Boisse+ 2011, Gregory 2016, Dumusque et al. 2017

11]_1 02 032 04 05 06 07 08 09 10 1.1 -01 00 01 02 03 04 05 06 07 08 09 10 11
¢

I ] 1 | 1
Planet

-

, M”’\f\mf 4

[

!

5 10,

Rotation & '
Harmonics |

/I

'IVM ‘ ‘up V'l' I

A

~

el

Boisse+ 2011 Period [days]




Data analysis

ll. Fit spectral activity indicators & apply correction to RVs

LI L L B L AL S BN UL LS PRI B B LR L R S

© ISubtract the resulting model
rom the RVs,

Sac Peak Ca

sl

Time (days)

it

' WaYa T AYTEYE 7 ( ( -.' \ —_ P N s N et
1000 2000 100 40( SO00)
s N NS s SN . LN R N R )

|' e l

Meunier+ 2013 Time '::j"l S )
See: Saar+ 1998, Queloz+ 2001, Dumusque+ 2011, Lovis+ 2011, Meunier+ 2013, Rajpaul et al. 2015a




Data analysis

ll. Fit spectral activity indicators & apply correction to RVs

l | 1 1 I | 1 1 l

'
-
N
%
—
(X~
I
+I
'
|_

Corrected RV signal

l | 1 1 l

0.085 0.080 0.095 0.100 . - 1000 2000 3000 4000
Meunier+ 2013 Ca Iindex Meunier+ 2013 ime (dcys)

See: Saar+ 1998, Queloz+ 2001, Meunier+ 2013, Rajpaul et al. 2015a



Data analysis
lll. Floating chunk method

» Especially useful for short period
planets where you can observe a non-
trivial portion of the phase curve in
one night

 Allow for an additional term “offset”
term between each night’s RVs
because they're undergoing
additional motion from activity and/or
longer period planets

>,
=

O
Qo

D
>




Data analysis
lll. Floating chunk method

» Especially useful for short period
planets where you can observe a non-
trivial portion of the phase curve in
one night

Color coded by night

—
-

 Allow for an additional term “offset”
term between each night’s RVs
because they're undergoing
additional motion from activity and/or
longer period planets

LA
O

'_/‘-\
|
7
£
>,
=
O
e,
QO
>
S
©
©
Y

0.0 0.1 0.2
Dai+ 2017 Time since midtransit (days)




Data analysis

€

« Applies a model that accounts for
the most important sources of
variability in a radial velocity
time-series: Keplerian signals, an
unknown amount of white noise,
different unknown levels of red
noise, and potential linear
correlations between RVs and
available spectroscopic activity
proxies. Also searches for
wavelength dependent noise when
order-by-order RVs are available

Period [day]

See: Tuomi 2013, Feng 2016 & 201/, Diaz+ 2018



Data analysis
V. Moving Average

« Applies a model that accounts for
the most important sources of
variability in a radial velocity
time-series: Keplerian signals, an
unknown amount of white noise,
different unknown levels of red
noise, and potential linear
correlations between RVs and
available spectroscopic activity APF- Sihdex: MA
proxies. Also searches for
wavelength dependent noise when
order-by-order RVs are available

See: Tuomi 2013, Feng 2016 & 201/, Diaz+ 2018



Data analysis

V. Individual Line Measurements

40

30 1
20 -

10-

Od

RV line [m/s]
RV line [m/s]

_10 A
;o
’

| R=-0.54 —207
_30d

55275 55300 55325 55350 —5.0 —2.5 0.0 2.5 55275 55300 55325 55350 —50 —25 0.0 |
JD - 2400000 [d] RV star [m/s] JD - 2400000 [d] RV star [m/s]

i)

| yot ++ +
#;’Fﬁ+ ’f’:i k{
:

RV line [m/s]

|

R =-0.00

~101 ¢ ‘ + ‘

55275 55300 55325 55350 —5.0 —2.5 0.0 2.5
JD - 2400000 [d] RV star [m/s]

See: Dumusque+ 2018



Data analysis

V. Individual Line Measurements

All spectral lines (nb lines = 5936)
® RVrms=1.95

~J
o
o

o® ° .o.'.

Sogen,® .-.%.0”

(@)
o
o

U
o
o

Activity sensitive spectral lines (489 lines, 16.5% of RV info)

® RV rms=3.83

ose® o ®
S’Q '0 '..0

Activity non-sensitive spectral lines (2951 lines, 26.6% of RV info)

-
o
o

W
o

N
o
o

® RVms=1.21

-
-
o

@
~
&
Q
=
©
—
4+
O
Q
Q.
wn
-
o
-
@)
-
| -
Q
>
o
-
©
©
Q
S

o o
cote® “00me™0es’esver ® %, ¢ < o "’..' o

o

—0-4RP—0-2 0.0 t,0-2 (o4 06 - 55280 55290 55300 55310 55320 55330 55340 55350 55360
earson correlation coefficien ID - 2400000 [d]

See: Dumusque+ 2018



Data analysis

V1. Gaussian Processes

 For stellar signals, GP is generally
a quasi-periodic function:

« Specify priors that tell the GP
about the star’s rotation period
(‘recurrence timescale’) and spot
lifetime (‘evolutionary timescale’),
among others

0.2

Grunblatt+ 2015

CP

04 .6
Orbital phase

- GP is trained on a data
set that contains
information about stellar
activity (photometry,

-30

S-index, etc) 5

Grunblatt+ 2015 Time()JD - 2,456,400)

See: Haywood+ 2014, Grunblatt+ 2015, Dai+ 2017, Lopez-Morales+ 2016, Astudillo-Defru+ 2017



Data analysis

V1. Gaussian Processes

- But even in cases of o 078
copious, high SNR data to EESRIN
train the GP on you still R 23
need to be careful!

- Decades worth of solar
data gets Prot Wwrong the
majority of the time if you B
don’t enforce an L
additional prior that

Prot < Pspot evol

1950
Kosiarek+ 2020

See: Haywood+ 2014, Grunblatt+ 2015, Dai+ 2017, Lopez-Morales+ 2016, Astudillo-Defru+ 2017




Stellar variability that appears in RV data comes from a variety of physical
phenomena within the star that occur on a variety of time scales

The affects of some of these phenomena (pulsations & granulation) can often
be mitigated via good observing practices, but others (active regions &
magnetic cycles) generally need to be handled in the data analysis phase

Obtaining auxiliary measurements (spectroscopic activity indicators,
photometry, etc) is crucial for determining what the star’s activity looks like

There are a large variety of ways to address stellar variability in RV data, but
the approaches that treat variability like correlated signals (Moving Average)
and/or quasi-periodic signals (Gaussian Processes) tend to perform the best
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