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Today I'll focus on transmission spectroscopy

composition

atmospheric chemistry
scattering properties

temperature structure

.

line éhapes/shifts = dynamics

biomarkers?

oy

Hubble Space .
i Telescope .

\ (stacked 1s exposures)

Image credit: NASA/LMSAL Image Credit: Nasa.org/Thierry Lagault



‘Traditionally” we use low-resolution time-series observations...

1.00F - *gyqiens’ “ehuriit "3eptéts Transit Depth ~1%
St — — —$tesviid — AT — — (for Sun-Jupiter)
asag St -
“Aermien shgaiii oy Yhatisragy
% Fieatd it - fard J1abtd
shavedionts — \ ivpprifar hirsetiis
0.95} '_ AR IY PITH
B LU LS U o ‘ ~4A0 2 i Mev ~ ~ — AWl ~ ~
. 1 T L L G R .
stagairye ) 2avavns e irgehew -
o Brdcncyss - * _ o Variations due to
- = xphietieaal. - . —a @b IV — — — ) " - - -4
\ - ~J
0.90} N reagaprat -~ 7 7 atmosphere ~1x10
s F o =Geoaite faitens (for hot-Jupiter)
>3< . Cergesnase - 7
= M R —~ ~ oy p AR L LT Y L LT LT TN
C LT
> el e ~ake el ~ — — ANt
‘é ) "“.‘l"‘v " )
Y 0.85 recheten . Ceahadinaty Jrgprratey
= , eraandis - 7
- ""\0‘2";" - A3 ety - --'8!'.‘".‘ A
. EwfAgaraan
setirtronpy ) (agstinivig aryidannyd
. )N(‘"“. -’ )
Aatiag st g , Mg Fekndpoit
— Clear 0.80 2o . Mlargagns "y -
0.126 : A ity ~ - ~ %Ny - -
: —— CaTio3 . L TS '
é Ground Phot 1wl '\ | akedheyy, TIPS
. . Il.‘ L7 X )
0.124 1 s LT \ . T ey .
. Mgy, e "y
0758 yitstiins ‘ v gty ejdtieng
’ . dMisiteyg, - '
> 0.122 A )
S‘l PR
0.120 1 246.05 246.10 246.15 246.20 246.25 246.30
[H|D] - 2454000
0.118 A
1j4 116
Wavelength (um)

Gibson et al. (2011); Wilson et al. (2021)
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...which can be extended to eclipses and phase curves.

. .... “‘ ... wvo"o [ T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T ]
L TrES—1 Spitzer/IRAC 8.0um |
A . - i 1
‘§ O 1.005 s
‘e, N y L |
E \ } 2 1.000 :
46 -
> E
og A L
= x x 0.995 I -
| 5 S
<3 S L
0,990 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1
> 1 > -0.10 -0.05 0.00 0.05 0.10
A time from predicted center of secondary eclipse (days)
> Charbonneau et al (2005); Deming et al. (2005)

Phase

101 T T T T T T T T ]

- P AW SN AT P GISAS, gl

1.00 Co - -

x - ]
=) C ]
L C ]
2 099 =
© - ]
(O] C i
T :
0.98 o &w' E

- a .

097 v\, ety I IR [ [ [P N

Orbital Phase Knutson et al. (2007)
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With low-res observations, atmospheric retrieval is decoupled from the light curve analysis

Wilson et al (2021); Gibson et al. (2020)

—_

o

[EEN
1

“Observers”

—_
o
o

1) Extract light curves from raw data

relative flux
()
©
©

o
©
o

2) Fit light curves and infer noise properties

o

©

N
1

0.55 0.60 0.65 0.70 0.75
time [H]D] - 2457757 3) Model exoplanet spectrum to

Modellers infer atmospheric properties

—— Clear
—— (CaTio3
¢ Ground Phot

0.126 1

0.124 1

0.122 1

Rp/R *

Vsys(km/S) Kp(km/s)

1.8 -7.5 -5.0 -2.5

e e ®

0.120 1

a

0.118 1

B

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Wavelength (um)

2800 3800 1.0013 1.0028 1

LS

190 210 -7.5 =5.0 —-2.5 1.0 1.8 1.0012 1.0027 3000 4000 -2.5 0.0
Ko (km/s)  veys (km/s) a B T(K)  logPcioud (bar)

- A major advantage that we can decouple retrievals from
low-level data analysis

-2.5

109 Pcjoud (bar) T (K)
0

) Neale Gibson, Trinity College Dublin



High-res observations are much trickier

Posterior distribution

Pre-processed spectra

o 0.05 E‘a

o, 5

= 0.0 go@

2 e

o

© -0.05 \ 5 f.@

g 0.05 Directly from spectra to f_

yfrom spectrato @) | (@)@

B 5.00 atmospheric modelling! -

= . . 2 &]

g Must infer noise :§_<®B

= &

o L
4470 4480 4490 4500 4510 % 31

velenath A 190 210 -7.5 -5.0 -2.5 1.0 1.8 1.0012 1.0027 3000 4000 -2.5 0.0
wavele gt ( ) Kp (km/s)  veys (km/s) a B T(K)  logPcioud (bar)

Talk Outline 1011
- A fully Bayesian approach to high-resolution 1.00
retrievals

relative flux
(@)
©
©

« How can we deal with noise?
- What extra information can we get?
 Demonstration on UVES data of WASP-121b

o
(]
0o

_ 0.55 0.60 0.65 0.70 0.75
Also see talk by Brogi time [HJD] - 2457757
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Overview of the Cross-Correlation Technique

A -

[ ]
I
]
:
O Stellar :
m H 7
& s velocity :
n_ 1
- - Planet’s
S o4 ' velocity
o 1
1
r
0.2 1
]
|
|
0.0 i ! . - :
30 20 10 0 10 20 30
Wavelength/Velocity

7 Neale Gibson, Trinity College Dublin



Doppler-resolved Transmission Spectroscopy

AN

Transit

'

5278 5280

Time/Orbital
Phase

5266 5268 5270 5272 5274 5276

Wavelength
x |
- - Generally speaking we don’t see
S individual lines (although see talk
% by J. Seidel) - we need to also
o sum over the spectral lines
Wavelength

8 Neale Gibson, Trinity College Dublin



Step 1: Pre-processing the data

o 0.05
n
ig:'; Goal is to normalise spectra and
E 0.00 remove stellar and telluric lines
=
-
© -0.05
1) Align spectra and normalise
@ 0.05
®©
A
— 0.00
3
Q
-
© —-0.05
2) Divide through by average spectrum
, 0.05 3) Apply a de-trending algorithm
5:"6 (e.g. SysRem or PCA)
= 0.00
3
&
S _0.05 This process also modifies the

underlying exoplanet signal (see

4470 4480 4490 4500 4510 Matteo’s talk!)
wavelength (A)

9 Neale Gibson, Trinity College Dublin



Step 2: Cross-Correlation with atmospheric template

0.14 -
o 0.05
@
—' 0.00-
3
g C 121
S _0.05 ross-correlate
s R R data with 0.11
4470 4480 4490 4500 4510 atmospheric 0
wavelength (4) P
template m =14
(@)
—
X =2-
L
Q <
© —3-
<=
Q| 1 1 1 1 1
= 3950 4000 4050 4100 4150
‘g wavelength (A4)
—200 ~-100 0 100 200
systemic velocity (km/s)
Optimal way to compute CCF:
1) Generate model atmosphere Z fz m; (vsys)
2) Multiple template by data and integrate p g,
3) Do for a range of velocity ‘lags’ (Vsys)
10 Neale Gibson, Trinity College Dublin



Step 3: Summation over time/velocity

0.8F

Stellar 54

Orbital Phase

velocity
0.6+
. Planet’s
04 y velocity
'
t
0.2} [
]
! A
@
0.0l : ) . <
30 20 10 0 10 20 30 o}
Wavelength/Velocity £
2
o

1) Weight signal by transit model

2) Sum CCF over (Keplerian)
velocity of the planet

Ko (km/s)

3) Repeat for range of values
of Ky to get Kp-Vvsys ‘map’

—-200 —100 0 100 200
systemic velocity (km/s)

(This accounts for unknown K,
and also to evaluate systematics)

11 Neale Gibson, Trinity College Dublin



Example of UVES/WASP-121b

« Transit observation of WASP-121b: an “ultra-hot”

Jupiter (>2,500K)
, 0.05
2
= —' 0.00
:
(D] [
> © -0.05
=
©
O
= o 0.05
I I I 'i::%
4400 4500 4600 4700 4800 & 400
wavelength (4) £
S _0.05
. R~100,000; 4 = 3,700 — 8,800 A ﬁ
o 0.051
« 137 spectra with 85 spectral orders § |
= >35 Million Data points! = 0.001
E
- Work with the extracted orders, not merged ° -0.051
spectra 4470 4480 4490 4500 4510

wavelength (4)

12 Neale Gibson, Trinity College Dublin



Example of UVES/WASP-121b

Low-resolution spectra from HST (Evans et al. 2018)

« WASP-121b: Teq>2,500K

. . . . . — O G430L Ch Eq (T =1500K, 20 lar)
@ |ow-resolution: H20, TiO?, VO? + inversion o o G750l — Chem EZ moTOND)
O Gil41
[0 Ground Phot
. 0.126 —
« Low-resolution spectra showed excess
absorption from unknown species + % + Jf %
" 0.124 —
c 0
0.122 — ++ .| ..°|.|I.‘. .l" 0 (960 .‘..o
SRR g 2RIt
o ¥ 0 . . s
() l o

120 —

118 T T T T T T T T —
0.3 0.4 0.5 0.6 07 08 09 1.0 1.1 1.2 13141516

Wavelength (micron)

orbital phase

* @ high-res: Clearly see the signal separated
from the star in velocity-space

- Gives an unambiguous detection: absorber is
probably (mostly) Fe!

K, (km/s)

—200 —-100 (1) - 100 200 High-res shows no sign of TiO, VO, + many other metals
systemic velocity (km/s) detected. See Merritt et al. (2020; 2021), Bourrier et al.
Fe signal in WASP-121b using UVES (Gibson et al. 2020) (2020); Hoeijmakers et al. (2020); and more...

13 Neale Gibson, Trinity College Dublin



A spectral inventory of species in exoplanet atmospheres

Species detected from transmission spectroscopy: o —— oo T ]
Na, K, Fe, Li, Mg, Mn, O, C, Ca, H, He, Sc, Si, V, Ti... 75t e

H20, CO, CO2, C2H2, CH4, HCN, TiO, AIO, VO 705—__,___ N It
+ jons (of Fe, Mg, Ca, Ti,...) - &ﬁ‘m ,Mw |
(updated from Madhusudhan 2019 review; probably out P=t—
of date)

WASP-390

) HD209458b '

4 WASP-10b

g

Relative altitude in scale heights z(A)/H,,
S
j!
¥

* Recent explosion in detections largely driven by
metals in ultra-hot Jupiters at optical wavelengths
(e.g. Hoeijmakers et al. 2018; Lothringer et al. 2018)

NN
o,
TyTTT T

HAT-P-1b

w
)
']YIIT LB

‘ ,‘_-po

WASP-31b |

(oY)

(=)
'lY'

R

'i WASP-12b

n

O
'I"
>

HAT-P-12b
0t

- .
15 W > as'' HD189733b
- . . [

n
o
Trr LA

10|

llllllllllll | | l l

0 5 ’ . 1 -
-200 -102 0 100 220 -2070 -100 0 1C0 200 '3 '4 '5 6 8W98V6|ength (“m) 2 2‘5 3 3‘5 4 5

(see also Matteo’s results on molecular species in the IR) Sing et al. (2015)
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Why do we need a likelihood approach?

Cross-correlation does not allow us to compare
different atmospheric models

200

200
- To obtain quantitative constraints, we need to fit = .
LY
models to the data E
How much Fe in the atmosphere? 900
« What is the temperature? etc...
—200 —-100 0 100
systemic velocity (km/s)
|deally would perform retrieval similar to low-
resolution datasets 7
—— Clear %S"
0-1261 —— CaTio3 S e
¢ Ground Phot @ |
] ¢ GMOS S
0.124 | | 5 WFC3 ;
1 PIID i £
< oz EiiRIIP019) showed this was possible! = | @\l | 7y
mo.

0.120 A

0.118 A

0.4

THE ASTRONOMICAL JOURNAL, 157:114 (17pp), 2019 March hups://dcl.crg/10.3847 /1538-388 ! /zaf’d?
© 2019, The Anencan Astrosomical Sociaty. All rights reserved.
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Can we use the same methods as transit light curve fitting”

« Gibson et al. (2013)

- Similar to how we analyse transit light curves -

1.02F o ]
can we infer noise properties from the data? Loil B
(we have many years experience of 1 00
this from dealing with systematics) »
= 0.99

~ 0.98

- ‘Standard’ likelihood is the product of 0971 98, _

independent Gaussians: 0.96
0.95¢ s | | | |
0.40 0.45 0.50 0.55 0.60
H exp ( 1 (fi — m’i)2> Time [H]D] - 2456176.5
o 2
1 5 0.05
L(0) x exp (—5 2) é
= 0.00
8
2
- Should we fix noise, or fit for it? Can use both! © -0.05

(e.g. Gibson et al. 2013):

1 i
- H N e <_5 (o)

16 Neale Gibson, Trinity College Dublin



From Cross-Correlation ‘Maps’ to Likelihood ‘Maps’

Vsys Vsys
~150 0 150 —-150 0 150
300 1 1 —0
200 E}
Q :40'200 3
g o 110
< 100
AV
—200 1.5
~200 ~100 0 100 1.0 1
systemic velocity (km/s)
Use log L in practice: 0.5
1
— T2 0.0
log £(6) o 2 X N log /8 _|_ CnSt S Pcioud =5 X 10_2 bar
5 1.5 3
'S s
O =
= ( )2 <10 h. 2
=D F ;
O ; @© g
i bo % 0.5 S
— wn
v2 = - E f—g + a? E 5 — 2x E fim 1500 2000 2500 3000 3500 4000 4500
B |~ o; —~ 0; —~ 0; Temp (K)
/ fzmz Usys _
Cnst CCF Usys g e.g. Lockwood et al. (2014);

Model dependent

Brogi & Line (2019)

17
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How do we switch to full Bayesian retrievals?

Cannot use a ‘grid search’ for complex modelling 0.05
Now we forget about cross-correlation entirely! g
g,
1) Produce a ‘2D’ forward model as a g -
function of K, + veys (for each order) 2 o0
4270 4280 4290 4300 4310
2) Use standard likelihood: wavelength ()
1 ) 300 S
log L(0) = —§X2 — Nlog § _ 200 Q
i E 100
3) Define prior + posterior: E X )

1.8 -7.5 -5.0 -2.5

e l@oe®|®
- @@
@

—-100 0 100
systemic velocity / vsys (km/s)

log p(0|D) = log L(D|0) + log 7 (0)

[04

4) Feed posterior to MCMC (or favourite algorithm) = Gibson et al. (2020)

T(K)
2800 3800 1.0013 1.0028 1

5) Understand your atmosphere (!?)

0

150 210 —7'.5 —5|.O —2'.5 110 118 1.0'012 1.0'027 30'00 40'00 —2'.5 ofo
Ko (km/s)  vsys (km/s) a B T(K)  logPciouq (bar)

-2.5

09 Pcloud (bar)

18 Neale Gibson, Trinity College Dublin



Comparison with Brogi & Line (2019)

Gibson et al. (2020):

- H \/277(150,-)2 P <_% (fi(g;:;);iy)

We use this likelihood directl
y \These are equivalent in practice (for high-res)

Hybrid approach ‘Modified’ Brogi & Line
(Gibson et al. 2020): - (

InL(0) = —g In

Brogi & Line (2019):

Hmexp< 1(]%;2%)2)

(intuitively equivalent to setting reduced )(2 to 1 by scaling o)

In £(0) = —g In % (Z(fi — mi)2>

19 Neale Gibson, Trinity College Dublin




The Forward Model Atmosphere

- Gibson et al. (2020) used a semi-analytic model; isothermal,
no pressure broadening (Heng & Kitzmann 2017)

P() 27TR()
RN =R+ H |y+1In mg\/ e +H1nzxjaj(x)

L - J

(Really useful if you want to play about with detections/retrievals without a detailed model)

0.135 - oo
, 0.1301
< -1079
& 0.125-
0.120 - 1077 o
Labbd .M&V&JJM | ‘ L T T || o g
0.0 I R B L 8 aIIR. R LB // r107 o
N YT | o 8
< 0.2
= -10-1
<
~0.4 - K - 101
4200 4225 4250 4275 4300 4325 4350 4375 4400 3000 3500
wavelength (4) Temperature (K)
* Now using a more sophisticated model with Models typically computed at R~200,000-300,000,
T-P profile + 100 layers. Validated against then convolved with a Gaussian kernel (our model is
petitRADTRANS (Molliere et al. 2019) nothing fancy, just designed to be simple and fast!)

20 Neale Gibson, Trinity College Dublin



How do we account for SysRem messing around with our data”

0.05 | raw model (transit weighted) | i
- —1.6
0.00
~0.05 L7
T v B OO
0.05
0.00 -—0.1
o X
S _0.05 5
B 02 &
) o)
£ 0.05 2
H -0.0 3
0.00 =
- —0.1
—0.05
e -0.1
0.05
AL L) T B 0.0
0.00
- —0.1
—0.05
4270 4280 4290 4300 4310 4270 4280 4290 4300 4310
wavelength (4) wavelength (4)
1) We run SysRem on the data
2) Perform filtering on the model for every likelihood (This is one of the key differences
calculation to match the data-preprocessing between high and low res retrievals!)

21 Neale Gibson, Trinity College Dublin



Our model is validated with injection tests into real data

300 15.0
S 12.5
200 )
[]
@ -10.0
100
@ - 7.5
o -
X 0 b
~ 5.0
Y
2 -100 2.5
>
2 —-200 g 0.0
= —-2.5
= —-300
= -200 -150 -100 =50 0 50 100 150 200
ic?’ Vsys (km/s)
<
g&: 10—12
= 10_10 7
E
5 1078
Q 7~
E o
[@)]
S 8 10—6
3 Q.
& 107
] o
E ru|||] \ 1072 + /=4S f |- —————1
(@] WD._
é Bl Tn 100
=
3 Abundances
g aha B 102 14 -
a : B : Ky 'Vs'ys' Wcon;’ |Oglo(K|R) logio(y) Tirr l0910(Pci) 10910(XFe) 10910(Xcr) 10910(XMg) 2000 4000
T(K)
22 Neale Gibson, Trinity College Dublin



What can we do with a full retrieval?

Improve on measurements from CCF:

* Robust constraints on measured velocities
- Better stats on detection significances (?)

« Constrain width of convolution kernel
(wind speeds and/or rotation)

In addition:

Constrain the T-P profile

Determine atmospheric abundances

Marginalise over cloud/scattering properties

Marginalise over the noise properties

300 15.0

200 -12.5

-10.0

100

Kp (km/s)
(@)

—-100

—200 E

-300
-200 -150 -100 -=50 0 50 100 150 200

Vsys (km/s)

10—12

10—10 4

log10(y) Tirr 10g10(Pci) 10910(xFe) 10g10(Xcr) 10910()XMg)

Iog 10 P (bar)

" iC ViU

.":'l- o i T T T T T T 102 T '
0 1 2500 3500 -4 -3 -2 -7 -6-5-4 -8-7-6 -9 -7 -5 -3 2000 4000
T(K)

23
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Retrieval example of WASP-121b UVES data

Vsys
-6 -4

Wconv

log1o(xti) 10910(xv) 10910(XMg) 10g10(xcr) 10g10(XFe) 10910(Xray) l0g10(Pc))

206216 0.7895 0.7903

5

1

4

3

-2 0
1

-4

1

-3 0 2 4

-6.5 -5 -3 -7 -5 -6

-7-9.0

-9

-11

300

200

1

1

b

100
0
£ o
>

—100

—200

1

1

1

1 1
. L)
8 !;i
o 0
& Q S
& LB e
o q VQ
) 4 ‘:.
‘. A )
3 S
D o % 2
- p . .

—300

T - =

1

—200

-150 -100 -50

0

- 12

- 10

200

50 100

150

Vsys (km/s)

1

1

1

1.5 2.5 0.7895 0.7903 206216

a

345 -4 -2 0 0 2 4 -6
Wconv

-6 -4

B Kp Vsys

(Full retrieval ~2h on laptop, using 29
spectral orders, ~10,000,000 data points)

-3 -7 -5 -5
10910(Pci) 10910(Xray) 10910(XFe) 10910(Xcr) 10910(XMg) 10910(xv) 10G10(XTi)

-3 -9.0 -65 -11-9 -7

|Og]_0P (bar)

10—12

10710 4

10—8 4

10—6 4

10—4 4

072 A

=

100 4

102

2000 3000 4000 5000
T(K)
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Retrieval example of WASP-121b UVES data

2.00
1.75 A
~ 1.50 Mg
<
S 1.25
3
23 1.00
2
D 0.75
2 Y Cr  Fe
Q. 0.50
0.25 1
0.00 )"'JI .
—-12 -10 -8 -6 -4
T~ L S D S B volume mixing ratio [10g10(Xspecies)]
log10(XFe) 10910(Xcr) 10910(XMg) 10910(Xv) 10910(XTi) 1o
' [Fe/Cr]
« Abundance constraints from transmission 1.0 1
spectra are poor =08
=
« However, they are strongly correlated K061
'] . E
« Therefore relative abundances are much easier 0.4
to constrain: e.g. [Fe/Cr] = 1.77 £ 0.39 0.2
« Mg unphysically high? What does this mean? o 0 0 . i : . 0
abundance ratio (|Og1O[Xspeciesl/Xspecie52])
25 Neale Gibson, Trinity College Dublin



What else can we do?

Inference is only as good as the model!
(+ the statistical model)

- WASP-121b cannot be explained by a
hydrostatic atmosphere. Independent
scale factor for each species?

 Can constrain velocity offset + broadening
kernel. Do we need velocity shifts between
species? What about different broadening?

- Time dependence of the signals?

- Combine datasets from different epochs
instruments (including low-res)

I:‘pl/ Rstar

IIIIIIIIIIIIlIIIIIIlIIIIIIIIIIIIIIIIIII

I

O
Fell Uv2

\| ‘
Lf IIIII

\ I“‘ hil’ I’ll ll I|il '} :
O |’ | 'I ; ”'I |

I T T T I

__Felluvi Mg I

O = N W » w

~—
S

=
3]
>
o
c
o
-2

a
—
o
7]
o]
<

..[:.-

D|‘

0 |.d
|rl i " 3
||I

1
llllllllllll.llllllllllllllllllllllllll

2400

P( |Og 10[Xspecies])

2.00

1.75 A

1.50 -

1.25 -

1.00 A

2600 2800 3000

Wavelength (A) Slng et al (2019)

V Cr Fe

T

-10 -8 -6 —4
volume mixing ratio [log10(Xspecies)]
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Conclusions

&
 High-resolution cross-correlation spectroscopy G
€ o
enables unambiguous detection of species %7
2 —-100 0 - 100
« However, cannot compare model templates “H_ systemic velocity / Veys (km/s)
+ The likelihood approach opens up a huge new ng_
parameter space to explore... :
- Careful in defining noise properties of the data 52@5
- Account for SysRem (or equivalent) filtering ;O—U Ur@ g]
- Huge number of datapoint means everything “U U U U &
in the likelihood calculation must be optimised e . P e P R R PSSy
Ko (km/s)  vsys (km/s) a B T(K)  logPciouq (bar)
- ...(relative) abundances, T-P profiles, velocity 200
shifts, broadening, time-dependence, aerosols, 7 Mg
) ~ 1.50 1
+much more with better models! 5
S 1.25 1
- Really important once we lose HST, with no <
. . D 0.75 -
ground-based low-res instrument to replace it % V
0.50
0.25 A
If you want to learn more: 0.00 L
. . . . -12 -10 -8 -6 -4
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