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Basic concepts

Spectral resolution and spectrographs
Exoplanets and their orbits
Low-resolution spectroscopy of transiting exoplanets



Basm concepts In spectroscopy resolutlon

Te'ab///ty to d/st/ng/sh//ghtof S///a reqency |

How close can two spectral lines be to be considered “spectrally resolved”?

Throughout these lectures we'll adopt the Houston criterion
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We'll assume that spectrographs turn a delta function into a Gaussian with FWHM=A/R

Spectrographs are characterised by a ~constant resolving power R=A/AA
This translates into a variable spectral resolution AA according to wavelength A



Linking resolution to velocity

We will use the non-relativistic Doppler formula
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The minimum velocity shift v that can be fully resolved is related to R via
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R = 500 (low-res) = Av = 600 km s-1
Generally insufficient for most astrophysical sources

R = 5,000 (intermediate-res) = Av = 60 km s
OK for the broadest spectral lines

R = 50,000 (high-res) = Av =6 km s
OK for most of spectral lines, and exoplanet orbital motion too!



Usmg spectroscopy to f/nd exoplanets

(a0 " 51 Pegasi b: ~50 m/s
(Mayor et Quéloz 1995) { 1
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Period of the orbit
Eccentricity of the orbit

Only lower limit on planet mass
(orbital inclination unknown)

10 cm/s required to do Earth-Sun systems
current limits are 30 cm/s (instrumental)
and ~1 m/s (stellar)
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@ = 0.75: quadrature

@ = 0.5: superior conjunction
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@ = 0.5: (secondary) eclipse
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edge-on orbit
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face-on orbit
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Planet orbital velocity (circular): v 4 = —

Maximum planet radial velocity: Kp = vy, SIn(i)

Planet radial velocity at each orbital phase

In the reference frame

RV, =v . sin(i) sin(2ze) = Kp sin(2x
P = Yo SIN() SIn(27p) = Kp sin(27p) of the exoplanet system

Additional velocity terms are needed to compute the RV as measured by the observer (day 2)
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nght curves of transmng exoplanets

E. de Mooij

Period of the orbit
Radius of the planet relative to the star
Orbital inclination

Measuring the stellar light accurately is a challenging task from the ground
due to instability of the instrument (flexure, pointing, etc.) and of the Earth’s atmosphere
(transparency, water vapour, etc.)
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We l|ve in the golden era of exoplanet dlscoverles

719952021 = 4,400 confirmed exoplanets

Mostly transits and radial velocities Mostly transits (Kepler mission)
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Is our solar system rare?

| The dlseovery space Correspondlng to solar system planets IS empty

Mostly transits and radial velocities Mostly transits (Kepler mission)
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Both plots are biased by detection limits!
Smaller and further away planets are harder to detect
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The most common exoplanets are not glants
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Statlstlcs from Ke,o/er detchonS of transiting planets around FGK stars
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The most common planets have no analogues in the solar system
(their size is intermediate between Earth and Neptune)
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What s the nature of the most common exoplanets?

Themlm Neptune /super—Earth dllemma
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Bulk density

(from mass and radius)

gives insufficient
information

Dense core / H-He
envelope

Lighter core / thin
envelope

|
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Studying the atmospheres can lift the envelope-interior degeneracy
(Adams+08, Miller-Ricci+09 Rogers & Seager 10, Dorn+15)
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The gaseous/rocky transition and the evaporatlon valley

What shapes the tran8|t|on between gas and rocky planets”?
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Studying the atmospheric composition (and mean molecular weight)
can inform about physical processes shaping the valley
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Key questions about exo-atmospheres

How do atmospheres
form and evolve?

Does composition reflect
formation conditions?

Need to measure

What is the range of
Atmospheric composition planetary climates?

Temperature structure

What are the driving

chemical processes?

What is the prevalence
of bio-signatures?

Must balance low measurement precision with sample size
(comparative / statistical studies)



Transmission spectro

Rr = Rp(\)
It the opacity increases
the planet appears bigger
Transmission spectroscopy

Scale Height

Low High
opacity : opacity
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WASP-39b, Wakeford+ 2017
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UV Optical - Near-Infrared

Depth

>
Wavelength

Optical wavelengths
Dominated by lines of alkali metals (Na / K doublets), Rayleigh scattering from Ho, some (weak) H20
For very hot giants there can be TiO / VO in gas phase

Infrared wavelengths
Dominated by molecular absorption, mostly H-O and possibly CH4, CO, CO»2, HCN, NH3, CoHo.
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A first-order estimate of transmission signals

Ti it depth
ransit dep Change in transit depth AD

2 . .
D = (Rp/R,) due to atmospheric opacity
AD = Aring / Astar

Jupiter-Sun ~ 1%
Earth-Sun ~ 0.008%

Aring = area outer radius - area inner radius
Outer radius = Re + &
Inner radius = Rp

Ao = 7(Rp + 8)* — 7R3
= (R3 + 26Rp + 6° — RY)

= 75(2Rp + 8) ~ 7SRy

ring

AD — Aring _ 5Rp

Whatis 67




A first-order estimate of transmission signals

Ti it depth
ransit dep Change in transit depth AD

D = (Rp/R,)* due to atmospheric opacity
AD(A) = n(A)HRp/ (Rx)?

Jupiter-Sun ~ 1%
Earth-Sun ~ 0.008%

Change in planet opacity k(\)
Also dependent on abundance
For strong absorbers:

n =~ log(Ax) ~ 2-5

Planet scale height H
Dependent on temperature (Teq),
gravity (g) and mean molecular weight (u)

H = kpTeq/ (g1)

An atmosphere dominated by H-He (u=2.2)
will have atmospheric features 8x stronger
than a water-dominated atmosphere (u=18)



A first-order estimate of transmission signals

Ti it depth
ransit dep Change in transit depth AD

2 . .
D = (Rp/R,) due to atmospheric opacity
Jupiter-Sun ~ 1% AD(4) = n(2)HRp/ (Rx)?

Earth-Sun ~ 0.008% [ \

Planet scale height H
H = kpTeq/ (g1)

Change in planet opacity K
n = log(Ax) ~ 2-5

hot-giant planet (1,500K, p=2.2)
AD ~ 0.01% = 100 ppm

water-world (2.5 Re, 10Mg, 800K, p=18)
AD ~ 4 ppm



Relative altitude in scale heights z(A)/H,,
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The information in exopla
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The information in exopl

Relative altitude in scale heights z(A)/H,,
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Increasing the mean molecular weight

Reduced amplitude of features
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Example the Cloudmess” levels of hotJuplters

Key comparative study by
Sing et al., Nature (2016)

10 exoplanets
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high-quality optical-NIR data
(HST STIS & WFC3)

Weak IR water features are either
due to low water abundance,
or to muting effects of clouds

Answer is still not definitive

Ongoing research
Large HST proposals (100s hours) to
Increase the sample and complete the
0.8-1.3 um region



Reflected starlight from exoplanets

AtV|S|bIe wavelength secondary ecllpse depth = MIssing reflected starllght
Very challenging measurements, especially spectrally-resolved
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Hot Jupiters are not reflective at visible wavelengths (Na and K lines absorb radiation)
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Missing reflected starlight
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A first-order estimate of reflected-light signals

Stellar flux at planet:  Fy , = Ly /(4ma®) L, = 47oR;T

Luminosity: energy / s = [W s-1]

Flux: energy / s / unit area = [W s m-—]

The stellar luminosity is distributed
on a sphere of surface 4na?

.........................



A first-order estimate of reflected-light signals

Stellar flux at planet:  Fy , = Ly /(4ma®) L, = 47oR;T

Energy reflected / s: E.q = AnRF,

The planet is a disk of area n(Rp)?

An average reflectivity
(albedo) A is assumed




A first-order estimate of reflected-light signals

Stellar flux at planet:  Fy , = Ly /(4ma®) L, = 47oR;T

Energy reflected / s: E.q = AnRF,

Flux ratio at the observer (distance D)

I Prefl Aﬂsz’F*apl 4zD* — A & ’
F, 4zD? L, 2a

.........................



Stellar flux at planet:  Fy , = Ly /(4ma®) L, = 47oR;T

Energy reflected / s: E.q = AnRF,

Flux ratio at the observer (distance D)

I Prefl Aﬂsz’F*apl 4zD* — A & ’
F, 4zD? L, 2a

.........................

WASP-33b (0.025au, A=0.1, 1.6Ruup)
2x10° = 20 ppm

Hot-giant planet (0.04au, A=0.1, 1.15Rup)
5x106 =5 ppm

Earth around the Sun (1au, A=0.35, 0.09R.up)
1.6x10-10 =0.16 ppb



EmISSIOn spectroscopy of exoplanets

Fp = Fp(A)

i} It the opacity increases
g we probe higher altitudes
2 Dayside spectroscopy
2 Low A High
D_§ ’ opacity g opacity

E 4 6 8 10 - /

Wavelength (um) ;
Eclipse

Missing planet flux
(reflected or thermal)
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A first-order estimate of emission SIgnals

Approxmatmg thestar and the planetas black bodles |

Stellar flux at planet: F, = L*/(47ta ) L, = 47T6R7%T:ﬁ~

Let's make it wavelength dependent
B(Tefr, M) is the Planck function for black-body radiation

2hc? 1
> explhc/(AkT)] — 1

It has units of [W s=" m=2 m-1 sr-1]
(energy / time / area / wavelength / solid angle)

B(T, ) =

.........................

Radiation is isotropic so for the flux
F(T, ) = nB(T, })
L,(A) = 47*R2B(T 4, 1)



A first-order estimate of emission SIgnals

ApprOX|at|ng the starand teplaetasblc; bIS |
Stellar flux at planet: F,(4) =L,4)/ (4ra?) L,(A)= 47ZR,%B(TCH, A)

Energy absorbed /time:  E,(4) = (1 — A)zR3F, (A)

Energy absorbed = Energy re-emitted (over all wavelengths)

Eabs =E
R2T2
1-A * = 4B
R*
RP Teq ~ Teff E—

Planet equilibrium temperature

Lp(2) = 47nR3B(T,,, 1)




Flux (pJy)

A first-order estimate of emission S|gnals

Approxmatmg the star and the planetas black bodles

Estimating the planet / star flux as measured by an observer at distance D
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hot-giant planet (1,500K)
AD ~ 30 ppm (1.2 um)
AD ~ 110 ppm (1.6 um)
AD ~ 290 ppm (2.3 um)

warm Neptune (800K)
AD ~ 3 ppb (1.2 pm)
AD ~ 70 ppb (1.6 um)

AD ~ 640 ppb (2.3 pm)

visible light the tail of the thermal
emission can get confused with
reflected light



Phase curves: I|ght modulatlon along the orblt
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Phase curve
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All together these measurements inform the chemical make-up

and the energy balance in exoplanet atmospheres




Thermal vertlcal structure from daySIde spectroscopy

Fp/Fs x 104
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Large day-night temperature contrast, 18% albedo
Temperature monotonically decreasing with altitude
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Thermal vertlcal structure from daySIde spectroscopy
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Large day-night temperature contrast, 18% albedo
Temperature monotonically decreasing with altitude

Only possible for a handful of objects so far 35



High-resolution spectroscopy of exoplanets

Key characteristics
The signal-to-noise formula
Cross correlation and data analysis



Very high-res (R= 100 OOO) 2.3um

-
HD 20050 s”

Transit depth
Transit depth

Wavelength

Each species has a unique pattern of spectral lines
Species can be “matched” line by line to templates, e.g. via cross correlation

Only possible with ground based telescopes so far




Water s key to study exoplanet atmospheres

10-2 -7 V7

(Adapted from Madhusudhan 2012)
Valid for solar elemental abundances

H2O abundant for a
wide range of temperatures

Mixing rotio (X/H,)

CO / CH4 switch abundances
at around 1000 K

1000 1500 2000 2500 3000

T (K)

Relative abundances (especially [H20]/[CH4]) are a strong function of C/O ratio
10-2} . Eij—j{ﬁﬁ, 10-2} ' T = 1000 K 10-2} | T'=$K‘A
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c/0 Cc/0 c/0 38



Connectmg C/O to the origin of giant exoplanets

Hot Juplters mlght form far away from the star and then mlgrate mward
Atmospheres will have different composition according to the formation location

~2 AU
Water ice sublimates

~10 AU
Carbon dioxide sublimates

JUlolter and | Some hot Juplters
| Saturn formed | might have formed |
here | here |

\ ~40 AU

Carbon monoxide sublimates

(see Oberg+11; Piso+15; Eistrup+18) 39



Atmospheres to lnvestlgate formatlon and evolutlon

Core-accretion scenario ~10 MGB

Planets can form at various distances from the star
= different C and O content in solids/gas due to snowlines

Planets migrate through a disk and/or re-accrete planetesimals
= C/O can change from the formation value

Cores can be partially eroded to “enrich” the metal content of the envelope
= metallicity can change

Uncertainties on timescales / dominance of processes makes predictions hard
= need for statistical studies of exoplanet atmospheres in metallicity-C/O



This is C/H from
methane (CHa4)

C/0 ratio
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0.01
Atreya+18




Hot Jupiters: detectable change in radial velocity
during a few hours of observations

(Planet: 10-100 km/s; Star: 10-100 m/s)

= Telluric and planet signal disentangled

= Planet radial velocity directly measured

blue-shifted

al motion of close-in planets
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42
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High spectral resolution of non-transiting planets

The thermal spectrum
of the planet is targeted directly _
Carbon monoxide - 2.3um

Dayside spectroscopy \ \ \ \
applicable to non-transiting planets! \ \ 0.6

0.2

Orbital phase

0.0

This is the first and only method to study

the atmospheres of most non-transiting planets

(evolved, on close-in orbits) Hot Jupiter

- 1-0.2
2.308 2.310 2.312 2.31

43 Wavelength (um)



Understandmg the data the noise balance

Star and planet are not spat|aIIy separated
We measure photons coming from both, but stars are 0.0.m. brighter!

Photons obey Poisson statistics: o = N2

The signal: number of photons emitted / absorbed / reflected by the planet

S N. y,P

\/Ny,tot + N. ,sky + Ndark + 61%0

The noise budget
Total number of photons Nyt = Nyp + Ny star
Photons from the sky (Earth) Ny sky
Photons from the thermal current of the detector Ngark
Read-out noise from the detector electronics (oro)

N




Understandmg the data the noise balance

Star and planet are not spat|aIIy separated
We measure photons coming from both, but stars are 0.0.m. brighter!

Photons obey Poisson statistics: o = N2

The signal: number of photons emitted / absorbed / reflected by the planet

S N. y,P

N
\/Ny,tot + N ,sky + Ndark + 61230

All independent sources
of noise - summed in quadrature

Sources that come from photon counting have noise = vy
Detector readout is just an extra noise budget = noise = Oro



Understandmg the data the noise balance

Star and planet are not spat|aIIy separated
We measure photons coming from both, but stars are 0.0.m. brighter!

Photons obey Poisson statistics: o = N2

The signal: number of photons emitted / absorbed / reflected by the planet

S . Ny,P - N)/P

N , —
\/Ny,tot + %ky + dark +ﬁ0 \/N %

All independent sources
of noise - summed in quadrature

<107, /N, ,

Sources that come from photon counting have noise = /Ny
Detector readout is just an extra noise budget = noise = Oro

Even for the brightest stars Ny < 1086 / pixel

= We expect each spectral line to be detected at most at S/N = 1
Some technique to “amplify” the signal is needed = cross correlation



The cross correlation fUﬂCthn

| I\/Ieasurlng eorrelatlon between (n0|sy) data and a movmg template
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Flux (normalised units)

The cross correlation fUﬂCthn

| I\/Ieasurlng eorrelatlon between (n0|sy) data and a movmg template

12 Noiseless model Noise+model CCF
0.8 - S/N/line ~ 5 20
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1.0
| 0.1 -
0.8 HM L llih | S/N/line ~ 0.8 0.0 4
151 1 ' lll ’e . . .
2002 2093 2094 2205 2096 2207 2298 2299 2300 2301 25 0 25
Wavelength (nm) RV (km/s)
S n..N = Just one line
pix”'y.P
N
CCF npixNy,*

Typical hot-dupiter has S/N~0.8/line and n=50

= We expect a S/N~5-6 from cross correlation with strong lines (e.g. CO)

Cross correlation level
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Understandmg the data a time sequence of spectra

Wavelength (nm)

Time

Wavelength (nm)

Time

Step 3

[Ilﬂlll

2288

Wavelength (nm)

Adding variable instrumental response (throughput)

2290 2292 2294
Wavelength (nm)

Trme sequence of Doppler -shifted planet spectra

AR
‘"nll A II".II
| -\\I\\\\

Adding stellar spectrum -+ Earth s atmospheric absorptlon

Planet spectral lines
~10-4 of stellar continuum

Radial component of planet
orbital motion changes by
~10 km / s per hour of
observation

Dominant by orders of magnitude
over the planet signal
(up to 50-60% depth)

20-30% variation
in overall measured flux
(telescope pointing,
atmospheric transparency, etc.)
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engineering the exoplanet s

Planet + star + Earth’s atmosphere

067

055

065 &) . ' E \ IR0 RIS 1%

ube L AR AT RVERIERY WA ) \ AARTLY L SR AL R\ Y Y .

063 “s &4
ube
061

Planet orbital phase / time

067
055
065 - 4 B - - -+ o E s RARAT L AR ! | % iy ‘ 4
- SRR S R AR AR s \ LAREIL ALY R 1 10
- . - ey ‘ ; —— | &1 5N e 1 211N ALYy SRR .
UL s Y
\ N - A A

061 = S —— ~«;;:,, SR RE

| 7 | ANALYSIS >
067 . o
055 06
165 e 2 4§~ -4 s =3 - = T
nba dEREE e W e R = & 1 1 OO
055 -SRI g . R
UL 0.2
061 031

067
155
065 -
uLs
063

1:1000

UL
051

=22 293 29 =55 295 za7
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Reverse-engineering the exoplanet spectrum

T T — | —— - - Starting sequence

Divide each spectrum (each row)
by the median

Normalised |
0 . '

Fitting of each spectral channel
(each column) with exp(airmass)

Frame number

Sampling strong residuals and
dividing them out of each column

Final masking of very noisy

columns

0
2288 2290 2292 2294 2296 2298 2300

Wavelength (nm)

All the steps after normalisation can be done “automatically” by algorithms
that decompose the data into a linear combination of eigenvectors (e.g. PCA)

Every spectral line stationary in wavelength (vertical in our figures) is removed

The process “auto-calibrates” the data: no reference star required!
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Extracting the (faint) planet signal: cross correlation

Wavelength

Cross-correlation with model spectra

Cross-correlation matrix
CC(RV, t

The peak CC tracks
the planet radial
velocity in time

Time / orbital phase

Planet radial velocity
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Orbital Phose

Phase resolved Cross- Correlatlon transmnssnon

Aruhcnol Sognol
3: nominol

-60-40-20 0 20 40 60 -60-40-20 0 20 40 60
Barycentric RV + 14.8 (km/s)  Barycentric RV + 14.8 (km/s)

-60 -40 -20 0 20 40 60 -60-40-20 0 20 40 60
RVpary (km s™) RVpary (km s™)
2.308 2.310 2.312

Wavelength (jum)

2314

Orbital phase



Brogi+2012: CO absorption in tau Bootis b

Observed datao Artificial data

0.65

Orbital Phose
o
a

-100 =50 O S0 100

-100 =50 O 50 100
Ve (km sec™)

Ve (km sec™)

Signal is present at most at S/N=1 per spectrum
Needs co-adding in phase to enhance signal

Crbital phase

| BRI B

100 -0 O 40
V., (ks

2.308

2.310 2.312
Wavelength (jum)

0.6

0.4

0.0

1-0.2
2.314

Orbital phase



Extracting the (faint) planet signal: cross correlation

Wavelength

Cross-correlation with model spectra

The peak CC tracks
the planet radial
velocity in time

Cross-correlation matrix
CC(RV, t

Time / orbital phase

Planet radial velocity

Shifting and co-adding to planet rest-frame

requires knowledge of planet orbital velocity
two parameters: slope and shift
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(The slope)
Planet radial velocity Kp (km s1)

—
N
o

—
N
o

100

(0]
o

®
o

-40

Star and planet as spectroscopic binaries
Pilot study: T Boo b (Brogi+ 2012)

15 hours of VLT/CRIRES, 2.3um
Carbon monoxide detected at 6o

+60

Measured:
RV semi-amplitude ratio: Kp/Ks
= Mass ratio: Mp/Ms

+40

Inferred:
Orbital inclination i
Planet mass Mp = f(Ms)

Meastred +20

Orbital Inclination (°)

Uncertainties in planet mass
dominated by uncertainties in
stellar mass.

-20

systemic velocity

-20 0 20 40
Systemic velocity (km s1)
(The shift)
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Star and planet as spectroscopic binarie

= e

=

Deriving the true planet mass

Known stellar mass Stellar RV semi-amplitude

/ (within a few %) /(known from stellar RVs)
Kp M, K,
K.~ My M= Mk,
* P P

\ Planet RV semi-amplitude

. o (measured through HRS of planet atmosphere)
Deriving the orbital inclination

Known from fit of
stellar RVs
My sin(i oo P
sin(i) = pSIN) SIn(i) = ——  Known from fit of
Mp Vorb == stellar RVs
(see previous slides)

Inclination

(degrees) Reference

T Bodtis b 45.5+1.5 5.95+0.28 Brogi+12
51 Pegasi b >79.8 0.46+0.02 Brogi+13
HD 179949 b 67.7+4.3 0.98+0.04 Brogi+14
HD 88133 b 15+6_5 1.02+0.61_g o Piskorz+16

v And b 24+4 1.70+0-33_g o4 Piskorz+17
HD 102195 b >72.5 0.46+0.03 Guilluy+19
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' Atoms

Probing higher altitude
INCl. exospheres, escape, etc.

(mostly optical)

Observed sample: 30 planets
10 non-transiting, 18 transiting, 2 directly imaged

Potential sample: > 50 (currently)
15 non-transiting (K < 6.5 mag) + 40 transiting (K < 10 mag)

Molecules

(mostly nIR)

Constraints on T, abundances

1] 7 B 9 10 n 12
Adumirium Skt Mrosphonns Sulur
viB viis Vil Vilg vile B ns i vl P ey 2o
‘v cr|m ‘Co|'Ni|[Cu|zZn|Ga|Ge|As|Se Br K
Marganoe Cobal Mockel Coppe g Calltern Gerrmanium Arsenic Jetosium Sromine Krystoe
S84 518004 €548 %] wrn 72 830 MO9S e Lra) 79904 [ Y,

Venadion  Chromium
19961 |  s490804
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Five carbon- and nitrogen-bearing species in a hot giant planet’s atmosphere
P. Giacobbe, M. Brogi, S. Gandhi et al., Nature 592, 205-208 (2021)

Detection significance (o)
3.0 2.2 74 96 2.0 39 47 55 2.0 3.8 45 &3 20 40 50 64
& | - <4 |

o
Lo

2
=

100

o
o

o

0 : 0 )
-20 0 5O =0 O 50 =00 0 50 =20 0 50 -50 0 50 -50 0 50 -50 0 50
Vg kM s T) V. . kmsT) V g kmsT) V, . kms) V, ., kms) V. (kmsT) V. ., (kms™)

4 transits of hot Jupiter HD 209458b (1,500K) = H20 + 5 species simultaneously detected

Maximum radial velocity, Kz (km s')

What does it mean for the
atmosphere of HD 209548 b?

K - .;..'
e rﬁ.mmmmmﬁ

o

Need to move beyond detecting and towards measuring
(We will see this in the next lecture!)
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