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Introduction Exoplanets

Transiting Exoplanet Atmospheres
Some specific HST survey results
Comparative Exoplanet Spectroscopy

What to do next
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Exoplanet Atmosphere Characterisation

Transits Direct Imaging
Close-In Planets Wide-Separations
M1, Rpi(A), i, P, a, Fluxp(A,®)  asin(i), Fluxpi(A)
Atmo. Composition Atmo. Composition
Clouds/Hazes Clouds/Hazes
Thermal profile Temperatures
Stratospheres
Thermospheres
Exospheres
Escape
Dynamics, Winds Dynamics
Photochemistry Chemistry

Radial Velocity

Bright Targets
Ky, My, @
Atmo. Composition

Stratospheres

Dynamics, Winds
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Transiting Planets
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— me curve 6 39
secondary

| | eclipse
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Exoplanet Spectra

Albedo __
Transmission spectrum ' - Emission spectrum

Rp| A
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Hot Jupiter models

What might these planets look like?
Lodders & Fegley (2006)

Early Atmosphere Models
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Solar Composition

Chemical Equilibrium
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Radiative Transfer

H> Na K

H>0O - Dominant

CO - hotter atmospheres
CHy4 - cooler atmospheres

Temperature (K)
TiO - Thermal Inversion Layers
Clouds - likely depending on T-P profiles




Transiting Exoplanet Atmospheres

Timeline
2002 04 05 08 09 11 14
STIS STIS & WFC3
cryogenic warm
HR  Phot MOS
# Transiting
Planets 1 10 100

Spectra for... | 209/189 era > |—— survey era—>
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Transiting Exoplanet Atmospheres

209/189 era
2002 04 05 08 09 11 14
STIS
cryogenic
HR
# Transiting
Planets 1 10

Spectra for... | 209/189 era >

I David K. Sing



209 and ‘189

Almost everything we know about hot Jupiters has
come from these two planets.

Prototype HJs ??

transit + emission+ phase curve spectroscopy is
‘highly’ constraining

very few planets can be measured with all 3

... the current summary?

David K. Sing



HD 209458b: our first characterised exoplanet .'

Transmission FEmission

Rayleigh H>

8

R L R

0.0149

0.2x solar
0.0148

Altitude (km)

0.0147

Absorption Depth (%)

0.0146 Knutson et al. (2008)

Swain et al. (2008)
Crossfield et al. (2012)
This Study

- - — = 1x Solar no Inversion (Showman et al. 2009)
1x Solar w/ Inversion (Showman et al. 2009)
Blackbody T=1400

—_ Blackbody T=1450

—_——— BIackbodyIT=1500
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Possible?? Stratosphere
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il solar é

Likely Thermosphere

0.001
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Agol et al. (2010) Deming et al. (2013)
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HD 189733b: our best characterised exoplanet

Transmission Phase Curve

| Scale Height
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Planet/Star Flux Ratio

180
Degrees from Transit

Wavelength [A]

Optical Haze

(blue planet’ Flux Maximum

5x Solar

Fast Rotator

offset Hot Spot - ‘Jets’

Planet-Star Flux Ratio (%)

Na, Hy, H20 and CO present

Flux Minimum

Efficient heat re-distribution

300 350 400 450 500 550 600
A (nm)

Planet-Star Flux Ratio (%)

Charbonneau et al. (2008)  Birkby et al. (2013) Jensen et al. (2012)

Grillmair et al. (2007) Desert et al. (‘09,°1 1) Redfield et al. (2008)

Knutson et al. ('07,09,’12)  Agol et al. (2010) McCullough (2014) P2

Pont et al. (‘07,’13) Gibson et al. (‘11,12) 10
Sing et al. (‘09,’12) Huitson et al. (2012) MLl

E ”N‘E,Rf,%ﬁ de Kok et al. (2013) Evans et al. (2013) 14 David K. Slng




Major Science Q’s

' ® Thermal Structure
Stratospheres! Day/Night!?

e Composition & Abundances | >, = -
H,O? Chem! Formation? | & q

® Clouds & Hazes!?

... and many more




Transiting Exoplanet Atmospheres
survey era

11 14

STIS & WFC3

warm

ale)i MOS

100

|—— survey era—>
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ExoSunset portraits
rendered from real
jioassss transmission spectra

HD 189733 .. . ° exoclimes.com WASP 12

e HST is now PREEMINENT Exoplanet Observatory

Ultra High S/N, UV-Optical-NIR spectra (20ppm)
® Comparative Exoplanet Spectroscopy

® Somewhat empty buzzword for a long time...
potential to learn A LOT about planets

IIIIIIIIIIII

David K. Sing




iter Atmospheric Survey

ExoSunset Survey

David K. Sing



Hot Jupiter Atmospheric Survey

Key H-] Fact: hot Jupiters really are HOT (up to 3000 K)

atmosphere is dominated by stellar irradiation

Fate of incoming starlight essential to
understanding the overall atmosphere

Constraints needed
optical opacities

altitude of absorption
infrared opacities

altitude of emission

Optical-near-IR transmission spectra

Copynght © 2010 by Fahad Sulehria.
. na - www.novacelestia.com/fag.html



Large HST Transmission Spectra Program
Pl SING

Science Goals
- ldentify Stratosphere Absorbers (TiO, HS)
- Measure & compare abundances

- Hot Jupiter sub-classes
- Clouds & Hazes

Table 1. Hot-Jupiter Target List  (Tcg 1s estimated equilibrium temperature)

Target |Period| Rpianet | Mplanet | Te
(days) Jup) (Jup)

(m%sz)
P 0 5o b3 oL )
|

- 502 1280
sp 1 57617460 s0 1969 160

=¥ Results published for Wasp-19b,
Copyright ©, 2010- by Fahad Sulehria. Wa_sp- I 2b’ Hat- P- I b

& Free image use: www.novacelestia.com/faq_html
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Wasp-19b ;
-

litson et al. (201 3)

0.144 - L, 1] ]

| | g ;

0.143 | ‘ E “'N‘ | I.I“’.‘!/’;"“l% E

g 0.142 (\ | - g : l KN ]

S = AN i W ] € orergp ’ u ! “ i E

2 oo Wt Ll VOB S T AR

O.MO ’de ‘,,,4, ‘W\ WL ALk ‘ |,ﬂ M‘\ i

0.140 "‘v“";wm 1 &

0.139 = ;
6000 7000 8000 9000 1 o-ooo

Wavelength (um) . . . 1.4
i Wavelength (um)

Detect H,O - amazing consistency with standard models
TiO ruled out despite 2300 K temp

no thermal inversion - activity??
- insufficient mixing??
- high C/O unlikely with H,O detection ™




Wasp-12b

- 3.0 .
2.5¢ ] WASP—12b -
8 [ 20} X ] ] One of the hottest (Teq~3200K)
- 1S ¢ ] | at 0.023 AU (3.1R%) from
—~ [ 'OF ¢ ] hot (but not active) star.
" 6 B o.5f e
e I b2 1'1 (Lfn) o 161 ] Roche lobe radius ~ 1.24 Rpl !
g 4 C c/0=10 ] This is the potential carbon-rich
] | “diamond planet” with C/O > 1,
i 1 the tidally-disrupting planet, the bow-
“r | | shock planet.
ol T\ [ [ . el - _

o

1
Madhusudhan et al. (2012)
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Wasp-12b

Wasp- AISAIEIRIERS YSte i
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0.0 .. L
5500 6000

I I I L - M
8000 8500

6500 7000 7500
Wavelength (A)
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Emission spectrum is consistent
with Black Body at 3000 K

2 2



Wasp-12b

Muted 1.4 um water-band
absorption (already known;
Swain et al. 2013)

Optical shows no agreement
with CLEAR, solar abundance
atmospheric models

TiO ruled out

0.4 0.6 0.8 1 2 3 4 5
Wavelength (um)

Sing et al. (2013)



Wasp-12b

Muted/Absent 1.4 um water-
band absorption (already
known; Swain et al. 2013;

Mandell et al. 2013)

Clear Atmospheric models ruled
out
(variety of C/O & Metallicities)

No metal oxides (TiO...)

No metal hydrides (MgH...)

0.4 0.6 0.8 1
Wavelength (um)

No Na or K

Sing et al. (201 3)



Wasp-12b

——————————————————————————
Best fits Mie scattering Al,Os
1T=1000-3100 K

Rayleigh scattering good fit -
but needs a low Temp of 880 K

Variety of cloudy/hazy models
are acceptable fits

- Helps explain Modest albedo (Ag=25%)

- Helps explain black body emission spectrum

Sing et al. (2013)



HST WFC3
A near-IR Revolution for Transiting Exoplanets

- Spacial-scan drastically increases duty cycle
- Much higher S/N per image
- Systematics are common-mode, relative transit depths
preserved (easy to reliably remove, no complex
controversial de-trending required)

acp A | - '
oth : telescope slews in cross-

dispersi




HST WFC3
A near-IR Revolution for Transiting Exoplanets

Kepler-like quality IR Spectroscopy
Fully resolved H,O
multiple exoplanets
transmission & emission

WASP-31b WFC3
Transit Depth Measured
to 55 ppm




Hat-P-1b

Strong water

Strong Na vs. models
€ Na/€ H20 = %1000 solar.

Resembles HD209458b
in some aspects
(Na, H20, no K)

Wakeford et al. (2013)
‘Nikolov et al. (201 3)




WASP-6b: A Hazy exoplanet
similar to HD189733b ?!

10 -

Relative Pressure Scale Height (z/H)

6 .7 891 2 3 4 5

Wavelength (um)

Property WASP-6 HD 189733
Tem, K 5375 + 65 5050 + 50
logg, cms™2  4.61+0.07 4.61+0.03
[Fe/H], dex —0.20£0.09 —0.031+0.05
P, day 3.361 2.219
a, AU 0.042 0.031
e 0 0

g 8.71 £0.01 21.5+1.2
Teq 1145 + 23 1191 4+ 20

492 199

‘Nikolov et al. (2014, arXiv)

Rayleigh Scattering
by a Haze (6.7-0)

Very low IR

low/obscured H20?

&~



Large HST STIS/WFC3 Optical-NIR Program

Science Goals
- ldentify Stratosphere Absorbers (TiO, HS)
- Measure & compare abundances
- Hot Jupiter sub-classes

- Clouds & Hazes

Copy ght© 2010 by Fahad Sulehria
. na - www.novacelestia.con 1/faq html



Wasp-12 Night

Wasp-12 DAY

| T
B N 4

T I T T I

I

- NO TiO in HOT planets Wasp=I2b, | 9b, or |7b
- May not see TiO in for ANY hot |upiters
- No TiO Stratospheres HS ruled out too

Night-Side Cold Traps on hot Jupiters

E™

1

day-to-night (condensation)
cold trap?

<> |

night-to-day transport and uplifting of
finer grains (large effective Kzz) ?

Is this cold-trapping the TiO? "1
But there are many many unknowns... -‘\‘
(Spiegel et al. 2009; |
Parmentier, Showman& Lian 2013) | q
|
Sing et al. (2013)

Huitson et al. (2013)

‘t:*d



Large HST STIS/WFC3 Optical-NIR Program

Science Goals
|dentify Stratesphere Absorbers (HO, HS)
- Measure & compare abundances
- Hot Jupiter sub-classes

- Clouds & Hazes

Copynght@ 2010 by Fahad Sulehria.
. na - www.novacelestia.com/fag.html



Large HST STIS/WFC3 Optical-NIR Program

Science Goals
|dentify Stratesphere Absorbers (HO, HS)
- Measure & compare abundances (Na/K/H;O)
- Hot Jupiter sub-classes
- Clouds & Hazes

Copy ght© 2010 byF h d Sule h
. nage use: WWw celestia 1/f aq.html



WASP-31b: Cloudy Hazy & Potassium

A heavily Clouded but not ‘flat’ exoplanet

Scale Heights (kT/uq)

Sing et al. (2015)

Rayleigh Scattering
by a Haze (4-0)

Cloud-Deck
Covers H>0

Detect Potassium (4-0)
but not Na!

10 mbar - no alkali
press broad.
1 mbar - No H,O

Na/K<1?!
In[Na/K] = - 3.312.8
solar is +3




WASP-31b: Cloudy Hazy & Potassium

Can Clouds/Hazes be sustained at high altitudes??

WASP-31b  g=4.56 m/s? S

10 mbar - no alkali broad.
1 mbar - No H,0

A | ;1 ~1 micron size
oo (TVS)
1. Parmentier et al. (2013)
' 3D GCM of |
HD 209458b
O estimates effective diffusivity

. : WASP-31 similar Temp
Downward settling velocity

for silicates requires:

K,,~104m2 s at 10 mbar 1 K,,~105m2 s at 10 mbar
Kzz~10°m? sT at 1 mbar Ky,~106m2 s1 at 1 mbar

' It appears physically plausible that the circulation will be |
| sufficiently strong to mix particles upward to 1-10 mbar §

Sing et al. (2015)

—_—— = - - — T —




Large HST STIS/WFC3 Optical-NIR Program

Science Goals
|dentify Stratesphere Absorbers (HO, HS)
Measure & compare abundances (Na/K/H,O)
- Hot Jupiter sub-classes
- Clouds & Hazes

Copy ght© 2010 byF h d Sule h
. nage use: WWw celestia 1/f aq.html



Large HST Transmission Spectra Program

All 10 Hot Juipters Have Detected Atmospheric
Features

Comparative Exoplanet Atmospheric Studies

PHYSICAL PARAMETERS Atmospheric Results

TausetHazeICIouds Na K H,O NUV

x10°sec slope

e - -

HD209458b
Hat-P-1b
HD189733b

HD209458b
Hat-P-1b
HD189733b

NSNS LN
SN 1TSSSN TS
(S N T T I T N
[ I N N N N N |

published: Wasp-12,Wasp-19, Hat-P-1, HD 18973 3,Wasp-6,Wasp-3 |
rest in progress

Clouds/Hazes, Na, H,O are all very common BUT NOT UNIVERSAL
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The First Comparitive Exoplanet Spectroscopy

A Family of hazy/cloudy exoplanets
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Wasp-39b
Hat-P-1b
HD209458b
Wasp-17b
Wasp-19b

HD189733b
Wasp-31b
Wasp-12b

Large HST Transmission Spectra Program

PHYSICAL PARAMETERS Atmospheric Results

TausetHazelCIouds Na K H.,O NUV

x10°sec slope

[T O T T
NSNSNS

NSNSSKS
[ N T

Clear vs. Cloudy Atmospheres seems to be a major
delimiting factor in Hjs

Empirical Relation.

No clear correlations are yet evident.



The First Comparitive Exoplanet Spectroscopy

A Family of ‘clear atmo. exoplanets
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H,O
Abundance
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( The First Comparitive Exoplanet Spectroscopy J

HD189733b
i‘@ : R
3

WASP-6b

ale heights z(\)/H

Cover H,O & Alkali wings
Optical Scattering

altitude in sc

Relat

Condensation Chem.??

7
But Why. Photochemistry??

6 7 8 9 1 1.5
Wavelength (um)

I
~
~
<
c
~
[}
2
<
Ry
(7}
<
QL
[}

Relat altitude in sc

| |
O O & N ON MO

1.5 2 25 3 35 4 5
Wavelength (um)




( The First Comparitive Exoplanet Spectroscopy J

HD189733b
i‘@ : R
3

WASP-6b

ale heights z(\)/H

Cover H,O & Alkali wings
Optical Scattering

altitude in sc

Relat

Condensation Chem.??

7
But Why. Photochemistry??

6 7 8 9 1 1.5
Wavelength (um)

Some Super Solar Na/K

Some Subsolar Na/K ~| !!
Solar Na/K =20

I
~
~
<
c
~
[}
2
<
Ry
(7}
<
QL
[}

altitude in sc

Condensation Chem.??
b But Why? Photoionization??
ST s s es e s Primordial Abund. ??

Wavelength (um)

Relat

| |
O O & N ON MO




Large HST STIS/WFC3 Optical-NIR Program

Science Goals
|dentify Stratesphere Absorbers (HO, HS)
Measure & compare abundances (Na/K/H,O)
Hot Jupiter sub-classes
Clouds & Hazes

Next...

- Statistically Significant Sample

- Understand Physical Processes
- Clouds

- Alkalis abundance
- H,O abundance

Copy ght© 2010 byFah ad Sulehna
. nage use: www.novacelestia om/fqht ml



Still LOTS to do with HST & JWST is coming

higher T » ;
. - §iD189733y4D209458
photometrlc . N <> Favourable unobserved
s:gnal | % . Measured Targets

Better Because...

o New Discoveries

V magnitude

o Brighter

o Larger atmo. H

Resulting in...

o Higher S/N

0.01 0.02 0.03 0.04
Transit Signal of 1 Atmospheric Scale Height (%)

o Higher Resolution

Optical to near-IR larger atmosphere signal
Cycle 19: R~50 S/N~5 .  15x photons/transit
next: R~75 S/N~7 == R~150 S/N~20




Condensate Reference ARange
n, k index

e (um)
Si0, Palik (1998) 0.04-11 1725
Andersen et al. (2006) 7-28 -
M. Meinecke (2005)* 6.6 - 10000 -
AL O3 Koike et al.[(1995) 0.3-150 1677!
FeO Begemann et al. (1995) 10 - 100 1650*

Andersen et al. (2006) 15-40 -
CaTiO; Posch et al.| (2003) 2-155 15821
Fe, 05 M. Meinecke (2005)* 0.1-987 1566
Fe,SiO, Day (1981) 82-35 1443*
MgAl, 04 M. Meinecke (2005)* 1397}
FeSiO; Day/|(1981) 1366*
Mg, SiO, (Fe-rich) Henning et al. (2005) 0.2 - 445 13541
Mg, SiO, (Fe—poor) Zeidler et al./(2011) 0.19 - 800 1354!
MgSiO; Egan & Hilgeman (1975) 0.1-04 1316!
Dorschner et al.[(1995) 0.5-80 -
\ Na,$ Morley et al. (2012) 0.03-73 1176
1 —Hexene ——— MnS Huffman & Wild (1967) 0.1-3 11392
tholins ——— TiO, Kangarloo|(2010a) 03-12 11252
. . Kangarloo| (2010b) 1.3-30 -
H,0 dominated atmospheric model NaCl Palik (1998) 0.04 - 1000 8253
T=1250, g=25, 1000x Rayleigh (Fortney et al.) KCl Palik|(1998) 0.02 - 200 740°
ZnS Querry|(1987) 0.2-167 700°
CH, Martonchik & Orton (1994)  0.02- 72
CgH2 ‘Anderson|(2000) 20-25
Titan Tholins Khare et al. (1984) 0.01-0.2
- 1.1 - 1000
Wavelength (um) Ramirez et al. (2002) 02-1

Wakeford & Sing (2014, arXiv)

- cloud composition difficult with current dat
- Vibrational transitions in IR (>3 ym) .
- Can constrain basic composition (like brown dwarfs)

- Condensation vs. Photo-Chemistry
Si-O C-H




Introducing ExoMOS

® Selected for further details by ESO
for NTT

® |stinstrument designed for
Exoplanet Atmospheric
Characterization in Opt+IR

e R~1000,0.3 to 2.4 um
® Multi-object, 50 ppm, wide field

® Spectra of 100 exoplanets

UK, Germany, Switzerland, Netherlands...




Conclusions

HST ExoSunset Survey

HD 209458

HD 189733 ¢ ‘ WAGSP 12

jwst.nasa.gov

Now have our first look Comparing Exoplanet

Spectra

Powerful way to probe complex physics

Emerging Puzzles concerning Clouds & Metallicity

David K. Sing




