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What Do ELTs give us relative to 5-10 m telescopes

 Greater Collecting Area (D* ~81 or D? ~9)
— Study fainter planets at higher resolution
— Study time resolved phenomena, e.g. Rossiter-MaclLaughlin
* Angular resolution (0.5 ~ 2A/D = 1-10 AU at 25-140 AU)
— Improved contrast (2A/D on 10 m =26A/D on 30 m)
— Resolve solar system scales out to 50 pc
— Resolve outer solar system scales out to 140 pc
* Higher Spectral Resolution (R> 100,000)
— Detailed atmospheric and planet characterization
— Rejection of stellar activity for PRV on solar type stars
* Synergistic combination of Collecting Area, Angular and Spectral

resolution will revolutionize exoplanet science

ELTs will overtake space telescopes for imaging until 2035
and level playing field for planet spectroscopy




Science Goals and Methods

How Do Giant Planets Form & Evolve?
(Bowler Astro2020White Paper)

* Timescale of giant planet assembly

* Variation of accretion with radial distance?

* Roles do various molecular “ice lines”

* Evolution of how orbital and angular
momentum

Importance of different mechanisms
migration mechanisms (disk-planet planet-
planet interactions, or Kozai)?

Evolution of planet atmospheres

Heavy element enrichment relative to host
stars

Can we find biomarkers on nearby
Earths?

Demographics (Discovery)
* Imaging of young gas/ice/rocky(?) planets
* PRV of HZ Earths around G, M, active stars

* Orbits from astrometry & Rossiter-
McLaughlin

* Microlensing follow-up for true masses

Characterization (Spectroscopy)

* Transiting & non-transiting planets
— Atomic and molecular abundances
— Surface mapping, weather, rotation
— Vertical atmospheric structure

— Unambiguous masses and orbits from
direct spectroscopy

e Characterization of protoplanetary disks and
protoplanets




Instrument Suite Will (Eventually) Take Advantage of ELTs

Imaging MODHIS: 0.95-2.5 um GMT-IFS IFU, 1-2.5 MICADO 0.8-2.4 um
~3x3 IFU, Nuller R~100,000 um, R<10,000 METIS 3-19 um
PSI-Blue (0.6-1.8 um), R~¥50 TIGER 1.5-5 um, 8- (direct, coronagraphy, NRM)
coronagraph w IFU 25 R~300 (high
PSI-Red (2-5 um) R~50-5k contrast)
coronagraph w IFU

Low PSI-Blue (0.6-1.8 um), R~50 GMT-NIRS HARMONI (0.47-2.5 um) R<20k
Resl'n  coronagraph w IFU 1.1-2.5 um, R=65k METIS (3-10 um, R<2k-6k)
Spectra PSI-Red (2-5 um) R~50-5k 3-5.4 R=85k MICADO 0.8-2.4 um (R<20k)
coronagraph w IFU HIRES (0.4-1.8 um), R~20k

High MODHIS. 0.95-2.5 um G-CLEF (0.36-1.0  METIS (3-5 um, R~100k)
Resl’n  Coronagraphy, Nuller um, R<100,000) HIRES (0.4-1.8 um),R~150k
Spectra R~100,000. 10 cm/s PRV
PSI-Blue (0.6-1.8 um) R~100k




High Resolution Spectroscopy of Giant Planets

e Atomic and molecular Abundances, Rotation (day), surface mapping,
vertical structure, true masses (Snellen 2013)

Carbon monoxide

Kelt 9b--Hoeijmakers 2019

Birkby et al 2013
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TMT/MODHIS

Multi-Object, High Contrast & R~100k Spectral

Single and multi-object
spectroscopy (4-8
simultaneous objects,
including mini-IFU using
compact configuration)

Resolution, 1-2.5 um (first light)
AO-fed, Single Mode fiber makes compact,
stable, inexpensive instrument

Exoplanet spectroscopy, NIR PRV (10 cm/s),
galactic and x-gal science

Heritage from Palomar/PARVI and Keck/HIRES
Collaboration with Japan and Canada

High contrast scene,
Spectroscopic
characterization only (e.c
exoplanets beyond the
diffraction limit)

HISPEC
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High contrast scene
— ‘ o P <diffraction limit, (e.g.
G /t 1 ' - =Gl cetection and
' characterization of
exoplanets at 140+ pc)
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Thermal
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Diffraction Limited Spectrometers Using Single Mode

Fibers are Compact, Stable, Inexpensive and Real
Possible Optical layout of HISPEC/MODHIS

PARVI spectrum of Barnard’s Star
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TMT/MODHIS Simulation (Mawet

Host: 6.0 mag (Vega), 04700K star
Channel 0. CCF SNR: 2.9. SNR boost: 3.0. RV precision: 24080.23 m /s
Channel 1. CCF SNR: 7.3. SNR boost: 5.0. RV precision: 11401.87 m/s
Channel 2. CCF SNR: 13.1. SNR boost: 6.0. RV precision: 5250.37 m /s

Host: 6.0 mag (Vega), 04700K star | Channel 3. CCF SNR: 24.2. SNR boost: 7.0. RV precision: 3322.76 m /s
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ELTs Will (Finally) Detect ExoPlanets
(not just Failed Brown Dwarfs)

Exoplanet Strategy Report 2018
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TMT-Planetary Systems Imager

* Detect and characterize reflected light and
thermal emission of rocky planets, ice giants,

and gas giants around nearby stars.
— Albedos of nearby super-Earths rocky planets
* Characterize atmospheric properties
— Abundances: CH,, CO, H,0, NH;, PH,

— Cloud depths and composition
— Vertical and horizontal structure (Doppler mapping)
— Planetary spin rates

* Interactions between planets and their disks.
— Mass accretion rates and velocity structure
of forming exoplanets
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Giant Planet Are Rare -1

Planets, all stars:

5My, <M<13 M,
Extended GPI survey of Median
300 young stars (Nielsen 68% CI
et al 2019) 95% CI1
- 0.2M, to 5M,
- 10-100 AU Brown Dwarfs, all stars:
- 6 planets 13 My, <M< 80 M,

— 3 Brown Dwarfs _
Median

68, CI | 0.3 1.6%
05% CI | 0.1 — 2.8%

Nielsen et al 2019

10 100
Semi-Major Axis (AU)




Giant Planets Are Rare-2

UOUE
Planets around all stars

e Within 100 AU broken power law : Nielsen et al 2019
with peak around 2~5 AU (Nielsen '
2019)

* Higher mass stars have high _
occurrence of planets L Cumming08

* Potential rise in occurrence rate ' £ GPIES

beyond 100 AU (Vigan 2012,2017;
Galicher 2016) / N+ - Bowler16

* Planets with one RV planet more
likely to have exterior, massive : Vigan17 !
planet (Bryan 2016) R

* Brown Dwarfs rare within 100 AU el e i g
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: : Survey Mass Range Relative
With ELTs Giant ™) Sccurrance

(Nielsen 2018)

Planets Become Less
8-10 m 5-13 10-100 1(3.5%)

Rare | 30 m (IWA only) 5-13 3-100 x3.5 (11%)

° Trade sensitivity’ Contrast' |WA 30m (|WA+ contrast) 2.5-13 3-100 x7.2 (25%)

* 30 m occurrence rate JWST 0.5-13 15-100 x3.9 (14%)
- 3.5% 2 11%->25% Yield Increase wrt 8-10 m Surveys Fernandes et al (2018) double power law
~ 300 stars = 30->60 planets Y ol | '

— X2 mass reduction for
30 Myr planet favors
5 um (METIS)
e 5->2.5M,,,=x3.0in M band
* 5->2.5M,,=x6.0 in H band

10t

Jup

Mass (MJup)

Jup
30 m surveys would DN 4
probe 1 -10 Myr, 140 pc
samples (Taurus, etc) with N =

SMA=10-100 s 5 7 8 s © oW @ W W

SMA (AU)
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Disks & Protoplanets in
Core Accertion Domain

Low and high resolution spectroscopy and

ADec [arcsec]
surface brightness [m)y/arcs

imaging at the 10 mas (1-5 AU) at 25-140 pc - O
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Demographics of

Microlensing targets

Exoplanets: Other + WFIRST will find thousands of

Radial Velocity Discoveries microlensing planets in the otherwise
* Niche for ultra high resolution (>150,000) an inaccessible “snowline”

high SNR at visible wavelengths for line by line  * IMmaging w 30 m telescopes will separate
analysis to identify and reject stellar activity to lens and source soon after discovery to
search for Earth analogs orbiting solar type stars vz.alidate and to disambiguate mass,
(Davis et al 2017; Dumusque et al 2018) distance, etc
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Fig. 2. Left panel: Kech H-band imaging of microlensing event OGLE-2005-BLG-
Dumusque et al 2018 Jo - 2400000 [d]

169, taken at 8.21 years after the peak magnification of the microlensing light




Finding Biomarkers in an
Lopez-Morales et al. 2019, AJ, 158, 24

Earth Transiting an M star ——————————,

 Ultrahigh spectral resolution (R=300-500k)

» 20-30 transits with 30 m telescope

» Visible and/or NIR O, (Snellen et al. 2013)

* Echelle spectrometer (SMF) or Fabry Perot
(Ben Ami et al 2018)
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VLT/NEAR Could Detect Earth Orbiting a Cen A

* Imagine what a 30 (39 m) could

. . Kaspar et al 2019 (NEAR Team)
do with a thermal, mid-IR he b kel o b A
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METIS Imaging of Earths Orbiting Alpha Cen A

 METIS. 2 hr integration. Rearth at 0.5 and 1 AU (400 and 280K)

Alpha Cen A
METIS L band

Alpha Cen A |

METIS M band

Brandl| et al Proc SPIE, 2016

Alpha Cen A
METIS N band




Exoplanets in the ELT Era--Conclusions
* Angular Resolution gives access to the inner reaches of

planetary systems
—-Thermal emission (3<A<10 um !!1) and reflected light imaging
—-Protoplanetary disks and protoplanets

* Collecting Area combined with high resolution
spectroscopy for PRV masses/orbits

* Collecting Area combined with high contrast and resolution
spectroscopy for atmospheric and physical characterization

* Detection and characterization of Earths orbiting closest M
stars is within reach and even 1-2 solar type stars
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What Do ELTs give us

* Inner Working Angle to resolve solar systems, 1-10 AU, out to 140 pc

* Sensitivity: time(SNR) oc D* ~81 faster than Keck in background limit w AO

or D? ~9 for source photon or read noise limited observations
— Time varying observations, e.g. transits, Doppler Mapping, Rossiter McLaughlin
— Highest spectral resolution spectroscopy for PRV, faint objects




METIS in the infrared L- and M-bands, and HIRES at visible and near-
infrared wavelengths. These E-ELT instruments will allow a detailed
chemical census of the full population of exoplanets to reveal the
diversity of their atmospheres. Excitingly, simulations have also shown
that high resolution spectra from the E-ELT instruments will be able to
detect a potential oxygen biomarker at 0.76 um in the atmospheres of
Earth-like planets orbiting in the habitable zones of M-dwarf stars, in
just a few dozen transits (Snellen et al., 2013).




Companion Detection via Near-IR Nulling Interferometry
Gene Serabyn and Bertrand Mennesson

Nulling interferometry can get closer to a star than coronagraphy - nulling can

detect companions to = 1/4 /D o Left: Null-depth rotation curve measured with the Palomar
' | Fiber Nuller (PFN) on the n Peg spectroscopic binary.
* PFN rotates the K,-band null fringe within the telescope’s
AO-corrected point-spread function.
« Top left insert: fringes rotated to transmit secondary and
measure its flux.
« Bottom insert: fringes rotated to null both stars, giving the
primary’s diameter.
« Secondary/primary flux = 1.08 = 0.06 x 10-2
« Primary diameter leakage =4.8 = 1.6 x 104
« Separation = 1/3 1/D, « coronagraphic regime
* Null depth accuracy ~ 1.6 x 104!
el © [ actor of 10 accuracy improvements possible
Boseline Azimuth (deg £ of N e Useful on 8-30 m telescopes for:
Protoplanets to larger distances
Serabyn et al. Inner brown dwarf companions
MNRAS 489, 1291 (2019) RV long-term trend companions
Hot inner exozodi dust

Calibrated Null Depth
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