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The observational needs for direct imaging
were recognized very early by NASA
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One of NASA’s fundamental goals is to search for evidence of life outside of the
Earth. An important element of that goal is to search other stellar systems for
terrestrial-sized planets in the so-called “habitable zone,” image those planetary
systems that contain such likely sites for life, and through spectroscopy or other
means, look for unambiguous signs of the presence of life. To this end, conceptual
studies are already underway to define the Terrestrial Planet Finder (TPF) mission.
TPF will be a space-based spatial interferometer, working at infrared wavelengths to
detect and characterize Earth-like planets in orbits around nearby stars that are
within 10-15 pc of the Sun. Launch of TPF is planned for 2011.

It is expected that a significant limitation to unambiguous planet detection and study
will be background thermal emission from warm dust within a given planetary
system--the exozodiacal dust cloud. At present, the amount, distribution, and
composition of the exozodiacal dust, particularly the warm component, is essentially
unknown. This lack of knowledge leads to significant uncertainties in the
requirements on TPF for such fundamental parameters as sensitivity and angular

Ames Research Center resolution, with matching uncertainties in the final design.
Moffett Field, California 94035-1000

National Aeronautics and
Space Administration



Zody-related Posters at Know Thy Stars
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The Current State of Exozodis

Nic Scott

NASA Ames Research Center
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Abstract

We present follow-up of the 25 Ori group, focusing on the CVSO30 planetary system, with the One Degree Imager onboard the
WIYN telescope in Sloan g’ and r’-filters. With light curves in two filters showing very different transit depth, our observation ind
that CVSO30b is likely to be a circumstellar dust clump rather than an exoplanet. We also resolve CVSO30c with post hoc star remo
median seeing images, suggesting that it is possible to directly imaging wide-separation exoplanets in the optical pass-bands with dedid

image analysis.
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CVSO30b: exoplanet or circumstellar dust?

There has been doubt on the planetary nature of CVSO30b (Yu et al. 2015).
With WINY/ODI, we were able to obtain transit light curves in Sloan g’ and r’-
filters. Our light curves indicate the transit depth are very different and hard
to be reconcile with a exoplanetary transit. Our observations are in
agreement with the results of Yu et al. (2015) and Onitsuka et al. (2017), in
favor of circumstellar dust clump scenario.
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Fig. 2. CVSO fading light curves in Sloan g’ (left) and r_‘ (n‘ght) filters. We
observed a dimming of ~0.04 mag in g’ and ~0.02 mag in r’, in agreement
with the results of Yu et al. (2015) and Onitsuka et al. (2017).
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Observational needs of direct imaging

|. Precursor needs - observations needed to plan direct

imaging surveys (we call it the target list instead of the “input
catalog”)

. Follow-up observing needs - to conifrm and characterize
directly imaged planetary systems.

[[l. Future needs - to directly image Earth twins.




Science Motivation

What is the distribution of outer giant planets as a function
of planet mass and semi-major axis?

And as a function of spectral type...
multiplicity,

metallicity,

birth environment, etc.

Not to mention as a function of debris disk properties or
other planets in the system (papers by Knutson, Ngo, Bryan, et al.)

And as a function of stellar ages (evolution),

direct imaging holds the promise of imaging all the planets from 1 Myr to 10 Gyr.




Direct Imaging Probes Evolution
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Practical Constraints

*1~1.6 UM  (adaptive optics correction of the atmosphere is
most effective at near infrared wavelengths)

* Inner Working Angle, IWA ~ 0.1-0.3" (1/D ~0.05" for
an 8-m telescope in the NIR)

* nys brighter than ~10t Mag (need photons from a natural
guide star for the AO system to correct atmosphere)




Inner Working Angles from Beichman (2010) review

INNER WORKING ANGLE AND PHYSICAL RESOLUTION

Telescope (m) 5.0 6.5 6.5 6.5 8.0 30.0

Wavelength (pm) 1.65 2.2 4.4 11.4 1.65 1.65
Inner Working Angle (mas)
INIRCANUINVEG S (A D)oo smamsonmsmnsoinmni s inios s Sy vassss — 280 560 — — —
NIRCAM/Sombrero (6A/D)  ....neiiii e e — 420 850 — — —
NIMTLKS? (AN DI . ooicnmeiom i mn s sinm b s b s e i s - — 560 — — —
TFI/Nonredundant Mask (0.5A/D) ..covviiiiiiiiiiiiiiiie e iaaens — 35 70 — — —
MIRI/FPQM (IA/D) oottt et et et e e e - — — 365 — —
Palomar/P1640 (2.5A/D) .oveeiiiiiiii i 170 . - — - —
GPISPHERE (2.5A/D) . .eiiiiii et - - - — 105 -
TMT Coronagraph (2.5A/D) ....uuiiiiiiiii e - - - — - 30
Physical Resolution (AU) at 10 pc
NIRCAM/Wedge (SN D) oo s e s — 2.8 5.6 — - —
NIRCGAM/Sombrema (G4 /D)) e o e s s - 4.2 8.5 — — —
SNMTIkeZ(AX I <o anrssnies e — - 5.6 — — —
TFI/Nonredundant Mask (0.8X/ D) vivisaninneinansaiainesves s — 0.4 0.7 — — —
MIRUFPOMUAAL D)« s ot odan e s o s e s S S o - - 3.7 - —
Palomat/P1640 (20X D) « scsnssimonsis o s e v s s s i 1.7 - - — — —
GPUSPHERE (2:6X/ D) wsavssvisissusssinbnisssmpaabomarnepsnsivtass - — — — 3% | —
TMT:Coronagraph CEBXIDN): -oiucccanssssiommis st e s s - - - - - 0.3
Physical Resolution (AU) at 50 pc
NIRCAMMWEdZS (ENID). . cconsasniasmmumsiv e vdos s s ies s s s e - 14 28 — - -
NIRCAM/Sombresd (BXLD) .covucmvimmmssiamesivs s sus sk - 21 42 — — -
NINEEUKE? CANLII ) wvms comnmsmmssaonmmsmcs s e s s e s ks o A R S SRS - - 28 o - —
TRINomredundant: Mask (0BT  uevcssminmmmmissnmssvsmssmsmsmsmmees — 1.8 357 — — —
NIRURPONMIUEXI D) o onnmmsnssnsmms s s oA s s s ams - —— — 18 — —-
PalomanPYOUB R BRI . coosnmsmmarmsinsmomss s nisl s mis sab B s e s 9 — — — — —
GRUSPHEREEREXI DI, oiconisninsviminnits o e s s o8 S8 i M s i R - o - — 5 —

RN C oronsEeRpIe (2 BN NI - nsmrms immamssns snismms s R B SRS - — - - - 15



Gas giants are more luminous in the infrared when they are young

Thermal infrared emission from
giant planets

Optical to infrared
composite image of Saturn

5 micron thermal emission
showninred

(Cassini Mission 2007)




Exoplanets more luminous in the infrared when they are young

Hot Start (dotted) vs. Cold Start (solid)
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If we obtain a spectrum of a planet, the spectrum can give us

a temperature, but then we need the age to infer the planet

Mass.
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Fi6. 6.—Planet-to-star flux ratio from 0.5 to 6.0 um for a 1M; EGP orbiting Fi. 7.—Similar to Fig. 6, but the planet-to-star flux ratio from 0.4 to 6.0 um
a G2 V star at 4 AU as a function of age. The ages are 0.1, 0.3, 1, 3, and 5 Gyr. for a 5 Gyr EGP orbiting a G2 V star at 4 AU, as a function of EGP mass. The
An inner flux boundary condition 7.4 from the evolutionary calculations of masses represented are 0.5M;, 1M}, 2M;, 4M;, 6M,, and 8M;. See Table 3 and
Burrows et al. (1997) has been employed. The effect of clouds is handled in text for a discussion.

the radiative transfer calculation in a completely consistent fashion. See
Table 2, Fig. 2, and text for details and discussion.



Or, if we can obtain a spectrum of a planet, the spectrum can

give us a temperature, but then we need the age to infer the
planet mass.
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the radiative transfer calculation in a completely consistent fashion. See
Table 2, Fig. 2, and text for details and discussion.



Precursor Needs: Stellar Ages

Soderblom et al. (2014) PPIV

1-10 Myr ~10-100 Myr > 100 Myr
<0.1 M. isochrones, gravity, R sin i, seismology? LDB, isochrones, gravity LDB, isochrones
0.1-0.5 M- isochrones, gravity, R sinz, disks isochrones, Li, gravity rotation/activity
0.5-2.0 M- isochrones, disks Li rotation/activity
>2.0 M, isochrones, seismology, R-C gap isochrones, seismology isochrones

The individual techniques within each cell are listed in order of reliability
Table 2: Useful age-dating methods for various mass- and age ranges in the H-R diagram

See various reviews:

Zuckerman & Song (2004) ARAA, 42, 685
Soderblom (2010) ARAA, 48, 581
Soderblom et al. (2014) PPIV

Jeffries (2014)

Papers by Mamajek, Hillenbrand, et al.




Kinematic ages

Forming stellar kinematic groups

At t=0 stars form in region 1 pcin

radius, have velocity dispersion
Av.

Follow motion in galactic
potential well.

Av =1km/s




The B Pic moving group

Barrado y Navascues et al. 1999
1. Original sample ~1000 stars
2. Calculate U, V, W using Hipparcos a, d, w,, i, and Rv from literature

3. Identify close matches in V g p;., 2 km/s (stars oscillate in U and W)

2 km/s =2 pc/Myr, If t>20 Myr, separation >40 pc
. Find 6 candidates for a § Pic moving group
. Estimate ages with CM diagram+isochrones, X-ray vs. (B-V), vs. Pleides & Hyades
6. 2/ 6 candidates are 20 Myr + 10 Myr, V < 1 km/s, coeval with 3 Pic

s i e e e )
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Recall Eric Nielsen’s talk on a new age determination for the BPMG by studying binaries

The Age of the

p Pic Moving Group

20 + 10 Myr — Barrado y Navascues et al. 1999
12 (+8, -4) Myr — Zuckerman et al. 2001

21 + 4 Myr — Binks & Jeffries 2014

20 + 6 Myr — Macintosh et al. 2015

24 + 3 Myr — Bell et al. 2015

26 + 3 Myr — Nielsen et al. 2016

THE ASTROPHYSICAL JOURNAL, 562:L87-L90, 2001 November 20
THE 8 PICTORIS MOVING GROUP
B. ZUCKERMAN AND INSEOK SONG
M. S. BEsseLL R. A. WEBB

17 members
See also:

Lepine & Simon 2009
Rice et al. 2010

Schlieder et al. 2010
Kiss et al. 2011

2000 2005 2010 2015 2020
Publication Date

TABLE 2
MEASURED AND DERIVED QUANTITIES®

HIP 29964°  HIP 76629 HIP 88399 8 Pic
Quantity HIP 23309  (HD 45081) (HD 139084) (HD 164249)  (HIP 27321)
Hg.a, (mas yr'):
PPM ..ooeeiiiieeeeeennn, 35 -11 -51 6.6 94
Hipparcos ................... 36 -8 —53 35 47
Hyeq, (mas yr™'):
PPM ovoeiiieeiieeenn, 76 75 -97 -93 79
Hipparcos ............. " 73 71 —-106 —86 82
Radial velocity (kms™) ...... 178 £ 0.8 150 £ 1.0 05 + 09 0.1 = 30 202 £ 04
TalI0) i st S, 3810 4288 5250 6420 8500
: 2 1421 1.11 0.82 0.458 0.171
Voot i s s S s ians 10.01 9.77 8.06 701 3.85
Vo Lo s T D 1.79 134 093 0.18
T e 755 3.55
£ O A 6.99 347
I 6.81 349
Li 6708 EW (mA) ........... 294 357 261 92
Ha EW (A)! oo —0.81 —0.65 0.49 1.46 -
ROSAT (counts s™') ........... 033 103 1.42 0.15

“ Radial velocity, Li, and He EWs for HIP 23309, 29964, and 76629 are from our echelle spectra; B—V, V,
V—I. for HIP 23309 and 29964 are from L. Berdnikov (2001, private communication); J, H, and K for HIP
29964 are from the Two Micron All Sky Survey catalog; radial velocity for 8 Pic is from Barrado y Navascués
et al. 1999. Colors and V for HIP 76629 are from Cutispoto et al. 1999.

® Cutispoto et al. 1999 list a set of measurements for HIP 29964; radial velocity = 16.2 £ 0.7 km s~',
vsini =17 =2 km s ', (B=V) = 1.13, V = 9.80, and (V—1.) = 1.32. Average radial velocity of our value,
15.0 km s™', and Cutispoto et al.’s was used to calculate (U, V, W).

¢ Measured lithium equivalent widths corrected for the contribution of an Fe 1 A6707.44 line. Corrections are
25,19, 13, and 6 mA for HIP 23309, 29964, 76629, and 88399, respectively (Soderblom et al. 1993).

¢ Line core equivalent widths of Hee. The minus sign indicates emission.




GPI Target Selection Programs

* Jenny Patience & Inseok Song lead the team for

ta rget selection (Starting from ~5 years before the instrument was
commissioned, with help from Wright, Bessel, Zuckerman & others)

* Drawing up candidate lists

* Observing programs for age indicators




Adolescent Stars

G dwarfs w/ measured activity

* Goalis to identify adolescent
(0.1-2 Gyr) F, G, K, & M stars
by their levels of
chromospheric activity.

* HIPPARCOS catalog = 7500
G, K, & M dwarfs < 60 pc and s T

| magnitude

| < 9 mag. G dwarfs w/ measured activity

* More than 1900 of these
potential GPI targets have
measured activity

* About 500 show activity
levels consistent with ages of
less than 2 Gyr.

40 60 80 100
distance




X-ray Selected FGK Stars

* Selected 3052 X-ray bright Tycho-2
stars

* Prioritized into four
groups by
* Proper motion (distance

proxy)
* Galactic latitude
* I-band mag.
 X-ray luminosity
* Spectra (R~15,000) for Pt
top 1500 stars to get e " FGK candidates

Pleiades

age estimates - = Hyades

-
c
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=
<
—
-
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* Seven runs at Siding Spring




A Stars

* Attractive GPI targets

Many debris disks around A stars show evidence for planetary
perturbations (8 Pic, Fomalhaut, HR 4796A, etc.)

Necessarily young

* FoV (1.6 M) has a 2.1 Gyr main sequence lifetime
Poor RV targets

Rare & bright- poorly represented in transit searches

* AO target vetting program
* Sample of 334 10-700 Myr A stars from Hipparchos based on CMD
* Divided into <100 Myr and >100 Myr

e Used Gemini, Palomar, CFHT, & Lick to observe ~ half of the
sample




We reject binaries/multiples. Why?

* In case of a relative bright companion within ~3”, difficult
to close the AO loops on the primary.

* Dynamical argument - giant planet would be unstable.




From Theory: Artymowicz & Lubow 1994

Circumbinary disk

r~3a
Assuming ¢ =0.3, €=0.5

e¥ecccccccomecced

4

F~24d
Assuming u =0.3, €=0.0

.
.
.
.
.
.
.
.
.
r
.
.
.

Also explores outer edges
for circumprimary and
circumsecondary disks

FiG. 10.—A gap out to r &~ 2.8a surrounding a u = 0.3, ¢ = 0.5 binary. The
gap is much larger than in Fig. 9, extending to between 4:1 and 5:1 orbital
commensurabilities. Stars are at their 50th periastron passage.

See Mariangela Bonavita talk




From Observations: see talk from Adam Kraus

Afternoon Break

SessionChair: ~~~~~~~~~ |Knicole Colon (NASA GSFC)
0 oing |David Ciardi (Caltech/IPAC-NExSc|

/Adam Kraus (UT Austin)
Rachel Matson (NASA Ames)

Robo-AO KOI Survey: LGS-AO Imaging of Every Kepler Planetary Candidate Host |Carl Ziegler (University of North Carolina,
Star Chapel Hill)

| e N = SN (R L Ty i L

THE IMPACT OF STELLAR MULTIPLICITY ON PLANETARY SYSTERS, I.: THE RUINOUS INFLUENCE
OF CLOSE BINARY COMPANIONS

ApaM L. Kraus', MicHAEL J. IRELAND?, DANIEL HUBER**® ANDREW W. MANN!, TRENT J. DupPUY?

First and only use of “ruinous”
in the title of a paper

for entire history of astronomy
written in English




Direct Imaging of Extrasolar Planets:
The GPI Exoplanet Survey (GPIES)

890 hours of Gemini South telescope time makes this the largest and
most systematic direct-imaging exoplanet survey to date (rivaled only by
the VLT SPHERE GTO program.)

Enable both new discoveries and a robust statistical measurement of the
giant planet occurrence rate in the 5-50 AU range - the crucial transition
between Doppler surveys showing the giant planet frequency at <5 AU,
and previous imaging searches sensitivity primarily to >50 AU.

Explore the architecture of other planetary systems through the
properties of circumstellar debris disks, and characterize the atmospheres
of young giant planets at high SNR.

486 out of 890 hours executed (H-band survey for planets & disks; J,K
follow-up on planets)

340 out of 600 targets observed
Mid-survey statistics paper in prep led by Eric Nielsen.




GPIES Target Properties

Young AF,G,K,M stars (D<75pc, Age<~300Myr)
Sco-Cen AJF stars (D<150pc, age ~10 Myr)

Plus resolved debris disk sample

--------- LRI L L BN N R BN N L

Completion by
spectral type

~ L

T

Completion
by age

Number
Number

10° FO GO KO MO
Age (years) Spectral Type

Image credit: Rob De Rosa




Direct Imaging of Extrasolar Planets:
The GPI Exoplanet Survey (GPIES)

HR 8799 cde
(20-60 au)

ﬁ.

51 Erib
(~13 au)

1 arc sec

HD 95086 b
(~60 au)




GPIES Disk Gallery
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Outline

|. Precursor needs - observations needed to plan direct
imaging surveys

Il. Follow-up observing needs - to confirm and characterize
directly imaged planetary systems.

[[l. Future needs - to directly image Earth twins.




Recent comprehensive review

Publications of the Astronomical Society of the Pacific, 128:102001 (38pp), 2016 October

Imaging Extrasolar Giant Planets

Brendan P. Bowler
McDonald Observatory and the University of Texas at Austin, Department of Astronomy,

“Survey of Surveys” since 2007:
VLT/MMT (Biller) - Gemini/GDPS (Lafreniere) - MMT (Heinze) - VLT/NaCo (Chauvin,

Rameau) - Subaru/SEEDS (Tamura) - Gemini/NICI (Liu) - IDPS (Marois) - PALMS
(Bowler) - VLT/NACO-LP (Beuzit) - P1640 (Oppenheimer) - LEECH (Skemer) - SPHERE
(Beuzit) - MagAO (Close) - SCEXAO (Guyon) - GPIES (Macintosh).

Plus smaller surveys by Apai, Janson, Kalas, Meshkat, Oppenheimer, Song, et al.

Table 3
The Frequency of 5-13 Mj,, Planets on Wide Orbits

Sample Number of Occurrence Rate Occurrence Rate Occurrence Rate Occurrence Rate
Stars (10-100 au) (30-300 au) (10-1000 au) (100-1000 au)

BA 110 7.7:29% 2.831% 3.5731% <6.4%
FGK 155 <6.8% <4.1% <5.8% <5.1%

M 119 <4.2% <3.9% <5.4% <7.3%

All Stars 384 0.8%53% 0.607% 0.8+5:0% <2.1%

Note. Assumes circular orbits, logarithmically flat planet mass-period distributions, and hot-start evolutionary models from Baraffe et al. (2003). All binaries within
100 au of the host stars have been removed. Occurrence rates are 68% credible intervals and upper limits are 95% confidence values.




We just directly imaged a possible planet,
now what?

Is it really d planet? (versus a speckle, a background star, or a companion low mass
star or brown dwarf)

Flux (relative to star - we work in contrast units), color and spectra?
What is the age of the star?

What is the mass of the planet?

|s the star really a single star? (RV can be helpful)

Is there a debris disk? (see talks by Tiffany Meshkat & Samantha Lawler)

If there is a debris disk, what properties help understand the
planet?

Which theory of planet evolution is favored?

Variability of the planet (“weather”) - time domain studies
Polarization of the planet.

Circumplanetary rings and moons?




Case study: HD 131399ADb

Jason Wang’s talk

'Session Chair: _Rachel Street (LCO)

1:40 pm_|Invited Talk: Observational Needs for Direct Imaging Surveys ~ Paul Kalas (UC Berkeley)

First Constraints on the Frequency of Sub-stellar Companions on Wide Mariangela Bonavita (University of
Edinburgh, IfA)

2:25 pm The Cautionary Tale of HD 131399 Ab Jason Wang (C Berkeley) I
2:40 pm |Occurrence of Giant Planets Around Stars with Dusty Debris Disks
2:55 pm |Debris Disks in STIPs Samantha Lawler (NRC-Herzberg)

3:10 pm Afternoon Break
'Session Chair: Samantha Lawler (NRC-Herzberg)

3:40 pm _|Invited Talk: Observational Needs for Microlensing Surveys _Rachel Street (LCO)

4:10 pm |Using AO Follow-up to Characterize Microlensing Exoplanets ~ Calen Hendersen (Caltech/IPAC-NEXScl)

4:25 pm |Microlensing Exoplanet Mass Measurement in the WFIRST Era Aparna Bhattacharya (NASA GSFC)

Paul Kalas — UC Berkeley




Case studies for the “know thy star” theme

. ,3 Pic - timely with a connection to disks & transit science




Case study: Beta Picb

Huge, edge-on debris
disk imaged in
scattered light in 1984

Puzzling asymmetries due
to unseen perturber.

Planet Beta Pic b announced by
Lagrange et al. 2009, imaged by many
groups including GPI

Orbit at ~9.7 AU has P ~ 22 years

But is the orbit it exactly edge-on?




Orbital motion of beta Pic b as directly imaged with the
Gemini Planet Imager 2013-2016
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Animation: Jason Wang
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The Hill sphere radius r, = 1.2 AU. It transits!

~ m M = planet mass =13 M,
i~ a(l — e); (W) M = star mass = 1.8 Mg,
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What are we expecting?

In principle:

Moons as large as Ganymede (r = 2630 km) would give transit depths of 6x107¢ (6.5 umag).
Moons as large as Earth (r = 6371 km) would give transit depths of 4x1075 (0.04 mmag).
The transit duration is ~45 hours, but very hard to obtain photometric precision for a moon.

Ring signatures ARE possible. E.g. J1407 light curve; various depths over many days.
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Hubble Space Telescope Spatial Scanning for Precision Photometry
Baseline observations to determine photometric uncertainties with our method before the Hill sphere

GO-14621 (Pl Wang)

WFC3/UVIS, F953N, 0.5 arcsec/sec

1.5x 1073 fractional offset
in the mean stellar flux
between December and
February.

Defines the precision to
which we could detect a
ring occultation, optical
depth 7 ~1073.

Models
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expected from the
Dec. 22,2016 star ~49 /day.
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Data Reduction: Kevin Stevenson (STScl)
Analysis: Jason Wang (UC Berkeley)

0 Scuti pulsations modeled as
quasiperiodic Gaussian processes




International Transit Monitoring Efforts

Hubble Space Telescope Nanosats
J. Wang, P. Anthony-Wilson K. Zwintz, S. Lacour

Antarctic Telescopes bRing Spectroscopic Monitoring
L. Wang, T. Guillot M. KenwortknygsE Marmajek B. Lomberg, E. de Mooij




Outline

|. Precursor needs - observations needed to plan direct
imaging surveys

Il. Follow-up observing needs - to confirm and characterize
directly imaged planetary systems.

IIl. Future needs - to directly image Earth twins.




Future Needs: GAIA

* Moving groups — more targets, better ages.

e Star-Star encounters.

e Star-Sun encounters




Moving groups - more targets (esp. late type),
better ages.

Young Stars & Planets Near the Sun
Proceedings IAU Symposium No. 314, 2015 (© International Astronomical Union 2016
J. H. Kastner, B. Stelzer, & S. A. Metchev, eds. doi:10.1017/S1743921315006250

A Pre-Gaia Census of Nearby Stellar Groups
Eric E. Mamajek

Failed the class
Table 1. Catalog of Stellar Groups Within 100 pc (retake the test with GAIA)

Group Dist Ref. U V. W ov,ov,ow 0y Ref. Age of. Argus
pc .. km/s km/s km/s km /s km/s .. Myr Oct-Near

3 Pic ~15° -109 -16.0 -9.2 0.3,03,0.3 1.5 23+3
AB Dor [20.1+1.6 -7.6 -27.3 -149 0.4,1.1,03 1.0 150825
UMa 25.2+0.3 146 18 -86 04,07,1.0 14 530 =+ 40
Car-Near [33+1 -24.8 -182 -23 0.7,0.7,04 1.3 ~200
B Tuc 43+1 -9.6 -21.6 -0.7 1.0,1.3,06 1.1 45+4
Tuc-Hor | ~48 -106 -21.0 -2.1 0.2,0.2,02 1.1 45+4
Hyades |46.5+0.5 -42.3 -19.1 -1.5 0.1,0.1,0.2 0.3 750 + 150
Columba | ~50 -122 -213 -56 1.1,12,09 .. .. 4245
TW Hya [53+2 -11.2 -18.2 -5.1 0.4,0.4,0.4 0.8 10+3
Carina ~65 -105 -224 -58 1.0,0.6,0.1 .. .« 4b£10
Coma Ber |87 +1 24 -55 -0.6 0.1,0.1,0.1 0.4 560 + 90
32 Ori 92+2 -11.8 -185 -89 0.4,04,03 ~1 22+4
n Cha 94+1 -10.2 -20.7 -11.2 0.2,0.1,0.1 1.5 {lels

| x' For |99:t6 -13.1 -22.1 -3.7 04,05,1.1 .. ~507
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Know thy stellar neighborhood

Star-Star encounters
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Paul Kalas — UC Berkeley

Deltorn & Kalas 2001




Star - solar system encounters

“Stellar encounters with the Oort cloud based on
Hipparchos data” Garcia-Sanchez et al. 1999
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Observing Needs of Far-Future Images

O

\ G .FOmthaut b
OO v, 2014 - “

Direct Imaging

[ R S AR, T U
Radial Velocity

oF

IIIIIII VIOIIIIIII

107 10°
Separation (AU)

Background plot from Bowler 2016




External Occulter Missions

Goal to detect and characterize HZ Earth-like
planets

Slew times measured in weeks
1/3 of the entire mission will be slewing

Which targets, how many, and in what
priority? Plus how do the answers change
after each observation?

Survey Occulter

Use two occulters? .

Deep Look Occufter

Inner Planet
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Savransky et al. 2010

Exozody strikes again.

Slide from Steve Warwick




Future needs: Know thy background stars
Deep fields for occulter pointings

Some of the deepest optical images of 8 Pic (left) and ¢ Eri (right), but...

(1) these are young (<1 Gyr) and would not be occulter targets.

(2) The sensitivity limit of m, ~ 24 mag isn’t nearly as sensitive as needed
(3) Need long-lead time to image background surrounding >3 Gyr old stars

.

HST Deep Optical Images

Image credit: Paul Kalas




Summary

Basic Principles

« Socrates: “0 8¢ Gve€étaotoc Blog oL Plwtoc XvOpWTW”
An unexamined life is not worth living...know thyself.

* Direct Imaging gurus: An unexamined star is not worth
imaging... know thy star.




Summary

Basic Principles

* Socrates: “0 8¢ &ve€étaotog Biog oL Plwtog XvOpWTW’
An unexamined life is not worth living...know thyself.

* Direct Imaging gurus: An unexamined star is not worth
imaging... know thy star.

Consequences

* Socrates: was promptly executed.

* Directimaging gurus: execute observations
and discover planets.




