, ~SA Goddard

(wuth.manythanks

July 23, 2014 Sagan Summer School 2014



Talk Overview

* History of debris diSki@etection by IR surveys
e Scattered lightim
e Case study

* |nventory or resoiy
* Debris disk im UjoJe facilities

July 23, 2014 Sagan Summer School 2014



Zodiacal Light:
Our Sun’s Warm

passages
Particle concentt
ecliptic plane
light

Particles interior t
asteroid beIt

Sun, the zodiacal Ilght |
most luminous component o
our planetary system

July 23, 2014 Sagan Summer School 2014



All-sky map at 25 um
dominated b m dust emission

COBE/DIRBE

July 23, 2014 Sagan Summer School 2014



Debris sources in the solar system

Zodiacal light is dust
the Earth originatit
the main asteroid

Dust in our K

currently unmea
clearly distinguishe
foreground zodiacalil

July 23, 2014 Sagan Summer School 2014



The IRAS Mission (1983)

(IPAC) at Caltech T

July 23, 2014 Sagan Summer School 2014



S

a3, 2014 oo Sabao

\

A

. B W IRAS Revealed Young

Main accralion
phase?

Age -,:%m‘ yaars ' | ‘ D i S k
— ' ' “ Evolution

GLASS I
Lela sccralion

i s ANTTER faint glow of cool dust in
PR <eoay circumstellar disks where

M- 0,1 Mg

RASTFound dust around more

SS e ; A:‘ g aj= ,
Op-n'i.L::uyt::ick ' ! r]':“]rf dust clouds (> 1 L@)
aisk _ _ ey [RA allowed astronomers to
oyl it . Bectsoas, classify young stellar objects
energy distribution
~ Hubble and Spitzer have imaged
CLASE Il: B2 Glass Il 0

Optically thin i ' 1 some of these IRAS ObjeCtS

disk? \\‘r.-Diak'.'

Age 107 Vears ¥ = g?llﬁraod
Mg < 0,003 M, 15 ask y

n [pmb



IRAS Debris Disks

* |RAS discovered infrared
excesses arc

* The “Fab Fojliaasad

— Vega

— Fomalhaut [
>

— Epsilon Eridags’

— Beta Pictoris Ty
(@2)

Called “debris

pressure and ¢
small dust pa
system unless

100.0

10.0 ¢

replenished fr
collisions



gescopic follow-up, which
is naturally ]-:-35;

Despite primitivesc avely'small numbers of
sources (‘only =250\ jurce Catalog), this
highly reliable catalog goldimine for high
resolution imaging aNESPECEROSCOPIC WOT

2009 ADS search shows'morethan 10,000 articles with “IRAS”
in the abstract

However, many IRAS sources are “confused” with several
objects within the position error ellipse due to poor
resolution



Spitzer Space Telescope Overview

85 cm f/12 beryllium
telescope, T ~ 5.56K

6.5 um diffraction limit

Two science cameras (IRAC
and MIPS), plus a low/
moderate resolution

spectrograph (IRS); 3< A<
180 um
Earth-trailing solar orbit

10-1000x more sensitive
than 1983 IRAS mission

July 23, 2014 Sagan summer >cnool 2014




Ophiuchus 120 pc (Padgett et al. 2008) . - .

e : _L 3
. ~5 ] " .
3 - ' I’ F
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¥ " - i,
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Debris Disk Frequency from Spitzer Surveys
(Trilling et al. 2008)

@® 24 microns
€ 70 microns




A star 24 um excesses vs. time: decay « 1/t over ~200 Myr;
but many stars of all ages have little or no excess. (Rieke et

al. 2005) s
5 y v W 3 ' "'\
TUR BEDY
. p)
‘\ .:/ 11
4 :
* A o Algol
e \: A lam Boo
A o binarv
3 B\
: \ ’zetLep

N

HD 79108
PS

excess (factor over photosphere)
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Why All Sky?

For superlative Elile d/or unigue objects, such
as the nearest starsiepthe most luminous
galaxies (or d:r i Jronly an all-sky

For uniformlys@
shallow s u,Jr/

July 23, 2014 Sagan Summer School 2014



WISE covers
the entire sky

ide Field nfrared —urvey xplore

Salient Features
4_.imaging channels covering 3 - 22 microns
wavelength
40 cm telescope operating at <11K (-439° F)
Two stage-solid hydrogen cryostat
Delta launch from Vandenberg December
14, 2009
Sun-synchronous:6am/6pm:500km, orbit
Scan mirror\provides efficient mapping
Operationaldifec10°months,“8-with all’bands
4 TDRSS'tracks per day to transmit data
100x more sensitive than IRAS, 10x the
resolution

NOT a debris disk imager due to small size

July 23,2014 Sagan Summer School 2014
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Herschel Space Observatory

3.5 meter primary. mirror
/0 um imaging resolutior
sharper than S [

600 nearby ta
DUNES and D
programmes, plus
small GO projects

July 23, 2014 Sagan Summer School 2014 g



What is Learned from

— position angle

— major and minor axes (outer
* Measurable disk paramet

— Radial disk structure

— Azimuthal disk struct

— Vertical density Struct

e Derivable disk paramets ghit (thermal emission)

— Inclination
— Radial surface brightnes
— Vertical disk structt
— Dust mass-opacity proc
— Dust grainsizes with therm

 Some of the derivable properties are

"'

degenerate

July 23, 2014 Sagan Summer School 2014



Scattered Light [ Snicsn "
Imaging

- -

3

| - e -/
oY

e ——————————

e
";
y e
e

= ,,-..~' , RS
£ / LD s

o . reaw.ts

o b !

L

Currently Dominated By HST 5
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A Menagerie of Edge-On

Young St

Stapelfeldt et al. 2013

llar Disks

dge-on disks are
natural
coronagraphs!

ize and shape
nces due to
ge, environment

O 7

ns of YSO
imaged by HST in
scattered light either
as edge-on disks or
with PSF subtraction



3 Pictoris: A hard act to follow

o
[N
O
(00
N
(@)
@)
—
@)
)
Q
oQ
A
Q
©
=

St et et et

bright, nearby |

* No other debris disk
scattered light for

* Beta Pic now recos
exceptionall
dusty

* Imaging of otherdi
seeing-limited image |
HST and adaptive opticSHtoNmake entral 1600 AU of
progress in scattered lightimaging lefe[calely
B Pictoris disk;

Kalas & Jewitt 1995

July 23, 2014 Sagan Summer School 2014



Reduction of STIS Coronagraphic Images
(Krist et al. 2012)

Roll 1

Simple

Difference

July 23, 2014

Sagan Summer School 2014

Ilterative

Subtraction
(Krist et al. 2010)

22



3 Pictoris imaging today

Na | velocity map HST multicolor coronagraphy
Inner disk warp
Brandeker et al. 2004 Slightly red disk color, peaking at r> 120 AU

<
B
2
j=4
=]
3
1’4
°
-
D
2
9
(]
'S
2
a.

Projected vertical distance (AU)

-100 100 200
d 0 s T Projected horizontal distance (AU)

Radial velocity [km/s] Golimowski et al. 2006




2010: Planet beta Pictoris b confirmed

Orbital Parameters Laﬁrange et al. (2014)

Lagrange et al. (2010)

— debris disc — Bcoris
wsation of the star

- S

o 2003 — L 2009
Planet B Pictoris b
ize of Saturn’s orb
around the Sul

July 23, 2014 Sagan Summer School 2014 24



Fomalhaut Eccentric Ring: HST
(Kalas et al. 2005)

HST detection in 0.6
scattered light

Ring geometry: CENENME
2" from the star; |
e=0.11

Ring has sharpiAne:

A“

Brighter on E side; CORSISIENL
with modest forwardsSCatienng

Herschel results full
with this picture

July 23, 2014 Sagan Summer School 2014 49)



Deprojected orbit

I-maj xis of -
semeraoraxis of - Planet reported in 2008

RS ¢

Fomalhaut

HST ACS/HRC kb D

No data

4x Sun-Neptune
distance !

Common proper
motion with star: not
a background object

L‘.j.é'éattered
- starlight
noise’

Orbital motion initially
seen parallel to ring
inner edge; cons
with Kepler’s law

b=l

Fomalhaut b planet

Follow-up shows that

this object is a ring- 0

crosser %g %
100 AU 13"

No data - << Background Star

Needs JWST
July 23, 2014 Sagan Summer School 2014 26



Broad ring with central
clearing. Diameter of ~16

HD 202628: G2 V star at 24 pc
Tes ~ : ' arcsec (400 AU).

»
- L]
R

Ve
i

ean surface brightness
SV ~ 24 mag arcsec-2

enter by 0.8” (20 AU)

2 e WS - L8 SRS LN,
Krist et al. 2012
July 23, 2014 Sagan Summer School 2014 27



HD 139664 HD 53143
F5V, 18 pc, 100-1000 Myr, K1V, 18 pc, ~1 Gyr,
L/L.=1x 104 L/L=3 x 10

:' X,
¥ "( v R ke
L el
w0y

BN B
Y§5 6 (108AU) X7 v

A

. 'j"f :'. . \.\i’
L ok
» " -
> . $ :
Lo W 6 (108AU) &
ety

....

Both ACS Wide V band, Kalas et al. (2006)

July 23, 2014 Sagan Summer School 2014



HD 15115
F2V, 45 pc, ~12 Myr?, L /L. = ~5 x 10

<
5" (225 AU)

Blue Needle Kalas et al. (2007)

Very asymmetric edge-on a 0Ssible fly-by candidate identified
Disk is blue relative to star based on V-H colors, and becomes more

blue at larger radii
July 23, 2014 Sagan Summer School 2014



AU Mic
M1V, 10 pc, 12 Myr, L/L.=4 x 10*

ACS (B,V,)

BV

Sgreayaner hole < 12 AU
Sesuace aensity 12 <r <49 AU
pReayE==io2.7) heyond 49 AU

_ Northwest
Southeast

V mag arcsec™

Krist et al. (2005)

10
Radius (arcseCSagan Sum



AU Mic in Polarized Light
(Graham et al. 2006)

2E
= T 50
E
OB 1111yl i
i §_
LE
-5 0 5
« HST R band coror polarir etl'y
« Peak polariza scattering by
sub-micron size particles
» Consistent with hig on-sized dust
aggregates

July 23, 2014 Sagan Summer School 2014



Degree of Forward Scattering

Isotropi

Full forward scattering

tering

g=0.4(0.7?)

Strong forward scattering suggests smaller particles

July 23, 2014 Sagan Summer School 2014



Disks with ISM interactions
Morphologies swept-lbanﬁtar’s proper motion

_ AVEIE]
e Gaspar et al.
2007
24 um
Spitzer/MIPS
bowshock,
not disk
HD 32297
Kalas et al. 2005
R band
Mauna Kea

July 23, 2014 Sagan Summer School 2014



HD 181327
(Stark et al. 2014)

* F5/6 12 Myr 3 Pic moving
group member
*New multi-roll STHS
coronagraph processii
* Forward scatterin )

enhanced; not
Henyey-Greenstein fUNEHol

« Large asymmet
potentially due to recen e

collision in system or ISM 000 148 236 445 593
Interaction

July 23, 2014 Sagan Summer School 2014 34

Flux density (counts second™ pixel™)



OlImoV
[V im
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HD 207129
GOV, 16 pc, ~6 Gyr, L/L.=1 x 10*

Spitzer 70 um
Bryden et al. i
e HST ACS (Wide V band)

A
v

470 AU (30”)

» Seen only in roll self-subtractions
» Faintest disk yet seen Krist et !. in nrep
V = 24 mag / arcsec?



HD 10647 (HR 506, q" Eri)
F9V, 17 pc, 0.3-7 Gyr, L/L.=3 x 104

Has R-V planet: a = 2 AU, Msini = 0.91 M,
HST ACS (Wide V. band) APEX/LABOCA 870 micron

0.015
£
(o]

®

]

FOV of HST image

A

350 AU (207)

Inclined ring, r= 80-120 AU

Slight asymmetry Gaussian source

HWHM= 275 AU
Liseau et al. 2008

Stapelfeldt et al. (in prep) (Co'd material extending to 2x radius of

scattered light & 70 um emission !



STIS Revisits Known Debris Disks
(Schneider et al 2014)

_ 530AU(102") _
SWD=18AU (0.3577

b‘—’

100 AU (10.1") [imaged to 2.5x greater extent]

.
~

r

IWD =5 AU (0.5")

HD 15115 (F2)

fdis/fstar =0.030%

890 AU (19.7”)

HD 15745

700 AU (11)
IWD: 19 AU (0.3”)

P
-~

~
.

HD 92945 (K1V)

JU

HD 107146 (G2V) f,/f..., = 0.0077%

10.6”
le 2%, %Q_H%Au 04y 2

< IWD = 18 AU (0.4”) >
HD 32297 (A0V) Fais/fstar = 030%, e
<7Wp:64 AU (037 ©
HD 139664 (F5V) Fasi/Fozor = 0.0005%
S PTENS W T gl
: ‘. " ,u "
- 2390 AU (21.3”) . 57 = . 1
IWD =34 AU (0.3") o N ( 93.#’ k\--
HD 61005 (G8V) Saisw/fstar = 0.245% < IWD: 20AU (1.2) Z

"

it ol 2

HD 53143 (G9V) Fosl Fotar = 0.104%

250 AU (13.6")

. N

D14 38

S IWD: 5.5 AU (0.3")7




New Processing of Archival HST
Debris Disk Images

assica

HD 181327
Soummer et al. 2014

See poster

Big improvements in NICMOS
scattered light imagery




Ground-based Polarimetric Differential

Ks sa0206462

Garufiet al. 2014 o5

555555

-6x10” -4x10°
— T T

HD 32297 !
' 2l

}‘% Some edee-on debris disks
) \

e
'\ .....

sreat resolution, but better for
Boccaletti et al_(2012) sharp features due to AO halo

July 23, 2014 Sagan Summer School 2014



SAO 206462 is not unique

MWC 758

AB Aur

Grady +13__

Follette+ 14

-2.00000

Hashimoto+ 10

H-band Polarized Intensity D —

Momose+13 Follette + 13

100 AU

July 23, 2014 Sagan Summer School 2014



Case Study: WISE/HST Disks

eXCess sourcesawiui r,\lpg:JrC(’ stars

L/L.> 104, <120 IGE; robust warm
WISE, cold (CESS

Total of 13 MES T to detect
scattered ligk

STIS coronag clear filter
(optical light), 0.05 pixels

July 23, 2014 Sagan Summer School 2014 42
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Host Characteristics

July 23, 2014 Sagan Summer School 2014 44



STIS/WISE Debris Disk Imagery
Non- jons (6)

July23,:2014 Sagan Summer Scho*ol 2014

Lhd



Star/Galax

July 23, 2014

ositions (2)

Sagan Summer School 2074



Marginal Detection




Disk or Nebula?

July 23, 217990 chOStr“Ct“r%’aﬁBH%lﬁﬁ'Fﬂér &chool 2014

48



Disk Distorted by Ram Pressure

P

- 1300 AU
 LyL.=10"3
July 23, 2014 .

Saf;an Summer*Sehool 2.0.14 ‘




July 23, 2014

Big Disk or Nebula?

2400 AU diameter!
L/L.=103

Sagan Summer School 2014

50
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Bifurcatio rp in Disk

P

p - ’ " 7 v '0
* ‘.) g '.' - ) . : - A
» ,‘ \ b <. ) - »
- YY) ‘ L i . .
. . -~ ¢ " . .
| ) . . )., l. . ) 4 N .
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Radial Brightness Profile

100
|

Relative surface brightness

500 0 500
July 23, 2014 A fromsstaria, diskpleng 4

0.01
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ALMA continuum imaging

AA 1.3 mm Numerous targets
4 should be
al. (2014, accessible for
mapping at
subarcsec

2 -2

0
Ao ["]

HD 21997 - ALMA 886um

B | rD) 27 Y¢S ew debris disk
-‘ Vieeretal. ystems are bright
| ‘ enough for mapping

at 0.1" resolution

e
o
S

offset [arcsec]
I, [mJy beam™]

(small Fv. large sizes)

0.00

See P42, 48



12 um um
See als ) al. 2007
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Groundbased Thermal Infrared Il.
Profile Fitting

o o
(o)) o2}

Normalized Intensity
o
'

L'H [}
0 2
o Q
Z Z
B T~
o Q
- c
Ry =y
w W)

o
n

0 > 0 0.2 0.4 0.6
-100 =50 0 50 100 -100 =50 0 50 100 Radius [arcsec]

Astrocentric Distance (AU) Astrocentric Distance (AU) FiG. 1.—Profiles of azimuthally averaged normalized intensity for { Lep
(diamonds) and ref SF ical lines indicate the FWHM
values of profile fits to the PSF star

the Journal for a color version of this |

49 Ceti
Wahhaj et al. 2007

Zeta Lep
Moerchen et al. 2007



The Fabulous Four Debris Disks:
Spitzer/MIPS 70 pym vs. JCMT 850 um

B Pictoris € Eridani Fomalhaut

Flim (m /A Ul Uytem) Flx(miyiteam)

Uianeter of
Scla: Systex

N
=
czec)

. lariEed)

or. offset (arcsee)

Scla:Syem

Tiinmetes of
Selar System
)

Declination offset
LDeclination offzet ie:

3C [
K.4. vffaet &

Riginaseebe R.A. offsal {eresec) RA. offset (arcasc)

Holland et al. 1998, Greaves et al. 1998




Fomalhaut Eccentric Ring:

T —

HST Spitzer
Kalas 24 um
2005 2004
) i 3 ALMA
Herschel - | | 870 um
70 pm g bx @ ‘f" Boley
Acke 2012 b 2012

July 23, 2014 Sagan Summer School 2014 99



Eccentric ring model  (wyatt et al. 1999)

« Quter ring is perturbed L
eccentric interior planet
* Produces brightness
asymmetry in then
emission fromt
Fomalhaut dist

inner edge (Quillen 2006)

— Higher planet mass required ifitis
located well inside ring

July 23, 2014 Sagan Summer School 2014



¢ Eridani Spitzer/MIPS

Backman et al. 2009, arXiv/0810.4564 Submm ring size
—40-20 0 20 40 —40-20 0 20 40 —40-20 0 20 40

gan | ' ol vammuimmet | 1 et 1 ) N T Tt | ]
24 direct T~ 70 default scale 160 direct

| ||
Y | ")

70 fine scale 160 leak—subtracted

| .
O
-+
wn
Y—
O
<
O
()
1))
O
|
<

/ '
2 /

(d) o L () (w)

| B Vil Dl S (N . o3, AN VNS U] P50y LA )

—40-20 0 20 40 —40-20 O 20 40 —-40-20 0 20 40

Arcsec W of StarB|gck circles indicate MIPS beam




Inner Solar System—

Asteroid Belt

Epsilon Erid




Newly resolved debris disks  Bryden

et al.
Four stars with Spitzer-detected IR excess,
the Herschel images provide good constraints on
the location of the emitting dust.
i Bl e
ol
. ‘
oCH -
' i
.
b} ~10's of AU disk radius ~4” LY
5 B ! = (larger at 160um) =120 AU ¥
HWFI 3 Z(‘)fiiﬁ: ¢ Sagan Summer School 2014 53




Two new resolved disks, structure in a

third (Matthews et al. 2010)
R=40 AU R= 45 AU R= 145 AU

Leo 100 um UMa 100 um Corvi 100 um
M [ Y K
! U

Offset (arcsec)
Surface Brightness (mJy/arcsec?)
Offset (arcsec)
Surface Brightness (mJy/arcsec?)
Offset (arcsec)
Surface Brightness (mJy/arcsec?)

20 0
Offset (arcsec) Offset (arcsec) Offset (arcsec)

B Leo 160 um B UMa 160 um n Corvi 160 um

{mdy/aresec?)

{mJy/arcsec?)
{muy/arcsec?)

Offset (arcsec)
Offset (arcsec)
Offset (arcsec)

Surface Brightness
Surface Brightpess
I,

Surface Brighthess

|
o
w

20 -20 ( 0 -20 -40
Offset (arcsec) Offset (arcsec) Offset (arcsec)




Herschel/PACS image of HIP 32480

Disk radius of
8 arcsec (150 AU)

Central 100 AU
largely cleared

July 23, 2014 65
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HD 95086 — Planet Host Star

with Herschel
Moor et al. 2013

PACS 70pum PACS 100um PACS 160um

F, [mJy pixel™]
DEC offset [arcsec]
F, [mJy pixel ]
DEC offset [arcsec]
F, [mJy pixel™]

DEC offset [arcsec]

10 -10 - 10 0 -10 - 10 0 -10
RA offset [arcsec

0
RA offset [arcsec] RA offset [arcsec

70pm 100pm 160um

HD 95086
Reference PSF - - -

Radial brightness profile
Radial brightness profile
Radial brightness profile

10 15

5 10 15
Radius [arcsec] Radius [arcsec] Radius [arcsec]




Herschel A Stars

(Booth et al. 2014)

July 23, 2014



Inventory of Resolved
Debris Disks. |

(objects with at least 1 refereed publication)

Star Spec Lir/Lstar Outer Radius Resolved
Name Type AU by

HD 141569A B9 8.0E-03 370 HST, IR, submm
HD 32297 A0 3.0E-03 325 HST, IR, submm
HD 181327 FS 2.0E-03 85 HST, IR, submm
HD 61005 G8 2.0E-03 100 HST, submm
HD 15745 F2 2.0E-03 240 HST

beta Pic A5 2.0E-03 250 HST, IR, submm
HR 4796A A0 1.0E-03 70 HST, IR

HD 107146 G2 1.0E-03 200 HST, IR, submm
49 Ceti A1 9.0E-04 200 IR, submm
HD 92945 K1 6.0E-04 110 HST, IR

HD 15115 F2 5.0E-04 435 HST

AU Mic MO 5.0E-04 145 HST

HD 53143 K1 3.0E-04 55 HST

HD 10647 F9 3.0E-04 120 HST, IR, submm




Inventory of Resolved
Debris Disks II.

(objects with at least 1 refereed publication)

Star Spec Lir/Lstar Outer Radius Resolved
Name Type AU by

HD 202628 G2 1.4E-04 240 HST, IR
HD 139664 F5 1.0E-04 105 HST
HR 8799 A5 1.0E-04 500 IR, submm
HD 207129 GO 1.0E-04 160 HST, IR
eps Eri K2 1.0E-04 105 IR, submm
zeta Lep A2 9.8E-05 3 IR
gamma Oph A0 9.0E-05 520 IR
Fomalhaut A3 8.0E-05 158 HST, IR, submm
eta Corvi F2 3.0E-05 100 IR, submm
beta Leo A3 2.0E-05 40 IR
Vega A0 2.0E-05 545 IR, submm
99 Her F7+K4 1.4E-05 120 IR
beta UMa A1 1.3E-05 47 IR

tau Ceti G8 1.0E-05 65 submm

+ many new Herschel A stars, etc.



Track disk imaging at

http://circumstel ardisks. org

[i} Gorogle”

[EJ TCAT Tompkin... ~

Q =

1 Inbox - debipac@...

@ www.circumstellardisks.org (&

(3] Most Visited ~ [5 Latest Headlines ~

What's
new

A SIMBAD Astrono... G SAO/NASA ADS C...

Contribute to the
database

E WebTADS Remove NYT Coo... = Google News

Refuted
disks

Unresolved
disks

Resolved
disks

Home Search

Description of the
catalog

Catalogs:

Catalog of Circumstellar Disks

''''''

Catalog of Resolved Disks

TOTAL NUMBER OF DISKS: 170 (PRE-MAIN SEQUENCE DISKS: 130, DEBRIS Disks: 40)

. R band | Distance .DiSK .Di5k N How Well At ref. #
Object Category | SpTy (mag) (pc) Dlar?eter Diameter |Inclination Resolved wavglength References
(") (AU) (micron)

49 Cet MS A1 5.6 61 45 2745 4.1 1300.39 30
HD 10647 MS F8V 5.5 17.35 37 642 52 25 870 9
Tau Ceti MS G8V 35 3.6 37 133.2 60 3.2 850 14
beta Tri giant A5 I 29 38.9 5.6 218 41 0.9 70
gamma Tri MS A1V 3.9 344 8 275 83 1.4 70 6
HD 15115 MS F2 6.8 45 19.38 872.1 90 372.1 0.61 12
HD 15745 MS F2 7.5 64 7.5 480 67 147.7 0.59 6
LkHa 263 C TT MO 13.7 275 1.1 302.5 87 259 1.65 7@
zeta02 Ret MS G1 4.9 12.1 25 302.5 6.1 70 3




Scattered Light Imaging accesses only
high LIR/Lstar debris disks

Unexplored at subarcsec resolution_ Currently accessible in scattered light

Future progress:
» Complete surveys of
high LIR/Lstar targets
with existing facilities
* Develop & deploy
new capabilties to
iImage at higher
contrasts: EXAO.

» Polarimetry of
younger / later type
objects with smaller
grains

0.15

e
o

for Laisk > Threshold

\\\\\

——————

Frequency of Excess Detection

0.05

107°
Lyie/L. Observational



Ground-based Extreme AO
Coronagraphs

HR 4796A with GRIN(Rerrin et al. 2014)

Combined total intensity




LBTI Is coming online

Twin 8.4m telescopes at
U. of Arizona

NASA-funded 10 pm
nulling interferomet

61 nights over Sy
survey of EXOZt
dust of nearby

Predicted sensitivity

to 10 zodis; detecti
not imaging

Results will drive design
of future planet finders
July 23, 2014 Sagan Summer School 2014



Disk Model

5 nm RMS 20 nm RMS 40 nm RMS

Disk Model + Coronagraph

Conclusion: In the near-IR;J' lISK Imaging won't probe a
new contrast domain. 3-5 um scattered light will be a unique niche.
25 um thermal imaging should resolve 1-2 dozen debris disks




Debris Disk opportunity for
future high contrast imaging

Plot by Geoff Bryden

107

Predicted disk sizes & contrasts
for Herschel disks d< 40 pc

Red points: Disks detected in
Scattered light

Black points:
Disks with sizes measured
with Herschel

0.55um

Hollow points:

05 1.0 15 20 25 30

Disks with sizes estimated Disk radius (arcsec)

from far-IR SED

« The contrast (108) and resolution (0.2") needed are
less challenging than for reflected light exoplanets
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Coronagraph Probe Study

vasa  Exo-C Technical Overview

* Highly stable Earth-trailing orbit for three
year science mission

* Coronagraphs with ~2 A/D inner working
angle, ~1.5m off-axis telescope

* Two stage vibration isolation for science
payload
* Bright science target star is used as a

reference for precision pointing and
compensation of low order wavefront drifts

 Commercial Kepler-like spacecraft bus,
Intermediate class launch vehicle

e 2015 decision by NASA HQ on path forward

See http://exep.jpl.nasa.gov/stdt/exoc/
ly 23, 2014 Sagan Summer School 2014

Exo-C Study




1. Debris disk imaging provides tial information on
dust spatial distrioutionssanad icle properties. No
single wavelengtit

2. 40+ debris diskSkal /ed today, but only
~20 have : ghange greatly
until future Ins pand our ability

given us the target list for imaging studies over the next
1-2 decades.
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