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Context: formation and evolution of planetary systems

1-10 Myrs

5 Gyrs
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Context: formation and evolution of planetary systems

1-10 Myrs

10-300 Myrs

1. Proto-planetary disks
and their interaction with

exoplanets 5 Gyrs
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Proto-planetary disks: a mm portrait gallery.

Isella et al. (2009)
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Tracing the location of the mm
dust and molecular gas with
mm observations. ALMA
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ALMA+scattered light imaging complementarity

(@ Mayama et al. (2012)

1”7 =145[AU] 1" =145[AU]

* gap in mm dust does not correspond to gap in micron dust.

* apparent motion of the dip in the disk.
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ALMA+scattered light imaging complementarity
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* gap in mm dust does not correspond to gap in micron dust.

* apparent motion of the dip in the disk.
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ALMA+scattered light imaging complementarity
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* gap in mm dust does not correspond to gap in micron dust.

* apparent motion of the dip in the disk.
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ALMA+scattered light imaging complementarity

Intensity [Jy beam™]
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* Hypothetical planet excites spiral arms, carves a gap.
* | ocal pressure bump forms a vortex which traps mm particles.
* Vortex responsible for bright spot in SWV spiral.

* Motion of the SW arm can pinpoint where the planet is.
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ALMA+scattered light imaging complementarity
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* Motion of the SW arm can pinpoint where the planet is.
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ALMA+scattered light imaging complementarity
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* Hypothetical planet excites spiral arms, carves a gap.

* | ocal pressure bump forms a vortex which traps mm particles.
* Vortex responsible for bright spot in SWV spiral.

* Motion of the SW arm can pinpoint where the planet is.
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Parameter space for WFIRST CGI GO science
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Performances of Adaptive Optics systems

100,0
Fusco et al. (2014)

§ o
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* The majority of the well studied mm proto-planetary disks are
“too faint” to be observed in the visible with today’s AO systems.
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* The majority of the well studied mm proto-planetary disks are
“too faint” to be observed in the visible with today’s AO systems.
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1. Proto-planetary
_ disks and their interaction
10 with exoplanets:

* Angular resolution is
key. Contrast is not
challenging.

* Current AO systems
will only observe
archetypal systems.

*WFIRST and/or ETLs

will observe the bulk of
these systems.

Given the timescales associated with planet disk
interaction every observation is precious.
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Archival data for time series observations

a HST 2010

b HST 2011

amuaanad ‘M

€ IRDIS 2014 (avg. prof. subtr.)

d IRDIS 2014 (KLIP)

e IRDIS 2014 (LOCI)
— HST 2010 —— HST 2011
— SPHERE 2014

Min = —0.3 max_ Zero Max Projected separation from the star (")

Boccaletti et al. (2015): VLT-SPHERE + HST-STIS
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Context: formation and evolution of planetary systems

1-10 Myrs

5 Gyrs
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Context: formation and evolution of planetary systems

1-10 Myrs

2. Proto-planets and
interactions with their disk

5 Gyrs
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What do proto-planets look like?

Spiegel and Burrows (2012)
oM
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H-band Evolution -
30 1M r
35
1 10 100 1000
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What do proto-planets look like?

Zhu (2014)
s UUW UV 7% ] gL UUU UV T ek
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(erg s™! ecm™)
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What do proto-planets look like?

Zhu (2014)
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Example of LKCal5

LkCa 15 disk LkCa 15
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Proto-planets with JWST: using the AMI mode

Pupil Plane

Pupil, diameter D

Ba$ ®
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Greenbaum, Pueyo et al. (2014)
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JWST wiill find proto-planets in the near IR.

Zhu (2014)
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JWST wiill find proto-planets in the near IR.

Zhu (2014)

| | | | | | | | | | | |

: VU UV TR ek
_11 - —_
I @ 0‘5M3°'/yr i
e -12 -
3) i X 10-8 Ny
- u N\ _
b - </ A i
an —-13 = )
o 4 [~ 107 ]
. ! AVaNSTA .
ap - NN N i
o i \\\ N i
~15 - NN
: N \\ \ :
- O AR N
— | | | \\ AN DR

_16 | | | | | | | | | | | RN AN |

0 0.5 1 1.5
log A(um)

—11

—12

—-13

—14

—-15

—-16

BRRVIVAVER V) B

R,_=4R,_
M M=10-M2/yr 1

RS
“~
. -6
.
-
-
N ~
.
-
N
~
N
-
-
-
.
LN .

-~
M .
-~ -~
N
-~ -
-~
-~ .
\~ . .
~ D
. .
. s
. .
. .S
\s . -
-~ -
AN NN
\s .
.
AN .
\‘
L4 My

II,'II|

0 0.5 1 1.5
log A(um)

Key observable: Mp x dM/dt

Monday, March 14, 16



Measuring accretion on a proto-planet

Spectra Differential Imaging
Coutersy of K. Folette

Close at al. (2013)

Line Filter

MagAO Wollaston
beam Prism

(splits beam)

Continuum Filter

With WFIRST no need H-alpha Continuum
for simultaneous imaging
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H-alpha: proxy for accretion rate

Continuum
(642nm)

Hydrogen-alpha Difference Image

(656nm)

-

Location of the star LkCa15
(light removed)

Sallum, Folette et al.
(2015)

' Thalman et al (2015) | &+’

y . a.‘ ‘v.:‘ ¢ .
| * Accreting proto-planet.
e Contrast 8x10A7-3.

e Need continuum to measure
dM/dxt.
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Performances of Adaptive Optics systems

100,0
Fusco et al. (2014)

§ o
o 90,0 , VLT- SPhel‘e V band (grey splitter)
-
- 80,0 esm==R band (dichro splitter)
o
i 70,0 wwi==| band (grey splitter)
% sy | band (mirror)
E 60,0
o === H band (mirror)
£ 50,0 .
Q =K band (mirror)
o
] 40,0 = = =Spec - goal for faint case
E in H band
o 30,0
A
5 200
a conditions .
& 10,0 0.85" seeing
12 m/s wind speed
0,0 .
4,0 6,0 8,0 10,0 12,0 14,0 16,0
R magnitude

* The majority of the well studied mm proto-planetary disks are
“too faint” to be observed with today’s AO systems.
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100,0
90,0
80,0
70,0
60,0
50,0
40,0
30,0

20,0

approx Strehl ratio (extrapolated from H band)

10,0

0,0

Performances of Adaptive Optics systems

Fusco et al. (2014)
VLT- Sphere

V band (grey splitter)

esm==R band (dichro splitter)
wwi==| band (grey splitter)
sy | band (mirror)
e==H band (mirror)
=K band (mirror)

= = =Spec - goal for faint case
in H band

conditions :
0.85" seeing
12 m/s wind speed

4,0 6,0 8,0 10,0 12,0

R magnitude

14,0

16,0

* The majority of the well studied mm proto-planetary disks are
“too faint” to be observed with today’s AO systems.
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Parameter space for WFIRST CGI GO science
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5 ELT Circa 2015\

S o
E o, o ©
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e ] " R ~ Jupiter
- Vehus 7
[ £
Earth | Saturn

B Mars m) Uran

P S e S e | i 1 1 —4—1—1—+} |
0.05 0.1 0.5 1

s 2. Proto-planets and

l,, interactions with their disk

1'? * Proto-planets are bright.
14 ¥ Contrast is not challenging.

—_
(&)

©
Delta Magnitude (mag

* Angular resolution is key.

* JWST will identify them.

22

|24 ® Current AO systems will

only observe archetypal
systems.

26

Given the timescales associated with orbits every
observation is precious.
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1'? * Proto-planets are bright.
14 ¥ Contrast is not challenging.
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©
Delta Magnitude (mag

* Angular resolution is key.

* JWST will identify them.

22

|24 ® Current AO systems will

only observe archetypal
systems.

26

Given the timescales associated with orbits every
observation is precious.
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Context: formation and evolution of planetary systems

1-10 Myrs

5 Gyrs
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Context: formation and evolution of planetary systems

1-10 Myrs

10-300 Myrs

3. Adolescent-planets

and their atmospheres
5 Gyrs
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Historical perspective on Extreme AO systems

2MASSWI1207334-393254

778 mas
55 AU at 70 pc

Chauvin et al. (2004)

|
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Historical perspective on Extreme AO systems

2MASSWI1207334-393254

~10A -4 contrast

778 mas
55 AU at 70 pc

Chauvin et al. (2004)

|
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Historical perspective on Extreme AO systems

2MASSWJ1207334—-393254
GPl/H-band GPl/J—band

Macintosh et al. (2015)

£ 0.5

535 AU at 70 pc

Chauvin et al. (2004)

|
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Historical perspective on Extreme AO systems

2MASSWJ1207334—-393254
GPl/H-band GPl/J—band

Macintosh et al. (2015)

~J0A-6 contrast

£ 0.5

535 AU at 70 pc

Chauvin et al. (2004)

|
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51 Eri b, first cold start candidate

Spiegel and Burrows (2012)
oM
10 5M

e

—‘-‘1 S

@® Beta Pic b

/

‘
<" 20 10M,
= 5M,
25
- < MJ
H-band Evolution -
30 1M,
35
1 10 100 1000

Age (Myr)
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Historical perspective on Extreme AO systems
'l.?_ g e

- _‘

: ',-j _
L T iy o
- - } e
- I. _-:l l:
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= ' | |
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Historical perspective on Extreme AO systems
'l.?_ g e

- _‘

L Tl . .
- - } e
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Historical perspective on Extreme AO systems

GPI comisionning

Monday, March 14, 16



Historical perspective on Extreme AO systems

GPI comisionning
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The orbit of Beta Pictoris b

0.3

2013-11-16

0.2

0.1

0.0

Arcseconds

0.1

-0.2

-0.3
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Arcseconds

Millar-Blanchaer, et al. (2015)
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GPI spectrum of Beta Pictoris b

\\\\\\\

|
* f
e
Q
fH | | | |
- 1= = = == = = = - 2 e el A m
| | | | | | |
| | | 7  —— —— <4 |
", ," ", ., —J .u_ 7. f. f
_—
7 C T #"" 7 7 7 |
r : 4 | | |
| _h._ : P
= =
[ B _ [ _ R N B B _ [ R R B B
. nw o v o w o
N © © 1©B 1B < < o

wr'/ w/m ¢, 01 S

290

14 18 20
A um

12

Chilcote, Pueyo et al. (in prep)
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Brown Dwarfs: empirical sample for context

‘ I I I T ‘

7EBetaPictorisb L S
I e ]
6  Pmwy I
5 ™ { = T®T— co
- T+ RO
4:— ************ . .iuusf“::""tilz ]
< i
g ) -
2 N RS b
O
0 g Field Objects courtesy of J. Fillippazo and BDNYC group
1.0 1.5 2.0 2.5
A um Chilcote, Pueyo et al. (in prep)
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Brown Dwarfs: empirical sample for context

0 —Cushing-etal-(ot4)———— —

~_Gagne et al. (2015)

I-0910 (L/Lsun)

—10- 1 L1 3 3 aaql ! L3 0 a3 1l L 1 a1 1 aql I Ll 111
10° 10’ 10° 10° 10
Age (yr)
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Brown Dwarfs: empirical sample for context

0.4 |

0.0

Deuterium burning

Hydrogen burning

0.2M, _

80M,.

10° 10’

10° 10°

Age (yr)

10"°
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Brown Dwarfs: empirical sample for context

1 |||||||| | 1 |||||||| | 1 ||| - -
Cushlng et al. (2014)
5.4 -
| Gagne et al. (2015)
5.2 _— y
5.0
Tw B M dwarfs /L dwarfs Tdwarfs
= _ V74 Yy / /S S
O 48 -
. _
m -
s [
4.6
4.4 —
L &.Q"
4.2 / /
10’

Age (vr)
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Brown Dwarfs: empirical sample for context

L ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ ‘ ‘ l
Beta Pictorisb # - R

|,;||.I\

Iy,

H,‘ I IH N

, w\ L"' !Il|
) e

I Young Brown Dwarf = Low gravity

\
\
\
\
L \ \ \
l l l l l l l

10 15 20 25
A um Chilcote, Pueyo et al. (in prep)
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Brown Dwarfs: empirical sample for context

Young Brown Dwarf = Low gravity

1.0 1.5 2.0 2.5
A um Chilcote, Pueyo et al. (in prep)
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How do we find low gravity brown dwarfs?

...... T
O
8 F |+++ Field A 1RXS J2351 B
* « » Young (trig. dist.) 800 2M0103-55 (AB)b
o oo Young (kin. dist.) \ S AR
10k —~ Field sequence
- Young sequence ooV x And b
@00 |solated = 13 M, AB Pic b
10| eee Isolated > 13 M, 9/19b
##% Companion < 13 M, = v‘/ogy‘m s
3 +
k% Companion > 13 M, HN Peg B M 0122 B,
N i ~ -~ -~
s’ 14 ‘;’ 1 B8 R Y @ 2mi207b
4 .;‘l’ “Vk__ —d o
0/' Pt cb 9/4 V. ®
16 F ?s:mg HR 8799 bed \\
—x 3
A ‘K G 758 B
Ross 458 (AB)c PSO J318
WO0047 +68
18 /
. / 0
K Green stars = Planets
o
o0 L /7 GJ 504 b
" =+, Gagne et al. (2014)
-1 0 1 2 3
J—-K

Fainter end of the low gravity sequence
incomplete. WFIRST-WFI will address this.
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How do we find low gravity brown dwarfs?

[ & ]
8 | ¢4+ Field ) 4
[ | °©°° Young o9 2M0019-+4614 |
: > > » Young objects of interest .89%00 / ]
10 | Field T5-T6 ¢ ‘.’&g i
| ik AB Doradus members o7 2M0032-4405 i
ob“i% 9 7CD 352722 B l
AB Picb
| W £ '
12 B ¢ 00,8 J0219b _
VL 54 6=0— 2M1425-3650

I ‘ 2 2M0355+11 |
/ i 5 o°/ + |

I R 2M0602+391 004§ " o ? 2M 1220/5(
~ | o ¢ 2 @ _

=’ 14 v WS b n it ’000 —}—&L 2M 1207 b
0 907, );L AL T e ¢ ot

e e W \ K BN
: ¢ % ¢ Dng1 1 132?:1;6 GU Psc b o \ -
— ) HR 8799 bcd .

16 ) © ““———}—M£47+68

R \ GJ 758 B
,Ross 458 (AB)c / VHS 1256 PSO J318
18 B ¢ -
L ’ ’ * .
I v, 1
GJ 504 b
20 - )b Gagne et al. (2015) -
- ¢ ot .
-1 0 1 2 3
J—K

Fainter end of the low gravity sequence
incomplete. WFIRST-WFI will address this.
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What would this planet look like with WFIRST?

A
Spectrum of Beta Pictoris b witﬁn\]’\/FlRST will be very easy!
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What would this planet look like with WFIRST?

: ‘~ ‘ Beta Pictoris b -
_10_ ffffffffffffff _
-12- ~|0N-6 00 R LR R -

W % |
-14- | e e i
-16-¢% | R R e :

1.0 1.5 20 2.5

A
Spectrum of Beta Pictoris b witﬁn\]’\/FlRST will be very easy!
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We can learn more about these plantes with WFIRST
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A um
Visible spectrum: estimates of gravity and metallicity
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Brown Dwarfs: empirical sample for context

0.12
- l
3010
E 0.08
= 0,06
© 0.04
= 0.02

0.00 ~—




Brown Dwarfs: empirical sample for context




Brown Dwarfs: empirical sample for context




Brown Dwarfs: empirical sample for context

0.70

A um
No low g counterpart: WFIRST-WFI will identify many.
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Brown Dwarfs: empirical sample for context

0.70

A um
No low g counterpart: WFIRST-WFI will identify many.
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10

Low frequency of self-luminous exo-planets

i B (el 51173 :
_ BT—Sett]
g =-0.65
i a=-085
a_. = 1000 AU
Brandt et al. (2014) Mpnin =9 M,
111 ll 1 1 1 L. 1 11 ll 1 1 1 L1 11 ll
10 100 1000

Projected Separation (AU)

Exo-planet/BD
companion at large
separations are rare:

* Either they are hiding
close in/deeper.

* Or their frequency is
low: building up an
“empirical evolutionary
track” will take time.
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Low frequency of self-luminous exo-planets
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g =-0.65
a=-0.85
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Projected Separation (AU)
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Exo-planet/BD
companion at large
separations are rare:

* Either they are hiding
close in/deeper.

* Or their frequency is
low: building up an
“empirical evolutionary
track” will take time.
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Low frequency of self-luminous exo-planets

Exo-planet/BD

ov Spiegel and Burrows (2012)

R companion at large

B

separations are rare.

* Either they are hiding
H-band Evolution - Close |n/deeper.

Age (Myr)

* Or their frequency is

>N e . -
g =-0.65
= —0.85 . lal
o = 1000 AU low: building up an
Brandtetal. (2014)  Mmw =5 M, “empirical evolutionary
] 1.1 lll 1 1 1 1 1 1 lll 1 1 L1 1 1.1 II . .
10 100 oo track”™ will take time.

Projected Separation (AU)
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Atmospheric composition as a proxy of
formation history

e S A VL * Planet metallicity vs host
’ C§|ng et al. 20I5

75E

star metallicity.

* Planet metallicity as a
function of separation.

* Molecular abundances in
the context of their
corresponding ice lines in
the primordial disk.

_ 4 elmpact of incident stellar
O.:fa e e e a5 sasa 5 TlUX.

avelength (um)
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Parameter space for WFIRST CGI GO science
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3. Adolescent-planets

18 and their atmospheres

1! e Visible contrast ranges
12 2-3 orders of magnitude.

Most of the are “easy’’.

[a—
NN

o
Delta Magnitude (mag)

e WFIRST-CGI
optical spectrum will
be a key element to
.2 undertand their
atmopshere an their
formation history,

e
(0]

N
o

24

26

Synergies with the WFI will help identify the empirical reference

sample to study these atmospheres.
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Context: formation and evolution of planetary systems

1-10 Myrs

5 Gyrs
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Context: formation and evolution of planetary systems

1-10 Myrs

4. Debris disks
and their scattering properties

5 Gyrs
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Context: formation and evolution of planetary systems

4. Debris disks

and their scattering properties
5 Gyrs
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Context: formation and evolution of planetary systems

4. Debris disks

and their scattering properties
5 Gyrs
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Context: formation and evolution of planetary systems

4. Debris disks
and their scattering properties

See G. Bryden Talk S Gyrs
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Importanc

1 f ’ I. .- r-.‘

e of dust for exo earth imaging missions

5
4

Jupiter

HDST report (2015) simulations:
M. N’Diaye, L. Pueyo

40h exposure time .



The pseudo zodi problem:
g=0.3 g=0.5 g=0.7 g=09

1.5

¥ Cxozodi Stark et al. (2015)

0.5

0.0 ( ) 0
0.5 O.9I
1o 0.8F 1

1.5 [
8 Pscudo—zodi . V7T
: (D]
S o6l -
05 e
- =
) M
Z 00 = 0.5F -
> S
-0.5 =
04F -
:
-1.0 'z,
03F -
1.5
1.0 02
05 — 0.1
00 00
0.5 et
-1.0
-1.5

-15 -10 -05 00 05 10 15 -10 -05 00 O05 10 15 -10 -05 00 O5 10 15 -10 -05 00 OS5 10 15

Forward scattering grains in the line of sight masquerade as “face on
zodi in an edge on system
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This is not just a theoretical construction.

92.76 90.98

Log-scaled Re-Reduced STIS Image (1997)

Log-scaled Reduced STIS Image (2012)

44.75 4297

Apai et al. (2015)

-3.26 -5.04

The disk around Beta Pictoris is very forward
scattering

Monday, March 14, 16



This is not just a theoretical construction.

1.5

1.0

— 1.0
‘7Millar-Blanchaer et al. (2015)

—1.5 =

—-15 =10 —0.5 (0.0 (0.5 1.0 1.5 —-15 =10  —0.35 (.0 (.5 1.0 1.0

The disk around Beta Pictoris is very forward
scattering
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Measurements of scattering phase function

a=105AU :
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n

Stark (2015)
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Measurements of scattering phase function

Hedma

Normalized Brightness
o

n and Stark (2015)
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

HD 181327 (F6V)  fais/fitar=0.17%

o

530 AU (10.2”)
SWD=18AU0 (035

AU MIC (M1V) faisi/fstar = 0.20%

— —

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

< IWD = 5 AU (0.5”) >

HD 15115 (F2) f oyl Forar = 0.030%

890 AU (19.7”)

< IWD =18 AU (0.4”)

>

HD 15745 (F2V) fais/Fstar = 0.092%

700 AU (11”)
< R CYVICER! >

HD 107146 (G2V) f,u/foter = 0.0077%

290 AU (10.6”)

< IWD =11 AU (0.4”)

>

Monday, March 14, 16

HD 32297 (AOV) fsi/foror = 0.30%

2390 AU (21.3”)

< IWD =34 AU (0.3”) >

HD 92945 (K1V) . faisi/fstar = 0.0050%

7 HIEAR
230 AU (10.7”)
<Wb:6.4 AU(03") °

HD 61005 (G8V) Frdfora = 0.245%

Schneider at al. (2014)

550 AU (12.1")
< IWD = 14 AU (0.3”) >

HD 139664 (F5V) frad forar = 0.0005%
. '.\'T:.\;.-\ ¥ W "d:;‘.". =,

b e :.;(ﬂ'l i ™! 9 ""'w.‘.' y
< 160 AU (9.27)
IWD: 20AU (1.2")

HD 53143 (G9V) fais/Fstar = 0.104%

250 AU (13.6") S

< IWD: 5.5 AU (0.3")




Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.

HD 1510349 HD 202917

1Y i o8

f

2 ._'.F 1 arcsec

52 Al 43 alr

Soummer et al. 2014

III
TWA I8, FLEIYY E J

Choquet et al. 2015, in prep.

I 15650, FI60W . ! HD 377, F110W
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.

43 AD

Soummer et al. 2014

l"
TWA 25, Fls0w E 4’

Choquet et al. 2015, in prep.

HID 35650, F160W
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Parameter space for WFIRST CGI GO science

4. Debris disks
| 1% and their scattering
10 properties
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What does this mean for the CGIl instrument:

* Maybe H alpha filter?
* Maybe larger field of view in the imaging channel?
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What does this mean for the CGIl instrument:

* Maybe H alpha filter?
* Maybe larger field of view in the imaging channel?

- Total Normalized Contrast: 6.6748e-09
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Iteration
e Science at a contrast | -2 orders of magnitude

more gentle than the requirements.
e Implication on timing of GO observations
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Parameter space for WFIRST CGI GO science
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. Proto-planetary
disks and their
interaction with
exoplanets.

2. Proto-planets and
interactions with their
disk.

3. Adolescent-
planets and their
atmospheres.

4. Debris disks
and their grains.

¢ Plenty of exciting science with the WFIRST-CGI
e Synergies with JWST, ALMA, ELTs.
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High-Contrast Imaging from Space Workshop.
STScl
Nov 14-16 th 2016

Many astrophysical observations require the imaging of faint objects or nebulosity next to point
sources such as stars and unresolved active galactic nuclei. To achieve these observations, several
high-contrast imaging techniques have been developed to suppress light from the central bright
source in optical through mid-IR wavelengths. The operation of telescopes in space has opened
new frontiers in high contrast imaging due to their relative stability and location above the Earth’s
atmosphere. The astronomical community is using knowledge gained from current space- and
ground-based facilities to plan for future high contrast imaging missions in the next decade. In this
workshop, we will explore the legacy of existing space-based high contrast imaging from the Hubble
and Spitzer Space Telescopes and investigate how existing scientific observations and coronagraphic
techniques may be applied for future observations with the James Webb Space Telescope and
the Wide-Field Infrared Survey Telescope to image exoplanets, debris disks, protoplanetary disks,
AGN, Solar System objects, and other astronomical objects.
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Back up
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Importance of dust for future earth-imaging missions
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The zodi-level is a key input to exo-earth experimental

design.
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Where is the zodi coming from?

Dust grains at | AU (LBTI)
X
Geometric Albedo (?)
X
Scattering phase function (??)

halo in images of solar system analogs.
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Where is the zodi coming from?

Dust grains at | AU (LBTI)
X
Geometric Albedo (?)
X
Scattering phase function (??)

halo in images of solar system analogs.

Monday, March 14, 16



Where is the zodi coming from?
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The pseudo zodi problem:
g=0.3 g=0.5 g=0.7 g=09
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Forward scattering grains in the line of sight masquerade as “face on
zodi in an edge on system
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This is not just a theoretical construction.

92.76 90.98

Log-scaled Re-Reduced STIS Image (1997)

Log-scaled Reduced STIS Image (2012)

44.75 4297

Apai et al. (2015)

-3.26 -5.04

The disk around Beta Pictoris is very forward
scattering
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This is not just a theoretical construction.
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The disk around Beta Pictoris is very forward
scattering
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Measurements of scattering phase function

a=105AU :

ay
n

Stark (2015)

1
e
o W ©

; Do
() )1

Ilumination—corrected flux density (counts s~ pixel™)
()|

. E ™ T‘VV 'AW WJ 'v .’\.j\ :A P A ‘“}‘V Vjv4 i
- v A N
E I 3op b V\/”v‘“ .......

000 200 399 599 e e e 11O
Flux density (Counts SGCOIld_l plX el—l) verage scattering angle <6> (°)

Monday, March 14, 16



Measurements of scattering phase function

Hedma

Normalized Brightness
o

n and Stark (2015)

Gring
- if . D68 (Int)
‘k{,%s ]
&

{><I> i

%I%?
%, |
3 %%
%ﬂ%’é

1I 1I0 B 1(I)O

Scattering Angle (degrees)

1000.0

100.0

10.0

1.0

0.1

— Model of G ring

— — 1 HG fit to model @ 60°<0<120° ]
— — 2 HG fit to model @ 60°<6<120°

1 10 100

Scattering Angle (degrees)

Monday, March 14, 16



Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

HD 181327 (F6V)  fais/fitar=0.17%

o

530 AU (10.2”)
SWD=18AU0 (035
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— —
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>
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.
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Soummer et al. 2014
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Choquet et al. 2015, in prep.
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Scattering phase function cannot be measured for
angles from 0 to 180 on a single system.

Next step is to get a large sample of debris disks at
various inclinations.
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