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The example of the Solar System

DEDI'iS diSk: _' ; : ' .-‘ v; ‘ : - ' T z?:?gmm.
— Dust generated by collisions between ' '

larger bodies in asteroid and Kuiper
belts and by comet outgassing.

Zodiacal cloud: R

— 200-500K fine dust particules extending s
from the solar corona to ~5AU el

(associated with asteroid belt)

— f = Ldust/Lsun ~ 107 (measured). ot of Binary

Kuiper Beilt Object
#1508 Wwa

— 10719 of mass in planets, but x100 their
IR IuminOSitY' Kuiper Belt and outer

Kuiper belt: Solar System planetary orbits
— <30-200K dust at 30-55AU.
— Frozen volatile cometary material.
— f ~ 106 (inferred).
— 1/10-1/100 Mearth.

Expected dust survival times are short [The Oort Cloud |
(<~100Myr) = any dust found in stars older Qs
than few 100s Myr must be recently formed § |
& continously generated.




Circumstellar dust around other mature stars

Discovered by IRAS (1983).

Mostly restricted to outer cold
regions of the disk > Kuiper Wyatt 2008
analogs rather than solar zodi TTa N

equiv. 10
Recent detections of hot debris
disks by SPITZER (rare 24 micron and

10 micron excess, Trilling et al. 2008, Lawler et oo\ N\ :
al. 2009) w0l | ‘ =10
A few resolved excess detection ol i S\

10 0 10 10¢ 10

by ground based NIR/MIR A Wavelength (pm)

interferometry (Absil et al. 2006, Stock et
al. 2009)

Solar levels of zodi (and Kuiper Difficulties of unresolved detection:
belt) dust are undetectable * absolute calibration needed
around other stars * predicting stellar flux from shorter

] wavelength measurements.
Note: exo-Kuiper belts were
discovered before our own...

| Total emission
! spectrum

Disk
| contribution

Flux density (Jy)




Why study debris disks?

Time scales for debris disk evolution may help understand planet
formation (see e.g. Wyatt 2008).

Use disk structure to infer the presence of unseen planets (e.g. Wolf
2007, as done around youg stars: Fomalhaut, §§ Pic).

Knowledge of exozodi levels and structure is needed in order to

properly design future terrestrial planet finding/imaging missions
(e.g. Beichman & Velusamy 1996, Mennesson & Mariotti 1997, Defrere 2009):

— True for both vis coronographs and IR interferometer concepts.

— Knowledge of the exozodi levels for all candidate stars would allow a greatly
optimized instrument and strategy design.

— Exozodi photons impact required integration times, or sample sizes for given
mission duration.

— Another problem: distinguish planets from disk blobs.



The Keck Interferometer

The 2 Kecks (D=10m) combined as an IR interferometer, Baseline=85m.

NASA funded. JPL/WMKO/NExScI development & operations.

Standard Michelson interferometry at H(1.65um), K(2.2um), L(3.6um) bands. R up to 2000.
Nulling in Nband (8-13 um).

Development of Dual Field and Astrometric capabilities (ASTRA, NSF funded).

For all the details see: http://nexsci.caltech.edu/missions/Kl/




The Keck Interferometer Nuller

Split each Keck aperture into left and
right halves.

Null the star on the 85m baseline.

— Accommodates the large dynamic
range between the star and
surrounding dust.

Demodulate the output of the long
baseline nullers with a second

interferometer on a short 4m baseline.

— Allows detection in the presence
of the large thermal background.

— Also, provides accurate flux

normalization.
The measurement, in essence:
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Key aspects

Spectral band:
— 8—=13 um
— 10 spectral bins
— Aeff = 8.5 um

Limiting magnitude: 1.5 Jy at N band

Long baseline fringes provide sensitivity to inner dust:
— At null, next fringe peak is at A/(2B) = 10 mas
— Or 0.1 AU at d=10 pc (sample median)
— Compare with e.g.:
- at 8.5 um, blackbody peak is for Tdust = 432K,
in equilibrium with Lsun at 0.4 AU.

Interferometer FOV ~ 300 mas FWHM @ 8.5 um

The Nuller architecture results in better control of systematics and
higher calibration accuracy than standard IR interferometry

Example:
— For single baseline: L=(1-|V]|)/(1 + |V]).
— L = 0.01 corresponds to Visibility = 0.98.

— o(L) = 0.003 (KIN typical) corresponds to a(V) = 0.006 (0.6%, much better
than standard MIR interferometry)



Null Leakage

Sanity Check on Targets with Large Excess

Proto-planetary disk examples (Millan-Gabet in prep)

Raw

Null Leakage vs. Havelength -- 2889299.nullspec

e )

HD23638
HD33463

4 HD39845

HD9927e

| nuc_486

i i i i i i i i
9 9.5 10 18.5 11 11.5 12 12,5
wavelength

13

Calibrated Null Leak

Huge signatures
from disks!

Calibrated
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The Key Science projects

Intensive 1-year program.

32 nights.

Feb 2008 — Jan 2009.

3 teams selected in response to NASA call:
— P. Hinz (U of A).

— M. Kuchner (GSFC).

— G. Serabyn (JPL).

44 targets observed of submitted.

Nearby MS stars potential targets for future planet-finding missions,
or which are known to have debris disks.

KI Nuller open to community via NASA and NOAO TACs since 2009B



The Serabyn sample

Spec Comments SpecT Comments
Typ (Lsun) (Lsun)

eta Crv 18.2 High dust gam Oph 29.0 219 Known excess
107 Psc Kiv 75 0.4 binary gam Ser FelV 11.1 2.7

1 Ori Fev 8.0 2.6 iot Peg F5V 11.8 3.3 binary

47 UMa Glv 141 15 3 RV planets iot Per GOV 105 2.2

61CygA K5V 3.5 0.2 binary iot Psc F7V 138 33

70 Oph Kov 5.1 0.6 binary kapl Cet G5V 9.2 0.8

HIP54035 M2V 2.5 0.02 kx Lib K4av 5.9 0.3 binary

alp Aql A7V 51 9.8 lam Aur  GlIV 127 1.7

betCom GOV 9.1 13 NSv4765 K5V 49 0.1

bet Vir FOv 109 34 tau Boo Felv  15.6 3.0 1 RV planet
chil Ori GOV 8.7 1.0 the Per F7Vv 11.2 2.2

del Tri GOV 108 1.1 ups And F8V 135 3.3 3 RV planets

gam Lep F6V 9.0 2.3

« Observed 25 systems of 29 allocated: 2A, 10F, 7G, 5K stars
« N-band fluxes: 1.3 — 4 Jy (except Altair 31 Jy).
- Means: 3Lsun, d=10.5 pc, 3.7 Jy. g5



From calibrated leak to number of zodis

f f Zodi _ Brightness* (KINPattern)null
f f Star _ Brightness* (KINPattern) peak

(measured Leak — stellar Leak) =

Compute and subtract stellar leak from the data (introduces ~10-* error).

Generate an image of an analog of the solar system zodi around each target,
with solar density @ 1AU and T(r) rescaled to stellar L, using ZODIPIC (Kuchner,
GSFC), for a given disk inclination and PA (recall: exozodi only, no central star,
avoid having to sample the stellar disk).

Compute the 1-zodi expected leak (=)

Scale the number of zodis until the predicted leak matches the net measured
leak.

This must be done for each individual observation, because the conversion to
nzodis depends on the KIN pattern (baseline length & orientation), which
depends on HA.

Average observations and clusters in “nzodi space”, propagating formal and
external errors.

Repeat for range of dust disk orientations {inc,PA}. The resulting variability is an
additional error source (small).



Zodi Brigthness Distributions

Input Null Peak



Zodi level per star

pue~sdn
1ad™ay)
00q ne}
G9/¥ Asu
e we)
Qo
180" 1dey
asdejo1
1ad™ejol
Badeyj01
185 ewuweh
ydo ewweb

daj"web

Zqu@

1} eysp
O™ LIy
IAT18Q
wod 18q
jbe—de
SE0VSdIH
ydo 0/
e bl 19
ewn /¢
uo}

asd™ /01

T

-

g

A

3

—

2 B

—

SIPOZ 40 JaquINN

R -

:

25

15

10

14

Target index



Results Summary (1)

« MIR nulling interferometry from separate telescopes has been
demonstrated on the sky.
« Instrument accuracy /sensitivity (from 22 non-detections):
— Average measured exo-zodi level consistent with zero
— o = 150 zodis
— sensitive to dust within 10 to 300mas

Histogram of all non-detections (2-sigma clipped, 21)
10 vvvvvvvvvvvvvvvvvvv
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« In spite of 300K background, ~ x2 better upper limits than SPITZER IRS
at 10 microns with no a priori assumption on stellar spectrum



Results Summary (2)

Eta Crv:
— known 10 micron excess source (Smith et al. 2009) is resolved. Also shows Si spectrum.
Gam Oph:

— known to have A > 20um dust, KIN shows a possible new detection at 10 um (2.7 o)

Assuming that the 23 MS stars with no previous MIR detection belong to a
single zodi class (and that individual measurements are uncorrelated):
— The derived mean zodi level for that class is 6 +/- 50 zodis (10),

— The exo-zodi level statistical distribution is unknown, so no confidence interval can be
derived below e.g. a given zodi level. Only the mean zodi level can be characterized

— Assuming Gaussian measurement errors, the above result would imply that the mean
exo-zodi level for the class is < 56 zodis (10 upper limit) with 84% confidence, or < 156
zodis (30 upper limit) with 99.8% confidence

— bootstrapping analysis and histogram fitting by different underlying zodi distributions
(gaussian, exponential) provide similar values for the mean zodi level

Rather good news for future exoplanet direct imaging space missions

Further work however urgently needed to push individual (current
30 ~500 zodis) and statistical upper limits even lower



Current knowledge on MS stars zodi level

From Spitzer observations of nearby MS stars (e.g. Trilling et al. 2008,
Lawler et al. 2009)

— 16.4 *28, 4 % have a detected 70 um excess (out of 225 sun-like FG stars): rather KB than zodi analog
— 11.8 +/- 2.4 % have a 32 um excess (out of 203 FGKM stars, using 3o excess= 6% ~ 100 zodis)

— 4.2 +20_ % have a 24 um excess (out of 213 FG stars, 3o excess =10%)

— 14/- 0.7 % have a 10 um excess (out of 203 FGKM MS stars, 30 excess= 3% ~ 1000 zodis)

— Excess rates statistically indistinguishable between A, F, G and K stars

From 10 um KIN observations of 23 nearby AFGKM stars with
Nno Spitzer excess detected (this work)

— 1 star (Altair) shows a ~1% excess within 2 AU, at 40 ~ 600 zodis.
— Mean zodi level among such stars is 6 +/- 50 zodis (10 on the mean)

From NIR interferometric observations of 40 MS AFGK stars (Absil et al.)

— 9 stars show an excess at the ~1% level, (origin remains unclear)
— Excess rate seems to decrease vs spectral type (small statistics)

— 9 were observed by MIR nulling interferometry (KIN, MMT): only 1 shows significant 10 micron excess
emission imputable to a debris disk (e.g. Stock et al. 2010)



What's next?

Need to push down further in determining zodi
levels around nearby MS stars:

« LBTI goal: 80 stars down to 10 zodis in MIR

» Accurate NIR (1.5-5um) interferometry (KI,
CHARA, LBTI, VLTI ?)

« Do we need to know about 1-zodi levels?
« A dedicated sub-orbital or space mission?

Still need to solve the problem of dealing with
disk inhomogeneities.
» Direct characterization of morphologies, or

address with appropriate observing
mitigation strategy?
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