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Abstract

Debris dust in the habitable zones of stars — otherwise krasexozodiacal dust — comes
from extrasolar asteroids and comets and is thus an exppatedf a planetary system. Back-
ground flux from the Solar System’s zodiacal dust and the@iazal dust in the target system
is likely to be the largest source of astrophysical noisdrieatl observations of terrestrial plan-
ets in the habitable zones of nearby stars. Furthermore,stiustures like clumps, thought
to be produced by dynamical interactions with exoplanetsagpossible source of confusion.
In this paper, we gualitatively assess the primary impaaxaizodical dust on high-contrast
direct imaging at optical wavelengths, such as would beoperéd with a coronagraph. Then
we present the sensitivity of previous, current, and neam-facilities to thermal emission from
debris dust at all distances from nearby solar-type starsyadl as our current knowledge of
dust levels from recent surveys. Finally, we address therattethod of detecting debris dust,
through high-contrast imaging in scattered light. This moetis currently far less sensitive
than thermal emission observations, but provides highadpatolution for studying dust struc-
tures. This paper represents the first report of NASA's Exiogl Exploration Program Analysis
Group (ExoPAG).
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1. Introduction

Interplanetary dust interior to the Solar System’s astkbeilt is called the zodiacal dust, which comes
from comet comae and asteroid collisions, just like the @luahy debris disk. At least 16% of nearby solar-
type stars harbor cold, outer debris dust much denser tleadutdt in the Solar System’s Kuiper belt (Trilling
et al. 2008). Sensitive new far-IR surveys probing simitarsfor cold dust down to about 10 times the
Solar System Kuiper belt level find a detection rate-025% (Eiroa et al., in preparation). Unfortunately,
we know little about warmer exozodiacal dust (exozodi) imittmer reaches of nearby systems, i.e. within
the stars’ habitable zones. About 1% of nearby solar-tyges sthow a large amount of emission from warm
dust ¢ 1000 times the expected zodiacal dust emission in the wagtleange from 8.%m to 12 um;
Lawler et al. 2009). However, a more sensitive survey forzer@acal dust around a smaller set of nearby
stars with the Keck Nulling Interferometer (KIN) found migshon-detections (discussed further below;
Millan-Gabet et al. 2011). As will be shown, background fleenfi our local zodiacal dust and the exozodi
will likely dominate the signal of an Earth-analog exoplaten exoEarth, for short) in direct images and
spectra, even if exozodi levels are no greater than the Sgktem level.

Furthermore, debris disks often display dust structurgs) as narrow rings (e.g. HR 4796A; Schneider
et al. 2009), clumps (e.g.Eri; Greaves et al. 2005), and waypglined sub-disks (e.g. AU Mic; Krist et al.
2005). A notable example of a warped disk — the fam@u&ctoris system — is shown in Figure 1. Such
structures are thought to be produced by the dynamical imief a planet, as are the clumps of zodiacal
dust leading and trailing the Earth in its orbit (Dermott etl®94). Dust clumps are likely to be the most
troublesome source of confusion in direct imaging of Eaitte planets, since dynamical clumps orbit the
star, though not necessarily with the same period as tharperg) planet (e.g. Kuchner & Holman 2003).

Therefore, exozodiacal dust complicates direct imagingxafplanets in two ways: 1) as a source of
noise and 2) as a source of confusion. The exozodical dusdslavound nearby stars will be as important to
the success of efforts to find and characterize Earth-likplexets as the fraction of stars with potentially
habitable planetsean). There is a strong need to sensitively probe nearby stasiiall amounts of dust
in their habitable zones. In this paper, we will first demoatst the effect of exozodi emission as a source of
increased noise in direct imaging of exoplanets, then aske<urrent knowledge of debris dust abundances
and expected progress toward increasing our knowledge.

1.1. Quantifying Debris Dust: What is a “Zodi?”

Debris disk observers typically express the amount of duatdebris disk using the system'’s fractional
dust luminosity,Lqust/L«, which is the light absorbed by the dust and reemitted aihewavelengths
(infrared to millimeter) relative to the stellar lumingsit This parameter, often also called the fractional
infrared luminosity, is determined by integrating the ttdag-wavelength excess flux seen in a disk spectral
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energy distribution (SED) over frequency. Therefore, it ba measured from unresolved photometry, more
easily at long wavelengths where the stellar emission atively faint. Lqysy/L. iS not a unit of optical
depth, dust mass, or surface brightness. In the opticalyddse, it is proportional to the dust mass but is
affected by grain properties like size and composition.

In the context of direct exoEarth observations, the abucelah debris dust in habitable zones is typi-
cally given in units of “zodis,” which arose as a convenieaiwf quickly expressing some sort of ratio to the
Solar System zodiacal dust. However, extreme caution nmeusiken when interpreting the unit, since dif-
ferent workers have used different dust properties whestoacting their one zodi. The definition adopted
largely depended on what was useful or possible for the aisaéit hand. For example, Gaidos (1999) de-
fined one zodi (spelled “zody”) as the effective emittingeaoé the Solar System’s zodiacal dust. Roberge
& Kamp (2010) took one zodi to be the fractional dust lumitwsif the zodiacal dustlsy/L, ~ 1077;
Nesvorny et al. 2010), in order to relate the dust abundant&nown debris disks to the Solar System (by
this standardp Pictoris has about 10,000 zodis of cold dust).

Others assume one zodi is a debris disk that is identicaledtilar System’s zodiacal dustewvery
respect including total mass, spatial distribution, grain sizstdlbution, albedo, scattering phase function,
etc. (e.g. Millan-Gabet et al. 2011). Here, we will refer tls a disk as a zodiacal-twin disk; around a Sun-
twin star, we call it a Solar System-twin disk and it hagsy/L, ~ 10~ 7. However, care must be taken when
applying a zodiacal-twin disk to a star different than the,Since such a disk around another type of star
may not be both self-consistent and truly identical to thdiaeal dust in every way. ZODIPIGs a publicly
available code frequently used to calculate zodiacal-tligks for any type of star, using the zodiacal dust
model in Kelsall et al. (1998), which was itself based on fit®bservations of the zodiacal dust emission
with the COBE DIRBE instrument. The code does not changeubedensity distribution when varying the
central star, as expected for a zodiacal-twin disk. Howetierinner disk radius set by the dust sublimation
temperature does move outward with increasing stellarrosiiy, to prevent an unphysical situation with
dust at impossibly high temperatures. The unfortunate empnence of this is that the total dust mass and
Lausy/ L« Value of a ZODIPIC zodiacal-twin disk decreases as thessteiminosity increases.

Nonetheless, for direct observations of exoplanets at awelength, it is the surface brightness of the
dust thermal or scattered emission near the location of xbplanet that matters. Whiley,s/L, can be
measured for debris disks, it is not straightforward to evblq,sy/L, into a surface brightness; one must
assume the spatial distribution of the dust, as well as m#mr properties that are also typically unknown
(e.g. albedo). But declaring one zodi to be a zodiacal-twsk & also perilous. For most debris disks, we do
not know if the inner dust matches the zodiacal dust and irestases we know it cannot (e.g. HD 69830;
Beichman et al. 2005). Furthermore, this definition is tathic applied to stars that are not identical to
the Sun without any adjustment to the radial dust distrilsytiwhich is not likely to provide an accurate
comparison to the Solar System (discussed further belowkta@se of these problems, we eschew use of
the unit “zodi” in this paper, although we acknowledge itev@nience and anticipate its continued usage.

Lavailable for download at http://asd.gsfc.nasa.gov/Nkmchner/home.html.
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1.2. Exozodi Surface Brightness

In the next section of this paper, we show the impact of exoeadssion on direct observations of
exoEarths at optical wavelengths. To do this, we need aarder value for the scattered light surface
brightness. For a Solar System-twin disk viewed &t Bzlination (the most likely value in a random
distribution of inclinations), the modeled surface brigkgs at a projected separation of 1 AU in the plane of
the disk (the quadrature position for a planet) and 0.55 pm is about 22 mag arcset Other brightness
values calculated with ZODIPIC appear in Table 1.B-1 of tiRFTC STDT Final Repott The inclination
of the system strongly affects the observed surface brgistrat 1 AU, the surface brightness of a ZODIPIC
zodiacal-twin disk viewed edge-on is nearly 3 times gretitan when viewed face-on.

To apply the above surface brightness value to another watake advantage of the fact that by
definition the habitable zone is the region around a star evaeiEarth-like planet receives the right amount
of energy for it to have liquid water on its surface. Therefdhe habitable zone moves with changing stellar
luminosity to keep the incident flux constant, such that

reep=1AUx+/L,/Lo, 1)

where EEID stands for “Earth equivalent insolation dis&ghdNo matter the star, bodies in the habitable
zone always receive about the same total amount of flux; iif gg/sical properties are the same, they also
reflect or emit about the same total flux.

One consequence of this is that the absolute bolometric ioagnof an Earth-twin in the habitable
zone does not change from star to star, assuming the sammgig@ometry. Another is that, assuming
identical grain properties and inclination, the same amofidust in the habitable zones of different stars
has roughly the same surface brightness. Therefore, weeeanmably adopt the surface brightness at 1 AU
of a Solar System-twin disk viewed at6ihiclination as a reference value for the exozodi brightrattbe
EEID for all stars.

The movement of the habitable zone with stellar luminoskylains the aforementioned problem with
applying an unmodified zodiacal-twin disk to stars that aeSun-like. For an earlier-typéater-type star,
the EEID will be at a largetsmaller radius than 1 AU, probing a mghess distant region of the zodiacal-
twin disk where the surface density may not be the same; in flae Kelsall et al. (1998) model says it
should be lowethigher. If one was expecting the same amount of dust in this $i@bitable zone as in the
Solar System’s, the zodiacal-twin disk would need to bedtez)'shrunk in radius by the square-root of the
stellar luminosity.

2http://exep.jpl.nasa.gov/files/exep/STIREportFinaL Ex2FF86A. pdf
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2. Impact of Exozodical Emission on Exoplanet Direct Imaging

The importance of zodiacal and exozodiacal backgroundstomiss shown by comparing the counts
from both sources to the counts from an exoEarth. Note tratdlowing discussion applies to ordinary
high-contrast imaging, such as would be performed with arwagraph. The impact of exozodi on mid-IR
nulling interferometers intended for direct exoEarth obagons (e.g. ESAs DARWIN mission concept)
is extensively discussed in Defréere et al. (2010). Folimpthe approach in Brown (2005) and assuming a
uniform exozodi distribution near the planet location, tents ratio is

Cbackground_ Czodi+ Cexozodi  Npix Q (10_0‘42 +€ 10—0-4X) ,
B = T 10-04(My+50+l0g;pd—50) (2)

Cplanet Cplar‘let

wherenpiy is the number of pixels in a critically sampled, diffractibmited point-spread function (PSF)
from a partially obscured circular aperturg = 1/sharpness: 1/0.07 ~ 14.3); Q = (ﬁ %ﬂﬁse 2
is the angular area of a pixel at wavelengtfor a telescope of diametér,; zis the surface brightness of the
local zodiacal dust, which depends on the direction to thgetastar (a generic value is 23 mag arcse®
atA = 0.55um); € is the exozodi surface brightness at the EEID relative tdtightness of a Solar System-
twin disk; x is the surface brightness at the EEID (1 AU) of a Solar Systeim-disk viewed at 60inclina-
tion (= 22 mag arcse for A = 0.55 um); M, is the absolute magnitude of the plankk,(= 29.7 mag for

an Earth-twin orbiting at the EEID, viewed at quadratur@y d is the distance to the system in pc.

The left-hand panel of Figure 2 shows the counts ratio veesozodi brightnessej, assumingh =
0.55 ym, d = 10 pc, the parameter values given above, and three difféescope diameters. For a 4-
meter telescope, the counts from the local zodiacal dust@l8olar System-twin disk of exozodi viewed
at 60 inclination are about 5 times greater than the counts fraerBdrth at 10 pc. While this may sound
disastrous, astronomers commonly observe targets thédiater than the surrounding background, at the
price of increased noise and longer exposure times. Asgub@nkground-limited imaging and including
unsuppressed light from the central star, the time to deteeixoplanet at sonf'N in an image is

2 A\ (82 8(Mp+5logd—5) | A2 (1(-0.42 —0.4x 04m, (TD?
timage = TR T \N 1c° A?(10 %47+ €10 %) + 710 v ()
whereF, is the specific flux for zero magnitude in the image bandpas8500 counts st cm™2 nmtin

AN : PR " 20626 C7
V band); A\ is the image bandpass widt;is the total facility throughputA = (228285.a1Csey, 7 js the
contrast level at the position of the exoplanet with respethe theoretical Airy peak of the stellar image
(< 10~ for instruments designed for direct imaging of exoEartaslim, is the stellar apparent magnitude

(for more details on the derivation of this equation, seenBr@005).

The terms within the square brackets of Equation 3 accourth®background sources: the first for
local zodiacal dust, the second for exozodi, and the thirdufssuppressed starlight. The third term is
much smaller than the sum of the other two for all known missioncepts designed for direct exoEarth
observations at opticahear-IR wavelengths. This equation does not include arlydarent or read noise,
which are negligible compared to the other noise terms. Tiporitant points to take away are that in this
idealized situation 1) the exposure time decreas& asone factor oD? for the collecting area and another
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for the smaller PSF leading to less background blended Wélptanet — and 2) the time increases linearly
with increasing exozodi surface brightness. This is shawthe left-hand panel of Figure 2, where the
imaging time is also plotted for the three telescope diarsete

The goal of a mission to obtain direct exoEarths observatisrto maximize the number of planets
imaged and then characterized with spectra, while mainigia reasonable mission architecture and life-
time. The right-hand panel of Figure 2 shows hgwyn and the exozodi level combine to impact the
performance of such a mission (ignoring confusion). The ks created using a simple mission planning
code that chooses real stars within 30 pc of the Sun for oasenvuntil the mission lifetime is reached (the
mission parameters and planning code are detailed in Tlretbal. 2012). It shows that the smallggarnn
is, the lower the exozodiacal dust level that can be toldratkile still obtaining direct observations of a
sufficient number of exoplanets over the mission lifetime.

The analysis in this section demonstrates the primaryteffezxozodi on direct exoEarth observations,
i.e. increased background noise and longer exposure tileaever, Equation 3 applies exactly only in
the ideal case of uniform background emission and no sysiemaors (i.e. no speckles). Furthermore,
the methods used to extract the exoplanet signal from thkgbaand will affect theS/N achievable. If
the background contains no unresolved structures, thenhewtfiltering should be an efficient way of
identifying point-sources like exoplanets (see Kasdin &dns 2006). However, since unresolved dust
clumps and other background sources (e.g. stars and galakieuld often be present, this technique will
not resolve all confusion issues. Another option is to poeda model for the exozodi emission, fitting to
portions of the exoplanet image, then subtract the modet fitee image. This should remove smoothly
varying exozodi emission fairly easily. To account for wsuleed dust clumps, more complex dynamical
modeling of the whole system (dust and exoplanets togethay) be required. There are also observing
strategies to mitigate sources of confusion (e.g. mulbebpimaging, multi-color imaging, or even direct
spectroscopy). But as of this writing, the problem of cordndor direct exoplanet imaging has not been
thoroughly studied.

3. Thermal Emission from Dust

Now that we have established the importance of exozodi, wesasour knowledge of the debris dust
levels around nearby solar-type stars. Assuming the ssglectrum is well-described by a Rayleigh-Jeans
law (as it typically is at mid-IR and longer wavelengths) dmel dust thermal emission is single-temperature
blackbody radiation, the fractional dust luminosity mayexpressed as

Ldust_ Faust chf (th/de_l)
L, R hvTs

(4)

whereFy,standF, are the dust and stellar fluxes at some frequancyy is the dust temperature, afig

is the stellar effective temperature (e.g. Bryden et al.620@or blackbody grains, assuming all the dust
is at the same temperature is equivalent to assuming thttealirains are at the same distance from the
star (i.e. a ring-like disk). In reality, grains of differesizes will have different temperatures at the same
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distance. That being said, most debris disk SEDs are faielj-aescribed by either a cold-(tens of K)
single-temperature blackbody — an outer dust ring — or tine sua cold blackbody and a warmer one —
outer and inner dust rings, an architecture reminisceri@BSolar System’s Kuiper and asteroid belts (e.qg.
Chen et al. 2006, 2009).

Using Equation 4, we may estimate the sensitivity of recauntient, and near-term telescope facilities
to exozodiacal dust at different temperatures. Figure 3vshbe estimated @ sensitivity curves for the
Spitzer Space Telescope (Spitzer), the Wide-field Infr&edey Explorer (WISE), the Keck Interferometer
Nuller (KIN), the Herschel Space Observatory (Herschélg, ltarge Binocular Telescope Interferometer
(LBTI), the James Webb Space Telescope (JWST), and the itadarge Millimeter Array (ALMA).
The relevant facility performance parameters — the insénis) years of operation (actual or expected),
observation wavelengths, and uncertainties — appear ie Tab

To calculate the sensitivity curves, we assumed a stellactefe temperature equal to the Sun’s. For
each instrument, thealphotometric uncertainty at the observation wavelengthiy@a 5 of Table 1) was
converted into an uncertainty on the flux relative to theatélux at that wavelengthog, . /r, in Column 6).
We then replaceéy,s;/F. in Equation 4 with three times the relative flux uncertaméad plotted_q,sy/ L
as a function offgys: Each curve has a minimum at the temperature for which theldaskbody emission
curve peaks at the frequency of observati@gdcin Column 4). Emission from dust warméooler than
TpeakCan be detected with reduced sensitivity. However, in magess, emission from dust at temperatures
near Tyeax Will swamp any emission from much warmeooler dust, which is why a survey for habitable
zone dust is best done with an instrument that operates 8ganl Note that although JWSMIRI will
have only moderate absolute photometric accuracy, thecpe’s large collecting area will allow MIRI to
achieve this accuracy for fainter stars than other fagditovering its bandpass.

The temperature ranges for dust in the habitable zone anueiktiper belt of a Sun-like star are
overlaid in Figure 3. The temperature range for the hal@tabhe is 208 — 312 K, calculated assuming the
zone extends from 0.8 AU to 1.8 AU (Kasting et al. 2009). Ferkluiper belt, we assumed an annulus ex-
tending from 30 AU to 55 AU, giving a temperature range of 38K5In both cases, the dust temperatures
were calculated assuming blackbody dust grains in radi&iuilibrium with a Sun-like star. The modeled
Lausy/ L« values for the zodiacal dust(10~7; Nesvorny et al. 2010) and dust in Solar System’s Kuipet bel
(~1077; Vitense et al. 2012) are marked with horizontal bars. Ttiedaalue is highly dependent on poorly
known characteristics of the source bodies (Kuiper bekcis); it was revised downward by about a factor
of 10 in the last two years, based on new knowledge from inggtections of dust grains with the Student
Dust Counter on-board NASA's New Horizons mission (Poppa.€2010; Han et al. 2011).

For nulling instruments (KIN and LBTI), to convert the nulidkage to a relative flux¥,sy/F.), one
must account for the fact that some dust emission may be rednloy the dark fringes, depending on the
exact spatial distribution of the dust. A recent KIN exozwdil dust survey found an average value of 0.4
for the fraction of dust emission transmitted through thegles, assuming unmodified zodiacal-twin disks
(Millan-Gabet et al. 2011). The null leakage error must hadeid by this transmission factor to give the
correct uncertainty on the relative flux. However, the odrfactor assuming a ring-like dust distribution, as
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we have done here, is not presently known and could be asdarfje Therefore, we have chosen to ignore
the transmission factor in calculating the sensitivityvas for nulling instruments.

Over the last several years, high precision visibility measents with near-IR interferometers (VI/MINCI,
CHARA/FLUOR) have been used to detect circumstellar dust aroued aéarby stars (e.g. di Folco et al.
2007). These observations can detect large amounts of Bb{@HARA/FLUOR 3o sensitivity ~ 5000x
a Solar System-twin disk for 1700 K dust; O. Absil, personal communication). While thebserva-
tions are most sensitive to dust interior to habitable zotiey raise interesting questions about the origin
of large amounts of dust so close to the central stars; onglplity is star-grazing comets (Absil et al.
2006). Another new instrument with sensitivity to hot dissthe Palomar Fiber Nuller (PFN; Hanot et al.
2011). Recent PFN observations at fr of a debris disk system with a hot dust detection from CHARA
(Vega) limit the dust to< 0.2 AU from the central star (o, 2 AU if there is a significant scattered light
contribution; Mennesson et al. 2011). Unfortunately, wenca accurately estimate the sensitivity of these
near-IR instruments with Equation 4, since the assumptian the stellar spectrum is well-described by
a Rayleigh-Jeans law breaks down; therefore, we have niided CHARA/FLUOR or PFN sensitivity
curves in Figure 3.

Examination of Figure 3 shows that previous and currentifiesi (Spitzer, WISE, KIN, Herschel) are
relatively insensitive to dust in the habitable zone of 8ke-stars. To date, the most sensitive survey for
habitable zone dust around nearby solar-type stars wasrpextl with the KIN (Millan-Gabet et al. 2011).
While the mean 8 detection limit for an individual star in this survey was 488 zodiacal-twin disk (shown
in Figure 3), the ensemble of non-detections was used to @8 upper limit on the mean exozodi level
of 150x a zodiacal-twin disk. Unfortunately, these limiting vaduare far too high to reliably estimate the
performance of a future mission aimed at direct observatmrEarth-analog planets. The sole near-term
facility sensitive enough to assess the habitable zoneatosind solar-type stars is LBTI, which should
have a & detection limit of about 18 a Solar System-twin disk for 300 K dust. An LBTI survey for
exozodiacal dust around a set of about 60 — 100 nearby staxpésted to begin in late 2012

Turning to dust structures, observations of dust thermads&ion are typically unresolved; at best,
SED modeling provides information only on the radial dmition of the dust. Dust clumps caused by
an Earth-mass planet orbiting 1 AU from a Sun-like star magh@gected to have sizes of about 0.2 AU,
corresponding to 0.02 arcsec for a star at 10 pc (Dermott é98K1). For each facility considered above,
the spatial resolution at the reference wavelength is giv8iable 1. Of the current and near-term facilities,
only ALMA will have spatial resolution high enough to reseldust clumps as small as those produced by
an Earth-mass planet; unfortunately, ALMA is not sensitovevarm dust in habitable zones. However, note
that more massive planets can create larger clumps (Staruchaer 2008).

Looking beyond the timeframe covered above, the next géoeraf ground-based Extremely Large
Telescopes (ELTs) should begin operation in the early 202Bbr these> 25-meter apertures, detecting
and spatially resolving thermal emission from habitableezdust around nearby stars should be a tractable

Shttp://nexsci.caltech.edu/missions/LBTI/dkgysci.shtml
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problem. Assuming a Solar System-twin disk, the exozodi #txd0 um relative to the stellar flux is
Faus/F« = 5 x 1075, or about 85u)y for a system at 10 pc; this is well within the photometritedéon
limits of planned ELTs (A. Weinberger, personal communaat The spatial resolution of a 25-meter
aperture at that wavelength (D ~ 83 milliarcsec) could allow us to resolve thermal emissiamf regions
at radii=> 0.8 AU for a system at 10 pc, as long as light from the centralistaufficiently suppressed and
removed at such a small angular separation.

So instead of an unresolved measurement of the combinediayh the star and dust (all the instru-
ments discussed above do this, except the infrared inbenkeers and ALMA in the extended array mode),
an ELT with advanced high-contrast imaging instrumentatould directly image the thermal emission
from habitable zone dust around nearby stars. In the nexyéans, new coronagraphs operating at near-IR
wavelengths on ground-based telescopes should reaércftrast at small angular separations, using ex-
treme adaptive optics and reference PSF subtractioni(flieussion of coronagraphic imaging appears in
the next section). This contrast will also be possible atirh(n the next decade; in fact, it will probably be
easier to achieve, thanks to the higher Strehl ratio passitthe longer wavelength. A simulation of coron-
agraphic imaging of habitable zone dust around a nearby-sqda star with an ELT appears in Figure 4. It
seems likely that by sometime in the 2020s, ELTs will measawelevels of dust in the habitable zones of
stars within~ 10 pc.

4. High-Contrast Imaging in Scattered Light

Debris disks may also be detected through coronagraphigiimaf scattered light; such observations
have high spatial resolution and are best for revealing stusttures (see Figure 5). However, current coro-
nagraphy is far less sensitive at all distances from theraestiars than observations of thermal emission,
and cannot image the habitable zones at all. This is due tdiffi@lty of suppressing diffracted and scat-
tered light from the bright central star (using a coronalgfjapnd then removing residual starlight through
subtraction of a reference PSF. The accuracy with whichctirisbe done largely depends on the stability of
the telescope PSF, whether one is using a space-based odgrased facility.

PSF subtraction can be improved using differential imadeahniques, which distinguish between
PSF artifacts and real sources. Some examples are angfftaewtial imaging (ADI), which images the
target at many rotation angles (e.g. Marois et al. 2006)prolatic differential imaging (CDI), which uses
the known wavelength dependence of PSF artifacts to igeatitl remove them (e.g. Crepp et al. 2011);
and polarimetric differential imaging (PDI), which comparimages of the target in different polarizations
to remove unpolarized starlight (e.g. Quanz et al. 2011)teNloat ADI and CDI are best at searching
for faint point-sources and work less well on extended stines like debris disks. There are also post-
observation techniques that can help with PSF subtradiianjocally optimized combination of images
(LOCI; Lafreniere et al. 2007).

To date, the most sensitive scattered light images of delisis were obtained with HST, due to its
excellent PSF stability compared to ground-based teles;@ven those with adaptive optics (AO) systems.
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Several HST instruments have had high-contrast imaginghibty; they are listed in Table 2. This table
also lists the qgysi/L value for the faintest disk successfully imaged in scatkéight with each HST instru-
ment. Examination of these values quickly demonstratesniheh greater sensitivity of thermal emission
observations (compare to Figure 3).

A new generation of coronagraphs behind extreme AO systen&eter-class ground-based tele-
scopes is in the development and commissioning phase. Tingsee the High Contrast Instrument for
the Subaru Next Generation Adaptive Optics (HIiCIAO) instamt on the Subaru Telescope, the Spectro-
Polarimetric High-contrast Exoplanet REsearch (SPHER&)ument on the VLT, and the Gemini Planet
Imager (GPI) on the Gemini South Telescope. HICIAO has beggience operations (e.g. Thalmann et al.
2011), while we expect the other two instruments to be comsiongd in the next year. Further in the future,
all three imaging instruments planned for JWST (NIRCam, ISIR and MIRI) include high-contrast capa-
bilities; NIRCam and NIRISS (formerly known as TFI) will ofzge in the visiblgnear-IR and be sensitive
to scattered light. More information about all these instemts and others may be found in Beichman et al.
(2010).

Due to the inherent difficulties in assessing instrumentoperance before commissioning and also
to the variety of observing and post-observation procgsgchniques available, it is difficult to predict
the ultimate performance of these new instruments for kigftrast imaging of extended structures like
debris disks. A preliminary measurement of the point-sewantrast achievable using HICIAO with ADl is
available (see Table 2); so far, the faintest disk succlgdfuaged is HR 4796A, one of the very brightest
debris disks (shown in the right-hand panel of Figure 5).I8&balso includes predictions for the contrast
that will be achievable with GPI and JW$NIRCam; however, these assumed ADI would be used and
may not accurately predict the instrument contrast forredee sources. A recent prediction of the GPI
performance for debris disks suggests that compdctidmeter) disks with_qusy/L, > 2 x 107° can be
imaged, using PDI and assuming moderately polarizing grén Macintosh, personal communication).
Unlike the other instruments, JW@NIRISS uses sparse-aperture interferometric imaging iopa high-
contrast imaging; a prediction for its point-source costti@ppears in Table 2, but the expected extended-
source performance is not yet available.

5. Summary

1. Exozodiacal dust affects future efforts to directly oliseEarth-like planets in the habitable zones
of nearby stars in two ways: 1) background flux leading toéased noise and 2) dust structures
causing confusion with unresolved exoplanets. The impgasand problem has not been thoroughly
studied.

2. Assuming uniform exozodi surface brightness, a 4-melleistope aperture, and optical observing
wavelengths, the counts from the local zodiacal dust pluslarSystem-twin disk of exozodi are
about 5 times greater than the counts from the Earth obsetvgdadrature orbiting 1 AU from a
Sun-like star at 10 pc.
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3. LBTI is the only previous, current, or near-term facilggnsitive enough to detect exozodiacal dust
in the habitable zones of nearby solar-type stars at leygsaching the Solar System zodiacal dust
level. This facility should begin surveying nearby stansvi@rm dust in 2012. A decade or so in the
future, ground-based ELTs may be able to image low levelgbitable zone dust around stars within
~ 10 pc.

4. Dust structures like clumps located far from the centralssmay currently be detected with high-
contrast imaging of light scattered from dust disks. Thdsseovsations are currently far less sensitive
than observations of unresolved thermal emission. Colahghuat large distances may soon also be
imaged with ALMA. Unfortunately, dust structures in habi& zones are likely to prove elusive,
although there is a chance that a new generation of grousedbeoronagraphs may provide some
information for the nearest stars.

This work was performed by members of the Debris Disks & Exitacal Dust Study Analysis Group
(SAG #1), part of NASA's Exoplanet Exploration Program Args Group (ExoPAG).
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Table 1. Detection of dust thermal emission: data for vari@lescope facilities

Telescopg/  Operation Aops Tpea? ResolutioR  Uncertainty — of, r? Ref.

Instrument Dates pm) (K) " (10)
KIN 2005-12 85 432 0.01 0.3%leakerrdr 0.003 1
SpitzeyIRS 2003-09 10 367 2.4 1.5% of star flux ~ 0.015 2
LBTI 2012 — 10 367 0.05 0.01% leak errdr 0.0001 3
WISE/W4 2009-11 22.1 166 12 3% of star ffux 0.03 4
JWST/MIRI 2018 -23 255 144 0.9 2% of star flux ~ 0.02 5
Spitzey MIPS 2003-09 70 52 18.0 15% of star flux ~ 0.15 6
HerschelPACS 2009-13 70 52 5.2 1.61 mdy do4 7
100 37 7.7 1.90 mJy o 7
160 23 12.0 3.61 mly g4 7
ALMA' 2012 — 1250 3 0.02 0.1 mJy 07 8

aTemperature for which the dust blackbody emission peakiseabbservation frequency. In-
strument is most sensitive to dust near this temperature.

PEWHM of the instrument PSF at the observation wavelength.
®Photometric uncertainty at the observation wavelength.
dPhotometric uncertainty relative to the stellar flux at theervation wavelength.

€1/2 the fringe spacing. Spatial resolution only in the dir@ttperpendicular to the fringe
pattern, so not applicable for dust clumps.

"Null leakage error.

9Preliminary value, applicable only for the best cases (ige#, personal communication).

hCalculated assuming the photometric uncertainty in theipus column andr, at the obser-
vation wavelength for a Sun-like star at 10 pc.

'The ALMA spatial resolution is for the extended array modkil@the photometric uncertainty
assumes an unresolved observation with the compact array.

References. — [1] Millan-Gabet et al. (2011); [2] Beichman al. (2006);
[3] Hinz et al. (2008); [4] Users Guide to the WISE PrelimipaData Release,
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http://wise2.ipac.caltech.edu/docs/release/prekpsep/wiseprelrelLtoc.html; [5] Estimated fi-
nal absolute photometric accuracy (C. Chen, personal conwaion); [6] Bryden et al. (2006);
[7] Sensitivity of PACS scan map with on-source integratione ~ 360 sec, calculated with
HSPOT v6.0.1; [8] Expected full array sensitivity in Band @&twintegration time of 60 sec,
ALMA Early Science Primer, v2.2 (May 2011), http://alma&stope.ca/ALMA-ESPrimer.pdf.
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Table 2. High-contrast opticatear-infrared imaging of dust scattered light: instrunygarformance

Facility / Operation IWAR  Contrast Faintest Disk Imaged  Refs.

Instrument Dates " at 17" ID (Lausy/Ly)
HST/STIS 1997 —2004,2009 - 0.5 31073 HD202628 1x10%4 1,2
HST/NICMOS 1997 — 99, 2002 -08 0.5 19 HD181327 2¢<10° 3,4
HST/ACS 2002 - 07 1 10° Fomalhaut 810° 5,6
SubaryHICIAO 2010 - 0.15 1048 ¢ HR4796A 5x10°% 7,8
Gemini YGPI 2012 — 0.08 ~106t-7c 9
JWST/NIRCam 2018 —23 03 ~10°°¢ . . 10
JWST/NIRISS 2018 — 23 0.1 ~104®->¢ 11

8 nner working angle (smallest achievable).
bRelative to peak of unobscured PSF, with reference PSFesuibtt.

€Assuming a point-source. Will probably be worse for extehsieurces like disks.

References. — [1] STIS Instrument Handbook, v10.0,
http://www.stsci.edu/hst/stis/documents/handboakséntiHB/cover.html; [2] Krist et al
(2012); [3] Schneider & Hines (2007); [4] Schneider et alod@); [5] ACS Instrument Hand-
book, v10.0, http://www.stsci.edu/hst/acs/documeanrsdbooks/cyclel9/cover.html; [6] Kalas
et al. (2005); [7] Suzuki et al. (2010); [8] Thalmann et al.012); [9] GPI web page,
http://planetimager.org/pages/gigich contrast.html; [10] Krist et al. (2007), [11] STScl NIRIS®tw
page, http://www.stsci.edu/jwst/instruments/nirids¢@rvationModes/saii
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Fig. 1.— A composite image ¢ Pictoris system showing the edge-on debris disk and the@xeify Pic b
(Lagrange et al. 2010). The disk image was obtained with @ B.6-m Telescope; the innermost portion
of the disk is obscured. The planet, imaged at two epochsE®®’'s VLT, is likely responsible for a warp
seen in the inner disk (Heap et al. 2000), revealed as am@ttBub-disk in HST ACS coronagraphic images
(Golimowski et al. 2006). Image credit: E3A.-M. Lagrange.
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Fig. 2.— Impact of exozodiacal dust emission on direct olzgerns of exoEarths. For both plots, we
assumed the exozodi has a uniform surface brightness. Baxexgive the exozodi surface brightness at
the EEID relative to the brightness of a Solar System-twak @ in Equations 2 & 3).Left: Dust counts and
imaging exposure time versus exozodi brightness. The lakiy is the background counts from zodiacal
plus exozodiacal dust divided by the counts from an Earih-asound a Sun-twin at 10 pc, both calculated
forV band (solid lines). The right y-axis is the exposure timeivitrary units) required to detect the Earth-
twin with someS/N, assuming background-limited imaging (dashed lines). dthants ratios and exposure
times were calculated for three different telescope apertiameters: 2 meters (black lines), 4 meters
(red lines), and 8 meters (orange lines). Smaller apertaresmore sensitive to background emission.
Right: The combined effect of exozodi emission amghin on the yield of a direct imagingpectroscopy
exoplanet mission. The y-axis is the fraction of stars witEarth-size planet in the habitable zone. The
curves were created using a simple mission planning codeltbases real stars within 30 pc for observation
until 5 mission years is reached, assuming a 4-meter tgdes@mme value afgar, and that all the stars
have the same exozodi level. At each valuggef, the “Tolerable Exozodi” (x-axis) is the largest exozodi
level for which the desired mission yield (expected numbfegxoEarths characterized) is achieved. The
analysis was performed for three values of mission yielghlidotted line), medium (dashed line), and low
(solid line). The smallengarthis, the lower the exozodi level that can be tolerated whilec$taracterizing
the desired number of exoEarths. A full description of theecappears in Turnbull et al. (2012); however,
the general behavior shown here should be similar for adlafliobservation exoEarth missions.
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Fig. 3.— Sensitivity limits for detection of debris dust amal nearby Sun-like stars, for various recent
(Spitzer, WISE), current (KIN, Herschel) and near-termiliiees (LBTI, JWST, ALMA). The curves show

30 detection limits in terms of the fractional dust luminosfbyysy/L.) versus its temperature. Recent and
current facilities are plotted with solid lines, near-tesnes with dashed lines. The instrument data assumed
for these curves appear in Table 1. The temperature rangdsisoin two zones around the Sun are shown
with vertical bars, calculated assuming blackbody grairige habitable zone (0.8 AU — 1.8 AU) is shown
in pink, the Kuiper belt (30 AU — 55 AU) is shown in light blueh& modeled_qys/L. values for the Solar
System’s Kuiper belt dust{ 10~7; Vitense et al. 2012) and the zodiacal dustl(0~’; Nesvorny et al. 2010)

are marked with horizontal light blue and pink bars.
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Fig. 4.— Simulated high-contrast imaging of exozodi thdramaission with a ground-based ElLdeft: A
model for a face-on debris disk aroumdCeti, a Sun-like star at 3.7 pc (Stark & Kuchner 2008). The
disk has a dust abundance equal to that of a zodiacal-twhk atis an embedded 1 Earth-mass planet
orbiting at 1 AU (planet located at 12 o’clock). Image credit Stark (model available for download at
http://asd.gsfc.nasa.gov/Christopher.Stark/catplgg). Middle: A simulated 10um imaging observation
of the model using an idealized coronagraph designed tapsodigh Strehl ratiosy{ 98% at 10um) on the
Giant Magellan Telescope (25-meter aperture); theoiBtidae instrument suppresses the light from the
central star by a factor of 10°. Telescope and sky background emission were included isithelation.
Right: The simulated image after subtraction of a reference PSEenachieving a contrast ef 106 at

an angular separation ofAYD (83 milliarcsec). Slightly different seeing was assumediffie target and
PSF observations.
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Fig. 5.— High-contrast imaging of the HR 4796A debris disksaattered light. For this diskgusy/L. =
4.7 x 10~3 (Mobr et al. 2006).Left: Optical wavelength HSASTIS coronagraphic image. Image credit:
Schneider et al. (2009Right: Near-IR wavelength SubafhliCIAO image. Image credit: Thalmann et al.
(2011).



