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The exozodi problem 

Solar System w/out Sun!
λ = 0.55 μm!

30 AU!

Neptune!

Credit: A. Roberge & the Haystacks team 

Jupiter!

Venus!
Earth!

Mars!

Inner 12 AU x 12 AU!
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Old view of the problem 

1.  Background linearly 
increases imaging & 
spectroscopy exposure 
times 
•  In background-limited 

case, texp α D-4 

Roberge et al. (2012) 

2.  Dust structures 
(produced by 
exoplanets) can cause 
confusion 

Dermott et al. (1994) 
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New exoEarth yield estimations 

IWA 
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Too 
faint 

t 

•  Completeness, Ci = the chance of observing a given planet around a 
given star if that planet exists (Brown 2004) 

•  Yield = ηEarth Σ Ci 

•  Calculated via a Monte Carlo simulation with synthetic planets 

•  Can revisit same star multiple times to increase total completeness 



Altruistic yield optimization (AYO) 
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Credit: C. Stark 



Maximizing yield by optimizing observations 
Optimizing exposure times 
can potentially double yield 

Stark et al. (2014) 

Optimizing revisits can 
increase yield by additional 

35 – 75% 

Stark et al. (2015) 
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Sensitivity of yield to exozodi 

ϕx = % change in yield /  
       % change in parameter x 

�  What is “one zodi”? 
�  Different things to different people  (Roberge et al. 2012) 

�  Here, 1 zodi = 22 mag/arcsec2 at V band 

Weak function of exozodi 

(reduce exozodi by 10x, 
increase yield by ~ 2x) 
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Reasons for weak dependence on exozodi 

� AYO code partially compensates for increased 
individual exposure times 

1.  Preferentially eliminates poor targets 

○  Distant stars with lower completeness and longer 
times 

2.  Adjusts exposure times to observe some stars 
more shallowly 

○  Avoids wasting time searching for dimmest planets 
(doesn’t push as far into crescent phase) 
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Table 3
(Continued)

Notes. ExoEarth candidate yield NEC, completeness-weighted average exposure time ⟨τ ⟩, and sensitivities φx for all mission parameters investigated (only a sparse
sampling of phase space is listed). Sensitivity φx to changes in parameter x is equivalent to the percent change in yield per percent change in x, and the yield roughly
scales locally as NEC ∝ xφx . Parameters listed are telescope diameter (D), coronagraph inner working angle (IWA), coronagraph raw contrast (ζ ), contrast floor to
raw contrast ratio (ζfloor/ζ ), and exozodi level (n).
a (ζfloor/ζ ) = (10−0.4∆magfloor )/ζ . ∆magfloor defines the dimmest point source detectable at the chosen S/N, such that ζfloor is the flux ratio of the dimmest detectable
point source at the chosen S/N. For this work, we set S/N = 10.
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NEC = −35.65 + 54.19 × n−0.06

Figure 9. ExoEarth candidate yield for our baseline mission as a function of
exozodi level. A factor of 10 increase in the exozodi level reduces yield by a
factor of ∼2.

In Figure 10, we plot the exoEarth candidate yield as a
function of time for the baseline mission, assuming that stars are
observed in priority rank order over the course of the one year
of total exposure time. As the mission progresses, lower and
lower priority targets are observed, such that the mission yield
becomes a weaker function of time. For t > 0.8 yr, the exoEarth
candidate yield is roughly ∝ t0.35. Thus, modest changes to the
total exposure time will not significantly impact the yield.

As demonstrated above, the most important mission design
parameter for a future direct imaging mission is the telescope
diameter. Thus, it is useful to examine how the exoEarth
candidate yield responds to telescope diameter more fully.
Figure 11 shows plots of the exoEarth candidate yield as a
function of telescope diameter while simultaneously varying
one additional parameter.

The upper left plot shows the yield as a function of telescope
diameter and exozodi level. All yield curves are parallel in
log–log space, so varying the exozodi level n does not impact
how the yield responds to D. Additionally, keeping all other
parameters fixed, the relative impact of increasing the exozodi
level on the exoEarth candidate yield is independent of telescope
diameter; a factor of 10 increase in exozodi level reduces
exoEarth candidate yield by a factor of ∼2, regardless of
telescope diameter for our baseline mission parameters.
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Figure 10. ExoEarth candidate yield for our baseline mission over the course
of the one year of total exposure time assuming all stars are observed in priority
order. The dashed line shows the best power law fit. The yield becomes a weak
function of time near the end of the mission lifetime.

The remaining plots in Figure 11 show that the curves are not
parallel in log–log space, i.e., the response of exoEarth candidate
yield to D changes with these parameters. The yield is more
sensitive to coronagraph IWA at smaller telescope diameters
because the physical inner working angle (∝ λ/D) naturally
increases for small D. Because the physical IWA increases for
smaller D, small apertures are unable to observe the brightest
gibbous phase planets and are stuck observing fainter, more
distant planets near quadrature, hence contrast is also more
important at small D. The lower right plot shows that the
plateau in exoEarth candidate yield at ∆magfloor ≈ 26 is roughly
independent of D.

Figure 12 shows this asymptotic behavior of the yield for
our baseline mission as a function of systematic noise floor and
contrast. At poor contrast levels, ζ ∼ 10−9, little yield is gained
by obtaining systematic noise floors ∆magfloor > 3–2.5 log ζ ,
i.e., ζfloor/ζ = 0.06 is sufficient. For contrasts ζ ! 10−10, a
systematic noise floor ∆magfloor = 26 (ζfloor = 4 × 10−11)
is sufficient.

We explicitly checked whether the plateau at ∆magfloor ≈ 26
is true for all simulations. To do so, we produced curves
similar to those shown in Figure 12 for every set of mission
parameters. We then divided the yield at each point in each
curve by the maximum yield for that curve. This produced
curves of the fractional exoEarth candidate yield as a function

12

So why does exozodi still matter?  Big room for 
improvement in knowledge 
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Current LBTI 1σ median 
limit (27 exoEarths) 

KIN 1σ 
per star 

limit 

KIN 1σ median limit 
(16 exoEarths) 



What about confusion? 
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Credit: C. Stark 

Optical depth movie 



Worst case scenarios for exozodi structure 
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1 zodi 10 zodis 100 zodis 

Neptune 

Jupiter 



Confusion mitigation strategies 
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�  Color 
�  Uncertain effectiveness, observationally inexpensive  

�  Phase curve of a dust clump 
different from that of a planet 
�  Possibly effective, observationally costly 

�  Spectroscopy 
�  Planet with atmosphere has 

absorption lines, dust clumps    
don’t 

�  Likely effective but costly 

A. Roberge 



Summary 

� Exozodi can have weaker effect on exoplanet 

yield than previously thought 

� But much room for improvement in exozodi 

knowledge 

�  Impact of confusion uncertain 

� Need detailed study of observational strategies 
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