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For a coronagraph with a given minimum working angle, 
observing a planet at smaller working angles becomes 
less possible for farther targets. Two cases are shown, 
one with inner working angle (IWA) of 2 λ/D and 3 λ/D. 
Inaccessible phase angles are shaded. 

Earth has measured geometric albedo of 𝐴𝑔 = 0.2. We show an 

exo-Earth flux ratio vs. that of planet that is merely Earth-like at 
the outer edge of the optimistic habitable zone, at 1.67 AU. For 
the exo-Earth we see that at 80 degrees we have 150 ppt. For the 
0.6-𝑅⊕ target at 1.67 AU, the flux ratios are 7.75X lower. 

Start with the flux ratio that must be detected, and the 
SNR with which it must be detected. Then forward 
model the photometric errors for the given instrument 
assumptions. Select a workable integration time. Read 
off the remaining error that can be allocated to residual 
speckle. 

Depending on the required SNR per spectral element, the integration 
time per target is large. For an exo-Earth, and assuming a very low SNR 
of 5.5 per spectral element, and R = 140, the integration time is 
approximately 1550 hours, dominated by exo-Zodi, if we assume ultra-
low dark current (< 0.1 e/pix/hr.) This means that obtaining 24 spectra 
will take ~4.2 years of pure spectroscopy integration time. 
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PHASE ANGLE CHOICE

SNR AND FALSE POSITIVE REJECTION
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The planet in reflected light needs to be 
observable against the speckle background

The measurement of interest is the flux ratio: 
flux from the planet / flux from the star 

Let 𝜉 represent the flux ratio:

The phase angle for a 
Lambertian sphere is given by:

DERIVING FLUX RATIO NOISE 
BUDGET ALLOCATIONS 

MUST SHOOT FOR 
A HIGHER SNR
Calculations of SNR for a given 
integration time, etc. actually give 
the 50th percentile SNR: ½ the time 
we would not get that SNR. 
Remedy: calculate the time for a 
higher SNR such that the probability 
of reaching the desired SNR is high. 
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Can you spot the 
signal pixel? 
Each has as many 
pixels as a dark hole 
has speckles. One 
of these is a signal 
(“planet”). At low 
SNR’s there are 
false positives.

Calculating false 
alarm/positive 
probability vs. SNR:

EXO-EARTHS VS. EARTH-LIKE

ERROR BUDGET FOR EXO-EARTH IMAGING CONVENTIONAL IFS SPECTROSCOPY 
OF EXO-EARTHS TAKES A LONG TIME

TOP LEVEL ERROR BUDGET FOR A WIDER (DEEPER) SEARCH
Wider searches need to emphasize smaller rocky 
planets farther out due to the expected 
population statistics. However, these will 
experience severe photometric challenges. 
For the limiting target, even at an aggressive 
phase angle of 50 degrees, the flux ratio is only 33 
ppt. SNR =7 means total allocation is < 4.7 ppt. 
Need 300 hrs of integration time to reduce 
random noise enough to allow 2.6 ppt for residual 
speckle. This would be a very tight tolerance. 
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