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Detecting a Planet
• Suppress the diffracted starlight within a limited “dark hole”

• The planet is off-axis:
• Its image undergoes relatively little suppression 

• The challenges:
• Starlight suppression is not perfect

• Some starlight leaks out into the dark hole
• This causes false positives

• Planet light is also suppressed
• But much less than the starlight

• Mitigation:
• Maximize signal efficiency
• Minimize noise

→ Maximize signal to noise ratio (SNR)
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Is this a planet?

“Dark Hole”



Key Coronagraph Attributes

• Starlight Suppression

• Contrast
• ratio of throughput from (0,0) 

to throughput from (𝑢, 𝑣)

• Planet Light Acceptance

• Core Throughput
• fraction of planet light reaching focal plane & in core
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Point Spread Function
(VVC 6) 

PSF 
core

(𝑢, 𝑣)𝐶 𝑢, 𝑣 ≡
𝜏 0,0

𝜏𝑝𝑘 𝑢, 𝑣
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Signal to Noise Ratio – Distinctions 

Detection and spectroscopy are different 
statistical questions.

• For planet detection, we would be 
interested in detection SNR:
• We are instead interested in the 

background’s false positive probability

• For photometry and spectrometry, we are 
interested in the photometric SNR:
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SNR𝑝ℎ𝑜𝑡 =
𝑆

𝑆 + 𝐵

SNR𝑑𝑒𝑡 =
𝑆

𝐵

planet signal 

background
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detection:  is this really signal?

photometry:  how strong is the signal?



A Simple Observing Scenario for Yield

• We seek a simple analytical model of planet yield, via calculating the time to reach the desired SNR. 

• Adopt some assumptions:

1. We are doing differential imaging. 

• The SNR is for after differential imaging

• For simplicity we assume we are doing 
Reference Differential Imaging (RDI).
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= 𝑆 + 𝐵𝑡𝑎𝑟 − 𝐵𝑟𝑒𝑓

Signal = 𝐼𝑡𝑎𝑟 − 𝐼𝑟𝑒𝑓

= 𝑆 + 𝐵𝑡𝑎𝑟 − 𝐵𝑟𝑒𝑓

𝑆

𝐵

post-subtraction
residual

Differential Image
optical signal is band-
limited to 𝝀/𝑫 scale 

𝐼𝑡𝑎𝑟𝐼𝑟𝑒𝑓

Target star and planet

2

Bright star for 
acquisition of DH 

1
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Photometric SNR structure

• Analytical expression for SNR:

• Speckle Subtraction Error:
• variance increases with time like signal!

• This is reasonable to expect for the way 
speckle subtraction error scales with target 
star integration time
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𝜎𝑠 = 𝑟Δ𝐼 𝑡

SNR =
𝑟𝑝𝑙 𝑡

𝑟𝑛𝑡 + 𝜎𝑠
2

noise rate 

planet rate 

𝑟𝑝𝑙 = 𝐹𝜆Δ𝜆 𝜉𝑝𝑙 𝐴 𝜏𝑝𝑙 𝜂
area

throughput

QE

time

flux

Flux 
ratio

Observer

Exo system

𝛼

planet

𝑟𝑝

LOS

𝑎

phase 
angle

𝜉𝑝𝑙 = 𝐴𝑔 ⋅ 𝜙 𝛼 ⋅
𝑟𝑝
𝑎

2
geometric 
albedo

phase 
function

Planet 
Flux Ratio

𝜙 𝛼 =
sin 𝛼 + 𝜋 − 𝛼 cos 𝛼

𝜋

Phase function for a Lambert Sphere:
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Random Noise Terms
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𝑟𝑛 = ENF2 𝐹𝜆Δ𝜆 𝜉𝑝𝑙 𝜏𝑝𝑙 + 𝐹𝜆Δ𝜆𝐶𝐶𝐺𝜏𝑝𝑘𝑚𝑝𝑖𝑥𝜏𝑠𝑝 +
𝑑Φ𝑍

𝑑Ω
ΔΩ𝑃𝑆𝐹 𝜏𝑍 𝐴𝑃𝑀 𝜂 + ENF2 𝑖𝑑𝑚𝑝𝑖𝑥 + 𝑞𝐶𝐼𝐶

𝑚𝑝𝑖𝑥

𝑡𝑓𝑟
+
𝑚𝑝𝑖𝑥

𝑡𝑓𝑟

𝜎𝑟𝑑
𝐺𝐸𝑀

2

photonic (shot noise) terms

planet speckle zodi

electronic terms (EMCCD)

dark 
current

clock Induced
charge

read 
noise

ENF ≡ EMCCD excess noise factor ∼ 2

IWA

OWA
Dark Hole 

ROI𝑚𝑝𝑖𝑥 pixels assumed

under the signal ROI
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𝑑Φ𝑍

𝑑Ω
= 𝐹0Δ𝜆 ⋅

10−0.4 𝜁

𝑎𝑠2

zodi surface 
brightness, mag/as2

0-mag
flux

surface flux

both local zodi and exo zodi
need to be considered



SNR and time-to-SNR
• The signal to noise ratio for detection is given by:

• where:

• 𝑟𝑝𝑙 is the count rate for the planet

• 𝑟𝑛 is the count rate of the noise

• 𝑟Δ𝐼 is the residual speckle rate

• Inverting this equation gives the integration time to get to a needed SNR:

• Note: time goes to ∞ as the residual speckle rate approaches 𝑟𝑝𝑙/SNR

• Useful definition: Critical SNR

• Given a planet rate, and given how well we can subtract speckles, 
the critical SNR is the asymptotic highest SNR achievable
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𝑡SNR =
𝑟𝑛

𝑟𝑝𝑙
2

SNR2
− 𝑟Δ𝐼

2

SNR =
𝑟𝑝𝑙𝑡

𝑟𝑛𝑡 + 𝑟Δ𝐼
2 𝑡2

variance from 
random noise

variance from 
residual speckle

neglecting calibration errors

𝑆𝑁𝑅𝑐𝑟𝑖𝑡 =
𝑟𝑝𝑙
𝑟Δ𝐼
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SNR

6m monolithic mirror telescope
Using Vector Vortex Coronagraph X6



Modifications for Spectroscopy

• In spectroscopy, we are still doing 
photometry, but now per spectral element

• Hence, we must account for the fact that 
only part of the light falls in the spectral 
element

• Often also the number of pixels per PSF core 
is different

𝑟𝑝𝑙 = 𝑓𝑆𝑅 𝐹𝜆 Δ𝜆 𝜉𝑝𝑙 𝐴 𝜏𝑝𝑙 𝜂 𝑡

𝑓𝑆𝑅 =

1

1

𝑅 ⋅ 𝐵𝑊

photometry

spectrometry

# of spec elements

𝑅 =
𝜆

𝛿𝜆
𝐵𝑊 =

Δ𝜆

𝜆
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For Reference See:
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