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How do we study the atmospheres of transiting 
exoplanets?

Prof. David Sing



Outline 
• What are the basic signals we can observe (transit, eclipse, phase curve)?  

• What can we learn from them? How do they work?

• Planning Transit Observations. How does photon noise affect observations of 
transiting planets?  

• What are other instrumental or astrophysical sources of noise to be aware of?

Reviews
https://arxiv.org/pdf/1804.07357.pdfSing (2018)

How to Characterize the Atmosphere of a Transiting Exoplanet Deming et al. (2019)

Observational Techniques With Transiting Exoplanetary Atmospheres 

Exoplanet Atmosphere Measurements from Transmission 
Spectroscopy and Other Planet Star Combined Light Observations

Kreidberg (2018) https://arxiv.org/pdf/1709.05941.pdf

https://arxiv.org/pdf/1810.04175.pdf

Observations of Exoplanet Atmospheres Crossfield (2015) https://arxiv.org/pdf/1507.03966.pdf

Winn (2010)Transits and Occultations https://arxiv.org/pdf/1001.2010.pdf

How do we study the atmospheres of transiting exoplanets?

• Ask Questions in the chat
• Questions/discussion after in breakout rooms



10 billion 10 million

Basic Challenge: 
1) Star Outshines a 
Nearby Planet by Many 
Orders of  Magnitude.    
Need Planet/Star         
Flux Contrast 

AND 

2) is located very Close to 
the host star.                         
Need Planet/Star 
Separation Contrast 

Seager - Exoplanet Atmospheres

Young Jupiter

Difficult Problem of  Contrast, 
Separating Star and Planet Signal



Basic Challenge: 
1) is located very Close to 
the host star.                         
Need Planet/Star 
Separation Contrast 

10 billion 10 million

Young Jupiter

1000x

Solutions: 
1) Direct Imaging; Look 

for the widest-
separation hottest 
nearest planets 

2) Separate the Star/  
    Planet light not    
    spatially but in   
    Time

Can Separate Atmosphere in 
3 Dimensions �̂t̂ x̂, ŷ Winn (2010)



       Transits          Direct Imaging 

Close-In Planets              Wide-Separations

Atmo. Composition          Atmo. Composition
Clouds/Hazes                  Clouds/Hazes
Thermal profile               Thermal profile                  
   Stratospheres              
   Thermospheres              
   Exospheres             
Escape
Dynamics, Winds              Dynamics
Chemistry                       Chemistry

Exoplanet Atmosphere Spectra

David K. Sing

Radial Velocity

Bright Targets

Atmo. Composition
Clouds/Hazes
Thermal profile

Stratospheres

Dynamics, Winds
Chemistry

�̂t̂ x̂, ŷ

Thermospheres

Escape



Exoplanet Light Curve
Transit, Eclipse, Phase Curve

(Rp/Rs)2

(Fp/Fs)
Transit

secondary
eclipse

phase curve

Time

Flux



Albedo

Exoplanet Spectra

Transmission spectrum

Rpl

λ

Emission spectrum

fpl

λ

�Rpl(�)
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  Charbonneau et al. (2008)
  Grillmair et al. (2007)  
  Knutson et al. (‘07,‘09,’12)
  Pont et al. (‘07, ’13)
  Sing et al. (‘09, ’12)
  de Kok et al. (2013)

3 Techniques in Action: Benchmark HD 189733b 

Aerosol Haze 

NaHaze

Transmission

Albedo Emission

Phase Curve

  Birkby et al. (2013)  
  Desert et al. (‘09, ‘11)
  Agol et al. (2010)
  Gibson et al. (‘11,’12)
  Huitson et al. (2012)       
  Evans et al. (2013)

Offset Hot Spot - ‘Jets’

Composition: Na, Hα, H2O and CO 

Efficient heat re-distribution

‘blue planet’

  Jensen et al. (2012) 
  Redfield et al. (2008) 
  McCullough (2014)

Much more…
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55CnC
GJ1214

GJ436

WASP43

HR8799e

HAT32

HD80606

Transmission & RV 
Spectra

DI & RV Spectra

HD189733
HD209458b



10

2008 HST Science Category by Orbits 2015 HST Science Category by Orbits

2002 05 09

STIS STIS & WFC3

16 22

STIS?   WFC3?

|———— beginning era————> |— HST/Spitzer survey era—> |— JWST era—> 

high quality spectra

Transiting Exoplanet Atmospheres in Space 

http://www.stsci.edu/institute/stuc/

JWST Cycle 1

warmcryogenic

Exoplanets now one of the 
biggest Astro Fields, multiple 
multi-Million (billion?) dollar 
space missions 

4% 16% 25%
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Transmission Spectra Basics

How?  Species in the atmosphere absorb/scatter leading to larger radius 
at characteristic wavelengths.  Planet radius is wavelength dependent.  
Absorption Spectra

 slant transit geometry

Radius vs Wavelength

Measuring transit depth vs. wavelength builds up transmission spectrum.  



Assume:  Signal is about 1 Pressure Scale Height

Planet is equilibrium temperature 

For Giant Planets, atmosphere dominated by a H/He mixture of near-
solar composition, which gives mean mass μ = 2.3 × u 
u is the unified atomic mass unit 

Observable Transiting Exoplanets - Transmission Spectra 
Several Hundred Transiting Exoplanets.  Some good for spectroscopy, others more difficult.  

Estimate Transmission Spectra Signal.  Contrast in area A between the annular region of the 
atmosphere and Star 

assuming H << Rpl 

Rstar

Rp

Rp+H

Transit Light Curve

A

Planet A (ppm) 
HD189733b 150  H2

HD209458b 200  H2

HAT-P-26b 230  H2

Trappist-1b      18  CO2



Observable Transiting Exoplanets - Transmission Spectra 
Several Hundred Transiting Exoplanets.  Some good for spectroscopy, others more difficult.  
Can Estimate Signal Size of the Transmission Spectra

Br
ig

ht
er

Larger Signal

R=100  S/N
=7

R=10  S/N=4

Macdonald et al. (2017)
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WASP18

WASP17

HAT26

GJ3470

Trappist-1f

*Assumes Hydrogen Dominated Atmosphere

55CnCe
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h HAT11

Small/Cold Planets Can Be Characterised NOW* With Transmission Spectra 

GJ1214



M-dwarf  opportunity 
Large Signal Boost for Smaller Stars.  Rocky planets possible to study. 

Rstar

Rp

Rp+H

For the Best Stellar Parameters: 
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt

#SpT   Teff  Msun  R_Rsun  (Re/Rs)^2 A (RJup/Rs)^2 A

K % ppm % ppm

A0V 9700 2.3 2.09 0.002 0.1 0.2 35
A5V 8080 1.85 1.94 0.002 0.1 0.3 41
A9V 7440 1.67 1.84 0.003 0.1 0.3 45
F0V 7220 1.59 1.79 0.003 0.1 0.3 48
F5V 6510 1.33 1.46 0.004 0.1 0.5 72
F9V 6040 1.14 1.23 0.006 0.2 0.7 101
G0V 5920 1.08 1.12 0.007 0.2 0.8 122
G5V 5660 0.98 0.982 0.009 0.3 1.0 159
G6V 5590 0.97 0.939 0.010 0.3 1.1 174
G7V 5530 0.96 0.949 0.009 0.3 1.1 170
G8V 5490 0.94 0.909 0.010 0.3 1.2 185
G9V 5340 0.9 0.876 0.011 0.3 1.3 200
K1V 5170 0.85 0.814 0.013 0.4 1.5 231
K9V 3940 0.61 0.552 0.028 0.9 3.3 503
M0V 3870 0.6 0.559 0.027 0.8 3.2 490
M1V 3700 0.53 0.496 0.034 1.1 4.1 623

M4.5V 3100 0.18 0.243 0.170 4.5 16.9 2594
M5V 3030 0.15 0.199 0.214 6.7 - -
M9V 2400 0.065 0.095 0.938 29.3 - -

Earth 
H=10 km

Hot Jupiter 
H=500 km

Astronomy Telescope Photometric Precision Context 
- Human eye                     ~10%

- Photographic Plates        ~ 2%

- CCD+Backyard Telescope  0.1%       1000 ppm

- Ground-Based 8 meter.       0.01%       100 ppm

- Hubble Telescope                0.002%       20 ppm

- Kepler Telescope                 0.0001%       1 ppm


- JWST??                                                     1-20 ppm?? 



Bright-Star opportunity 
Photometric Signal Boost for Bright Stars.
Have limited transit time to gather light (~1hr)
Each magnitude lower is 2.5× brighter 

Astronomy Telescope Photometric Precision Context 
- Human eye                     ~10%

- Photographic Plates        ~ 2%

- CCD+Backyard Telescope  0.1%       1000 ppm

- Ground-Based 8 meter.       0.01%       100 ppm

- Hubble Telescope                0.002%       20 ppm

- Kepler Telescope                 0.0001%       1 ppm


- JWST??                                                     1-20 ppm?? 

#SpT   Teff  Msun  R_Rsun  (Re/Rs)^2 A (RJup/Rs)^2 A

K % ppm % ppm

A0V 9700 2.3 2.09 0.002 0.1 0.2 35
A5V 8080 1.85 1.94 0.002 0.1 0.3 41
A9V 7440 1.67 1.84 0.003 0.1 0.3 45
F0V 7220 1.59 1.79 0.003 0.1 0.3 48
F5V 6510 1.33 1.46 0.004 0.1 0.5 72
F9V 6040 1.14 1.23 0.006 0.2 0.7 101
G0V 5920 1.08 1.12 0.007 0.2 0.8 122
G5V 5660 0.98 0.982 0.009 0.3 1.0 159
G6V 5590 0.97 0.939 0.010 0.3 1.1 174
G7V 5530 0.96 0.949 0.009 0.3 1.1 170
G8V 5490 0.94 0.909 0.010 0.3 1.2 185
G9V 5340 0.9 0.876 0.011 0.3 1.3 200
K1V 5170 0.85 0.814 0.013 0.4 1.5 231
K9V 3940 0.61 0.552 0.028 0.9 3.3 503
M0V 3870 0.6 0.559 0.027 0.8 3.2 490
M1V 3700 0.53 0.496 0.034 1.1 4.1 623

M4.5V 3100 0.18 0.243 0.170 4.5 16.9 2594
M5V 3030 0.15 0.199 0.214 6.7 - -
M9V 2400 0.065 0.095 0.938 29.3 - -

Earth 
H=10 km

Hot Jupiter 
H=500 km



Observable Transiting Exoplanets - Secondary Eclipse 
Several Hundred Transiting Exoplanets.  Some good for spectroscopy, others more 
difficult.  Can Estimate Signal Size of the secondary eclipse depth 

Takes into account: 

a reflection component with the wavelength dependant albedo pλ ,              
a thermal component Bλ which is approximated here assuming the planet 
radiates as black body with temperature Tday, and the star also radiates as a 
black body with temperature Te f f 

Larger signals:      Hotter Planet, More reflective Planet, Cooler Star

                              Larger Planet, Smaller Star

Reflected 
Component

Thermal Emission 
Component



Observable Transiting Exoplanets - Secondary Eclipse 
Very Wavelength Dependent.  Some good for spectroscopy, others more difficult.  Can 
Estimate Signal Size of the secondary eclipse depth 

albedo=0

Hot Jupiter


Mearth

Warm Super Earth


Earth




Observable Transiting Exoplanets - Secondary Eclipse 
Several Hundred Transiting Exoplanets.  Some good for spectroscopy, others more 
difficult.  Can Estimate Signal Size of the secondary eclipse depth 

Br
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er

Larger Signal



Phase curve amplitude well estimated from Eclipse Depth:

Typically Observe eclipse-to-eclipse to measure baseline Stellar Flux Contribution 

Observations take a whole planetary orbit

Favors short period planets (P~1 day typically)

EclipseEclipse

Transit
PC Amplitude

Stellar Flux Contribution

Maximum Planet 
Contribution

25.4 hrs

Stevenson et al. (2016)

Observable Transiting Exoplanets - Phase Curve 



S/N estimates 
ETC calculators 

HST JWST

Planning Transit Observations



• S/N estimates 

• What exposure times should I use? 

• How precise is my time-series observation going 
to be (ppm on transit depth or eclipse depth)

Let’s Setup An Observation

Needed for proposal stage

Planning Transit Observations



•  Transit S/N calculations different from Classical 
ETC (need to include Time series) 

•  Can check if spectral feature is observable, 
detectable, and at what significance level  

•  Can check sensitivity to different models 
(hypothesis testing) 

•  Demonstrate Visually Observations to Skeptical 
Panel Reviewer

Why Simulate Transit Observations?

Planning Transit Observations



•  Need To Give Plausible Range for Signal 

•  Don’t Rely only on Optimistic Predictions. 
Don’t oversell the observations.  Will not end up 
with detections or any results 

•  Photon noise is always optimistic 

•  True signals usually smaller than predicted 

•  Can degrade by ~sqrt(2) in most cases 

Advice for Planing Proposals & Simulating Spectra

Very rewarding to see idea 
shepherded through to detection

Planning Transit Observations



• Need to Familiarize Instruments 
  Which modes for transits  

•  ETCs, PandExo - SNR, simulate observations,    
compare to models 

•  APT - setup observations & submit proposal 
•  APT - submit proposal

So How Do We Prepare???
Brilliant Idea

Chance for Brilliant Data & Paper

Planning Transit Observations



Simulated Spectra from Actual Proposal 

Reality

H2O size ~half way between 
proposal estimates  
(solid detection made)
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Give Realistic Range in S/N
Don’t rely only Optimistic Signals

Planning Transit Observations

Wakeford et al. (2016)



• Example:  Hubble  
• Use Exposure time calculators for single image 
• Need to know saturation, how many photons/image will 

be acquired

http://etc.stsci.edu

Signal-to-Noise Calculations: Can we detect atmospheric features?



• Example:  Hubble HD209458b G750L (R=500) 
• Choose Instrument setup based on science case 

• Want to collect as many photons as possible without saturating.  Aim, high 
photometric S/N 

• Look up target magnitude 
• Can guess/check to find saturation time 
• Aim for ~2/3 to 3/4 well depth

Signal-to-Noise Calculations: Can we detect atmospheric features?

How accurate is Magnitude, 
Stellar Type, ect?  

  
Don’t want to saturate

http://simbad.u-strasbg.fr/simbad/

Shows Saturation in 21 seconds
So use 3/4*21 = 16 sec integration 

http://etc.stsci.edu/etc/results/STIS.sp.1315134/ 



Example  HD209458b.  16 second integration
http://etc.stsci.edu/etc/results/STIS.sp.1315136/

Signal-to-Noise Calculations: Can we detect atmospheric features?

So how does this 
translate to planet 
spectra?



Signal-to-Noise Calculations: Can we detect atmospheric features?

White light curve counts per image

How many exposures in-transit (t2    t3)?
- calculate duty cycle, exposure time + readout time

: Spectra counts per image per 
spectral resolution element

Photometric Precision 
of time series observation 

PP =
1

N
<latexit sha1_base64="28zSAxSPZ0FTlTzinAKsdEJkkSk=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lU0ItQ9OJJItgPaGPZbDft0s0m7G6UEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKS8srq2vl9crG5tb2jr2711RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLqe+K1HKhWLxb0eJ9SP8ECwkBGsjfTgeZfdUGKSuXl2m/fsqlNzpkCLxC1IFQp4Pfur249JGlGhCcdKdVwn0X6GpWaE07zSTRVNMBnhAe0YKnBElZ9Nr87RkVH6KIylKaHRVP09keFIqXEUmM4I66Ga9ybif14n1eGFnzGRpJoKMlsUphzpGE0iQH0mKdF8bAgmkplbERlik4I2QVVMCO78y4ukeVJzT2vO3Vm1flXEUYYDOIRjcOEc6nADHjSAgIRneIU368l6sd6tj1lrySpm9uEPrM8fLOWSTA==</latexit>

N =
p
S

<latexit sha1_base64="QmvE/Y1sibj923Z37W4D+yx4TyI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoBch6MWTRDQPTJYwO5lNhszOrjO9QljyF148KOLVv/Hm3zh5HDRa0FBUddPdFSRSGHTdLye3sLi0vJJfLaytb2xuFbd36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCweXYbzxybUSs7nCYcD+iPSVCwSha6f76vG0eNGa3o06x5JbdCchf4s1ICWaodoqf7W7M0ogrZJIa0/LcBP2MahRM8lGhnRqeUDagPd6yVNGIGz+bXDwiB1bpkjDWthSSifpzIqORMcMosJ0Rxb6Z98bif14rxfDMz4RKUuSKTReFqSQYk/H7pCs0ZyiHllCmhb2VsD7VlKENqWBD8OZf/kvqR2XvuOzenJQqF7M48rAH+3AIHpxCBa6gCjVgoOAJXuDVMc6z8+a8T1tzzmxmF37B+fgGmCaQ3A==</latexit>

Photon Noise Signal (e-) 

S
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Transmission Signal 
of planet 1H

  Bin in Wavelength and/or add transits to Increase Precision
YES - Atmosphere is likely Detectable
NO - 

PPtr < A
<latexit sha1_base64="rBZ5bs1UDL7RMf3EcZAan0LHlDU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoNgFe5U0MIiamN5gvmQ5Ah7m02yZHfv2J0TwpFfYWOhiK0/x85/4ya5QqMPBh7vzTAzL0oEN+h5X05haXllda24XtrY3NreKe/uNUycasrqNBaxbkXEMMEVqyNHwVqJZkRGgjWj0c3Ubz4ybXis7nGcsFCSgeJ9Tgla6SEIuhnqyeVVt1zxqt4M7l/i56QCOYJu+bPTi2kqmUIqiDFt30swzIhGTgWblDqpYQmhIzJgbUsVkcyE2ezgiXtklZ7bj7Uthe5M/TmREWnMWEa2UxIcmkVvKv7ntVPsX4QZV0mKTNH5on4qXIzd6fduj2tGUYwtIVRze6tLh0QTijajkg3BX3z5L2mcVP3Tqnd3Vqld53EU4QAO4Rh8OIca3EIAdaAg4Qle4NXRzrPz5rzPWwtOPrMPv+B8fAN6ypAw</latexit>

From STScI HST Exposure Time Calculator 

S
<latexit sha1_base64="aJuG7DpMd9qg036QvVaxjgeG2SE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDrs+M2Q==</latexit>

Ntr
<latexit sha1_base64="KnoSZBxJpBE0Ep3fRJmmK+AAo6Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRiyepYD+gDWWz3bRrN5uwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUrNe96GepJr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9m1E3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZvk76QnOGcmwJZVrYWwkbUk0Z2oBKNgRv8eVl0jyreudV9/6iUrvO4yjCERzDKXhwCTW4hTo0gMEjPMMrvDmx8+K8Ox/z1oKTzxzCHzifP8pAj0M=</latexit>

Calculate photometry precision per Transit/eclipse event
- Divide PP by          to boost SNR by number of exposures 
- Degrade by      to account for baseline flux uncertaintyPPtr =

p
2

PPp
Ntr

<latexit sha1_base64="CxlK3zuj+pnq/4nEOyrTh10fZIs=">AAACEXicbVDLSsNAFJ34rPUVdekmWISuSlIF3QhFN64kgn1AE8JkOmmHTh7O3Agl5Bfc+CtuXCji1p07/8ZpmoW2HrhwOOde7r3HTziTYJrf2tLyyuraemWjurm1vbOr7+13ZJwKQtsk5rHo+VhSziLaBgac9hJBcehz2vXHV1O/+0CFZHF0B5OEuiEeRixgBIOSPL1u214GIr9w5L2ArJk7gcAks+08myk3hZ3nnl4zG2YBY5FYJamhEranfzmDmKQhjYBwLGXfMhNwMyyAEU7zqpNKmmAyxkPaVzTCIZVuVnyUG8dKGRhBLFRFYBTq74kMh1JOQl91hhhGct6biv95/RSCczdjUZICjchsUZByA2JjGo8xYIIS4BNFMBFM3WqQEVaRgAqxqkKw5l9eJJ1mwzppmLentdZlGUcFHaIjVEcWOkMtdI1s1EYEPaJn9IretCftRXvXPmatS1o5c4D+QPv8AbcZntg=</latexit>

PPtr =
p
2

PPp
Ntr

<latexit sha1_base64="CxlK3zuj+pnq/4nEOyrTh10fZIs=">AAACEXicbVDLSsNAFJ34rPUVdekmWISuSlIF3QhFN64kgn1AE8JkOmmHTh7O3Agl5Bfc+CtuXCji1p07/8ZpmoW2HrhwOOde7r3HTziTYJrf2tLyyuraemWjurm1vbOr7+13ZJwKQtsk5rHo+VhSziLaBgac9hJBcehz2vXHV1O/+0CFZHF0B5OEuiEeRixgBIOSPL1u214GIr9w5L2ArJk7gcAks+08myk3hZ3nnl4zG2YBY5FYJamhEranfzmDmKQhjYBwLGXfMhNwMyyAEU7zqpNKmmAyxkPaVzTCIZVuVnyUG8dKGRhBLFRFYBTq74kMh1JOQl91hhhGct6biv95/RSCczdjUZICjchsUZByA2JjGo8xYIIS4BNFMBFM3WqQEVaRgAqxqkKw5l9eJJ1mwzppmLentdZlGUcFHaIjVEcWOkMtdI1s1EYEPaJn9IretCftRXvXPmatS1o5c4D+QPv8AbcZntg=</latexit> PPtr =
p
2

PPp
Ntr

<latexit sha1_base64="CxlK3zuj+pnq/4nEOyrTh10fZIs=">AAACEXicbVDLSsNAFJ34rPUVdekmWISuSlIF3QhFN64kgn1AE8JkOmmHTh7O3Agl5Bfc+CtuXCji1p07/8ZpmoW2HrhwOOde7r3HTziTYJrf2tLyyuraemWjurm1vbOr7+13ZJwKQtsk5rHo+VhSziLaBgac9hJBcehz2vXHV1O/+0CFZHF0B5OEuiEeRixgBIOSPL1u214GIr9w5L2ArJk7gcAks+08myk3hZ3nnl4zG2YBY5FYJamhEranfzmDmKQhjYBwLGXfMhNwMyyAEU7zqpNKmmAyxkPaVzTCIZVuVnyUG8dKGRhBLFRFYBTq74kMh1JOQl91hhhGct6biv95/RSCczdjUZICjchsUZByA2JjGo8xYIIS4BNFMBFM3WqQEVaRgAqxqkKw5l9eJJ1mwzppmLentdZlGUcFHaIjVEcWOkMtdI1s1EYEPaJn9IretCftRXvXPmatS1o5c4D+QPv8AbcZntg=</latexit>

Final uncertainty per transit (ppm)

A =
2⇡RplH

⇡R
2
star

<latexit sha1_base64="IRq3ly7zkBzf1bkagQvMYk2XQAc=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKilIsCAVWDoWRB9SEyrHdVqrjmPZDlIV5Q9Y+BUWBhBiZWXjb3DbDNBypCsdn3OvfO8JBKNKO863tbC4tLyyWlgrrm9sbm3bO7tNFScSkwaOWSzbAVKEUU4ammpG2kISFAWMtILh9dhvPRCpaMzv9EgQP0J9TkOKkTZS1z66vPBCiXBagZ6g8LabCpbVsjR/KI1kdl/JunbJKTsTwHni5qQEctS79pfXi3ESEa4xQ0p1XEdoP0VSU8xIVvQSRQTCQ9QnHUM5iojy08k9GTw0Sg+GsTTFNZyovydSFCk1igLTGSE9ULPeWPzP6yQ6PPdTykWiCcfTj8KEQR3DcTiwRyXBmo0MQVhSsyvEA2Ti0SbCognBnT15njQrZfek7NyclqpXeRwFsA8OwDFwwRmoghqogwbA4BE8g1fwZj1ZL9a79TFtXbDymT3wB9bnD232nEs=</latexit>

A =
2⇡RplH

⇡R
2
star

<latexit sha1_base64="IRq3ly7zkBzf1bkagQvMYk2XQAc=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKilIsCAVWDoWRB9SEyrHdVqrjmPZDlIV5Q9Y+BUWBhBiZWXjb3DbDNBypCsdn3OvfO8JBKNKO863tbC4tLyyWlgrrm9sbm3bO7tNFScSkwaOWSzbAVKEUU4ammpG2kISFAWMtILh9dhvPRCpaMzv9EgQP0J9TkOKkTZS1z66vPBCiXBagZ6g8LabCpbVsjR/KI1kdl/JunbJKTsTwHni5qQEctS79pfXi3ESEa4xQ0p1XEdoP0VSU8xIVvQSRQTCQ9QnHUM5iojy08k9GTw0Sg+GsTTFNZyovydSFCk1igLTGSE9ULPeWPzP6yQ6PPdTykWiCcfTj8KEQR3DcTiwRyXBmo0MQVhSsyvEA2Ti0SbCognBnT15njQrZfek7NyclqpXeRwFsA8OwDFwwRmoghqogwbA4BE8g1fwZj1ZL9a79TFtXbDymT3wB9bnD232nEs=</latexit>

A =
2⇡RplH

⇡R
2
star

<latexit sha1_base64="IRq3ly7zkBzf1bkagQvMYk2XQAc=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKilIsCAVWDoWRB9SEyrHdVqrjmPZDlIV5Q9Y+BUWBhBiZWXjb3DbDNBypCsdn3OvfO8JBKNKO863tbC4tLyyWlgrrm9sbm3bO7tNFScSkwaOWSzbAVKEUU4ammpG2kISFAWMtILh9dhvPRCpaMzv9EgQP0J9TkOKkTZS1z66vPBCiXBagZ6g8LabCpbVsjR/KI1kdl/JunbJKTsTwHni5qQEctS79pfXi3ESEa4xQ0p1XEdoP0VSU8xIVvQSRQTCQ9QnHUM5iojy08k9GTw0Sg+GsTTFNZyovydSFCk1igLTGSE9ULPeWPzP6yQ6PPdTykWiCcfTj8KEQR3DcTiwRyXBmo0MQVhSsyvEA2Ti0SbCognBnT15njQrZfek7NyclqpXeRwFsA8OwDFwwRmoghqogwbA4BE8g1fwZj1ZL9a79TFtXbDymT3wB9bnD232nEs=</latexit>

t2<latexit sha1_base64="Wom/QZ/mDQVz/JAoGVTQkTxTijI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vklat6l1U3fvLSv0qj6MIJ3AK5+DBNdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwQqjZM=</latexit>

t1<latexit sha1_base64="fgvYMjKDe2dUoq5MI/5HnyujZUI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPEzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1W3ftapX6Vx1GEEziFc/DgGupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwKmjZI=</latexit>

t3
<latexit sha1_base64="Rr5Hzp0bwc+DjXElv08XxS3569k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0msqMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0qj6MIJ3AK5+DBNdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwWujZQ=</latexit>

t4<latexit sha1_base64="slaCQ2jqdCgn0CxBk7rpbYEACK0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1busuve1Sv0qj6MIJ3AK5+DBNdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwcyjZU=</latexit>

(Note reduced resolution with wave bin)

 Ntr = 64

PPtr=296 ppm

296 < 200 PPtr=209 ppm at R=250



  Bin in Wavelength and/or add transits to Increase Precision
YES - Atmosphere is likely Detectable
NO - 

PPtr < A
<latexit sha1_base64="rBZ5bs1UDL7RMf3EcZAan0LHlDU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoNgFe5U0MIiamN5gvmQ5Ah7m02yZHfv2J0TwpFfYWOhiK0/x85/4ya5QqMPBh7vzTAzL0oEN+h5X05haXllda24XtrY3NreKe/uNUycasrqNBaxbkXEMMEVqyNHwVqJZkRGgjWj0c3Ubz4ybXis7nGcsFCSgeJ9Tgla6SEIuhnqyeVVt1zxqt4M7l/i56QCOYJu+bPTi2kqmUIqiDFt30swzIhGTgWblDqpYQmhIzJgbUsVkcyE2ezgiXtklZ7bj7Uthe5M/TmREWnMWEa2UxIcmkVvKv7ntVPsX4QZV0mKTNH5on4qXIzd6fduj2tGUYwtIVRze6tLh0QTijajkg3BX3z5L2mcVP3Tqnd3Vqld53EU4QAO4Rh8OIca3EIAdaAg4Qle4NXRzrPz5rzPWwtOPrMPv+B8fAN6ypAw</latexit>

Signal-to-Noise Calculations: Can we detect atmospheric features?

Compare to Atmosphere Model Error Bars = PPtr

A

Tools: TSO calculator for HST & JWST
Simulates Transmission, Emission, Phase 
Curve observations

https://exoctk.stsci.edu/

 (Batalha et al. 2017)



Can we detect atmospheric features?

https://exoctk.stsci.edu/

Deming et al (2013)

Used Cloudy model 
Good Agreement!



How about JWST?Can we detect atmospheric features?

HST WFC3 JWST NIRSpec



 Correcting For Systematic Errors in the Time Series

• All instruments introduce systematic effects/trends in to the light curve 
• Need a Full model with transit and systematics taken into account (need to know/find what is affecting our data)

• For HST STIS, major effects are Thermal Breathing (Brown 2001) & detector position (Sing 2011)

Transit  
Model

Stellar  
Flux

Systematic error 
model

HST/STIS HAT-P-26b

Flux 
decreases 
over each HST 
orbit

What you want

What you get

• Correct using Detrending Vectors S(x) which correlate with the photometry (e.g. detector position)

• JWST will have systematics with observatory pointing/jitter 

• A main Job for JWST Observers will be to explore methods to model S(x)



A Few Ground/Space Transit Tips - Designed to help differential phot. Measurement
1. Observe whole time series on the Same Pixel, sub-pixel as possible
2. Choose setting (e.g. gain) to get as many counts as reasonably possible per image
3. Choose detector setting (subarray, readouts) to get as many images per transit as possible
4. Readnoise is almost never important
5. Detector electronics can introduce noise (1/f noise for JWST)
6. Wide slits/apertures are needed to avoid light losses
7. Have a uniform detector 
8. Get long enough baseline to measure full eclipse/transit depth
9. Have systematic(s) value(s) in baseline cover same systematic values in transit
10. Ingress/egress not very useful to measure depth, needed to measure a/Rstar, inclination
11. Avoid non-linearities in detector if possible
12. Reference stars need to be very similar to target in type & magnitude (within 1 mag, and sub-type)
13. Near-IR is hard from the ground… but not impossible
14. Philosophy differs in flat fielding (I suggest gathering 100’s, test to see if the improve things or not)
15. Cosmic Rays are important
16. Look at all the ways your spectra/photometry changes in time 
17. Stellar Variability can affect Transit Depths, weaker in IR
18. Be Wary of Hidden companions
19. Be Wary of Unphysical results (result of systematics?)

Have Overview of Time-series Observations

Differential Photometric Measurement:  Don’t care about absolute flux, just relative change in 
dimming during transit. Many systematics are removed in differential measurement.  


