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The Science Traceability Matrix (STM) 
Define Science Goal Flow Down to Instrument Requirements 

HabEx Final Report (2019) 



    

      

     

          

       

      
  

       

      
 

Ballparking HWO instrument requirements 
for exoplanet spectroscopy 

Contrast ~ ratio of Earth’s flux to Sun’s flux at quadrature 
~ g F(quadrature) (R/r)2 

~ 0.2 * 0.3 * (4e-5)2 

~ 1e-10 

Noise floor ~ Contrast / SNR
~ 1e-10 / 10
~ 1e-11 

IWA ~ Scale of HZ around Sun-like star at 10 pc
~ 1 AU / 10 pc
~ 100 mas 
~ 3 l/D @ 1 micron for 6 m aperture 

OWA ~ Outer edge of Alpha Cen A’s HZ 
~ 1.7*sqrt(LAlphaCenA) / dAlphaCenA 
~ 2.1 AU / 1.3 pc
~ 1600 mas 
~ 50 l/D @ 1 micron for 6 m aperture 

Bandwidth ~ range of interesting spectral features
~ 0.2 – 2 microns 



 

   
        

    
       

         
 

          
      

       
    

The need for a flexible Design Reference Mission (DRM) 

Problems with this approach 
• Fiducials that define requirements can mislead. Not all stars are solar twins! 
• What we really care about is scientific productivity 
• The flow from science to mission requirements goes both ways 

STMs & science req. docs are a critical formalization, but... 
• They are relatively static 
• They do not show all of the sensitivities of science to performance parameters 
• They do not show the interdependency of performance parameters 

DRMs are the machinery to establish/maintain science & 
mission requirements, and perform trade studies 



DRMs are the science traceability machinery

Lightsey & Wilkinson (white paper, 2015)



Exoplanet imaging DRMs started with TPF

Brown (2005)

Hunyadi, Lo, & Shaklan (2007)

Savransky & Kasin (2008)

Morgan et al. (2021)Stark et al. (2015)

Brown (2004)



DRMs must optimize observations

Stark et al. (2014)

• Assumptions/prescriptions re how to observe can lead to unintended bias, or 
worse—incorrect trade studies

• Pick a metric, then get out of the way and let 
your code tell you how to use the mission

Target list adapts to changes in instrument



DRMs can estimate sensitivity of 
science performance to mission parameters

Stark et al. (2015)



DRMs have come a long way
LUVOIR & HabEx DRMs used realistic optical layouts
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Key points:
• The reflectivity of coatings 

matters a lot! 
i.e., 0.95^12 = 0.5

• We will likely have to trade 
bandwidth for throughput. 
UV coronagraphy reduces 
throughput at all 
wavelengths by up to ~0.5

• Efficiently parallelizing 
coronagraphs may be 
essential for wavelength 
coverage

Stark et al. (2019)



DRMs have come a long way
LUVOIR & HabEx DRMs used realistic coronagraph simulations

Key points:
• PM & SM geometry matters 

a lot—must design at system 
level!

• Coronagraph mask design 
has non-intuitive trades 
(OWA vs bandwidth, 
contrast vs IWA, etc.). 
Improving one parameter 
often comes at the expense 
of others.

ExEP’s SCDA Study was essential to 
understanding the coronagraph design trade space 

and system-level requirements. 

Slides from Shaklan (2016), many papers from 
SCDA Team



DRMs have come a long way

• We assigned simulated 2D 
leaked starlight to each star as a 
function of stellar diameter

• We used 2D off-axis simulated 
PSFs to calculate planet’s flux

θ★

Zimmerman/Soummer/St. Laurent

LUVOIR & HabEx DRMs used realistic coronagraph simulations

Key points:
• One coronagraph 

doesn’t have to do it 
all. We can design 
different 
coronagraphs for 
different stars

• Working within the 
IWA is not out of the 
question for some 
coronagraphs

DRM optimally assigned LUVOIR-
A’s 4 coronagraph masks to stars.

LUVOIR Final Report (2019)



DRMs have come a long way
Recent DRMs include simulated noise floors via dynamic aberrations

Key points:
• The noise floor is one of 

the most important 
instrument requirements to 
get right. We need 
confidence in these 
simulations.

• We can now iterate between 
engineering simulations and 
coronagraph simulations to 
minimize key aberrations

Juanola-Parramon et al. (2022)

Parameterized impact of dynamic 
disturbances on LUVOIR B.

Potier et al. (2022)

Used the WFE time series 
from ULTRA study to model 

noise floor of LUVOIR B.



Exoplanet “yields” aren’t everything

DRMs can track 
additional metrics

• Spectral 
quality/coverage

• Exposure times
• WFSC times
• Orbit retrieval
• Schedulability
• Etc.

Fig 7.5

Standards Team

Slide from R. Morgan (2022)



There are many opportunities for improvement!

There are a multitude of low TRL technologies that could radically 
change our ability to achieve science requirements.
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Number of Planets with Spectra
Howe & Stark (preliminary results)

Just one example: A mission with energy resolving TES arrays (dashed lines) 
could increase exoEarth detection yields by ~30% compared to LUVOIR/HabEx
baselined EMCCDs (solid lines) and would characterize hundreds of additional 
planets for free.

• Improved observation 
optimization

• Detector technologies: 
•Skipper CCDs & TES 
arrays

• WFS-based PSF subtraction 
a la Guyon et al. (2022)

• PIAA & other high throughput 
coronagraph designs

• Parabolic DMs
• Multi-star WFC
• Etc.



In summary...

Science requirements flow down to mission requirements. However, iteration is 
key to arriving at an optimized architecture. DRMs provide the machinery to 
do that, to estimate science productivity, and to map out science yield 
sensitivities.

The exoplanet science performance of HWO is dependent on a large number of 
parameters that are all tied together/traded. Design must be thought of at the 
system level, from the PM to the detector, and from the spacecraft to the 
observing strategy.

The trade space is enormous and there are many exciting ideas that can 
improve science yield/quality. Small investments in low TRL technologies 
may have enormous benefits.

We have a lot of work to do, but a lot to be excited about!



Coronagraphic Terms
Science Image

Reference PSF

PSF-subtracted Image
Subtract reference star 

from science star to form 
final image

“Dark zone”

Noise floor/contrast floor
Estimated via stddev of 
remaining speckles, i.e. 

what varies between 
observations

Outer Working Angle (OWA)
Radius beyond which exoplanets 
cannot be detected. Usually set by 
residual starlight in units of l/D. 

Inner Working Angle (IWA)
Radius interior to which exoplanet 
detection is difficult. Mathematically 
defined as radius where throughput 
reaches half-max in units of l/D.  

“Raw” Contrast
Residual “dark zone” starlight in a 
photometric aperture at (x,y) divided 
by the star’s flux if placed at (x,y). 
Varies with stellar diameter & WF 
aberrations.


