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1 Abstract 
Coronagraphy is aimed at observing the neighborhood of astrophysical sources which 
harbor structures or exoplanets that are too faint to be observed in a direct classical image. 
To do so, both the instrument and observation strategies are designed to remove as much 
as possible of the light diffracted by the telescope: information regarding the brightness 
and position of the host source are thus not available in coronagraph exposures. Therefore 
additional information is needed to precisely determine the position of the target star 
relative to any detected circumstellar material and direct observations of the host source 
(e.g. without the coronagraph) are also an integral part of the science associated with 
coronagraphic observations. This document reviews the science cases for such 
coronagraph science calibration exposures and then discusses possible implementation 
with the JWST coronagraphs. With NIRCam we conclude that the necessary information 
can be obtained using full frame images when the host source is located under the focal 
plane Neutral Density right before/after Target Acquisition exposures. The case of MIRI 
is complicated by the fact that the ND associated with Target Acquisition is in a pupil 
plane, making it impossible to obtain full frame exposures without saturation and hard 
latencies in the case of bright un-occulted sources. Here we recommend parallel 
observations with NIRCam (when possible) as a simple solution, and suggest to conduct 
in the future a detailed study of the impact of MIRI and latencies associated with such 
exposures.  

2 Introduction 
The development of the systems supporting coronagraphic operations at the Science and 
Operations Center (S&OC) are detailed in a series of technical reports describing the 
coronagraphic operations concepts.  
• [1] Science Use-Cases for the Preparation of Coronagraphic Operations Concepts and

policies JWST-STScI-004140

TECHNICAL 
REPORT 

When there is a discrepancy between the information in this 
technical report and information in JDox, assume JDox is correct.
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• [2] Coronagraphic Operations Concepts and Super-Template Definition for the 
Astronomer’s Proposal Tool JWST-STScI-004141 

• [3] Comparative study of the efficiency of various coronagraphic observations 
strategies JWST-STScI-004165 

• [4] Coronagraphic Exposure Time Calculation JWST-STScI-003862 
• [5] Coronagraphic Astrometric and Photometric Calibrations  (this report) JWST-

STScI-004166 
• [6] A Point Spread Functions Library for Coronagraphy JWST-STScI-004167 
• [7] Coronagraphic pipeline architecture, data products JWST-STScI-004169 
• [8] Coronagraphic pipeline algorithms JWST-STScI- 004170 
• [9] Small-Grid Dithers for Coronagraphic Observations JWST-STScI-004142 and 

JWST-STScI-004172 
• [10] Coronagraphic policies JWST-STScI-004171 

3 Context 
Coronagraphy is aimed at observing the neighborhood of astrophysical sources which 
harbor structures or exoplanets that are too faint to be observed in a direct classical image. 
To do so, both the instrument and observation strategies are designed to remove as much 
as possible of the light diffracted by the telescope. In addition to the coronagraphic 
image(s), direct observations of the host source (e.g. without coronagraph) are also an 
integral part for obtaining the science associated with coronagraphic observations. Indeed, 
un-occulted images provide necessary information on the brightness and astrometric 
position of the science target (host star; For brevity we assume the target is a star but 
these concepts apply equally to any type of point source observed in coronagraphic mode, 
for instance an AGN or quasar). This information is not available in occulted 
coronagraphic images since the target is occulted by the coronagraphic mask. Therefore 
additional information is needed to determine the position of the target relative to the 
mask.  
Modern ground-based coronagraph instruments use a diffractive technique to create 
fiducial copies of the occulted source at large separations (Sivaramakrishan et al., Marois 
et al. 2006). This approach was developed to access position and brightness information 
contemporaneously with occulted exposures. Even with this technique, the uncertainties 
on astrometric and photometric measurements are still sometimes dominated by the 
uncertainties on the occulted source itself rather than by the Signal to Noise Ratio  (SNR) 
of the faint source/structure. Some (older) ground-based coronagraphs use partially 
transmissive masks so the central star is still visible in occulted images.   
For JWST, the fiducial copy technique does not apply, and the coronagraph occulters do 
not allow for direct measurements on the central star. As a consequence for JWST it is 
necessary to include appropriate Science Calibration Exposures in coronagraphic 
programs to capture the photometric and astrometric information of the un-occulted host 
source, and with sufficiently small uncertainties to enable compelling science. Because of 
the absence of formal requirements on these uncertainties we detail in Section 4 a series 
of use-cases to justify these Coronagraph Science Calibration Exposures and give 
examples of state of the art uncertainties in coronagraphic observations. In Section 5 we 



JWST-STScI-004166 
SM-12 

 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

 - 3 - 

present the Coronagraphs Working Group (CWG)’s recommendations on the observing 
strategies that are relevant to these Science Calibration Exposures. 

4 Use cases for Astrometric and Photometric Science Calibration Exposures  

4.1 Astrometry: common proper motion 
When astronomers find a new planet candidate (e.g. a faint point source in the  proximity 
of a star in a single coronagraphic image), one of the first tasks is to determine if this is 
due to chance alignment with a distant point source in the background, or if both objects 
are physically associated (i.e. a true companion orbiting the star). Physical association is 
tested using a coronagraph image at a second epoch, either using archival data to go back 
in time or with new observations a few months or years later. The point source is a true 
companion to the star if both objects share common proper motion. Figures 1 and 2 
illustrate this process and emphasize the need for Astrometric Science Calibration 
Exposures to confirm the nature of any candidate exoplanets detected with coronagraphy. 
Current state of the art observations from the ground using coronagraphs on 8-meter class 
telescopes can yield uncertainties in the 1-5 mas range for the position of the planet 
candidate with respect to the central star. This enables conclusive evidence regarding 
physical association with second epochs ~6 months after the first observations for most 
nearby stars (distance < 100 pc). 
The technical difficulty is that the planet and the star are not detectable in the same 
image: the planet is not visible in un-occulted images, and the star is not visible in 
occulted images. Therefore, and in the absence of fiducial sources as used on the ground, 
their relative astrometry has to be established at both epochs either by relying on the 
observatory’s telemetry with limited accuracy, or by making measurements with respect 
to an absolute reference frame (e.g. the field of background objects). This more accurate 
approach can be achieved by measuring the relative position of the star with respect to 
background field objects both in coronagraph and non-coronagraph images. Full-array 
images will need to be associated with coronagraphic programs to establish such 
astrometric calibrations.  
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Figure 1: Relative position of two planet candidates observed in the vicinity of HD95086 overlaid 
with background tracks (Rameau et.al, 2013). The tracks have been derived based on published 
stellar proper motion and parallax. Given the 1 sigma uncertainties in the VLT data, +/- 5 to 10 mas 
(depending on the epochs), a little more than one year (Jan 2012 to May 2013) is sufficient to 
establish with a high statistical significance that the object on the left is a background source while 
the object on the right is physically associated to the star, compared to the position if background (IF 
BKG). Note that in this data the position of the host star is readily available using a neutral density 
filter in lieu of a coronagraph occulter. 
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Figure 2 Relative position a planet candidate observed in the vicinity of IM Lup overlaid with 
background tracks (Mawet et.al, 2011). Left: A comparison of these tracks with the motion between 
2008 VLT epoch and 2005 NICMOS epoch does suggest physical association, albeit with 
uncertainties too large to formally rule-out the background source scenario. Right: When adding 
2010 and 2011 epochs, with uncertainties much smaller than NICMOS, it becomes clear that the 
candidate is actually a background source. This “false alarm” emphasizes importance of well-
constrained astrometric uncertainties. In particular the large error bars associated with the 2005 
NICMOS data was driven by uncertainties on the location of the occulted source, which emphasizes 
the need for Astrometric Science Calibration Exposures. Note that here the VLT error bars about 
10mas are comparable to what is expected from JWST Small angle maneuvers. This level of 
astrometric accuracy required three years to rule out this particular companion, which is too long 
given the limited JWST mission duration. This result could have been obtained in one-year with 3x 
better astrometric accuracy.  

Because of JWST’s limited mission duration it is scientifically necessary to enable such 
companion confirmation as quickly as possible, preferably at the next observing cycle or 
possibly via a Director’s Discretionary Time observation ~6 months after the initial 
observations. Therefore small astrometric errors of 1 to 5 mas (one-sigma) are necessary 
for the exoplanet discovery science case. These numbers are driven by the proper motion 
of typical coronagraph targets: 
-  HD95086 (figure 1) is a nearby young star with a known exo-planet at d=101 pc with 
proper motion 45 mas/year. In order to obtain a 5 sigma test of common proper motion 
over 1 year, the astrometry precision must be better than 1 sigma=10 mas. Such sources 
are prime targets for ground based instruments and the JWST coronagraphs will observe 
them in “characterization mode”. 
- On the other hand sources in star forming regions will be prime target to use the JWST 
coronagraphs in “discovery mode”. In this case higher astrometry precision is needed. 
For instance FW Tau has a sub-stellar companion, it is located in Taurus at d > 150 pc, 
with proper motion 10 mas/year. In order to obtain a 5 sigma test of common proper 
motion over 1 year, the astrometry precision must be better than 1 sigma=1.5 mas. 
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This last example emphasizes the need for precision astrometry for sources within the 
JWST prime coronagraphs discovery space (fainter, further targets than what can be 
achieved from the ground today, and thus smaller proper motion).  
JWST’s Small Angle Maneuvers (SAM) used in Target Acquisition currently have a 
predicted radial accuracy of 5 mas, 1-sigma/axis (7 mas radial),. Even without 
considering other sources of astrometric uncertainty (noise, centroid estimation etc.), the 
exoplanet science case requires an astrometric accuracy that is several times better than 
what the SAMs can deliver.  
The final position post-SAM can potentially be known to a higher accuracy than the 
predicted SAM’s accuracy by analyzing the FGS data. This cannot be achieved with the 
FGS telemetry alone, but instead by a re-analysis of the FGS postage stamp images. 
Indeed it would be possible to analyze these data on the ground with a better centroiding 
algorithm than what the FGS flight software is able to achieve, correcting for e.g. non-
linearity of the centroid, noise-equivalent angle, and small residuals for the geometric 
distortion. With back-of-the-envelope estimation, the accuracy of the SAM after the fact 
could be known to 3 mas 1 sigma/axis (5 mas radial). This has been a project-wide 
discussion as the ground-analysis of postage stamps might be valuable for a number of 
science applications. The CWG recommends transfer of the FGS postage stamps to the 
ground for coronagraphic programs.  
Even in the presence of exquisite exquisitely precise astrometric measurements from the 
reanalyzed FGS images, the unambiguous detection of exo-planets during the mission 
lifetime will require 1-5 mas astrometry at the 3 sigma/axis level: this need for robust 
statistical significance folds into a need for dedicated Astrometric Science Calibration 
Exposures.  
Note that: 

• 5 mas corresponds to 1/6 th of a NIRCam short pixel. 
• 5 mas corresponds to 1/13 th of a NIRCam long pixel or FGS pixel. 
• 5 mas corresponds to 1/22 nd of a MIRI pixel. 

 
• 1 mas corresponds to 1/30 th of a NIRCam short pixel. 
• 1 mas corresponds to 1/65 th of a NIRCam long pixel or FGS pixel. 
• 1 mas corresponds to 1/110 th of a MIRI pixel. 

4.2 Astrometry: orbital motion. 
This use case is related to the characterization of exoplanets once they are discovered. 
Recent work (Macintosh et al. 2014, Pueyo et al. 2014) has shown that powerful 
conclusions regarding the dynamical architecture of exo-planetary systems (both in the 
case of multiple system, Figure 3, and of disk-planet architecture) can be draw from well 
constrained measurements of the relative position of the planet(s) with respect to the star. 
Since JWST coronagraphs will be sensitive to planets orbiting their host stars at large 
separations (>20 AU) with periods > 70 years for most sources (except for nearby brown 
dwarfs), small error bars of the same scale as discussed above will be critical for orbital 
characterization with JWST during its limited lifetime.  
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Note that a similar argument applies for circumstellar disk characterization. This is the 
case for instance to enable the measurement of an offset between the center of a 
circumstellar belt and its parent star (see Perrin et al., 2015). 

 
Figure 3 Constraints on the orbital motion of the four planets in the HR8799 system based on precise 
astrometric history over 13 years (Pueyo et al. 2014). Left: Ensemble of orbits compatible with the 
data for each planet. Right: Distributions of the relative inclinations of each planets: while this 
suggests that HR8799d might be orbiting off the plane defined by the orbits of HR8799bc, the 
uncertainties in the astrometric history are too large to make definite conclusions. Because JWST 
will observe planets of similar orbital periods and because of the 5 years mission lifetimes, small 
astrometric uncertainties will be critical to the characterization of the orbital architecture of the 
planetary systems discovered by JWST. 

4.3 Photometry: contrast 
Ground-based coronagraphs rely on contemporaneous (or almost contemporaneous) 
imaging of the occulted source to determine the atmospheric opacities and instrumental 
throughput at the epoch of observation. The surface brightness or the point source 
photometry is then estimated by combining the stellar photometry (published or 
measured with the instrument) with the contrast measured in the coronagraph data. JWST 
observations will operate in a different regime, for which the focal plane photometric 
response will be calibrated during commissioning and via dedicated calibration programs. 
Therefore, the surface brightness of a disk or the luminosity of sub-stellar companions in 
occulted images can be directly obtained from these instrument calibrations.  
However, the contrast in the image cannot be obtained without additional information on 
the photometry of the occulted star. Measuring the contrast in coronagraphic images is 
needed scientifically and operationally:  

• Scientifically, for non-detection analyses (i.e. by assessing what is not present in a 
given image. In the example of Figure 3, a contrast measurement can help rule out 
parameter space for the existence of a potential other planet in this system, or by 
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combining multiple dataset it is possible to derive important information on the 
populations of planets in a given sample of stars).  

• Scientifically, to provide instrument performance metrics used to prepare 
observing proposals. The achievable contrast is a critical parameter to determine 
whether a source can be observed with the JWST coronagraphs, for example to 
follow up sources previously observed on the ground, or to design a survey-type 
program to search for new objects.  

• Operationally, to provide precise measurements of PSF reference star brightness 
relative to the science target.  Classical PSF subtractions can benefit from such 
measurements (although we note that recent algorithms using reference PSF 
libraries do not directly require such measurements). Since PSF stars are rarely a 
precise color match for the science target, it can be beneficial to make these 
measurements directly in the science bandpass, if possible. 

• Operationally, at the Science and Operations Center (S&OC) to assess and 
monitor instrument modes performance.  

However, overall the need for photometric calibrations to measure contrast is not as 
critical as the need for precise astrometry. This will be desired for a subset of 
observations, particularly during commissioning and calibration, but in general we do not 
expect to require precision photometry of the host star for all observations.
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Figure 4 Point source detection limits around A stars in the IDPS survey (from Vigan et al. 2012). 
Such figures are the key empirical element underlying state of the art statistical analysis of giant 
planet occurrence using coronagraphic instruments. Because absolute flux calibration is a difficult 
exercise from the ground, the current community standard is to use units of contrast (delta 
magnitude) for such studies. Such contrast curves are also required to estimate the performance of 
the instrument and help prepare proposals for other observations. Obtaining photometry of the 
sources occulted in JWST coronagraph observations is thus an important piece of such science. 

4.4 Photometry: variability of the central source 
When observing pre main-sequence stars, the surface brightness, and sometimes 
morphology, of proto-planetary disks can directly relate to the stellar brightness via 
shadowing effects (Figure 4). As a consequence obtaining precise photometry of the 
source that is occulted in the coronagraph observation is a key element of the scientific 
program. Such scientific programs may become more prominent in the future by 
combining JWST and ALMA observations to study the physics of planetary formation. 
More generally, any program aimed at observing the circumstellar environment of 
variable sources will require photometric Coronagraph Science Calibration Exposures to 
constrain the level of illumination of these systems at the time of observation. Like the 
need for contrast calibrations, this motivates having a capability for precise photometry 
of the central star but with the expectation that it would only be required for a subset of 
observations depending on the science case.   
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Figure 4: Example of coronagraph observations of a variable star with a proto-planetary disk 
around MWC 480 in the time domain. Left: 1998 F160W NICMOS data where the disk is detected. 
However, 2004 110W NICMOS data results in a non-detection of the disk. Right: 2012 Subaru 
HiCIAO differential polarimetry image (Kusakabe et al. 2012). Center: temporal variations of the 
SED of MWC 480 over a period of 6 years. Shadowing of the disk is a possible mechanism to explain 
these variations and in particular the 2004 non-detection (Kusakabe et al. 2012).  Precise photometry 
of the host star itself and statistically robust detections/non-detections are necessary to understand 
the morphology and physics of these shadowing mechanisms in young targets. 
 

5 Implementation of Astrometric Science Calibrations Exposures 
Coronagraph astrometry is impacted by three sources of uncertainties: location of the 
faint companion, location of the host source, and detector geometry with respect to the 
sky (distortion, plate scale, PA offset). In general the goal of the Astrometry Science 
Calibration Exposures is to address the latter two types of uncertainties. However in the 
case of JWST they will only be necessary for the location of the occulted host source. 
Indeed, assuming that distortion and plate scale are well characterized, we show here that 
the uncertainty on the PA offset (usually one of the leading terms in coronagraph 
astrometry error budgets for ground-based instruments) will be negligible.  
Assuming that GAIA astrometry will be available to supplant the positions of current 
guide star catalog (GSC 2.3), the absolute accuracy of the guide star position will drop 
from the current value of 0.25 arcsec to below 1 mas (GAIA faint limit astrometry is 
projected to be 0.5mas, which is appropriate for FGS stars).  
For bright coronagraphic stars, it is expected that both the guide star and the target star 
will be GAIA stars, so the orientation of the spacecraft will be extremely well constrained. 
On the other hand, if the guide star is not in the GAIA catalog (or if the GAIA catalog is 
not available), the pitch-yaw uncertainty will be 0.25 arcsec=6.9*10^-5 degrees. At MIRI, 
with a 16 arcmin lever arm from the FGS, a 1 mas = 2.77*10^-7 degrees uncertainty on 
the position of the guide star corresponds to 5.55*10^-7 degrees on the roll accuracy from 
the catalog positions. Folding into this the 6.9*10^-5 degrees for non GAIA stars yields a 
precision on the roll orientation of 1.4*10^-5 degrees. Assuming a star-planet separation 
of 1 arcsec, then such a rotational uncertainty on the star-planet vector yields an error on 
the planet position of 0.3 mas. Because NIRCam is located closer to the FGS than MIRI 
is, the uncertainties for NIRCam observations are correspondingly smaller. Therefore, 
even in the worse case scenario of non-GAIA guide stars, the overall astrometric 
accuracy should entirely dominated by the SAM.  
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The different designs of NIRCam and MIRI require different operations plans for 
obtaining astrometric calibrations, so we consider each instrument in turn.  
 

 
Figure 5 Schematic of the NIRCam coronagraph field mask (aka COM). The ND patches on the top 
left corner of each filed will be used for Target Acquisition of bright sources, and also for 
photometric calibration of bright targets. The COM is located in the first focal plane, prior to the 
dichroic so that the benefits of the ND square can be seen from both arms (short and long) 

5.1 NIRCAM Astrometry 
The TA with NIRCAM will use neutral density (ND) square filters at the corners of the 
coronagraph fields, as illustrated in Figure 5. Based on the measured position of the 
bright source through an ND square, a small angle maneuver (SAM) will place the source 
behind the coronagraphic mask. In this scenario the location of the occulted source in 
coronagraph images could be estimated with several methods:  
1. Estimating the position of the bright source behind the ND square in the detector 

frame, and calculating the position in the occulted images based on FGS telemetry. 
After-the-fact telemetry from FGS may be able to determine the final position better 
than from the overall slew accuracy, by re-analyzing the FGS postage stamps on the 
ground as discussed above, but the accuracy will still likely be limited to about 3mas 
1-sigma/axis (~5 mas radial). The position of the candidate companion is measured 
directly in the occulted image. The absolute orientation on the sky is given by the 
observatory telemetry, which as noted above would be exquisite if both target and 
guide star are GAIA stars, and sufficient with GSC2.3 stars. This approach would not 
require any change in the template, but may require making sure the postage stamps 
can be analyzed on the ground. While this approach does provide a complete 
astrometric estimate, the overall accuracy may not be sufficient to constrain the 
proper motion of targets of interest within one cycle.  

2. Obtaining a full frame image associated with both the TA and the occulted images to 
measure directly the position of the central source with respect to the background 
scene. Since the brightness of the source is reduced by the ND square attenuation in 
the TA image, it will be possible to measure its position with respect to faint 
background objects. By combining this position with the full frame image associated 
with the coronagraph-occulted exposure, the position of occulted source could be 
estimated without any information associated with the TA telemetry. In other words, 
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by taking full frame images before and after the SAM, we can use the background 
stars to measure the SAM more precisely than otherwise possible, and thus infer the 
precise location of the occulted star.  This is illustrated in Figure 6. Note that electing 
this solution will require future studies regarding how background star availability 
and PSF sampling fold into the ultimate astrometric precision that can be achieved.  

3. An alternative approach would be to carry out the same procedure using the other arm 
of the same NIRCam module. This could be an advantage in particular for 
coronagraphic observations in the long-wavelength channel taking advantage of the 
short-wavelength channel’s higher resolution for astrometric calibration. Here the 
assumption is that the astrometric variations across channels before and after the slew 
and between the two epochs can be precisely calibrated using the full frame images. 
Because the COM (figure 5) is in the first focal plane and before the dichroic, the star 
is guaranteed to be seen at the same location within the ND square and on the 
coronagraphic spot in both arms. Since NIRCam detectors are read in both channels 
(e.g. using NIRCamAall, or NIRCamBall) this can could be achieved readily by 
reading both full arrays for the two astrometric exposures (no need for sub-array here). 
One possibility is to always do the astrometry in the short arm, to take advantage of 
the higher resolution. For the occulted position in the short arm (assuming science in 
the long arm) the mask appears to the short arm as oversized, so although it is not 
optimal it will work to prevent saturation of the detector (the only impact in terms of 
coronagraphy would be larger Inner Working Angle, which is not a concern for 
calibration purposes).  

 

 
Figure 6 Coronagraph Science Calibration Exposures with NIRCam. Left: full frame exposure 
associated with the Target Acquisition Image provides both a reference frame of background stars 
for astrometry and the photometry of the host source (red arrow). Right: full frame exposure 
associated with the coronagraph exposure: this provides the same reference frame of background 
stars based on which the observer can derive the precise astrometric location of the occulted source. 
The planet candidate is shown as a red circle (not visible when the star is behind the ND square). For 
faint targets, the same procedure is applied but without using the ND square.   
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Note that this discussion assumed the case of a bright occulted source (for instance a 
nearby star, which are for now the main class of objects observed with ground based 
coronagraphs). However the JWST coronagraphs will also observe fainter objects, such 
as more distance T Tauri stars and compact AGNs (see Figure 7). The above discussion 
also applies to these objects, with the notable difference that for sufficiently faint objects, 
the TA image will not be carried out with the source to be occulted located under the 
NDs. In these cases the observer will have to rely on ETC calculation to determine 
whether or not the TA ought to occur with or without the ND. In all configurations we 
expect that because of the exquisite sensitivity of JWST, a sufficient number of 
background stars and/or galaxies will be available to carry out the astrometric calibration 
laid out in Figure 6. 

 

Figure 7 Example of coronagraph science of faint extra galactic sources. Morphology and extent of 
the PG1700+518 host and companion ring galaxies seen in three different display ranges (linear, 
linear, log). This illustrates that coronagraph science with JWST will not be limited to nearby bright 
stars and that the Target Acquisition/Science calibration Exposures need to be thought out for a wide 
range of brightness. Hines et al. (1999).  

The CWG recommends implementing solution b), which is illustrated in Figure 6 in the 
case of a bright target using the ND square for TA. A variant solution using always the 
short wavelength arm to take advantage of the higher resolution remains to be evaluated. 
This recommendation has the following implications:  

• ETC: when running exposure calculations associated with the TA the observer 
will have to make sure that the SNR of the source to be occulted in the full frame 
image is sufficient to carry out a precise astrometric measurement. This also 
implies that the imaging ETC has to be able to support configurations with a ND 
in the field of view. 

• APT and OSS: the coronagraph super-template has to include an entry for the 
astrometric calibration images associated with both the TA and the occulted 
exposure. In the absence of a super-template the user manual will have to describe 
in detail what additional imaging exposures are to be added to the observing 
sequence (using the regular NIRCam Coronagraphic Imaging template). This also 
implies that the observer will input an exposure time for these images. Both the 
TA and the NIRCam coronagraphic scripts have to be modified to include these 
full frame images after the TA image and after the coronagraphic images (both 
currently use a sub-array only). Potential additional modifications if both arms on 
the same module are used for the astrometric full frame exposures, or if it is 
decided to always use the short wavelengths for astrometry.  
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• Pipeline: The CWG recommends that the estimation of the location of source to 
be occulted with respect to the background field is the responsibility of the 
observer. As a consequence these full frame exposures should simply be 
considered as standard imaging data and reduced as such by the pipeline.  

• Commissioning: Since in some cases the coronagraphic exposure can use a 
different filter than the one used for TA, commissioning activities will need to 
calibrate filter wedge effects, filter wheel reproducibility, and astrometric 
reproducibility of the coronagraphic field insertion with the COM.  

5.2 MIRI Astrometry 
The TA with MIRI will not feature ND filters in the focal plane: for bright sources an ND 
filter in the filter wheel will be used. Another filter is used for faint targets. The main 
difference with MIRI is that the ND filter impacts the entire field. Therefore, the dynamic 
range remains the same with and without ND filter. It is therefore not possible to detect 
faint background objects without saturating the bright target, and conversely bright 
objects potentially present in the field with similar magnitude as the target will appear 
saturated in the occulted coronagraphic image. Therefore the recommended solution for 
NIRCam is not applicable directly to MIRI. Indeed, the susceptibility of the MIRI 
detector to latencies renders this option impossible for bright sources. Even for faint 
source careful ETC calculations might be necessary for the un-occulted full frame image 
associated with target acquisition.  
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Figure 8 Coronagraph Science Calibration Exposures with MIRI alone. This is the only 
configuration for which the relative position of a companion with respect to its host star is derived 
solely using MIRI data. Left: full frame exposure associated with the Target Acquisition Image (or 
additional acquisition image) provides both a reference frame of background stars for astrometry 
and the photometry of the host source (red arrow). Right: full frame exposure associated with the 
coronagraph exposure: this provides the same reference frame of background stars based on which 
the observer can derive the precise astrometric location of the occulted source (red dot). When the 
star to be occulted is bright, this exposure can occur with the host source at the edge of the imaging 
field as indicated in the figure either as the TA position taking advantage of the predicted high-
accuracy SAMs, or by adding an intermediate step at this location before the standard TA in the 
coronagraphic field.  Latencies on the stellar image will not hamper coronagraph science (but might 
however contaminate subsequent imaging programs). The photometry over coronagraph filters is 
obtained by extrapolation based on the source spectral type from the photometry in the TA filter.  

The possible solutions to provide MIRI astrometric calibration using MIRI only are:  
1. Estimating the position of the bright source using the TA filter of MIRI on the TA 

image, in the detector frame, and calculating the position in the occulted images 
based on FGS telemetry. After-the-fact telemetry from FGS may be able to improve 
the final position by ground-analysis of the FGS postage stamps. Position of the 
candidate companion is measured directly in the occulted image. The astrometric 
accuracy will be limited to the performance of the SAM accuracy and will likely not 
reach the necessary accuracy to confirm candidate companions rapidly. 

2. A more involved solution is to use an intermediate TA exposure in the the main 
imaging area far away from the coronagraphs, using the ND with a sub-array to 
measure precisely the bright target position in pixel coordinates, then saturating the 
detector with a full frame to measure background objects at the same level as the 
coronagraphic exposure. After the coronagraphic exposure a full-frame image allows 
to detect the same background objects. While this provides the same feature as 
NIRCam, this leaves a deep saturation in the imaging field, which can be problematic 
for the next program but will not hamper the coronagraphic program. Smart 
scheduling or warm anneals might be able to alleviate this problem for subsequent 
programs. This possibility is illustrated in Figure 8.   

3. Carry out NIRCam full frame exposures in parallel (or in sequence before the last 
FSM move/slew between TA and science image) with both the TA and coronagraphic 

Full Frame image associated with 
Target Aquisition

Full Frame image associated with 
occulted exposure
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MIRI images and use the background field obtained with NIRCam as an astrometric 
reference. This method requires commissioning and calibration activities in order to 
quantify the relative distortion between MIRI and NIRCam and assumes that it is 
stable between all exposures. The NIRCam exposure time then should be adapted for 
an adequate range of magnitude to have sufficient number of un-saturated objects in 
the NIRCam field. This possibility is illustrated in Figure 9.   

When both NIRCam and MIRI coronagraphy are used in the same proposal for a given 
target (e.g. in the use-case#1 of the tech report [1], the CWG recommends that the 
astrometric calibration be achieved with NIRCam only and there is no need to use MIRI 
for precise astrometry of the central source. This is justified by easier implementation and 
higher angular resolution on NIRCam (especially NIRCam Short). Here we assume that a 
single wavelength astrometry is sufficient (e.g. not any case where the astrometry might 
be a function of wavelength). Moreover note that at MIRI wavelengths the diffraction-
limited angular resolution is correspondingly worse by factors of 4-8x compared to 
NIRCam: MIRI is inherently a less precise instrument for astrometry and the CWG 
expects that exo-planet astrometry will be carried out with NIRCam as much as possible. 
If a program solely includes MIRI observations and NIRCam is available for 
parallel/sequential  observations then the CWG recommends that NIRCam is used to 
determine the stellar position, solution 3).  
This recommendation for MIRI coronagraph astrometry calibration using NIRCam has 
the following implications:  

• ETC: when running exposure calculations associated with the TA the observer 
will have to make sure that the SNR of the source to be occulted in the NIRCam 
full frame image is sufficient to carry out a precise astrometric measurement. This 
also implies that the imaging ETC has to be able to support configurations with a 
ND in the field of view. 

• APT and OSS: the coronagraph super-template has to include an entry for the 
astrometric calibration images associated with using NIRCam in parallel with 
MIRI. In the absence of a super-template the user manual will have to describe in 
detail what additional imaging exposures are to be added to the observing 
sequence (using the regular NIRCam Coronagraphic Imaging template). OSS 
script modifications will have to include the parallel/sequential NIRCam 
exposures 

• Pipeline: None.  
• Commissioning: The relative distortion between MIRI and NIRCam will have to 

be calibrated and monitored, but we do not expect this monitoring to go beyond 
routine SIAF astrometric calibration process.  

Finally when NIRCam astrometry is simply not possible (either because the companion 
or disk is not detected at NIRCam wavelengths, or if systematics between NIRCam and 
MIRI have not been calibrated to the precision required), the CWG recommends using 
solution the “MIRI only” 2 . The potential impact of solution b) on other scientific 
programs, and in particular with respect to latent image in the imager field remains to be 
evaluated. Such a quantitative analysis is beyond the scope of the current report. The 
“MIRI only” solution 2  would require modification to the scripts, but would not impact 
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ETC since the same size subarray and TA filter would be used as for TA to avoid 
saturation in the first image, followed by the full-frame image.  
This recommendation for MIRI astrometric calibration has the following implications:  

• ETC: None.  
• APT and OSS: Several potential scripts modifications, including additional 

subarray in the imager field, with ability to use the TA filter, using this location 
possibly as the TA position if SAMs are sufficiently accurate at such large 
separation or by adding another intermediate position in the imager filed as part of 
the TA. Adding the full-frame images after TA and occulted image also will 
require script modification since there is currently no full-frame option in 
coronagraphic mode.  Parallel observations (when made available) or sequential 
observations with NIRCam could be implemented as part of the super-template 
without modification of the NIRCam scripts themselves since the astrometric 
exposures would be standard imaging exposures with NIRCam.  A sequential 
implementation would require additional total time.  

• Pipeline: None.  
• Commissioning : Since the coronagraphic exposure uses a different filter than the 

one used for TA, commissioning activities will need to calibrate filter change 
effects, as well as the filter transmission for photometry.  
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Figure 9 Coronagraph Astrometry Science Calibration Exposures of MIRI using NIRCam. The 
vector corresponding to the motion of the occulted source between the MIRI TA image and the 
coronagraph exposure is determined using parallel/sequential NIRCam exposures. In order to 
implement this solution successfully the relative distortion between MIRI and NIRCam ought to be 
calibrated and monitored. 

6 Photometry 
The case for obtaining photometry of the host source in coronagraph observations is 
somewhat less critical than the case for astrometry. Indeed one of the core components of 
coronagraph science (planet discovery) is simply not possible without good astrometric 
science calibration images. On the other hand the absence of dedicated photometric 
observations for each target reduces the science capabilities by preventing contrast 
measurements in the image. This will make comparing results obtained with JWST with 
ground-based instruments (that carry absolute photometric calibration using contrast) 
difficult, in particular when combining multi-wavelength sensitivity limits for population 
statistics.  However not that in this case the photometric precision required is of the order 
of 5-10% (e.g. completeness studies do not need percent level photometric calibration). 
On the other hand when the host source photometry is required to monitor variability in 
parallel with coronagraph observations then percent level photometric precision is 
required. Here we assume that the absolute photometry of the detector in each 
coronagraphic filter has been fully characterized via commissioning and calibration 
programs. If this is not the case then photometric science calibration images are 
absolutely required. 

MIRI Target 
Aquisition

MIRI Science 
Exposure

Parallel/sequential full frame 
NIRCam  image

Parallel/sequential full frame 
NIRCam  image
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6.1 NIRCAM 
The photometric calibration with NIRCAM can be obtained using Target Acquisition 
images: using either the actual TA sub-array or the full frame image acquired for 
astrometric purposes if available. Note that for NIRCAM this procedure could be 
repeated for each filter in the program. One of the advantages of NIRCam coronagraphs 
for this purpose is the ability to switch filters in a coronagraphic image, although 
repeating the photometric calibration for each filer would result in a loss in efficiency. As 
a consequence the CWG recommends that the photometric calibration only be conducted 
using the TA filter initially and that photometry in other bands ought to be extrapolated 
using models of the spectrum of the occulted source. This recommendation could be 
revised in later cycles based on science need and usage. Just as for the astrometry 
calibration images this choice has various implications on S&OC systems for the 
observation preparation tools and pipeline, which we note below.  

6.2 MIRI 
The CWG recommends for the photometric calibration with MIRI to be carried out using 
the Target Acquisition images.  The ultimate photometric precision associated with such 
images will be driven by their exposure time: as discussed above for astrometry (in the 
context of full frame images) the feasibility of the long TA exposure ought to be studied 
more carefully in order to determine for which range of source brightness this type of 
science calibration exposures is possible. Because the coronagraphic filters are attached 
to the Lyot Stops in a single filter wheel, the TA image can only be acquired in one filter 
(ND filter for bright sources, or another filter for faint sources, see Figure 9) and it is not 
possible to combine a science filter with an ND filter as in NIRCam. The CWG 
recommends that the photometric calibration be conducted using the TA filter and that 
photometry in other filters ought to be extrapolated using models of the spectrum of the 
occulted source. The very broad nature of the ND filter does increase the challenge of 
doing so, but given the MIRI instrument constraints this is the best option within a 
coronagraph sequence. Of course for specific science cases that require high precision 
photometry the host star photometry can also be conducted using with the regular 
imaging template right after the coronagraphic observation is complete.  Because the TA 
image will not include the MIRI Lyot stops, their throughput will also have to be 
calibrated and included in the pipeline when deriving the stellar photometry in the 
pipeline. Other than these changes, the impact of the photometric science calibration 
images with MIRI on the S&OC systems is similar to the one in NIRCam. 
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Figure 9 Schematic of the MIRI Filter wheel. 

FND filter will be used for Target Acquisition of bright sources. In this report we show that images 
using the FND filter will also be key to the Coronagraphs Science Calibration Exposure. For faint 
sources this process will be carried out with other filters. 

The photometric case for both MIRI and NIRCam has the following implications on the 
S&OC systems: 

• OSS: need to ensure that all TA data are appropriately flagged to be written to the 
solid state recorder and downlinked to the ground for processing as normal 
imaging products.   

• ETC: Exposure time calculations associated with the TA must be carried out to 
make sure that the SNR of the target source is sufficient to carry out  a 1 to 10% 
photometric measurement (depending on the science case). If this is not possible 
then the user will have to resort to an imaging sequence after the coronagraph 
sequence.  

• Pipeline: The pipeline will have to reduce the TA images as standard images. In 
this case the CWG recommends that the coronagraphic pipeline carry out the 
photometry of the target source in the TA image prior to generating the contrast 
maps as part of the high-level science products.  This implies that the pipeline will 
have to convert from flux in TA filter to flux in science filter using models of 
stellar spectrum. 

• Commissioning: Using the ND filter as a reference for the photometry of the 
occulted source will moreover require calibration procedures in order to 
characterize the transmission as a function of wavelength of the ND at the 1% 
level for the most challenging science cases.  
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7 Conclusion 
In this technical report the CWG has outlined the need for Science Calibration Exposures 
associated with coronagraph exposures. Their goal is to provide the observer with the 
necessary information to accurately determine the relative position of discovered point 
sources with respect to their host star and the contrast of coronagraph observations. The 
CWG explored possible scenarios to acquire this information from Science Calibration 
Exposures that minimally perturb the nominal observing sequence. In the case of 
NIRCam the CWG concluded that full frame images associated with both the Target 
Acquisition and occulted images ought to be sufficient to carry out most of scientific 
programs. In the case of MIRI the CWG concluded that nominal astrometry ought to be 
conducted using NIRCam observations if the NIRCam coronagraphs are used in the 
program, or possibly in parallel. The option, which consists of using full frame MIRI 
images, should be considered ONLY WHEN using NIRCam for exo-planet astrometry is 
not possible. These CWG recommendations are summarized in Table 1. They an impact 
on the S&OC sub-systems, which is summarized in Table 2..  
 

Table 1 Summary of the CWG recommendations vis-a-vis coronagraph Science Calibration 
Exposures.  

Feature NIRCam 
astrometry 

MIRI astrometry NIRCam 
photometry 

MIRI 
photometry 

CWG  
Recommends option 
A 

Full frame images 
simultaneous with 
TA and occulted 
exposures. 

Parallel 
observations with 
NIRCam. 

Bootstrap 
photometry from 
TA exposures. 

Bootstrap 
photometry 
from TA 
exposures. 

CWG 
Recommends option 
B 

 Full frame images 
simultaneous with 
TA and occulted 
exposures. 

  

 

Table 2 Summary of the impact of coronagraph Science Calibration Exposure on the various S&OC 
subsystems 

Feature NIRCam 
astrometry 

MIRI astrometry NIRCam 
photometry 

MIRI 
photometry 

Impact on ETC None Check for latencies 
when using MIRI 
for astrometry. 

Find TA exposure 
time for sufficient 
SNR 

Find TA 
exposure time for 
sufficient SNR 

Impact on APT Include full frame 
astrometry 
exposures in 
template / super-
template, possible 
implementation 
with both arms.  

Include full frame 
astrometry (either 
MIRI or NIRCam 
parallel) exposure in 
template / super-
template.  

None None 
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Feature NIRCam 
astrometry 

MIRI astrometry NIRCam 
photometry 

MIRI 
photometry 

Impact on Scripts Flight scripts ought 
to include full 
frame exposure 
associated at TA 
pointing, and at 
occulted position.  

Flight scripts ought 
to include full frame 
exposure (either 
MIRI or NIRCam 
parallel) associated 
at TA pointing, and 
occulted position 

None None 

Impact on 
Pipeline 

None None Reduce TA 
images as standard 
image products; 
perform 
photometry on TA 
image and use in 
pipeline contrast 
outputs 

Reduce TA 
images as 
standard image 
products; perform 
photometry on 
TA image and 
use in pipeline 
contrast outputs 

Impact on 
Commissioning 
/ Calibration 

Calibration of the 
distortion created 
by wedge and filter.  

Calibration of the 
differential 
distortion between 
MIRI and NIRCam 
(when NIRCam is 
used) 

Calibration of ND 
squares 
throughput 

Calibration of 
Lyot Stops 
throughput.  
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Appendix A. Acronyms 
 
4QPM  Four Quadrant Phase Mask. 
APT  Astronomer’s Proposal Tool 
ETC  Exposure Time Calculator 
FPM  Focal plane Mask 
FSM  Fast Steering Mirror 
GSC2.3  Guide Star Catalog 2.3 
PSF  Point Spread Function 
SAM  Small Angle Maneuvers 
SNR  Signal to Noise Ratio 
 


