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Predicted planet-mass sensitivities were calculated for a list of instruments based on their contrast
curves and evolutionary models. These masses were compared for star systems specified by the stellar
apparent magnitude, distance, and age of the target star. The resultant plots allow easy direct
comparison of instrument performance. The plots provide information on the calculated masses,
optimal imaging separations, and the accuracy of the planet to that simulated by evolutionary

models.

I. INTRODUCTION

Since the first exoplanet was confirmed in 1992, direct
imaging (DI) has become a vital method for detecting,
confirming, and characterizing exoplanets. By imaging
the planet itself, DI is able to measure key features in-
cluding the planet’s mass, radius, orbital period, grav-
ity, and atmosphere. These data describe planet forma-
tion which, in turn, improves hypotheses of solar system
formations. DI is most efficient when imaging younger
planets and/or planets farther from their stars. Younger
planets have higher temperatures which corresponds to
larger contrasts. Contrast refers to the ratio of planet
light to star light. Logically, then, DI strives to optimize
the contrast to produce the highest resolution image of a
planet.

In Fig. 1, from Skemer et. al, the contrast of multiple
planets at various temperatures is plotted as a function
of the wavelengths at which they can be imaged [1]. In
addition to the wavelength values, the x axis also denotes
the pass bands associated with them. This plot can also
be used to track a single planet as it cools, so it can
always be imaged in the most optimal pass band. These
bands encompass wavelength ranges commonly imaged,
which exclude wavelengths at which chemical phenomena
(such as the emission line of oxygen) appear to produce
the highest resolution image [2].
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FIG. 1. Contrast as a function of the wavelength at which
planets are imaged. This plot shows the change in contrast
with respect to temperature [IJ.

Current DI instruments can sufficiently image to 1076,
but future instrumentation aims to detect planets at con-
trasts around 10~?. Additionally, the next generation of
DI technology will improve the separation at which they
can image to < 0.2” [3].

The performance of each instruments’ measuring con-
trast and separation is plotted as a contrast curve which
plots the contrast an instrument can image as a func-
tion of the separation between the planet and host star.
Fig. 2 shows the contrast curve for CHARIS under good
conditions that was digitized for use in the code.
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FIG. 2. A contrast curve of CHARIS which plots contrast

vs. separation. These data were digitized from a run with
good conditions [4].

With contrast curves, the capabilities of different in-
struments can be compared. The most important data in
comparing contrast curves, though, is the wavelength at
which the instrument images. This is also where DI has
reduced its efficiency. When two instruments can image
in the same wavelengths at similar contrast values, it is
unclear which instrument will produce the highest reso-
lution image of the target system. For example, CHARIS
images 1150 to 2390 micrometers [5]. NIRC2, however,
can also image that range and more [6]. Fig. 3 shows the
contrast curves of these two instruments in a single plot.
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FIG. 3. Contrast curves of CHARIS and NIRC2 plotted on
a single plot to directly compare their capabilities.

In this case, any planet at a contrast and separation
above the contrast curves could be imaged by both in-
struments. This overlap creates the possibility of imag-
ing the target with a sub-optimal instrument, which
would unnecessarily hinder the target’s characterization
(e.g. produce a range of predicted mass that is lower
than would be calculated if the planet was characterized

with the optimal instrument). By using an inferior in-
strument, the images may create characterizations of a
planet’s chemistry, gravity, atmosphere, and mass at a
lower resolution and worse quality than if they had been
obtained with the ideal instrument. The most suitable in-
strument would image the planets at the highest contrast
possible, which depends on parameters of the stellar sys-
tem as well as the capabilities of the instrument. There-
fore, we created a program to compare instruments’ sen-
sitivity to exoplanet masses. This program determines
the most suitable instrument for a specified star system,
increasing the efficiency of the telescope time and related
resources.

II. INPUTS AND OUTPUTS

To calculate the masses to which each instrument is
sensitive, the code takes characteristics of the target sys-
tem as inputs to interpolate between model data. That
is, the code includes data from each instrument uploaded
(which is also the list of instruments available to select for
the code) and multiple evolutionary models. At the time
this paper is written, the instruments include CHARIS
and GPI 1.0. The contrast curves of each instrument
available are digitized, and their respective contrast and
separation data is uploaded into the code. The evolu-
tionary models available for interpolation include COND,
Dusty, BT Settl, and BEX.

The importance of incorporating multiple models
arises from the assumptions of the planet’s features that
are implemented by respective models (e. g. DUSTY
accounts for dust in the planet’s atmosphere). By in-
cluding more models that encompass a larger variety of
planet types, the program can calculate planet masses
with more accuracy. And, additionally, including a larger
diversity of models allows for imaging more expansive
types of planets. The models, then, provide accuracy to
the calculated masses and allow the program to widen
the range of planets imaged.

Along with the foundational data, the code requires
the user to specify the characteristics of the target star:
the apparent stellar magnitude, the age of the system in
gigayears (Gyr), and the distance to the system in par-
secs (pc). With these three parameters and the model
data, the code can interpolate the mass of a planet using
a function created by Vanessa Bailey (contrast_utils.py).
A mass for an expected planet is calculated for each mag-
nitude value. This list of masses is calculated for each in-
strument specified by the user in a second function which
compares instrument capabilities. Finally, the contrast
curves of each instrument are plotted against each other
and a second plot displays the mass vs. separation data
of each instrument.
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FIG. 4. Flowchart of the code’s inputs and outputs.

Fig. 4 shows the main components of the code and
their place in the overall structure. The three main in-
puts are specified by the user to define the target system.
However, this diagram relays only a simplified process
of the code that accepts the target system parameters
and calculates exoplanet masses. The most important
element in the code is the collection of various evolution-
ary models. Data from these models are included in the
database, the beginning of the code that contains infor-
mation and data from the instruments and evolutionary
models available for selection; and it is these models that
connect the input parameters listed in Fig. 4 to predicted
planet masses. Thereby, Fig. 4 can be expanded one step
out to showcase this as is evident in Fig. 5.
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FIG. 5. A more detailed flowchart of Fig. 4 including the
database containing the evolutionary models.

This figure shows that the database lays the foundation
of the code that allows the proceeding steps. The user
inputs are actually a secondary input that connect the
math in the models to real data, enabling the code to
calculate quantitative masses for the specified system.

III. METHODS
A. Computation

To obtain the contrast and separation data of each in-
strument in the code, plots of their contrast curves had to
be digitized into a .txt file. The Web Plot Digitizer web-
site (https://apps.automeris.io/wpd/|) allows a user
to import an image and select the data to be converted to

a table. These tables were then imported into the code to
comprise the database of instruments that can be used.

Also included in the initial database are lists including
data from various evolutionary models. These include the
age, mass, and magnitudes of the simulated planet. It is
these data that are used as the base for the interpolation
functions. Using the evolutionary models, the interpld
functions in the code (imported from scipy) interpolate
to the user inputs (stellar magnitude, age, distance).

In order for the function to call the correct pass band
in the evolutionary model, the code required a connection
between the selected instrument and its pass band to the
pass bands in each evolutionary model. To accomplish
this, the code includes two dictionaries: the first of these
includes the names of each instrument available as keys.
Their values were written as dictionaries of each instru-
ments’ respective pass band(s). The second dictionary
establishing this connection simply lists the pass bands
used in the model and the names of the columns in which
that data is found. This connection is completed by call-
ing the band in the function by specifying it through the
selected instrument.

B. Instruments and Evolutionary Models

The goal for the database of instruments and evolu-
tionary models is to maximize the applicability of the
code. Logically, then, the instruments and models se-
lected for use in the code should represent the widest
variety in every parameter relevant to these components:
types of planet formation, the age of the system, the
number of pass bands available, the range of imageable
separations, the range of contrasts, and the magnitudes
at which these instruments take images.

Currently, the database contains only two instruments:
CHARIS and GPI. These instruments are well suited for
comparison based on their pass bands. That is, since
CHARIS can image in the J, H, or K band, and GPI
images the Y, J, H, K1, and K2 bands, there is a lot of
overlap in the stars that both instruments are capable
of imaging [5] [7]. Thus, these instruments sometimes
require further examination of their capabilities to deter-
mine which one would produce better images of a target.
The difference in their performances emerges from the
magnitude of the star. Fig. 6 highlights the differences
in instrument performance on stars of different magni-
tudes.
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FIG. 6. A plot displaying the predicted mass as a function of
separation for CHARIS and GPI. This run assumed a system
age of 0.084 Gyrs, a distance of 91 pc, and used the Dusty evo-
lutionary model. The top plot assumes a stellar of magnitude
of 6 versus the bottom plot’s magnitude of 9.

This figure demonstrates well the effect of stellar mag-
nitude on resultant mass predictions. At a stellar mag-
nitude of 6, there is a large enough gap in the plot that,
while this run was helpful to see the results directly com-
pared, this is virtually unnecessary to rank CHARIS and
GPUI’s capabilities. However, as the stellar magnitude in-
creases to 9, Fig. 6 demonstrates the ambiguity that can
occur between instruments’ contrast capabilities. In the
bottom plot of Fig. 6, the resultant masses are much
more comparable between the two instruments. This
comparability yields a lack of clarity in which instru-
ment has better sensitivity at the specific parameters of
the system and separation, which necessitates the code

to make an educated decision.

Instruments are chosen for the code primarily for their
popularity in use. That is, the code includes instruments
that will be used in real observations. The code, then,
includes instruments representative of the current imag-
ing community that also demonstrate a necessity for a
direct comparison of their similar capabilities.

In conjunction, the evolutionary models were chosen
from their relevance to the instruments available. The
most notable example of this is the inclusion of the BEX
models in tandem with adding the James Webb Space
Telescope (JWST) pass band list (contrast and separa-
tion data is not yet available which prevents JWST from
being added completely to the database). The evolution-
ary models are imperative to calculating the predicted
masses since they create the functions that the target sys-
tem parameters are interpolated from to yield the mass.
Thus, the evolutionary models encompass a wide vari-
ety of types of planets/planet formation to maximize the
accuracy of results.

Including a variety of evolutionary models is vital to
the accuracy of the mass predictions because the start-
ing conditions of planet formation ultimately affect the
accumulation of the planet’s mass. This is evident in
comparisons of masses in different models.

Mass vs. Magnitude at 0.01 Gyr
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FIG. 7. A plot of masses as a function of magnitude taken
from COND and Dusty models. All data is from 0.01 Gyr.

In Fig. 7, masses are plotted as a function of mag-
nitude using data from the COND and Dusty models.
The data assumes a planet age of 0.01 Gyr, which allows
time for mass accumulation. This elapsed time better
shows the difference in mass between the two simulated
starts. Fig. 7 highlights the small discrepancies in mass
between the two models which requires the inclusion of
both models in the database of the code. This exem-
plifies the need for a range of evolutionary models with
varying conditions to ensure the most accurate resultant
mass values.



IV. RESULTS

With an appropriate evolutionary model selected and
instruments with comparable capabilities, the code’s in-
strument picker function ultimately yields predicted mass
values associated with each instrument listed in the run.
These mass values showcase the performance abilities of
the respective instruments and allow the user to directly
compare results to select an instrument to image the tar-
get system.

In accomplishing this, the code produces a list of planet
magnitudes corresponding to the contrast values associ-
ated with the selected instrument, and it repeats this for
every instrument listed in the run.

Secondly, to display the predicted mass values, the
code creates a plot that shows the masses as a function of
their separation from their host star for each instrument
used.
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FIG. 8. An example plot of predicted masses vs. separation
for CHARIS and GPI. This run assumed a stellar magnitude
of 3, an age of 0.008 Gyr, and a distance of 67 pc.

This plot allows direct and easy comparison of the
masses to which a selected instrument is sensitive to, and
this calculation informs the decision on which instrument
is most suitable for a specified system.

Lastly, alongside the mass vs. separation plot, the code
creates a plot of the contrast curves of all instruments
passed to the function. This reassembles the contrast and
separation data taken from the individual instruments’
contrast curves and plots them in a single graph.

Contrast vs. Separation for ['CHARIS", 'GPI']
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FIG. 9. Contrast curves of the listed instruments from an
example run (CHARIS and GPI).

By plotting each contrast curve together, the user can
also compare the general contrast curves of the instru-
ments in addition to the predicted masses at specific pa-
rameters. These data add details to the clarification of in-
strument sensitivity. With the complete contrast curves,
the user can compare and quantify the intersections of
instruments’ capabilities which informs when a given in-
strument is longer the optimal choice for a particular
star.

V. FUTURE WORK

While this tool decisively compares performance of in-
struments digitized in the database, there are still many
improvements to be made. Primarily, this tool can vir-
tually always be expanded to include more instruments
and models. Planned projects for space exploration in
the next decade (e.g. GPI 2.0, Ronan, JWST) will pro-
vide an ample number of instruments to be added to
the database as they come online for imaging. As more
instruments and evolutionary models are added to the
database, the code’s applicability increases to include the
wide range of types of exoplanets imageable.

And, in addition to the increasing applicability, there
also remains work to improve the code’s accuracy. For
example, the code itself can still be modulized more. This
will maximize its simplicity for future researchers to mod-
ify the database. Further, the representative data from
each instrument can be changed to include multiple runs.
This is evident in the current code with the CHARIS data
which is from a run under ”good conditions” [4]. Results
using CHARIS, though, would be more accurate to a tar-
get system if they reflected the conditions present at the
time of imaging. By adding this subcategory to the in-



strument selection, the resultant masses would be more
accurate to the instrument and current conditions.

Overall, the code holds a lot of potential for improve-
ment. While, presently, it performs its objectives and
works well for its limited selection of instruments and
evolutionary models, the code can only be improved by
increasing the range of exoplanets to which it is applica-
ble and adding details to the database to maximize the
accuracy of the predicted values.

VI. CONCLUSION

This code successfully compares instrument capabili-
ties and predicts exoplanet masses to which a selected
instrument is sensitive to image. To do so, the code re-
quires data about the instrument and an applicable evo-
lutionary model, which are all included in the database
section of the code. Most importantly, the code’s ac-
curacy and applicability expands with every addition to
this database. While the current database options (both
instruments and evolutionary models) are still severely
limited, the code’s modularity ensures that new instru-
ments and models can be added easily. The instruments
currently available to call in the code produce the ex-
pected results, which promises the potential for this code

to become a reliable, widely used tool to optimize the di-
rect imaging process.
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Appendix A: Appendix

The code in its most recently updated version can be
found at Ehig GitHub link.
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