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ABSTRACT

The James Webb Space Telescope (JWST) is a next-generation space telescope that will be capable

of making transformative observations of planetary transits. As its launch date grows ever closer,

it becomes imperative that astronomers have access to accurate simulations of JWST observations

in order to best plan observations and devise data analysis pipelines. Unfortunately, available

simulation tools do not provide the most accurate or realistic simulations, including noise and

systematic errors. In this thesis, I present an open-source time-domain simulator of planetary

transits that is capable of accurately modeling these effects in observations made by JWST.
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CHAPTER 1: INTRODUCTION

Exoplanet transit observations yield information on the target planet’s atmospheric properties. This

technique has so far only been used to study a small fraction of the more than 4,000 discovered ex-

oplanets. The upcoming James Webb Space Telescope (JWST) offers multiple observation modes

tailored specifically for exoplanet transit observations (Beichman et al. 2014). With numerous tar-

gets to observe and cutting edge instrumentation, JWST is poised to propel exoplanet science to

new heights.

Simulation tools for JWST exoplanet transit observations are needed in order to prepare data re-

duction pipelines and properly constrain the errors on observations. Due to the time-domain nature

of transit observations, accurate models of time-correlated noise, such as instrument jitter, are re-

quired. Ideally, a simulation tool would be able to create data that is as close as possible to real

observation data. The current simulation tools available for JWST do not satisfy these require-

ments.

In this thesis, I present an open-source JWST simulation tool that creates accurate, time-series

data, including instrument systematics and noise akin to a real observation. Starting with ExoSim

(Sarkar et al. 2020b, 2016) as the code base, I develop the required features to simulate JWST

and integrate them into a fork of ExoSim. I then validate the code to ensure it produces accurate

simulations, simulate the instruments and modes most useful for exoplanet science, and compare

these simulations with simulations from other tools.

1



CHAPTER 2: LITERATURE REVIEW

Planetary Transits

Mayor and Queloz (1995) discovered the first exoplanet orbiting a sun-like star. The planet, dubbed

51 Pegasi b, was detected via periodic variations in its host star’s radial velocity (for an overview

of this method, see Lovis and Fischer 2010 and Mayor et al. 2014 ). Soon after, in December of

1999, a planet (HD 209458 b) was discovered via photometric observations of it transiting its star

for the first time (Charbonneau et al. 2000). During a transit, the fractional decrease in flux (Figure

2.1) as the planet passes in front of its star is approximately equal to (Rp/R∗)
2, where Rp and R∗

are the radius of the planet and star, respectively. This quantity is found by fitting model light

curves (Mandel and Agol 2002) to the transit data. It is a small ratio, around 1-2% for a typical

hot Jupiter. From the transit timings and stellar mass, the mass of the planet can be estimated.

The radius found in transit allows for calculations of quantities such as the surface gravity and

average density. In 2002, Charbonneau et al. (2002) followed up with a spectroscopic observation

of another HD 209458 b transit that confirmed predictions Seager and Sasselov (2000) had made

about the planet’s atmosphere.

Now, over two decades since the discovery of the first exoplanet, more than 4000 have been de-

tected. Spectroscopic observations of transits and eclipses, when the planet passes in front of and

behind its host star (Seager and Sasselov 2000, Charbonneau et al. 2002, Seager and Deming 2010,

Crossfield 2015, Madhusudhan 2019), have been the most successful methods for characterizing

exoplanet atmospheres. The observed spectra carry information about the atmosphere’s chemical

and physical processes, from which astronomers can get a glimpse at the planet’s atmospheric

processes and the history of formation and evolution.
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Figure 2.1: A light curve fit to HD 209458 b transit data.

The James Webb Space Telescope

Over the decades, the two most prominent telescopes that have been used for exoplanet discovery

and characterization are the Hubble and Spitzer Space Telescopes (Deming et al. 2005, 2013,

Harrington et al. 2006, Mazeh et al. 2000, Sing et al. 2011, Beichman and Deming 2017). At

launch, neither had exoplanet science in their mission plans. JWST was built before exoplanets

became a major focus, but was calibrated with exoplanet science in mind (Stevenson et al. 2016,

Greene et al. 2016).

Webb carries four instruments on board: the Near-InfraRed Camera (NIRCam, Beichman et al.
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Figure 2.2: Overview of JWST’s instruments wavelength coverage. Image credit: STScI.

2012, the Near-InfraRed Spectrograph (NIRSpec, Ferruit et al. 2012), the Near Infrared Imager

and Slitless Spectrograph (NIRISS, Doyon et al. 2012), and the Mid-Infrared Instrument (MIRI,

Kendrew et al. 2015, Rieke et al. 2015, Wells et al. 2015). Each of these instruments can be

utilized in exoplanet transit studies. Its primary mirror, measuring 25m2, is the largest of any

space telescope yet. Orbiting around the Earth-Sun L2 point, JWST will make stable observations

over long periods of time. Webb is extremely sensitive when compared to other missions over its

0.6− 28 µm range (see Figure 2.2), and its detectors are capable of much better than 100 parts

per million (ppm) precision over time periods from hours to days (Beichman et al. 2014). All this

combined makes JWST an excellent observatory for exoplanet science.

Simulating JWST

A number of simulators have already been developed, both specific to single instruments and gen-

eralized to all instruments. Batalha et al. (2015) presented a NIRSpec simulator that includes
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shot noise, read noise, jitter, and convolution with the point-spread function (PSF) and intrapixel-

response function. It is written in IDL and is not open-source, two characteristics which negatively

impact its adoption. This code’s ability to model time-dependent effects is also not well docu-

mented. Louie et al. (2018) reported a NIRISS Single Object Slitless Spectroscopy (SOSS) simu-

lator which mainly focuses on estimating signal to noise ratios (S/N) and not on realistic simulated

images. For example, it does not model the 2D curved spectral trace of NIRISS SOSS nor the

multiple orders of NIRISS SOSS. PyNRC1, an open-source NIRCam simulator written in Python,

aims to reproduce realistic JWST images and spectra.

As for more generalized simulators, PandExo (Batalha et al. 2017) was recently developed to

simulate all instruments and modes with an accessible interface. It makes use of the Pandeia

engine (Pontoppidan et al. 2016), which is also used in Webb’s Exposure Time Calculator (ETC).

While Pandeia’s stated goal is to provide S/N estimates for observables, PandExo aims to provide

observation simulations of each timeseries spectroscopy mode. Both PandExo and Pandeia are

open-source Python codes. While PandExo is great as a first estimate of performance for a given

observation, it does not simulate all effects and potential sources of noise, such as jitter noise.

All of the previously mentioned simulators are static: they do not directly model the time do-

main. JexoSim (Sarkar et al. 2020a) aims to differentiate itself from the other tools by doing this.

Based on ExoSim (Sarkar et al. 2020b), JexoSim “generates signal and noise using a dynamical

approach” and can model complex, time-dependent effects. Unlike ExoSim, however, JexoSim

is not an open-source code. JexoSim also lacks the ability to model multiple-order spectra and

emulate all of Webb’s detector readout patterns.

1https://github.com/JarronL/pynrc
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CHAPTER 3: METHODOLOGY

Overview of ExoSim

ExoSim is a modular, time-domain simulator of exoplanet transits (Sarkar et al. 2020b). ExoSim

simulates the full light curve, including instrument noise and systematic errors. An ExoSim simu-

lation is configured using a user-supplied XML file containing the parameters for the instrument(s)

and observation. Users can specify parameters such as which noise sources to include, whether to

simulate a transit or eclipse, and the planet to observe.

Figure 3.1: Overview of ExoSim algorithm. Image Credit: Enzo Pascale
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Astroscene

After reading in the XML configuration file, the ExoSim algorithm (Figure 3.1) moves on to the

Astroscene module. In this module, the Star and Planet object classes are instantiated using a

PHOENIX stellar model (Allard et al. 2012) and the Open Exoplanet Catalogue (Rein 2012),

respectively. The flux density at the telescope aperture is calculated in Astroscene as

FTel(λ ) = FS(λ )

(
RS

D

)2

, (3.1)

where FS(λ ) is the star’s surface flux density, RS is the star’s radius, and D is the distance from the

telescope to the star. Wavelength-dependent light curves are generated by the Planet class using

the methods presented by Mandel and Agol (2002). Zodiacal light is also modeled using the Zodi

object class.

Instrument

In the Instrument module, the incoming flux is modulated by the optical elements of the telescope.

The power per unit wavelength at the telescope is given by

PTel(λ ) = ATelFTel(λ ), (3.2)

where ATel is the area of the telescope’s aperture. The throughput of each optical element in the

common optics is given in the XML configuration file by pointing to a reference file with the

requisite information. ExoSim combines the throughput of each common optical element to arrive

at a net throughput, ηTel(λ ). The power per unit wavelength after passing through the common

7



optics is then

PCom(λ ) = PTel(λ )ηTel(λ ). (3.3)

After passing through the common optics, the light is then modulated by one or more instruments.

Each instrument is instantiated as a Channel object class in ExoSim. ExoSim supports both spec-

trometer and photometer instruments. The Channel object contains the optical surfaces, dispersion

relation, detector parameters, and other specifics for each instrument channel. A net throughput,

ηCh(λ ), is calculated for each instrument channel. The power per unit wavelength that will reach

the detector is then

PDet(λ ) = PCom(λ )ηCh(λ ). (3.4)

Before the light falls on the detector, it is convolved with a wavelength-dependent point-spread

function (PSF). At this point, the detector is oversampled such that each PSF is Nyquist sampled.

The PSF images are placed on the detector according to the dispersion relation, λ (x), given in the

configuration file. To simulate a photometer, the PSF images in the photometer’s wavelength range

are coadded over the same location on the detector. By default, ExoSim assumes that the each PSF

lies directly in the center of the detector in the y direction. The volume of each PSF is equal to the

power incident on the pixel column.

Each pixel on the detector now has power PPix(x,y). Using the quantum efficiency provided in the

8



configuration file, the number of electrons per second produced in each pixel can be calculated as

Q(x,y) = PPix(x,y)QE(x,y)
hc

λ (x)
(3.5)

The thermal emission from the instrument and the zodiacal light are also added during this stage.

An intra-pixel response function which models the fall in responsivity towards the edges of a pixel

is convolved with the oversampled detector array. The detector is then downsampled back to single

pixel resolution.

Timeline

The Timeline module sets up the series of exposures contained within a observation. Each exposure

consists of a number of non-destructive reads (NDRs) and a detector reset. The frame rate, reset

time, and ’dead time’ between a NDR and reset can be specified in the configuration file. The

detector array generated in the Instrument module is used to generate a 3D data-cube of NDRs

over time. Given the integration time for each NDR, the number of electrons generated per pixel

can now be calculated. For computational efficiency, the transit light curve is not applied in the

Timeline module, but in the Noise module.

Noise

In the noise module, both uncorrelated and correlated noise sources are added to the detector

signal. Uncorrelated noise sources include photon noise, thermal emissions from the detector, and

detector read noise. The individual pixel counts are randomly adjusted to simulate the effects of

these noise sources. The main source of correlated noise that is modeled by ExoSim is pointing
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jitter. A jitter power spectral density (PSD) is supplied in the configuration file. ExoSim uses the

PSD to generate slight shifts of the x and y positions of the detector over small timescales within

each integration. Each of these small timescale simulations within an integration is coadded to

result in a final integration.

Output

ExoSim outputs FITS files, much like a real observation. The FITS headers include information

on the simulation, such as the target planet and wavelength solution λ (x) of the detector. No post-

processing is done on the images, so the output of the simulation is very close to the raw output of

an instrument.

Development

Curved Spectral Traces

The Single Object Slitless Spectroscopy (SOSS) mode of the NIRISS instrument (Figure 3.2) was

specifically designed for transit spectroscopy. It uses the GR700XD crossed-dispersed grism to

produce a multiple-ordered, curved spectral trace on the detector. However, ExoSim was originally

designed to simulate only flat spectral traces. In order to simulate curved traces, I modified ExoSim

to allow a 2D wavelength solution λ (x,y). All aspects of ExoSim which were built for only flat

spectral traces, such as the generation of light curves, were modified to allow for curved cases. The

user can now supply a 2D wavelength solution in the configuration file.

10



Figure 3.2: NIRISS SOSS. Three orders cover a wavelength range of 0.6 µm–2.8 µm. Image Credit: STScI

Multiple-ordered Spectra

ExoSim was not designed to simulate multiple-ordered spectral traces. As seen in Figure 3.2,

NIRISS SOSS creates three orders of cross-dispersed spectra. Many aspects of ExoSim rely on

interpolation of wavelength dependent values; however, with multiple ordered traces, it is possible

for the different orders’ wavelength ranges to overlap. The solution to this issue is to create separate

grids for each order. Effectively, a separate detector is simulated for each order and then later

coadded to give the original detector image, taking care not to double count or incorrectly modify

any noise effects. Also, order dependent throughput calculations were added to the Instrument

module of ExoSim.

Detector Read-out Patterns

The basic unit of a JWST readout pattern is a frame. A group consists of a series of non-

destructively read frames and possibly skipped frames at the end of the group that are not saved.

The frames in a group are averaged by the on-board electronics. A destructive read followed by

collection of groups is an integration. An exposure is a set of integrations. See Table 3.1 for

example readout patterns.

In ExoSim, the group found in the JWST readout scheme (Figure 3.3) does not exist. I added the

11



Figure 3.3: General structure of detector readout scheme used by all JWST Near-IR detectors. Image Credit:
STScI

Readout Pattern N f rames Nskip
NISRAPID 1 0
NIS 4 0
NRSRAPIDD1 2 1
SHALLOW4 5 1

Table 3.1: Example JWST readout patterns.

option to specify a JWST readout scheme in the configuration file, and I added a new function to

average the frames as needed, while also making sure to include all noise sources.

12



Figure 3.4: Sample PSFs for JWST’s instrument suite, all on the same angular scale and display stretch.
Image Credit: STScI.

WebbPSF

A collection of monochromatic PSFs produced by WebbPSF (Perrin et al. 2014) is available for

each instrument configuration in the reference data provided by Pandeia (Pontoppidan et al. 2016).

ExoSim is capable of using 3rd-party PSFs, but it required modifications to read the FITS files that

WebbPSF creates. I wrote new functions to read in WebbPSF FITS files and also a parallelized

routine to generate new PSFs using WebbPSF over a given wavelength grid.

Parallelization

JWST detector subarrays can be extremely large. Take for instance NIRISS SOSS. Its SUB-

STRIP256 subarray is 256x2048 pixels. With these large detectors and the changes that were

made to accommodate multiple-ordered spectra, ExoSim very often came to a crawl when running

simulations. I noticed some sections of ExoSim that lent themselves to parallelization, and used

Dask to run those sections of the code in parallel. Dask1 is “flexible library for parallel computing

in Python” that’s designed to be a drop-in replacement for the NumPy and Pandas libraries. Dask

builds a task graph (Figure 3.5) over time, and evaluates the tasks in the graph by efficiently as-

1https://dask.org/
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Figure 3.5: Visual representation of a Dask task graph built during ExoSim execution.

signing them to the resources the user has provided only when the final result of the tasks in the

graph are requested. Users can specify how many processors and how much memory they would

like to give an ExoSim simulation.

Validation

Focal Plane Signal

A simulation without noise was performed for an out-of-transit observation of the star 55 Cancri.

The star was modeled as a black body with an effective temperature of 5172 K. In this test, the

PSFs were represented as a series of delta functions, i.e., all of the signal fell directly on individual

pixels. The focal plane was saved to disk in the Instrument module. The columns of the focal plane

were summed over, and the resulting signal was compared to the predicted value given by

Q(x) = πBλ (x)(5192K)

(
RS

D

)2

ATelηCh(λ (x))QE(x)∆λ (x)
λ (x)
hc

. (3.6)

In order to validate the implementation of multiple order traces, a noiseless simulation of two

orders was performed separately and together for a total of three images. The out-of-transit, black

body system described previously was used in these simulations. The two individual simulated

images were summed and compared to the simulation of the orders on the same detector.

14



Comparison to Original ExoSim

Sarkar et al. (2020b) extensively validated each noise source. I have not directly modified any of

the noise models in ExoSim. In order to show that my changes have not impacted these models

in any way, I ran simulations in my modified version of ExoSim and in the original version of

ExoSim using the same configuration file and reference data. I first ran a simulation without noise,

and then another simulation for each noise source with only that noise source enabled. For each of

these simulations, I used the fitsdiff2 utility to compare the fits files produced.

Comparison to PandExo

JexoSim (Sarkar et al. 2020a) and PandExo (Batalha et al. 2017) are the two tools mentioned which

are comparable to my modified version of ExoSim. However, JexoSim is not publicly available,

so comparisons between simulations are only possible with PandExo. Simulations of all four

instruments configured for exoplanet transit observations were compared. In these simulations, all

noise sources were disabled except for shot noise. NIRSpec was set to observe 55 Cancri out-of-

transit, and the star was modeled as a black body. The next instrument to be compared was NIRISS

in its SOSS mode. 55 Cancri proved to be too bright of a target for NIRISS SOSS, so GJ 1214

was used instead. This observation was also out of transit, and the star was modeled as a black

body. The same observation scene was used for MIRI in its low-resolution spectroscopy (LRS)

mode and NIRCam in its grism time-series mode. See Table 3.2 for an overview of the instrument

configurations.

Both PandExo and ExoSim simulations were processed using the first-minus-last strategy (corre-

lated double sampling or CDS) to get the flux incident on the detector. The resulting flux measure-

2http://stsdas.stsci.edu/stsci_python_epydoc/pytools/fitsdiff.html
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ments are binned to a common wavelength grid using PandExo’s binning tools.

NIRSpec BOTS NIRCam NIRISS SOSS MIRI LRS
Subarray SUB512 SUBGRISM64 SUBSTRIP256 SLITLESSPRISM
Size 32 × 512 64 × 2048 256 × 2048 72 × 416
Wslit (pix) 16 N/A N/A N/A
∆pix(µm) 18 18 18 25
PS(◦×10−5/∆pix) 2.78 1.75 1.81 3.06
T(K) 40 40 40 7

Table 3.2: Configuration parameters for the PandExo and ExoSim comparison simulations. Wslit is the slit
width in pixels, ∆pix is the size of a pixel in microns, PS is the plate scale in degrees per pixel, and T is
the instrument temperature in Kelvin. Only the 1st order of NIRISS SOSS was simulated because PandExo
cannot simulate multiple orders.
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CHAPTER 4: RESULTS

Capabilities

JWST Instrument Simulations

ExoSim is now capable of simulating all instruments and modes on JWST. Figure 4.1 utilizes all

of the features which have been built into the modified version of ExoSim in order to model JWST

instruments, i.e., curved spectral traces, multiple-ordered spectral traces, instrument specific PSFs,

and instrument specific readout patterns.

Figure 4.1: NIRISS SOSS ExoSim simulation. WebbPSF PSFs were used along with the NISRAPID readout
pattern.

Parallelization

By using 20 processors in parallel, I was able to decrease the run-time of an intensive simulation

from over two hours to just eight minutes. This relationship is almost exactly inversely propor-

tional, but there are some sections of the code which cannot be parallelized. Also, the Dask library
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allows for distributed computing on standard university computing clusters. By changing a sin-

gle option in the code, users can run ExoSim on their university computing clusters with possibly

hundreds of processors.

Validation

Focal Plane Signal

The results of the focal plane validation tests are shown in Figure 4.2. The simulation matches

the prediction almost exactly. What little error is present is most likely due to interpolation error

because the black body prediction is calculated at each wavelength of interest, but the simulated

black body SED is interpolated over the wavelength grid.
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Figure 4.2: Comparison of predicted black body signal to simulation.

The validation test of the multiple-ordered spectral traces using fitsdiff resulted in fits files which

were exactly the same, showing that the method is valid.
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Comparison to Original ExoSim

For each simulation pair consisting of an original ExoSim simulation and a modified ExoSim

simulation, fitsdiff reported no differences between the FITS files for each simulation. This shows

that each noise model has remained unmodified by my changes elsewhere in ExoSim, and the

original validation of these models holds.

Comparison to PandExo

The results of the simulations are shown in Figure 4.3. Out of all the instruments, NIRSpec showed

the best agreement with PandExo. ExoSim has an average percent difference from PandExo of

+1.53± 1.63%. JexoSim (Sarkar et al. 2020a) is also based on ExoSim but reported an aver-

age percent difference with PandExo of +15.8± 5.6%. NIRCam follows after NIRSpec with an

average percent difference of +2.18± 1.08%. JexoSim reports an average percent difference of

+3.0±2.2%. The ExoSim MIRI simulation has an average percent difference from the PandExo

simulation of +3.61 ± 2.63%. The corresponding JexoSim simulation has an average percent

difference from PandExo of −1.0± 4.0%. The instrument that exhibited the worst comparison

was NIRISS. The NIRISS SOSS ExoSim simulation had an average percent difference with the

corresponding PandExo simulation of +4.54± 1.37%. JexoSim also reports a similiar percent

difference at +4.1±2.4%

Overall, the modified version of ExoSim produces simulations which are adequately similar to

PandExo. Given that the validation tests were extremely successful, the cause of the differences

between ExoSim and PandExo is most likely the different internal models of the instruments and

not a flaw with ExoSim. PandExo is a radiometric simulator that is meant primarily for providing

accurate S/N estimates. ExoSim, however, is focused around digitizing the focal plane and gener-
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(a) NIRSpec (b) NIRISS SOSS

(c) NIRCam Grism-R/F444W (d) MIRI LRS

Figure 4.3: Comparison of ExoSim and PandExo simulations.

ating realistic time-domain data. Finding the specific cause of the differences requires an in-depth

study of PandExo and Pandeia which is outside the scope of this thesis. This will be part of future

work.
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CHAPTER 5: CONCLUSION

Future Work

Two of the most time consuming tasks when working with ExoSim are sourcing reference files and

configuring the instruments. It would be beneficial to write code to bridge ExoSim and the Pandeia

reference data directly. Users would be able to simply specify the name of the filter, disperser, etc.

and ExoSim would find and use the correct reference data.

An in depth study of PandExo and Pandeia is needed to find the cause of the differences observed

in this thesis. This study could also be done in tandem with the previous future work mentioned.

Outside of future work to be done to ExoSim, using ExoSim to simulate known exoplanet spectra

and then running atmospheric retrieval code on the simulated spectra is an interesting prospect.

This end-to-end simulation and retrieval would allow astronomers to benchmark the performance

of instruments in regards to specific exoplanet observations or specific observational goals, such as

detecting water vapor in an exoplanet’s atmosphere.

Closing Remarks

In this thesis, I described the development and validation of a time-domain simulator of exoplanet

transits and systematic errors based on ExoSim (Sarkar et al. 2020b). The simulator produces a

sequence of FITS files in the time domain, much like a real observation. This modified version

of ExoSim is open-source and available to the community with the hope that it will be used to

further our understanding of the effects of systematic noise on exoplanet transits and to prepare for

observations of exoplanet transits with the James Webb Space Telescope.
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