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Early TESS data are beautiful!
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With 10.5 cm diameter,  
the TESS telescopes are tiny.
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(10 cm)

Sommers-Bausch Observatory 
(Artemis + Apollo, 50 cm)

We have bigger telescopes on campus!



TESS needs our help!

Which star causes the dip?
TESS (21” pixels) Ground-based Telescopes (~1” seeing)



Ricker et al. (2014), Sullivan et al. (2015)

TESS is starting to find candidates in the northern hemisphere.

Let’s observe them to confirm their planets!



Are you interested in… 
• analyzing light curve data from 

TESS to study exoplanets 
• observing TESS candidate planets 

with ground-based telescopes 
• working on this as paid research 

or independent study 

…?

Are you willing to learn… 
• how to use the “henrietta” tools we 

developed for ASTR3400 
• how to observe transiting planets 

with the SBO telescopes 
• how to work collaboratively in a 

world-wide community of exoplanet 
observers 

…?



I am looking for 
students available 

during spring and/or 
summer 2019.  

Please email me 
(zach.bertathompson): 

• a brief resume/CV 
• a plot you made with the 
henrietta toolkit and a brief 
description of something 
interesting you see in it 

• your potential availability 
during spring + summer 2019

https://zkbt.github.io/henrietta/docs/




Ricker et al. (2014); Sullivan et al. (2015)
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To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-
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To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-
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To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-
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To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-

Photometric Noise in 1 Hour
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To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-

14 Sullivan et al.

To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-

14 Sullivan et al.

To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-

14 Sullivan et al.

To assess the effect of cosmic rays, we consider a typical
cosmic ray flux of 5 events s−1 cm−2 and minimally-ionizing
events that deposit 100 e− µm−1 within silicon. Each pixel
has an optical exposure time of 2 sec. The accumulated im-
ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
Given these parameters, for each 2 min stack of values from
one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
and zodiacal noise of 110 e−. The distribution in the energy
deposition values has a peak near 1500 e−, which is compara-
ble to the photon-counting noise of bright stars observed with
2 min cadence. Electrons from cosmic rays will therefore add
significantly to the photometric noise, but will not be easily
detected in the 2 min or 30 min data products.
Cosmic rays are far more conspicuous in the 2 sec im-

ages. Therefore, it is probably best to remove the contami-
nated pixel values before they are combined into the 2 min and
30 min stacks. The Data Handling Unit on TESS will apply a
digital filter that rejects outlier values during the stacking pro-
cess either periodically or adaptively. A possible side-effect
of this filter, depending on the algorithm used, is a reduction
in the signal-to-noise ratio to the degree that uncontaminated
data is also rejected in the absence of cosmic rays.
The exact algorithm that will be used to mitigate cosmic-

ray noise is still being studied. For the present simulations
we have budgeted for a 3% loss in the SNR. In the simulation
code, we simply raise the detection threshold (described in
Section 6.6) by 3% to compensate for the reduced SNR, and
we assume that there are no other residual effects from cosmic
rays.
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FIG. 14.— Noise model for TESS photometry. Top.—Expected standard
deviation of measurements of relative flux, as a function of apparent magni-
tude, based on 1 hour of data. For the brightest stars, the precision is limited
by the systematic noise floor of 60 ppm. For the faintest stars, the precision
is limited by noise from the zodiacal light (shown here for an ecliptic latitude
of 30◦). Over the range IC ≈ 8-13, the photon-counting noise from the star
is the dominant source of uncertainty. Bottom.—The number of pixels in the
optimal photometric aperture, chosen to maximize the SNR. The scatter in
the simulated noise performance and number of pixels is due to the random
assignment of contaminating stars and centroid offsets in the PRF.

6.5. Duration of observations
The SNR of transits or eclipses will depend critically on

how long the star is observed. Figure 1 is a sky map show-
ing the number of times that TESS will point at a given lo-
cation as a function of ecliptic coordinates. As noted above,
the simulations assign coordinates to each star through a uni-
form random distribution across the HEALPix tile to which
it belongs. The star’s ecliptic coordinates are then converted
to x and y pixel coordinates for each TESS pointing. We tally
the number of pointings for which the target falls within the
field-of-view of a TESS camera. The total amount of observ-
ing time is calculated as the total duration of all consecutive
pointings.
The duty cycle of observations must also be considered. At

each orbital perigee, TESS interrupts observations in order to
transmit data to Earth and perform other housekeeping oper-
ations. This takes approximately 0.6 days. We model this in-
terruption in the simulation, so each 13.6-day spacecraft orbit
actually results in 13.0 days of data.
The presence of the Earth or Moon in the field-of-view of

any camera will also prohibit observations. We do not model
this effect since predicting their presence depends upon the
specific launch date of TESS. However, our simulations do
show that if observations are interrupted near TESS’s orbital
apogee in addition to its perigee, then the planet yields are
approximately proportional to the duty cycle of observations.

6.6. Detection
Themodel for the detection process is highly simplified: we

adopt a threshold for the signal-to-noise ratio, and we declare
a signal to be detected if the total SNR exceeds the threshold.
In other words, the detection probability is modeled as a step
function of the computed SNR. (The matched-filter technqi-
ues of the TESS pipeline probably have a smoother profile,
such as a standard error function [Jenkins et al. 1996]). For
transiting planets, all of the observed transits contribute to the
total SNR. For eclipsing binaries, we allow both the primary
and secondary eclipses to contribute to the total SNR.
The choice of an appropriate SNR threshold was discussed

in detail by Jenkins et al. (2002) in the context of the Kepler
mission. Their criterion was that the threshold should be suffi-
ciently high to prevent more than one “detection” from being
a purely statistical fluke after analyzing all of the data from
the entire mission. We adopt the same criterion here. Since
the number of astrophysical false positives is at least several
hundred (as discussed below), this criterion allows statistical
false positives to be essentially ignored.
To determine the appropriate threshold, we use a separate

Monte Carlo simulation of the transit search. We produce
2× 105 lightcurves containing uncorrelated, Gaussian noise
and analyze them for transits in a similar manner as will be
done with real data. Then, we find the SNR threshold that
results in approximately one statistical false positive. Each
lightcurve consists of 38,880 points, representing two 27.4-
day TESS pointings with 2-minute sampling. We chose a
timeseries length of two pointings rather than one to account
for the stars observed with overlapping pointings.
To search for transits, we scan through a grid of trial peri-

ods, times of transit, and transit durations. At each grid point,
we identify the data points belonging to the candidate transit
intervals. The SNR is computed as the mean of the in-transit
data values divided by the uncertainty in the mean.
The grid of transit durations t starts with 28 min (14 sam-
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