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Large(Area(Survey(of(Bright(Stars

! Sun$like)stars:)Ic"⪅)2)to)Ic"=)12)magnitude

! M)dwarfs)known)within)~60)parsecs)(Ic"⪅)14)
! “All)sky”)observaIons)in)2)years:

• >)200,000)target)stars)at)<2)min)cadence
• >)20,000,000)stars)in)full)frames)at)30)min)cadence

So)Many)Stars...So)LiPle)Time

Primary(Goal:$Discover$Transiting$Earths$and$Super8
Earths$Orbiting$Bright,$Nearby$Stars
! Rocky)Planets)&)Water)Worlds
! Habitable)Planets

Discover$the$“Best”$~1000$Small$Exoplanets
! “Best”)Means)“Readily)Characterizable”

• Bright)Host)Stars

• Measurable)Mass)&)Atmospheric)Properties

! Present:)Only)3)small)transiting)exoplanets)orbiting)
bright)hosts)are)known
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TRILEGAL)SimulaIon)of))Expected)TESS)DetecIons

" TRIdimensional$modeL$of$thE$GALaxy$(Girardi$et$al.$2005)
! Monte)Carlo)populaIon)synthesis)code)that)models)the)Milky)Way)

with)four)components
• Thin)Disk
• Thick)Disk
• Halo
• Bulge

" Details$are$given$in$Sullivan$et$al.$(arXiv:1506.08845)
" AnimaYon$follows$showing$transiYng$planets$expected$at$

increasing$distances$from$Sun
! 3)pc
! 10)pc
! 30)pc
! 100)pc
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1 degree

2-minute cadence
for >200,000 stars

prioritizing 
detectability of 
small planets

simulated images by Zach Berta-Thompson
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30-minute cadence
for full frame images
(>20 million stars…)
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TESS 2-year sky coverage map
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“Special”)Orbit))Enables)and)Simplifies)TESS)

1) $Extended$&$Unbroken$ObservaYons:$>300"hrs"per"orbit
2) $Thermal$Stability:$<40"mK/hr"(passive"control"only)

3) $Earth/Moon$Stray$Light$Tolerance:$10$6"(vs"10$12"in"LEO)$
4) $Low$RadiaYon$Levels:$No"SAA,"No"Outer"Belt"Electrons

5) "Frequent$Launch$Windows:"5"of"27"days"per"lunar"month

6) $High(Data(Rates:$100"Mbit/s"(200"GB"in"3hr"at"Perigee)
""

7) $Excellent$PoinYng$Stability:$No"Drag,"No"Gravity"Gradient

8) $Simple$operaYons:$Single)5$7)hr)Downlink)&)Repoint)every)~2)wks

9) "Long$Orbit$LifeYme:$~Several"Decades"with"Perigee">"6.6"RE
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Gangestad(et(al.(2013((astroHph(1306.5333)

"[1/R2)advantage:)~200x)Earth$Sun)L2;)~10,000x)Kepler$type)Orbit]
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Detector(

Assembly

146(mm,(

f/1.5(lens

Lens(Hood

Overall'Size:
Length:''25.4”/30.8”'(short/long'design)''
Baffle'opening:''11”/12”'(short/long'design)
Barrel'diameter''6.7”
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LL)Deep)Deple6on)CCDs
(Assembly$by:$GL$ScienYfic)

Ricker"et"al."(2014)
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by NASA). Deming et al. (2009) considered TESS specifi-
cally, but those calculations were based on an earlier design
for the mission with different choices for the observing inter-
val and duty cycle, the number of cameras and collecting area,
and other key parameters. Furthermore, the occurrence rates
of planets have since been clarified by the Keplermission. We
have therefore built our simulation from scratch rather than
adapting this previous work.
We have organized this paper as follows:
Section 2 provides an overview of TESS and the types of

stars that will be searched for transiting planets.
Sections 3-5 present our model for the relevant stellar and

planetary populations. Section 3 describes the properties and
luminosity function of the stars in our simulation. Section
4 describes the assignment of transiting planets and eclips-
ing binary companions to these stars. Section 5 combines
these results to forecast the properties of the brightest tran-
siting planet systems on the sky, regardless of how they might
be detected. This information helps to set expectations for the
yield of any wide-field transit survey, and for the properties of
the most favorable transiting planets for characterization.
Sections 6-8 then describe the detection of the simulated

planets specifically with TESS. Section 6 details our model
for the photometric performance of the TESS cameras. Sec-
tion 7 presents the simulated detections of planets and their
properties. Section 7 also shows the detections of astrophys-
ical false-positives, and Section 8 investigates the possibili-
ties for distinguishing them from planets using TESS data and
supplementary data from ground-based telescopes.
Finally, Section 9 discusses the prospects for following up

the TESS planets to study their masses and atmospheres.

2. BRIEF OVERVIEW OF TESS

TESS employs four refractive cameras, each with a field of
view of 24◦ × 24◦ imaged by an array of four 2k×2k charge-
coupled devices (CCD). This gives a pixel scale of 21.′′1. The
four camera fields are stacked vertically to create a combined
field that is 24◦ wide and 96◦ tall, captured by 64 Mpixels.
Each camera has an entrance pupil diameter of 105mm and an
effective collecting area of 69 cm2 after accounting for trans-
missive losses in the lenses and their coatings. (The relative
spectral response functions of the camera and CCD will be
considered separately.)
Each camera will acquire a new image every 2 seconds. The

readout noise, for which the design goal has a root-mean-
square (RMS) level of 10 e− pix−1, is incurred with every
2 sec image. This places the read noise at or below the zodia-
cal photon-counting noise, which ranges from 10-16 e− pix−1
RMS for a 2 sec integration time (see Section 6.4.1).
Due to limitations in data storage and telemetry, it will not

be possible to transmit all the 2 sec images back to Earth.
Instead, TESS will stack these images to create two basic
data products with longer effective exposure times. First, the
subset of pixels that surround several hundred thousand pre-
selected “target stars” will be stacked at a 2 min cadence.
Second, the full-frame images (“FFIs”) will be stacked at a
30 min cadence. The selection of the target stars will be based
on the detectability of small planets; this described further in
Section 6.7. The FFIs will allow a wider range of stars to be
searched for transits, and they will also enable many other sci-
entific investigations that require time-domain photometry of
bright sources.
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FIG. 1.— Polar projection illustrating how each ecliptic hemisphere is di-
vided into 13 pointings. At each pointing, TESS observes for a duration of
27.4 days, or two spacecraft orbits. The four TESS cameras have a combined
field-of-view of 24◦×96◦. The number of pointings that encompass a given
star is primarily a function of the star’s ecliptic latitude. The dashed lines
show 0◦, 30◦, and 60◦ of ecliptic latitude. Coverage near the ecliptic (0◦) is
sacrificed in favor of coverage near the ecliptic poles, which receive nearly
continuous coverage for 355 days.

2.1. Sky Coverage
TESS will observe from a 13.7-day elliptical orbit around

the Earth. Over two years, it will observe the sky using 26
pointings. Two spacecraft orbits (27.4 days) are devoted to
each pointing. Because the cameras are fixed to the space-
craft, the spacecraft must re-orient for every pointing. The
pointings are spaced equally in ecliptic longitude, and they are
positioned such that the top camera is centered on the eclip-
tic pole and the bottom camera reaches down to an ecliptic
latitude of 6◦. Figure 1 shows the hemispherical coverage re-
sulting from this arrangement.
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FIG. 2.— The TESS spectral response, which is the product of the CCD
quantum efficiency and the longpass filter curve. Shown for comparison are
the filter curves for the familiar Johnson-Cousins V , R, and IC filters as well
as the SDSS z filter. Each curve is normalized to have a maximum value of
unity. The vertical dotted lines indicate the wavelengths at which the point-
spread function is evaluated for our optical model (see Section 6.2).

2.2. Spectral Response
The spectral response of the TESS cameras is limited at its

red end by the quantum efficiency of the CCDs. TESS em-
ploys the MIT Lincoln Laboratory CCID-80 detector, a back-
illuminated CCD with a depletion depth of 100 µm. This rel-
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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
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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.
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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.
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this effect since predicting their presence depends upon the
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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
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ages also spend an average of 1 sec in the frame-store region
of the CCD, where they are still vulnerable to cosmic rays.
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one pixel, there is a 10% chance of experiencing a cosmic
ray event with an energy deposition above the combined read
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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-

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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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-

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.

101

102

103

104

105
σ
[p
p
m

h
r1

/2
]

 

 

Star noise
Zodiacal noise
Read noise
Sys. noise
Saturation

4 6 8 10 12 14 16
0

10

20

30

Apparent Magnitude [IC ]

P
ix
el
s
in

O
p
ti
m
a
l
A
p
er
tu
re

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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 TESS Planet Detections

Full-Frame Images
2x105 Target Stars

TESS Eclipsing Binary Detections

FIG. 19.— Sky maps of the simulated TESS detections in equal-area projections of ecliptic coordinates. The lines of latitude are spaced by 30◦ , and the lines
of longitude are spaced by 60◦ . Top.—Planet detections. Red points represent planets detected around target stars (2 min cadence). Blue points represent planets
detected around stars that are only observed in the full-frame images (30 min cadence). Note the enhancement in the planet yield near the ecliptic poles, which
TESS observes for the longest duration. Note also that the inner 6◦ of the ecliptic is not observed. Bottom.—Astrophysical false positive detections, using the
same color scheme. For clarity, only 10% of the false positives detected in the full-frame images are shown. (All other categories show 100% of the detections
from one trial.) Note the enhancement in the detection rate near the galactic plane, which is stronger for false positives than for planets.
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FIG. 20.— The distribution of detected planets on the period–radius plane.
The shading of the 2-d histogram is the same as in Figure 8. The sawtooth
patterns in the radius and period histograms are an artefact of the planet oc-
currence rates having coarse bin sizes in radius and period combined with the
sensitivity of TESS favoring planets with larger radii and shorter periods.
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.

1,400
3,000

17,000

The Predicted TESS Yield
NB: Log Scale on Y Axis

TESS$—$Discovering$New$Earths$and$Super8Earths$in$the$Solar$Neighborhood

Sullivan et al. (arXiv:1506.08845)



18 Sullivan et al.

10
1

10
2

10
3

10
4

10
5

10
6

D
et
ec
ti
o
n
s

 

 

Earths

70
±9

< 1.25R⊕

Super-Earths

1.4k

486
±22

1.25 − 2R⊕

Sub-Neptunes

3.0k

1111
±122

2 − 4R⊕

Giants

17k

67
±8

> 4R⊕

EBs

286k

250

HEBs

190k

410

BEBs

188k

443

Full-Frame Images

2x105 Target Stars

FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2× 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The statistical error from Poisson fluctuations
and the input planet occurrence rates are shown. For eclipsing binaries, additional systematic error could be as high as ≈50% (see text).

maximum number of target stars (2× 105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by> 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.
A separate scenario in which the transit depth can be diluted

is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2×105
target stars, we find that only ∼1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R⊕. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets

around gravitationally bound companion stars (see their Fig-
ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
∼3 R⊕, a median orbital period of ∼30 days, and a median
insolation of 1.9 S⊕.

7.2. False positives
Among the 2× 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparisonwith
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.
The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.
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TESS$—$Discovering$New$Earths$and$Super8Earths$in$the$Solar$Neighborhood

Preliminary)TESS)Mission)Schedule

40

Ac]vity Date Status

Systems$Requirement$Review 12813$Feb$2014 ✓$Completed

Preliminary$Design$Review 8811$Sep$2014 ✓$Completed

Mission$ConfirmaYon 31$Oct$2014 ✓$Completed

Launch$Vehicle$SelecYon 16$Dec$2015 ✓$Completed

CriYcal$Design$Review 487$Aug$2015 Upcoming

Systems$IntegraYon$Review 4$Oct$2016 Planned

Launch$Readiness$Review 2$Aug$2017 Planned

Science$Mission$Complete 8$Oct$2020 Planned
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" Providing)for)Asteroseismology:
! ~15,000)targets"@"2"min"cadence
! ~1500"very"bright"targets"@"20"sec"cadence"(new"mode)
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" Planning)for)Extended)Year(s):
! Repeat"survey"in"a"single"hemisphere?
! Concentrate"on"an"eclipZc"pole?
! Concentrate"on"the"eclipZc"plane?

• ~5)x)72)day)duraIons;)comparable)to)~)100)K2)poinIngs

" Interac6ng)with)Other)Ini6a6ves)and)Missions:
! Providing"for"NonUExoplanet"Targets"in"TESS"FFIs
! CoordinaZng"with"Gnd"Followup"and"TESS"GO’s
! ColaboraZng"with"K2"and"CHEOPS"Teams
! Providing"Prime"Followup"Targets"(JWST,"ELTs)
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Next%Steps%in%TESS%Science%Planning22

! FFI$Pipeline$Tools$in$Development$by$TESS$Science$Team
" Three%TESS%Team%Groups%are%Developing%Pipelines

• Princeton%(Bakos,%Huang)
• Harvard%+%MIT%(Vanderberg,%Johnson,%Rappaport)
• UC%Berkeley%(Sanchis2Ojeda,%Marcy)

" Builds%on%Entrepreneurial%Efforts%from%K2

" Demonstrates%Cost%EffecRve%Use%of%CollaboraRve,%Open%Source%Tools

" CoordinaRon%by%TESS%SOC

! GI$Program$for$TESS
" In%FormulaRon

43
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• TESS’s$$launch$planned$for$2017

• TESS$will$find$1000$planets$smaller$
than$Neptune$transiCng$nearby$
stars

• TESS$will$provide$a$map$to$the$
easiest8to8observe$exoplanet$
atmospheres

• TESS$will$idenCfy$several$habitable$
zone$planets$orbiCng$stars$
sufficently$bright$for$JWST$and$
future$ELT$study$of$their$
atmospheres

Legacy'of'TESS

Ricker$et$al.$2014
(astro8ph$1406.0151)
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