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IPAC as Institutional Partner for 
the Far-IR Surveyor 
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IPAC support for  
the FIR Surveyor STDT 

•  IPAC is eager to support the STDT and its mission 
•  IPAC can make substantial and cost-effective 

contributions to the STDT effort, based on 
–  Work and products from past missions,  
–  expertise from past and current missions,  
–  existing communication channels to FIR community  
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NASA’s Infrared Processing and  
Analysis Center 

Herschel 

WISE 
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NASA’s Infrared Processing and  
Analysis Center 

Herschel 
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New Initiatives 

PTF, iPTF, ZTF 

LSST NEOWISE 

NEOCam 
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New Initiatives 
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WFIRST and Euclid 

WFIRST-AFTA 
 

Section 2: WFIRST-AFTA Science 56 

2.4.3 Discovering and Characterizing Nearby     
Exoplanets with a Coronagraph 

Our understanding of the internal structure, atmos-
pheres, and evolution of planets was originally devel-
oped through models that were tuned to explain the de-
tailed observations of the planets in our own solar sys-
tem. Our surveys of exoplanetary systems have led to 
the realization that there exists a diversity of worlds with 
very different properties and environments than those in 
our solar system, including gas giants under strong stel-
lar irradiation, gas giants with massive heavy cores, wa-
ter worlds, and “super-Earths” with masses intermedi-
ate to the rocky planets and ice giants in our solar sys-
tem. Subsequently, these models have had to be ex-
panded and generalized to explain the properties of 
these new worlds but our understanding is still rudimen-
tary.  

The best hope of understanding the physical prop-
erties of this diversity of worlds is through comparative 
planetology: detailed measurements of, and compari-
sons among, the properties of individual planets and 
their atmospheres. These measurements provide the 
primary empirical constraints on our models. 

Understanding the structure, atmospheres, and 
evolution of a diverse set of exoplanets is also an im-
portant step in the larger goal of assessing the habita-
bility of Earth-like planets to be discovered in the habit-
able zones of nearby stars. It is unlikely that any such 
planets will have exactly the same size, mass, or at-
mosphere as our own Earth. A large sample of charac-
terized systems with a range of properties will be nec-
essary to understand which properties permit habitabil-
ity and to properly interpret these discoveries. A key 
uncertainty is the nature of the so-called “Super-Earths” 
– are they large rocky worlds, potentially habitable, or 
“mini-Neptunes” with icy cores and hydrogen atmos-
pheres? 

Currently, detailed characterization is only possible 
for relatively rare transiting systems. Unfortunately, 
transiting planets are a relatively small subset of sys-
tems. Those that are bright enough for significant fol-
low-up tend to be discovered from the ground. Ground-
based transit discoveries are strongly biased to large 
planets with short orbital periods that are subject to 
strong stellar irradiation. Of course, Kepler has detected 
many smaller and longer period transiting planets, but 
nearly all of these systems are far too faint for atmos-
pheric characterization of the planets. Furthermore, at-
mospheric studies of transiting planets are only sensi-
tive to very specific planet geometries and/or at-
mospheric pressures, therefore providing an incomplete 

view of the physical processes at work in the atmos-
pheres of these systems. TESS and JWST will extend 
this sample, providing near-IR characterization of plan-
ets orbiting bright nearby stars, though still emphasizing 
short periods and lower-mass stars (see Figure 2-36). 

Direct imaging surveys of planets orbiting nearby 
stellar systems offer a complementary and critical ap-
proach to studying the detailed properties of exoplan-
ets. First, planets detected by direct imaging tend to be 
at longer orbital periods and are less irradiated than 
those found by transits. Second, spectra of directly im-
aged planets provide powerful diagnostic information 
about the structure and composition of the atmos-
pheres. Finally, these planets can be found around the 
closest stars, which tend to be the best characterized. 
While ground-based direct imaging surveys have made 
enormous strides in recent years, with new, much more 
capable surveys coming on line soon, such surveys are 
ultimately limited by the contrast achieved in the kinds 
of planets they can study, being sensitive only to warm 
and massive young planets. WFIRST-AFTA will detect 
many analogs to our cold Jupiter for stars in the solar 
neighborhood, and reach into the regime of the mini-
Neptunes or Super-Earths. 

Photometry or spectra will be obtained from more 
than a dozen of the currently known radial velocity (RV) 
planets and from new, lower-mass planets discovered 
through future RV surveys or by WFIRST-AFTA itself. 
Combined with demographics from Kepler and micro-
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Figure 2-35: Simulated WFIRST-AFTA coronagraph im-
age of the star 47 Ursa Majoris, showing two directly de-
tected planets. Simulation parameters: 10 hr exposure 
time, 525-580 nm, Hybrid Lyot Coronagraph. Field of 
view of 0.518 arcsec radius. A PSF reference has been 
subtracted, improving the raw contrast by a factor of 10. 
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rable to (about 60% of) the yield of planet candidates 
from Kepler’s prime mission, although of course 
WFIRST-AFTA’s planets will be located beyond the 
“snow line”, a region that is largely disjoint from that ac-
cessible to Kepler. With an additional seventh season, 
WFIRST-AFTA will detect another 440 planets, for a 
total of roughly 3040 bound planets. As illustrated in 
Figure 2-31, while massive planets can be detected 
over nearly the entire range of separations between 
0.03-30 AU, lower-mass planets can only be detected 
over a narrower range of separations of 0.1-10 AU. At 
least 15% of the detected bound planets will have mass 
less than three times the mass of the Earth and 
WFIRST-AFTA will have significant sensitivity down to 

planets of roughly twice the mass of the 
Moon. WFIRST-AFTA will measure the 
mass function of cold planets to ~3%-
15% in bins of one decade in planet mass 
down to the mass of Mars.  

2.4.2.7.2 Estimating the Frequency of 
Habitable Planets 

Microlensing's sensitivity to planets 
falls rapidly for projected separations 
smaller than the Einstein radius. At pro-
jected separations of the order of 1/3 of 
the Einstein ring radius or smaller we ex-
pect the size of planetary deviations of 
the order of 1% or smaller. For typical 
combinations of the lens and source dis-
tances, a solar-mass star has an Einstein 
radius of ~4 AU, compared to a habitable 
zone that stretches from ~1-1.7 AU (Kop-
parapu et al. 2013). Therefore, the sig-
nals of rocky habitable zone planets will 
be short and of small amplitude (~1% or 
less), so careful control of photometry 
systematics to a millimagnitude or less on 
bright stars will be essential for reliable 
detections. Figure 2-32 shows an exam-
ple WFIRST-AFTA simulated light curve 
of the perturbation due to an Earth-mass 
habitable-zone planet, demonstrating the 
low amplitudes and short durations ex-
pected for such detections. Furthermore, 
the detection probabilities for low-mass 
planets at projected separations much 
less than the Einstein ring are also small, 
implying that the signals of Earth-mass 
habitable-zone planets will be rare, even 
if the intrinsic frequency of such planets is 
high. Finally, because the ratio of the 

habitable zone distance to the Einstein ring radius 
scales as the host mass M1.5, WFIRST-AFTA will only 
be able to detect habitable zone planets around stars 
close to or above the mass of the sun. This is in con-
trast to Kepler, which is most sensitive to (and has 
found) planets in the habitable zones of M- and K-dwarf 
stars, but is less sensitive to such planets orbiting solar-
mass stars. Note however, that the old age of the bulge 
means that stars more massive than the Sun have al-
ready evolved off the main sequence.     

Table 2-5 lists the expected number of habitable 
zone planets that WFIRST-AFTA will find. Assuming 
that there is one Earth-mass planet in the habitable 

Figure 2-31: The colored shaded regions show approximate regions of 
sensitivity for Kepler (red) and WFIRST-AFTA (blue). The solar system 
planets are also shown, as well as the Moon, Ganymede, and Titan. Kepler 
is sensitive to the abundant, hot and warm terrestrial planets with separa-
tions less than about 1.5 AU. On the other hand, WFIRST-AFTA is sensi-
tive to Earth-mass planets with separations greater than 1 AU, as well as 
planets down to roughly twice the mass of the moon at slightly larger 
separations. WFIRST-AFTA is also sensitive to unbound planets with 
masses as low as Mars. The small black points show planets detected by 
radial velocity, ground-based transits, direct imaging, and microlensing 
surveys (i.e., all known exoplanets not found by Kepler). The small red 
points show candidate planets from Kepler, whereas the small blue points 
show simulated detections by WFIRST-AFTA; the number of such discov-
eries will be large, with roughly 2600 bound and hundreds of free-floating 
planet discoveries. Thus, WFIRST-AFTA and Kepler complement each 
other, and together they cover the entire planet discovery space in mass 
and orbital separation, providing the comprehensive understanding of 
exoplanet demographics necessary to fully understand the formation and 
evolution of planetary systems. Furthermore, the large area of WFIRST-
AFTA discovery space combined with the large number of detections es-
sentially guarantees a number of unexpected and surprising discoveries. 
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2.4.3 Discovering and Characterizing Nearby     
Exoplanets with a Coronagraph 

Our understanding of the internal structure, atmos-
pheres, and evolution of planets was originally devel-
oped through models that were tuned to explain the de-
tailed observations of the planets in our own solar sys-
tem. Our surveys of exoplanetary systems have led to 
the realization that there exists a diversity of worlds with 
very different properties and environments than those in 
our solar system, including gas giants under strong stel-
lar irradiation, gas giants with massive heavy cores, wa-
ter worlds, and “super-Earths” with masses intermedi-
ate to the rocky planets and ice giants in our solar sys-
tem. Subsequently, these models have had to be ex-
panded and generalized to explain the properties of 
these new worlds but our understanding is still rudimen-
tary.  

The best hope of understanding the physical prop-
erties of this diversity of worlds is through comparative 
planetology: detailed measurements of, and compari-
sons among, the properties of individual planets and 
their atmospheres. These measurements provide the 
primary empirical constraints on our models. 

Understanding the structure, atmospheres, and 
evolution of a diverse set of exoplanets is also an im-
portant step in the larger goal of assessing the habita-
bility of Earth-like planets to be discovered in the habit-
able zones of nearby stars. It is unlikely that any such 
planets will have exactly the same size, mass, or at-
mosphere as our own Earth. A large sample of charac-
terized systems with a range of properties will be nec-
essary to understand which properties permit habitabil-
ity and to properly interpret these discoveries. A key 
uncertainty is the nature of the so-called “Super-Earths” 
– are they large rocky worlds, potentially habitable, or 
“mini-Neptunes” with icy cores and hydrogen atmos-
pheres? 

Currently, detailed characterization is only possible 
for relatively rare transiting systems. Unfortunately, 
transiting planets are a relatively small subset of sys-
tems. Those that are bright enough for significant fol-
low-up tend to be discovered from the ground. Ground-
based transit discoveries are strongly biased to large 
planets with short orbital periods that are subject to 
strong stellar irradiation. Of course, Kepler has detected 
many smaller and longer period transiting planets, but 
nearly all of these systems are far too faint for atmos-
pheric characterization of the planets. Furthermore, at-
mospheric studies of transiting planets are only sensi-
tive to very specific planet geometries and/or at-
mospheric pressures, therefore providing an incomplete 

view of the physical processes at work in the atmos-
pheres of these systems. TESS and JWST will extend 
this sample, providing near-IR characterization of plan-
ets orbiting bright nearby stars, though still emphasizing 
short periods and lower-mass stars (see Figure 2-36). 

Direct imaging surveys of planets orbiting nearby 
stellar systems offer a complementary and critical ap-
proach to studying the detailed properties of exoplan-
ets. First, planets detected by direct imaging tend to be 
at longer orbital periods and are less irradiated than 
those found by transits. Second, spectra of directly im-
aged planets provide powerful diagnostic information 
about the structure and composition of the atmos-
pheres. Finally, these planets can be found around the 
closest stars, which tend to be the best characterized. 
While ground-based direct imaging surveys have made 
enormous strides in recent years, with new, much more 
capable surveys coming on line soon, such surveys are 
ultimately limited by the contrast achieved in the kinds 
of planets they can study, being sensitive only to warm 
and massive young planets. WFIRST-AFTA will detect 
many analogs to our cold Jupiter for stars in the solar 
neighborhood, and reach into the regime of the mini-
Neptunes or Super-Earths. 

Photometry or spectra will be obtained from more 
than a dozen of the currently known radial velocity (RV) 
planets and from new, lower-mass planets discovered 
through future RV surveys or by WFIRST-AFTA itself. 
Combined with demographics from Kepler and micro-
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Figure 2-35: Simulated WFIRST-AFTA coronagraph im-
age of the star 47 Ursa Majoris, showing two directly de-
tected planets. Simulation parameters: 10 hr exposure 
time, 525-580 nm, Hybrid Lyot Coronagraph. Field of 
view of 0.518 arcsec radius. A PSF reference has been 
subtracted, improving the raw contrast by a factor of 10. 
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rable to (about 60% of) the yield of planet candidates 
from Kepler’s prime mission, although of course 
WFIRST-AFTA’s planets will be located beyond the 
“snow line”, a region that is largely disjoint from that ac-
cessible to Kepler. With an additional seventh season, 
WFIRST-AFTA will detect another 440 planets, for a 
total of roughly 3040 bound planets. As illustrated in 
Figure 2-31, while massive planets can be detected 
over nearly the entire range of separations between 
0.03-30 AU, lower-mass planets can only be detected 
over a narrower range of separations of 0.1-10 AU. At 
least 15% of the detected bound planets will have mass 
less than three times the mass of the Earth and 
WFIRST-AFTA will have significant sensitivity down to 

planets of roughly twice the mass of the 
Moon. WFIRST-AFTA will measure the 
mass function of cold planets to ~3%-
15% in bins of one decade in planet mass 
down to the mass of Mars.  

2.4.2.7.2 Estimating the Frequency of 
Habitable Planets 

Microlensing's sensitivity to planets 
falls rapidly for projected separations 
smaller than the Einstein radius. At pro-
jected separations of the order of 1/3 of 
the Einstein ring radius or smaller we ex-
pect the size of planetary deviations of 
the order of 1% or smaller. For typical 
combinations of the lens and source dis-
tances, a solar-mass star has an Einstein 
radius of ~4 AU, compared to a habitable 
zone that stretches from ~1-1.7 AU (Kop-
parapu et al. 2013). Therefore, the sig-
nals of rocky habitable zone planets will 
be short and of small amplitude (~1% or 
less), so careful control of photometry 
systematics to a millimagnitude or less on 
bright stars will be essential for reliable 
detections. Figure 2-32 shows an exam-
ple WFIRST-AFTA simulated light curve 
of the perturbation due to an Earth-mass 
habitable-zone planet, demonstrating the 
low amplitudes and short durations ex-
pected for such detections. Furthermore, 
the detection probabilities for low-mass 
planets at projected separations much 
less than the Einstein ring are also small, 
implying that the signals of Earth-mass 
habitable-zone planets will be rare, even 
if the intrinsic frequency of such planets is 
high. Finally, because the ratio of the 

habitable zone distance to the Einstein ring radius 
scales as the host mass M1.5, WFIRST-AFTA will only 
be able to detect habitable zone planets around stars 
close to or above the mass of the sun. This is in con-
trast to Kepler, which is most sensitive to (and has 
found) planets in the habitable zones of M- and K-dwarf 
stars, but is less sensitive to such planets orbiting solar-
mass stars. Note however, that the old age of the bulge 
means that stars more massive than the Sun have al-
ready evolved off the main sequence.     

Table 2-5 lists the expected number of habitable 
zone planets that WFIRST-AFTA will find. Assuming 
that there is one Earth-mass planet in the habitable 

Figure 2-31: The colored shaded regions show approximate regions of 
sensitivity for Kepler (red) and WFIRST-AFTA (blue). The solar system 
planets are also shown, as well as the Moon, Ganymede, and Titan. Kepler 
is sensitive to the abundant, hot and warm terrestrial planets with separa-
tions less than about 1.5 AU. On the other hand, WFIRST-AFTA is sensi-
tive to Earth-mass planets with separations greater than 1 AU, as well as 
planets down to roughly twice the mass of the moon at slightly larger 
separations. WFIRST-AFTA is also sensitive to unbound planets with 
masses as low as Mars. The small black points show planets detected by 
radial velocity, ground-based transits, direct imaging, and microlensing 
surveys (i.e., all known exoplanets not found by Kepler). The small red 
points show candidate planets from Kepler, whereas the small blue points 
show simulated detections by WFIRST-AFTA; the number of such discov-
eries will be large, with roughly 2600 bound and hundreds of free-floating 
planet discoveries. Thus, WFIRST-AFTA and Kepler complement each 
other, and together they cover the entire planet discovery space in mass 
and orbital separation, providing the comprehensive understanding of 
exoplanet demographics necessary to fully understand the formation and 
evolution of planetary systems. Furthermore, the large area of WFIRST-
AFTA discovery space combined with the large number of detections es-
sentially guarantees a number of unexpected and surprising discoveries. 



 
 
 
 

 

Far-IR Surveyor STDT Face to Face – 12-13 May 2016 SJC - 9 

Potential Science Tool Contributions 

•  Background estimators (Zodiacal, Milky Way, CIB, CMB) and 
brightness fluctuation estimators [Adapt/extend existing tools]  

•  Confusion estimators (from galaxy counts and MW emission, 
continuum and lines) [Adapt/extend existing tools]  

•  Time estimators (from analytic approximations of performance) 
[Adapt/extend existing tools]  

•  Sky observing/data simulators (higher fidelity than time 
estimators) [leverage on-going simulation work and knowledge 
of FIR sky]  

•  Other tools as requested by STDT  



 
 
 
 

 

Far-IR Surveyor STDT Face to Face – 12-13 May 2016 SJC - 10 

Visualization and Observation  
Planning Tools 
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Visualization and Observation  
Planning Tools 
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Background Estimators and  
Integration Time Calculators 
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Background Estimators and  
Integration Time Calculators 
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Archive, Visualization and 
 Data Manipulation 
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Archive, Visualization and 
 Data Manipulation 
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Collaborative Approach 

•  Science tool development:  
–  Algorithms scoped and formulated by the STDT, and 

implemented by IPAC 
–  IPAC would develop the tools for any architecture or 

option, based on STDT guidance 

•  Science operations tools:  
–  Framework would be scoped and formulated by the STDT, 

coordinated with the Study Center effort, and implemented 
by IPAC  

–  IPAC would develop the tools for any architecture or 
option, based on STDT guidance, and participate in 
related trade studies 


