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SAG9 Initial Charter

• The ExoPAG Study Analysis Group 9 (SAG-9) will define metrics by which the science 
yield of various exoplanet probe-scale to medium-scale direct-imaging mission 
designs can be compared and evaluated in order to facilitate a well-informed decision 
process by NASA.  

• SAG-9 will focus on mission sizes that can be considered on shorter timescales than a 
flagship, with a particular emphasis on missions with probe-scale costs (under $1B). 
The work will build on the methodology developed by SAG-5 (Exoplanet Flagship 
Requirements and Characteristics), defining science goals, objectives and 
requirements, further detailed into "Musts" and "Discriminators".  

• SAG-9 will establish the minimum science thresholds ("Musts") for such missions, 
and develop quantitative metrics to evaluate the marginal performance increase 
beyond the threshold science using "Discriminators". 

• Key questions to be studied by this group include:  
- What is the minimum threshold science to justify an exoplanet probe-scale direct 
imaging mission?  
- What are the additional science goals that can be used as "discriminators" to 
evaluate science performance beyond the minimum thresholds?  
- What are the possible achievements from the ground by plausible launch date, and 
overlapping the expected mission lifetime?  
- What quantitative metrics for these "discriminators" can we provide to help define 
the weighting process to be used in the comparison of mission concepts?
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SAG-9 re-focused goals

• SAG9 refocused its goals to avoid duplication with the AFTA-SDT and 
the two STDTs (Exo-C/Exo-S) commissioned just after SAG9 started: 
‣ Complementarity of direct imaging with other techniques and missions 
‣ Design Reference Missions (DRMs) 

• Highlight of results and contributions from SAG9: 
‣ DRM studies: 

- Performance vs. mission scale for probe/super-probe/medium missions 

- Sensitivity analysis of AFTA performance on known RV planets for IWA, 
Resolution, throughput 

‣ Cross-validation of exposure time calculations between different groups 
‣ Defining goals for precursor RV surveys for imaging missions 

- precursor discussions to in-depth funded study (Howard & Fulton, 
2014) 

- precursor discussions to the new precision RV instrument for WIYN 
telescope
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Future direct imaging missions/ground instruments
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2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

8m Class

VLT + SPHERE Young jovian planets: detection + spectroscopy  (1–1.6 μm)

Gemini + GPI Young jovian planets: detection + spectroscopy (1–1.6 μm)

LBT/AO Young + Older Super-jupiters: detection + photometry (1–5 μm)

Subaru/ScExAO Super-jupiters: detection + photometry (1–2 μm)

30m Class

GMT/ExAO? No approved concept;
Super-earths?

TMT/ExAO? No approved concept;
Super-earths?

EELT/EPIC HZ low-mass planets, few Earth analogs,  old 
GPs in reflected light (1–1.7 μm)

EELT/METIS MIR imaging spectroscopy of disks and 
planets (3–10 μm)

Space

HST Photometry of exceptionally bright  
super-jupiters  (1–1.7 μm)

JWST
Young GPs + Few Older Jovian planets (2 MJ at 4pc):  detection + LR/MR spectroscopy. 

Disk Imaging + MR spectroscopy;  IWA 0.5” 10-5     (1–5 μm)

WFIRST-2.4m Coron?
Jupiter analogs and disks, RV planets,  

Imaging+Spectra,  
10-9  IWA 0.1” (0.3–1 μm);

Probe-class Off-Axis 
Mission?

Jupiter analogs; Disks and some RV planets,  
Imaging+LR Spectra, 10-9–10-10   

IWA 0.1”–0.3”   (0.3–1 μm)

Credit: D. Apai



Design reference missions (DRMs)

• DRM Science Metric: number of RV planets characterized 
‣ Merit function is the information rate, i.e. completeness per unit time 
‣ About 30 parameters included in the merit function: 

- IWA, Resolution, detector parameters, telescope diameter, sharpness, 
albedo, radius of planet, etc. 

- At each step in the DRM the merit function is calculated with remaining 
planets in play. Next target scheduled has the highest merit function 

• Several DRMs Developed for SAG-9 by R. Brown 
‣ Sensitivity with mission scale: probe/large probe/AFTA 
‣ Sensitivity for AFTA with different parameters (IWA, throughput, 

resolution), mass estimation 
- R. Brown, 2015, ApJ “True Masses of Radial-Velocity Exoplanets”
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Sensitivity to scale (probe/medium) 
and design Coronagraph/Starshade
• Criterion #1: Permitted pointing (observing window) 
• Criterion #2: systematic limits (contrast and IWA) 
• Criterion #3: wavelength range for spectral characterization 
• Criterion #4: observing time fits in observing window
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Table 2. The cases of D, κ785, and IWA for the coronagraph. The comment is about the 
degree of difficulty in realizing full starlight suppression at κ785 Airy rings.  
 
For the star-shade mission, we select IWA = 0.075 arcsec, and D = 1, 1.5, and 2.4 m. 
 
 
3. Criterion #1: Permitted Pointing 
 
We compute γ  from α  and δ  using the fact that the scalar product of the unit vectors 
from the telescope to the star and the telescope to the sun is equal to cosγ . We calculate 
the unit vectors in the rectangular ecliptic coordinates for any given time. 
 
Figure 1 shows the zones of permitted pointing on 29 April 2020. 
 
For this study, we implement criterion #1 by creating 346 “validity” lists—one for each 
host star—of the days during the mission when the star is observable.  
 
For each star, the longest available exposure time—tmax, in days—is equal to the 
maximum number of consecutive valid days. 
 

 
Figure 1. Celestial spheres on 29 April 2020, showing the positions of the ecliptic equator 
(black line), the vernal equinox, the sun, and the host stars of the 419 RV planets in our 
input catalog (blue dots). Left: for a star-shade mission (γ 1 = 45° , γ 2 = 80° ); right: for a 
coronagraph mission (γ 1 = 45° , γ 2 =180° ). To provide a concrete example, the host star 
HD 220773 is shown as a yellow dot. If a star lies in the green region, it can be observed, 
but not if it lies in the red. As time passes, the sun, the coordinate grid, and the red/green 
zones remain fixed, while the vernal equinox and host stars revolve at constant ecliptic 
latitude, clockwise as seen from the north ecliptic pole, at the rate of one revolution per 
year. The yellow line shows the positions of HD 220773 when it is observable for one 
year following 29 April 2020. For a star-shade mission, HD 220773 is observable for two 
36-day intervals during the year. For a coronagraph mission, it is observable for one 275-
day interval.  
 

Starshade probe coronagraph probe
Field of regard at a given time (green: permitted pointings)

Credit: Bob Brown
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The third problem is that Δmagmax will be significantly different from Δmagx—greater or 
smaller—for eccentric orbits oriented to produce significantly reduced separations at 
apoapsis. 
       
   mission duration: 1/1/20–12/31/22  
   edge-on orbits  face-on orbits  
   sx

  Δmagx  smax Δmagmax smax Δmagmax 

 RV exoplanet  (arcsec)  (β = 90°) (arcsec)   (arcsec) 
1 epsilon Eri b  1.31  21.73  1.29 21.69  1.23 22.23 
2 GJ 832 b  0.77  21.51  0.77 21.70  0.58 23.22 
3 55 Cnc d  0.45  22.34  0.45 22.32  0.45 22.34  
4 HD 217107 c  0.41  23.15  0.28 22.38  0.13 21.05 
5 mu Ara c  0.38  22.45  0.38 22.41  0.32 21.72 
6 HD 190360 b  0.33  22.19  0.26 21.67  0.17 20.69 
 
Table A.1. Estimates of smax and Δmagmax for the six RV exoplanets with greatest values 
of . Columns 3–4: the incomplete estimates, which disregard full knowledge of 
the RV orbit, particularly ε and ωp, and don’t account for the mission duration being 
significantly shorter than the orbital periods involved. Columns 4–5 and 6–7: mission 
values of smax and Δmagmax for edge-on orbits (i = 89.1°) and face-on orbits (i = 0.9°). In 
red: cases that fail criterion #2 when the full knowledge of the RV orbit and the mission 
time span are taken into account.  
 
 

 
 
Table A.2. Details on the six RV exoplanets with largest values of . 
 
 

a(1+ ε ) / d

RV
exoplanet d!pc" ms!m!" mpsini!m!" a!au" Ε Ωp

period!days"
periapsis!JD
#2450000" a!1$Ε"#d!arcsec"

1 epsilon Eri b 3.22 0.82 1.05 3.38 0.25 186.00 2500. #1060.00 1.31
2 GJ 832 b 4.95 0.45 0.64 3.40 0.12 124.00 3416. 1211.00 0.77
3 55 Cnc d 12.34 0.91 3.54 5.47 0.02 74.00 4909. 3490.00 0.45
4 HD 217107 c 19.86 1.11 2.62 5.33 0.52 18.60 4270. 1106.32 0.41
5 mu Ara c 15.51 1.15 1.89 5.34 0.10 237.60 4206. 2955.20 0.38
6 HD 190360 b 15.86 0.98 1.54 3.97 0.31 192.93 2915. 3541.66 0.33

a(1+ ε ) / d

Detectability of RV planets with imaging 
• Detectability and maximum orbital separation a(1+e)/d > IWA 
‣ Acceptable proxi for target pre-selection but incomplete because unknown 

inclination and limited mission lifetime compared to orbital period 
‣ This underlines importance of actual DRM calculations for target selection
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Figures A.1–6. Photo-astrometric plots for the RV exoplanets in Tables A.1–2. Only 
valid days for the coronagraph are shown. The orbits are curved or linear for the face-on 
or edge-on cases, respectively. The upper or lower numbers on the color key give the 
range of Δmag for edge-on or face-on. The dark circle is IWA = 0.34 arcsec. 
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Figures A.1–6. Photo-astrometric plots for the RV exoplanets in Tables A.1–2. Only 
valid days for the coronagraph are shown. The orbits are curved or linear for the face-on 
or edge-on cases, respectively. The upper or lower numbers on the color key give the 
range of Δmag for edge-on or face-on. The dark circle is IWA = 0.34 arcsec. 
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‣ Example where 5 planets 
satisfy the max separation 
criterion 

‣ HD127107c never comes out 
of IWA during the 3 year 
mission  

‣ GJ832b comes out of IWA but 
too faint and ruled out for time 
constraints Credit: Bob Brown



AFTA sensitivity to IWA, R, throughput

• Science metric (i.e. expected number of currently known RV planets 
characterized) for different efficiency (h) and resolution (R) and IWA 
‣ Result averaged from 100 DRMs computed for each combination of 

parameters (IWA, throughput, resolution)
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Science Metric Report 
Robert A. Brown 
November 30, 2013 
 
This report uses a science metric to estimate the benefits of the AFTA/WFIRST program 
for characterizing known RV exoplanets. The metric, N, is the estimated number of 
planets successfully characterized by the mission. Table 1 gives N for the eight cases of 
parametric variations given in Table 2, and for exposure time allocations of 50, 100, 200, 
and 400 days. 
 

 
 
Table 1. Weighted-mean estimates of N. Each value of N is based on 100 DRMs 
computed for each case of parameters (see Table 2). Each of 800 DRMs in this study 
produced a discrete probability distribution function (PDF) for N, using the algorithm in 
§4.1 of Brown & Soummer (2010, ApJ 715, 122). The expectation value of N was 
produced from the median PDF appropriately truncated for the exposure-time allocation 
and renormalized to unity. The input catalogs of RV planets for the IWA = 0.200 arcsec 
and 0.274 arcsec included 18 and 9 RV planets, respectively—all the planets satisfying 
the criterion a(1+ ε)/d ≥ IWA, where a = semimajor axis, ε = eccentricity, and d= stellar 
distance. (If ε ≠ 0,  the expression a(1+ ε)/d overestimates the maximum apparent 
separation between star and planet.) 
 
 

case IWA (arcsec) h (efficiency) R (resolution) comment 
1 0.200 0.3 20 original, 3λ/D 
2 0.200 0.05 20 ...low h 
3 0.200 0.3 50 ...high R 
4 0.200 0.05 50 ...low h, high R 
5 0.274 0.3 20 new, 4λ/D 
6 0.274 0.05 20 ...low h 
7 0.274 0.3 50 ...high R 
8 0.274 0.05 50 ...low h, high R 

 
Table 2. Eight cases of three design parameters for AFTA/WFIRST, which we explored 
for their effects on N: end-to-end efficiency (h), resolving power (R), and inner working 
angle (IWA). Photometry is in I band. For the other, fixed parameters, see Tables 4 and 5. 
We calculated 100 DRMs for each case. Each DRM started at a random time within 6 
months centered on 1 January 2020. 

IWA 0.200" 0.274"
h 0.05 0.03 0.05 0.03
R 20 50 20 50 20 50 20 50

50 d 2.50 1.00 4.78 3.64 2.00 1.00 2.74 2.42
100 d 3.63 2.00 6.00 4.84 2.45 2.00 2.74 2.71
200 d 4.75 3.00 6.04 5.73 2.45 2.49 2.74 2.71
400 d 5.48 3.76 6.04 6.18 2.62 2.49 2.74 2.71
case 2 4 1 3 6 8 5 7

0.3 0.3

Credit: Bob Brown



AFTA sensitivity to IWA, R, throughput
• All these DRMs run out 

of RV planets, not time 
(except case #4: IWA= 
3λ/D, R=50, throughput 
h=5%) 

• main effect of h or R is 
to move the DRM to the 
right, i.e. increase all 
exposure times (factor 
10 total time increase) 

• IWA has a factor of two 
impact on this DRM
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Table 1. Parameter sets for eight DRMs to study parametric variations of AFTA’s 
scientific merit. Photometry in I band. For adopted values of other parameters, see recent 
work; they are unchanged.. 
 
case number IWA (arcsec) h (efficiency) R (resolution) Comment 
1 0.200 0.3 20 original, 3λ/D 
2 0.200 0.05 20 ...low h 
3 0.200 0.3 50 ...high R 
4 0.200 0.05 50 ...low h, high R 
5 0.274 0.3 20 new, 4λ/D 
6 0.274 0.05 20 ...low h 
7 0.274 0.3 50 ...high R 
8 0.274 0.05 50 ...low h, high R 
 
 
 

 
Figure 1. Median DRM results for the parameter cases in Table 1. In this space, a point 
on any curve marks the cumulative completeness achieved by the cumulative exposure 
time up to that point. Proceeding left to right, the red dots show the status after each 
observation in case #2. The local slope of the curve out of a red point is the merit 
function of the next observation. The terminal value of cumulative completeness 
estimates number of exoplanets characterized during the mission. 
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Target list for these DRMs comparions
• ~15 already known RV planets (mid-2014) pre-selected with 

maximum separation proxi, i.e. a(1+e)/d<IWA  
‣ Few more ~20 targets if a little less strict (0.19 arcsec)

10

Table 1. The input catalog of RV exoplanets. 
 

 
 
 
Notes: The stellar magnitudes (mags) are in I band, d is the stellar distance in parsec, a is 
the semimajor axis in AU, T is the period in days, ε is the eccentricity, ω is the argument 
of periapsis, and T0 is the Julian date of a periapsis minus 2,447,000. 
 
 
Table 2. Exposure time τ in days. 
 

 
 

 
 
 

mag d a T e w T0 aH1+eLêd
epsilon Eri b* 2.78 3.22 3.38 2500. 0.25 6. 1940. 1.312
47 UMa c* 4.34 14.06 3.57 2391. 0.10 295. 5441. 0.279
mu Ara c* 4.35 15.51 5.34 4206. 0.10 58. 5955. 0.378
55 Cnc d* 5.03 12.34 5.47 4909. 0.02 254. 6490. 0.452
upsilon And d 3.51 13.49 2.52 1278. 0.27 270. 6938. 0.237
14 Her b 5.68 17.57 2.93 1773. 0.37 23. 4373. 0.229
HD 154345 b 5.96 18.59 4.21 3342. 0.04 68. 5831. 0.237
HD 39091 b* 4.98 18.32 3.35 2151. 0.64 330. 820. 0.300
HD 190360 b* 4.91 15.86 3.97 2915. 0.31 13. 6542. 0.329
HD 87883 b* 6.57 18.21 3.58 2754. 0.53 291. 4139. 0.301
GJ 832 b* 6.43 4.95 3.40 3416. 0.12 304. 4211. 0.769
HD 217107 c* 5.35 19.86 5.33 4270. 0.52 199. 4106. 0.408
HD 134987 c 5.71 26.21 5.83 5000. 0.12 195. 4100. 0.249
GJ 849 b 8.19 9.10 2.35 1882. 0.04 355. 4488. 0.269
GJ 179 b 9.40 12.29 2.41 2288. 0.21 153. 8140. 0.238

h 0.30 0.05
R 20 50 20 50

epsilon Eri b 0.57 1.44 3.53 9.21
47 UMa c 2.54 6.55 16.79 48.89
mu Ara c 2.58 6.65 17.07 49.79
55 Cnc d 5.17 13.61 36.54 116.29
upsilon And d 1.13 2.88 7.14 19.34
14 Her b 10.37 28.20 80.37 282.50
HD 154345 b 14.33 39.62 116.40 428.04
HD 39091 b 4.90 12.89 34.46 108.89
HD 190360 b 4.54 11.89 31.61 98.84
HD 87883 b 30.14 87.02 274.12 1104.95
GJ 832 b 25.28 72.23 223.92 884.87
HD 217107 c 7.26 19.39 53.53 178.76
HD 134987 c 10.71 29.16 83.34 294.30
GJ 849 b 316.21 1021.54 3745.44 17680.52
GJ 179 b 2425.58 8207.00 31697.84 156394.22

Credit: Bob Brown



RV completeness for nearby stars

• RV census of nearby Sun-like stars is fairly complete for giant 
planets in <5.5 year orbit 

• Out of the 54 stars within 5pc  
‣ 9/54 = 17% have at least one planet 
‣ 7/36 = 19% of F5-M5 stars have at least one planet 
‣ 6/36 = 17% of F5-M5 stars have at least one giant planet 
‣ 5/36 = 14% of F5-M5 stars have at least one giant planet in a <5.5 yr 

orbit 

• Consistent with Cummings et al. (2008)  
‣ 10.5% of Sun-like stars (F5-M5, but mostly G and K) host a giant 

planet with <5.5 yr orbit 
‣ 17-20% have a giant planet within 20 AU 

• RV surveys for nearby M stars is quite incomplete (too faint for 
direct imaging with small telescope in any case)  

11
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RV support for direct imaging

• What can RV do now in preparation of future DI mission? 
• Process established by SAG-9 to define such surveys: 
‣ Define the science goals for a RV survey in support of a future DI 

mission 
‣ Define/refine a direct imaging target list for RV surveys (starting with 

ExoCAT catalog by Turnbull/Traub/ExEP) 
‣ Coordinate with RV teams to determine survey parameters:  

- Cadence, precision and time baseline 

- Existing overlap with existing RV surveys (bright/known stars) 

- Determine and scope resources (telescope time, work) needed to 
complete such RV surveys for future DI mission  

‣ Determine if additional resources are needed for RV surveys and 
investigate path forward for funding.  
- Howard & Fulton study (2014) 

- High-precision RV instrument on WIYN telescope announced by NASA 

- Brown 2015 shows that mass estimation is limited by RV precision and 
systematics 12



Science cases for precursor RV survey

• Masses estimates for Giant Planets at >0.1-0.2 arcsec 
• Masses estimates for some sub-Neptunes (~10MEarth) 
• Mass upper limits for other planets 
• Identify RV trends at and beyond HZ separation 
• In-depth study of special-interest target stars 
‣ Most interesting targets are brightest stars brighter than mag ~7-8, 

since giant planet typically mag<30 
‣ Planets with separation <~5AU most interesting (i.e. <~1e9 contrast) 
‣ IWA in 0.1-0.2 depending on starshade or internal coronagraph type, 

stars within 50pm 
‣ Kepler: hot-jupiter tend to be lonely, then is it worth continuing to 

monitor them?  
‣ 4000 stars within 20pc, 85% M dwarfs, not good targets for probes 

(ELTs, ATLAST) 
‣ Role of Gaia, but bright limit (improved recently) and precision
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Science cases for precursor RV survey

• Masses estimates for Giant Planets at >0.1-0.2 arcsec 
• Masses estimates for some sub-Neptunes (~10MEarth) 
• Mass upper limits for other planets 
• Identify RV trends at and beyond HZ separation 
• In-depth study of special-interest target stars  
‣ Kepler shown they are frequent in Kepler field, so assume here they 

are also frequent around nearby stars 
‣ Hard to do for probe/medium size - focus on sep<2-3AU, nearby 

(10-20pc) earlier types for more photons  
‣ Focus on a few, ~20 stars (preliminary short list from Exo-S)
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Science cases for precursor RV survey

• Masses estimates for Giant Planets at >0.1-0.2 arcsec 
• Masses estimates for some sub-Neptunes (~10MEarth) 
• Mass upper limits for other planets 
• Identify RV trends at and beyond HZ separation 
• In-depth study of special-interest target stars  

‣ Identify possible giant planet interacting with HZ in order to rule-in or 
rule-out most of the targets for HZ searches (relevant for Flagship 
mostly  

‣ Simple criterion (e.g. 3-Hill sphere radius) can be sufficient for broad 
brush purposes to rule-in/rule-out target for observations (Turnbull) 

‣ Identify the upper-limit mass of possible existing planets from non-
detections a a function of separation. 
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Science cases for precursor RV survey

• Masses estimates Giant Planets at >0.1-0.2 arcsec 
• Masses estimates for some sub-Neptunes (~10MEarth) 
• Mass upper limits for other planets 
• Identify RV trends at and beyond HZ separation 
• In-depth study of special-interest target stars  

‣ RV trends useful beyond HZ at larger separation 
‣ Ruling out “Nemesis” companions to the star that will disturb HZ 

(Flagship), RV only part of the picture (imaging etc.) 
‣ Trends indicating sub-Neptunes? could be difficult if multiple planets, 

but to investigate for target selection purposes
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Science cases for precursor RV survey

• Masses estimates for Giant Planets at >0.1-0.2 arcsec 
• Masses estimates for some sub-Neptunes (~10MEarth) 
• Mass upper limits for other planets 
• Identify RV trends at and beyond HZ separation 
• In-depth study of special-interest target stars 

‣ e.g. Alpha Cen: very high contrast, but large separation.  
‣ contrast from the other star 1e8 - possible post-processing/DM 

diversity being investigated (Belikov) 
‣ other particular stars of interest
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Mass estimation of RV planets

•Brown 2015 found that single-visit imaging combined with current 
RV orbital solutions are not sufficient to determine planet masses to 
10% accuracy 
‣ Uncertainties in RV orbits from current measurement errors and 

systematics are the main limitation. Rougher estimates (e.g. within a 
factor 2 possible for some targets) 
‣ Science discussions are needed to determine the requirement on mass 

accuracy and DRMs can determine what data and observing scenarios 
are needed.  
‣ These results emphasize the need for more high-precision RV data 

points prior to direct imaging mission, and improving techniques to 
overcome RV systematic errors (e.g. star spots
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Mass estimation of RV planets

•Possible avenues to improve planet mass determination: 
‣ Multiple direct imaging visits should improve constraints on inclination, 

as is currently done with direct imaging alone (hence better mass when 
combined with RV data) 
‣ Scheduling challenges exist for multiple imaging visits because of 

current RV orbit uncertainties with highly obscured orbits (semi-major 
axis ~ IWA), and long planet periods comparable to mission duration  
‣ Contribution from potential GAIA astrometry 
‣ Mass accuracy improvement with additional RV data between now and 

launch 
‣ Case of multiple-planet systems where additional dynamical constraints 

exist 
‣ Simultaneous orbital determination with all data (RV, imaging, 

astrometry
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Conclusions

• SAG-9 refocused goals to avoid overlap with Exo-C/S and AFTA-SDT 
• Main results:  
‣ DRM studies as a function of scale and coronagraph/starshade approach 
‣ Sensitivity study to main parameters for AFTA 

- Resolution and Throughput impact total mission time but preserve the 
same number of characterized planets 

- IWA directly impacts the number of characterized planets regardless of 
mission time (factor ~2 between 3 and 4λ/D) 

‣ Cross-validation and reconciliation of various exposure time calculations 

• Initiated community discussions on RV surveys for direct imaging 
‣ 2014 focused study by Howard & Fulton 
‣ New RV facility announced by NASA 
‣ Established a process to define RV surveys needed for future direct 

imaging missions (to be continued beyond SAG-9)  
‣ Brown 2015 emphasizes need for continued RV observations with 

increased precision and reduced systematics
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