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Our	
  Mission:	
  Find	
  a	
  transi'ng	
  Earth-­‐like	
  planet	
  

Designing	
  transit	
  surveys	
  
Constraining	
  planetary	
  parameters	
  
AccounBng	
  for	
  selecBon	
  effects	
  

EsBmaBng	
  planet	
  occurrence	
  rates	
  



then	
  how	
  many	
  stars	
  will	
  we	
  need	
  to	
  
survey	
  in	
  order	
  to	
  find	
  a	
  single	
  	
  

transi'ng	
  	
  
hot	
  Jupiter?	
  	
  

If	
  1%	
  of	
  FGK	
  stars	
  harbor	
  hot	
  Jupiters	
  
Marcy	
  et	
  al.	
  2005	
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a	
  

Transit	
  Probability	
   =	
   Stellar	
  Radius	
  
Semimajor	
  Axis	
  

Easier	
  formula	
  for	
  circular	
  orbits	
  with	
  a	
  >>	
  R★	
  

Transit	
  Probability	
   	
  
Sun	
  

Kepler	
  
M	
  dwarf	
  

Typical	
  	
  
M	
  dwarf	
  

Orbital	
  period	
  =	
  3.5	
  days	
   10%	
   7%	
   4%	
  

InsolaJon	
  =	
  1	
  FEarth	
   0.5%	
   0.9%	
   1.4%	
  

(1	
  +	
  e	
  sin	
  ϖ	
  )	
  	
  
1	
  –	
  e2	
  

(R★ ±	
  RP)	
  Transit	
  
Probability	
  

	
  

=	
  



0.1	
  
1	
  

0.01	
  
1	
  

and	
  10%	
  of	
  those	
  planets	
  transit	
  then	
  	
  
If	
  1%	
  of	
  FGK	
  stars	
  harbor	
  hot	
  Jupiters	
  
Marcy	
  et	
  al.	
  2005	
  

N★	
  
to	
  find	
  a	
  single	
  transi'ng	
  hot	
  Jupiter.	
  	
  

=	
  	
   ×	
   =	
  	
  1000	
  
stars 	
  



What	
  precision	
  do	
  we	
  require?	
  

Transit	
  Depth	
   ≈	
   Planet	
  Radius	
  
Stellar	
  Radius	
  (	
   )2	
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F	
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Jupiter-­‐Sized	
  Planet	
  
Neptune-­‐Sized	
  Planet	
  

Earth-­‐Sized	
  Planet	
  



[(C★×	
  t)	
  +	
  (Csky×	
  t	
  ×	
  npix)	
  +	
  (RN2+(G/2)2	
  ×	
  npix)	
  +	
  (D	
  ×	
  npix×	
  t)]0.5	
  	
  	
  	
  

EsBmaBng	
  the	
  Signal-­‐to-­‐Noise	
  RaBo	
  

S/N	
  =	
   C★	
  ×	
  t	
  

e-­‐	
  per	
  second	
  from	
  target	
  star	
  

integraJon	
  Jme	
  (seconds)	
  

e-­‐	
  per	
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  per	
  
pixel	
  from	
  sky	
  
background	
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  of	
  pixels	
  	
  
in	
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Bright	
  Star	
  ApproximaBon	
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  +	
  (Csky×	
  t	
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Bright	
  Star	
  ApproximaBon	
  

S/N	
  ≈	
  (C★	
  ×	
  t)0.5	
  
e-­‐	
  per	
  second	
  from	
  target	
  star	
  

integraJon	
  Jme	
  (seconds)	
  

Precision	
  for	
  V=10	
  Star	
  (ppm)	
   5	
  sec	
   60	
  sec	
   600	
  sec	
  
10-­‐cm	
  telescope	
   2690	
   780	
   250	
  

1-­‐meter	
  telescope	
   270	
   78	
   25	
  

5-­‐meter	
  telescope	
   54	
   16	
   5	
  



Advantages	
  of	
  Long-­‐Term	
  Monitoring	
  

Number	
  of	
  Transits	
  
Observed	
   ≈	
   Time	
  Coverage	
  

Orbital	
  Period	
  

S/NmulJple	
  ≈	
  S/Nsingle×	
  (Ntransits)0.5	
  

S/NmulJple	
  ≈	
  
δ	
  
σ	
   P	
  

T	
  (	
   )	
  0.5	
  



What	
  are	
  the	
  relevant	
  Bmescales?	
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  of	
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  Time	
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P	
   sin	
  -­‐1	
  (	
   )	
  R★	
  

change	
  +	
  to	
  –	
  
for	
  full	
  duraJon	
  

Total	
  	
  
duraJon	
  =	
  

For	
  circular	
  orbits	
  

k	
  =	
  Rp/R*	
  



π	
  a	
  
R★P	
  

for	
  small	
  planets	
  in	
  circular	
  orbits	
  with	
  a>>	
  R★	
  and	
  b	
  <<	
  1-­‐k	
  

≈	
   1	
  yr	
  
P	
  13	
  hr	
   ρ¤	
  

ρ★	
  ( )	
  1/3	
  

Event	
  Dura'on	
  for	
  a	
  
Jupiter	
  with	
  P	
  =	
  3.5	
  days	
  

Late	
  
F	
  star	
  

	
  
Sun	
  

Early	
  
M	
  dwarf	
  

Total	
  Transit	
  (hr)	
   3	
   3	
   2	
  

Transit	
  Ingress	
  (min)	
   16	
   17	
   20	
  

T0	
  =	
  	
  

Transit	
  DuraJon	
  ≈	
  T0	
  	
  (1-­‐b2)0.5	
  

CharacterisJc	
  
Timescale:	
  

Ingress	
  DuraJon	
  ≈	
  T0	
  k(1-­‐b2)-­‐0.5	
  	
  



TESS	
  Dwarf	
  Catalog	
  
Plot	
  made	
  with	
  filtergraph	
  



TESS	
  Dwarf	
  Catalog	
  
(plot	
  made	
  with	
  filtergraph)	
  



TESS	
  Dwarf	
  Catalog	
   	
  	
   	
  	
  	
  	
  	
  FOV	
  =	
  15°	
  x	
  360°	
  



TESS	
  Dwarf	
  Catalog	
   	
  	
   	
  	
  	
  	
  	
  FOV	
  =	
  5°	
  x	
  360°	
  



TESS	
  Dwarf	
  Catalog	
   	
  	
   	
  	
  	
  	
  	
  FOV	
  =	
  1°	
  x	
  360°	
  



Ideal	
  Survey	
  Design	
  Depends	
  on	
  Stellar	
  Sample	
  

Nutzman	
  &	
  Charbonneau	
  2008,	
  PASP,	
  120,	
  317	
  



MEarth-­‐South	
  telescopes	
  in	
  acBon	
  (February	
  2014)	
  



Surveys	
  with	
  smaller	
  FOV	
  are	
  onen	
  deeper	
  

TrES	
  
XO	
  
HATNet	
  

WASP	
  
Qatar	
  

HATSouth	
  

KELT	
  

MEarth	
  

Kepler	
  

CoRoT	
  



Two	
  Possible	
  
Approaches	
  to	
  
Calibra'on	
  

PeBgura	
  et	
  al.	
  2013	
  
Using	
  the	
  ensemble	
  of	
  

science	
  targets	
  

Employing	
  designated	
  
reference	
  stars	
  users.skynet.be/bho/instruments.htm	
  



What	
  have	
  we	
  found?	
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Charbonneau	
  et	
  al.	
  2000,	
  ApJ,	
  529,	
  45	
  	
  

HD	
  209458	
  
Teff	
  =	
  6065	
  K	
  
Mass	
  =	
  1.1	
  M¤	
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  209458	
  b	
  
P	
  =	
  3.5	
  days	
  
Mass	
  =	
  0.69	
  MJ	
  
Radius	
  =	
  1.4	
  RJ	
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Back	
  to	
  the	
  opening	
  ques'on	
  :	
  
	
  How	
  many	
  stars	
  do	
  we	
  need	
  to	
  survey	
  
to	
  obtain	
  a	
  4σ	
  detecJon	
  of	
  an	
  Earth-­‐like	
  

planet	
  transiBng	
  a	
  Sun-­‐like	
  star?	
  



Case	
  Study:	
  The	
  Kepler	
  Mission	
  

Earth	
  –	
  Sun	
  transit	
  depth:	
  84	
  ppm	
  

Required	
  Precision	
  
for	
  4σ	
  detecJon	
   =	
  

84	
  ppm	
  
4	
   =	
   20	
  ppm	
  

Noise	
  model	
  	
  

20	
  ppm	
  >	
  σ	
  =	
  	
  [(σshot)2	
  +	
  (σstar)2	
  +	
  (σmeas)2]0.5	
  

If	
  σstar	
  =	
  10	
  ppm	
  and	
  σmeas	
  =	
  10	
  ppm	
  then	
  	
  	
  

σshot	
  <	
  (202	
  –	
  (102	
  +	
  102))0.5	
  =	
  14	
  ppm	
  



Case	
  Study:	
  The	
  Kepler	
  Mission	
  
Earth	
  –	
  Sun	
  transit	
  duraBon:	
  13	
  hr	
  

Mission	
  Requirement:	
  Detect	
  84	
  ppm	
  transit	
  in	
  6.5	
  hr	
  
see	
  Koch	
  et	
  al.	
  2010,	
  ApJ,	
  713,	
  80	
  	
  

Required	
  Number	
  
of	
  Photons	
  in	
  6.5	
  hr	
  =	
  

1	
   =	
  14	
  ppm	
  (	
   )	
  2	
   5	
  ×	
  109	
  

Suggests	
  we	
  should	
  target	
  stars	
  with	
  V	
  ≤	
  12	
  



ChrisBansen	
  et	
  al.	
  2012	
  



Transit	
  ProbabiliBes	
  	
  
for	
  PotenBally	
  Habitable	
  Worlds	
  

One	
  orbit	
  =	
  365	
  days	
  

17	
  days	
  

80	
  days	
  

0.5%	
  

0.9%	
  
1.4%	
  

transit	
  probability	
  =	
  	
  



0.005	
  
1	
  

0.5	
  
1	
  

and	
  0.5%	
  of	
  those	
  planets	
  transit	
  then	
  	
  

of	
  Sun-­‐like	
  V=12	
  stars	
  harbor	
  	
  

N★	
  
to	
  find	
  a	
  single	
  	
  

.	
  	
  

=	
  	
   ×	
   =	
  	
  4000	
  
stars 	
  

Earth-­‐like	
  planets	
  5%	
  	
  If	
  	
  



How	
  might	
  we	
  esBmate	
  planet	
  occurrence?	
  	
  

Completeness	
  Case	
  Study:	
  	
  
the	
  Kepler	
  M	
  Dwarfs	
  	
  



Most	
  Stars	
  are	
  M	
  Dwarfs	
  



Most	
  Stars	
  are	
  M	
  Dwarfs	
  



Planet	
  Occurrence	
  =	
  
Mean	
  Number	
  of	
  
Planets	
  Per	
  Star	
  

Equally	
  Valid	
  Alterna've	
  Choice:	
  	
  
Planet	
  occurrence	
  	
  =	
  FracBon	
  of	
  Stars	
  with	
  Planetary	
  Systems	
  



Planet	
  
Occurrence	
  

Rate	
  

Number	
  of	
  Planets	
  	
  

Number	
  of	
  Stars	
  
“Searched”	
  

#	
  of	
  Planets	
  =	
  #	
  of	
  Planet	
  Candidates	
  –	
  #	
  of	
  False	
  PosiJves	
  	
  



Planet	
  
Occurrence	
  

Rate	
  

Number	
  of	
  Planets	
  	
  

Number	
  of	
  Stars	
  
“Searched”	
  

#	
  of	
  Planets	
  =	
  #	
  of	
  Planet	
  Candidates	
  –	
  #	
  of	
  False	
  PosiJves	
  	
  

Transit	
  detectability	
  depends	
  on	
  stellar	
  and	
  planetary	
  properBes	
  



Which	
  astrophysical	
  phenomena	
  can	
  
produce	
  transit-­‐like	
  brightness	
  dips?	
  

Figure	
  credit:	
  Sarah	
  Ballard	
  



High-­‐Contrast	
  Imaging	
  	
  
One	
  of	
  several	
  ways	
  to	
  iden+fy	
  astrophysical	
  false	
  posi+ves	
  

Dressing	
  et	
  al.	
  2014,	
  AJ,	
  148,	
  78	
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1’	
  1’	
  

Why	
  High-­‐ResoluJon	
  Imaging	
  Marers:	
  
Thwar+ng	
  the	
  Aspira+ons	
  of	
  Poten+ally	
  Habitable	
  M	
  Dwarf	
  Planets	
  

Ciardi	
  
Keck	
  NIRC2-­‐AO	
  
K	
  band	
  

HST	
  WFC3	
  
F775W	
  
CarBer+	
  2014	
  	
  	
  



Searching	
  for	
  Planets	
  OrbiBng	
  Kepler	
  M	
  Dwarfs	
  

Quarterly	
  Spacecran	
  Rolls	
   Data	
  Gaps	
  

Normalize	
  to	
  remove	
  quarterly	
  offsets	
  



Searching	
  for	
  Planets	
  OrbiBng	
  Kepler	
  M	
  Dwarfs	
  

Use	
  median	
  filtering	
  and	
  sigma	
  clipping	
  to	
  
remove	
  spots	
  and	
  lingering	
  poin+ng	
  offsets.	
  	
  



Searching	
  for	
  Planets	
  OrbiBng	
  Kepler	
  M	
  Dwarfs	
  

Ready	
  for	
  planet	
  search!	
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Planet	
  Search	
  Results:	
  	
  
	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Planet	
  Search	
  Results:	
  	
  
We	
  Detect	
  Most	
  Previously	
  Known	
  Planets	
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Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Now	
  False	
  PosiBve	
  

Same	
  System	
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iu
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rth
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Detected (155)
Missed (7)

Planet	
  Search	
  Results:	
  	
  
We	
  Miss	
  a	
  Few	
  Tricky	
  Planets	
  (Some	
  may	
  be	
  false	
  posi+ves)	
  	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Planet	
  Search	
  Results:	
  	
  
We	
  Found	
  One	
  New	
  Planet	
  Candidate	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Planet	
  
Occurrence	
  

Rate	
  

Number	
  of	
  Planets	
  	
  

Number	
  of	
  Stars	
  
“Searched”	
  



Planet	
  
Occurrence	
  

Rate	
  

156	
  Planets	
  	
  

Number	
  of	
  Stars	
  
“Searched”	
  

How	
  many	
  stars	
  did	
  we	
  search	
  at	
  each	
  
planet	
  radius	
  &	
  orbital	
  period?	
  



Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  

EsBmaBng	
  Pipeline	
  SensiBvity	
  



EsBmaBng	
  Pipeline	
  SensiBvity	
  
KID1162635
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Not	
  detectable	
  at	
  all	
  
Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



EsBmaBng	
  Pipeline	
  SensiBvity	
  
KID1162635
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Failed	
  “RealisBc”	
  Test	
  
Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ	
  submiyed,	
  arXiv:1501.01623	
  

EsBmaBng	
  Pipeline	
  SensiBvity	
  
KID1162635
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Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ	
  submiyed,	
  arXiv:1501.01623	
  

EsBmaBng	
  Pipeline	
  SensiBvity	
  
KID1162635
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We	
  Produced	
  Star-­‐by-­‐Star	
  SensiBvity	
  Maps	
  
KID1162635
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0.403 0.261 0.148 0.154 0.020 0.000 0.000 0.000 0.000 0.000

0.460 0.430 0.102 0.028 0.020

0.510 0.289

0.836 0.795 0.822 0.680 0.657

0.866 0.833 0.856 0.884 0.800 0.734 0.791 0.670

0.909 0.912 0.880 0.911 0.870 0.873 0.882 0.838 0.788 0.683

0.912 0.915 0.882 0.895 0.911 0.912 0.907 0.869 0.876 0.793

0.912 0.912 0.912 0.884 0.912 0.912 0.858 0.902 0.847 0.893

0.912 0.912 0.912 0.912 0.912 0.911 0.911 0.909 0.912 0.874

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



SensiBvity	
  to	
  Earth-­‐size	
  Planets	
  Depends	
  
Strongly	
  on	
  Orbital	
  Period	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



How	
  does	
  our	
  search	
  completeness	
  
compare	
  to	
  theoreBcal	
  predicBons?	
  	
  



Improvement	
  3:	
  Measured	
  Pipeline	
  Completeness	
  
Difference (DC15 - SNR12)
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Detection Fraction

   -0.32    -0.24    -0.16    -0.08     0.00



Improvement	
  3:	
  Measured	
  Pipeline	
  Completeness	
  
Difference (DC15 - Ramp)
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Burke	
  et	
  al.	
  2015	
  

Kepler	
  Pipeline	
  
Completeness	
  for	
  

GK	
  Dwarfs	
  



Kepler	
  Pipeline	
  
Completeness	
  for	
  

GK	
  Dwarfs	
  

Burke	
  et	
  al.	
  2015	
  



Another	
  view	
  of	
  Completeness	
  for	
  
Kepler’s	
  FGK	
  Target	
  Stars	
  

PeBgura	
  et	
  al.	
  2013,	
  ApJ,	
  770,	
  69	
  



How	
  common	
  are	
  planetary	
  systems	
  
orbiBng	
  M	
  dwarfs?	
  



Smoothed	
  PopulaBon	
  of	
  Planet	
  Candidates	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Full	
  Search	
  Completeness	
  	
  
(Includes	
  SensiBvity	
  &	
  Transit	
  Probability)	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Smaller	
  Planets	
  Are	
  More	
  Prevalent	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Planet Occurrence (%)
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Log10 Occurrence

   -5.00    -4.00    -3.00    -2.00    -1.00

Recovery < 15%

Small,	
  Long-­‐Period	
  Planets	
  are	
  Common	
  

TOTAL:	
  2.5	
  ±	
  0.2	
  Planets	
  per	
  M	
  dwarf	
  	
  
with	
  P<200	
  days,	
  RP	
  =	
  1-­‐4	
  REarth	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Further	
  Evidence	
  for	
  the	
  Commonality	
  
of	
  M	
  Dwarf	
  Planetary	
  Systems	
  

Gaidos	
  et	
  al.	
  2014,	
  MNRAS,	
  443,	
  2561	
  	
  	
  

2.01	
  ±	
  0.36	
  	
  
planets	
  per	
  star	
  	
  

(with	
  orbital	
  period	
  <	
  180	
  days)	
  



Further	
  Evidence	
  for	
  the	
  Commonality	
  
of	
  M	
  Dwarf	
  Planetary	
  Systems	
  

Morton	
  &	
  Swin	
  2014,	
  ApJ,	
  791,	
  10	
  

2.00	
  ±	
  0.45	
  	
  
planets	
  per	
  star	
  	
  

(with	
  orbital	
  period	
  <	
  150	
  days)	
  



How	
  flat	
  are	
  exoplanetary	
  systems?	
  



Evidence	
  for	
  Two	
  PopulaBons	
  	
  
of	
  M	
  Dwarf	
  Planetary	
  Systems	
  

Ballard	
  &	
  Johnson	
  2014,	
  arXiv:1410.4192,	
  submiyed	
  to	
  ApJ	
  	
  

55%	
  of	
  systems	
  	
  45%	
  of	
  systems	
  	
  

	
  mulJple	
  planets	
  with	
  	
  
high	
  mutual	
  inclinaJons	
  

only	
  1	
  planet	
  	
  

roughly	
  5	
  planets	
  with	
  
coplanar	
  orbits	
  

or	
  

\	
  

\	
  



Are	
  any	
  of	
  these	
  planets	
  habitable?	
  
Rocky	
  Surface	
   Liquid	
  Water	
  

Image	
  credit:	
  NASA/Apollo	
  17	
  	
  

Look	
  for	
  
planets	
  

smaller	
  than	
  	
  
1.7	
  Earth	
  
Radii	
  

Look	
  for	
  
planets	
  
with	
  

temperate	
  
climates	
  

Is	
  there	
  an	
  
upper	
  limit	
  on	
  
the	
  size	
  of	
  a	
  
rocky	
  planet?	
  



Planet Occurrence (%)

100 10 1
Insolation (FEarth)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
Pl

an
et

 R
ad

iu
s 

(R
Ea

rth
)

           
 

 

 

 

 

 

 

 

Log10 Occurrence

   -5.00    -4.00    -3.00    -2.00    -1.00

12
(20%)

5.5
(25%)

13
(33%)

10
(40%)

7.2
(49%)

1.8
(57%)

0.89
(65%)

0.21
(69%)

18
(41%)

4.4
(51%)

8.7
(62%)

17
(70%)

9.1
(76%)

6.2
(80%)

5.6
(83%)

3.1
(84%)

1.3
(86%)

0.22
(86%)

8.6
(71%)

7.0
(79%)

12
(83%)

10
(85%)

11
(87%)

4.4
(88%)

2.6
(88%)

0.75
(89%)

0.32
(89%)

0.066
(89%)

3.6
(83%)

8.3
(86%)

10
(87%)

8.0
(88%)

7.0
(89%)

5.5
(89%)

1.8
(90%)

0.50
(90%)

0.034
(90%)

0.001
(90%)

1.5
(87%)

2.6
(88%)

4.7
(89%)

3.3
(90%)

3.2
(90%)

2.1
(90%)

0.90
(90%)

0.23
(90%)

0.063
(90%)

0.002
(90%)

0.48
(89%)

0.73
(89%)

1.7
(90%)

0.64
(90%)

0.85
(90%)

0.84
(91%)

0.45
(91%)

0.20
(91%)

0.030
(91%)

0.003
(91%)

0.25
(90%)

0.14
(90%)

0.47
(90%)

0.32
(91%)

0.22
(91%)

0.32
(91%)

0.12
(91%)

0.17
(91%)

0.011
(91%)

0.001
(91%)

Recovery < 15%

Smaller,	
  Cooler	
  Planets	
  Are	
  More	
  Common	
  
Narrow	
  Habitable	
  Zone	
  

Broad	
  Habitable	
  Zone	
  TOTAL:	
  0.24	
  Earth-­‐size	
  planets	
  	
  
per	
  broad	
  M	
  dwarf	
  HZ	
  

Dressing	
  &	
  Charbonneau	
  2015,	
  ApJ,	
  807,	
  45	
  



Nearest	
  HZ	
  Earth	
  	
  	
  	
  	
  	
  	
  	
  	
  2.6	
  pc	
  
TransiBng	
  HZ	
  Earth	
  	
  	
  	
  	
  11	
  pc	
  

	
  



M	
  Dwarf	
  Planetary	
  Systems	
  are	
  Common	
  

•  Per	
  star:	
  	
  
•  0.56	
  (+0.06/-­‐0.05)	
  Earth-­‐size	
  planets	
  with	
  P<50	
  days	
  
•  0.46	
  (+0.07/-­‐0.05)	
  super-­‐Earths	
  with	
  P<50	
  days	
  
•  2.5	
  (±	
  0.2)	
  	
  small	
  (1-­‐4	
  RE)	
  planets	
  with	
  P<200	
  days	
  
	
  
	
  

•  Empirical	
  Venus/Mars	
  Habitable	
  Zone:	
  	
  
•  0.24	
  (+0.18/-­‐0.08)	
  Earth-­‐size	
  planets	
  	
  
•  0.21	
  (+0.11/-­‐0.06)	
  super-­‐Earths	
  
•  11	
  pc	
  to	
  nearest	
  transiJng	
  Earth-­‐like	
  planet	
  	
  





Current	
  &	
  Future	
  Missions	
  
Targe+ng	
  Planets	
  	
  
Orbi+ng	
  Small	
  Stars	
  

PLATO	
  TESS	
  

CARMENES	
  

MEarth	
  &	
  
MEarth-­‐South	
  

CHEOPS	
  

ExoplanetSat	
  

SPECULOOS	
  

HPF	
  SPIRou	
   ExTrA	
  

K2	
  



Kepler	
  Stared	
  at	
  One	
  Field	
  



K2	
  Will	
  Look	
  at	
  MulBple	
  Fields	
  



The	
  TransiBng	
  Exoplanet	
  Survey	
  Satellite	
  

•  Launch	
  in	
  2017	
  
•  Two-­‐year	
  survey	
  
•  90%	
  of	
  sky	
  

Hundreds	
  of	
  
Earth-­‐size	
  planets	
  
&	
  super	
  Earths!	
  



K2	
  &	
  TESS	
  Have	
  Complementary	
  Sky	
  Coverage	
  
K2	
  

TESS	
  

Ricker	
  et	
  al.	
  2014	
  



SimulaBon	
  of	
  TESS	
  Planet	
  DetecBons	
  

Sullivan	
  et	
  al.	
  2015,	
  accepted	
  to	
  ApJ,	
  	
  arXiv:	
  1506.03845	
  



TESS	
  Will	
  Find	
  Dozens	
  of	
  Earth-­‐size	
  Planets	
  
and	
  Hundreds	
  of	
  Super-­‐Earths	
  

Sullivan	
  et	
  al.	
  2015,	
  accepted	
  to	
  ApJ,	
  	
  arXiv:	
  1506.03845	
  



TESS	
  Will	
  Find	
  Some	
  PotenBally	
  	
  
Habitable	
  Planets	
  OrbiBng	
  Cool	
  Stars	
  

Sullivan	
  et	
  al.	
  2015,	
  accepted	
  to	
  ApJ,	
  	
  arXiv:	
  1506.03845	
  



PUTTING	
  EVERYTHING	
  TOGETHER	
  



Orbital	
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Confirmed	
  TransiJng	
  Planets	
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Confirmed	
  TransiJng	
  Planets	
  &	
  Kepler	
  Candidates	
  



What	
  we’ve	
  learned	
  so	
  far	
  

•  Exoplanetary	
  systems	
  are	
  diverse	
  

•  Many	
  stars	
  harbor	
  close-­‐in	
  planets	
  with	
  high	
  
transit	
  probabiliBes	
  

•  TransiBng	
  planets	
  offer	
  unique	
  laboratories	
  to	
  
invesBgate	
  atmospheric	
  composiJons	
  and	
  
bulk	
  densiJes	
  

The	
  future	
  is	
  bright.	
  



AddiBonal	
  Slides	
  



TESS	
  DetecBons	
  will	
  be	
  Well-­‐Suited	
  for	
  
Mass	
  Measurement	
  

Sullivan	
  et	
  al.	
  2015,	
  accepted	
  to	
  ApJ,	
  	
  arXiv:	
  1506.03845	
  



PotenBal	
  for	
  Studying	
  the	
  Atmospheres	
  of	
  TESS	
  Planets	
  

Sullivan	
  et	
  al.	
  2015,	
  accepted	
  to	
  ApJ,	
  	
  arXiv:	
  1506.03845	
  



Transit	
  Anatomy	
  
Slide	
  from	
  Josh	
  Winn’s	
  PresentaJon	
  at	
  the	
  

2012	
  Sagan	
  Exoplanet	
  Workshop	
  



Koch	
  et	
  al.	
  2010,	
  ApJ,	
  713,	
  79	
  



Koch	
  et	
  al.	
  2010,	
  ApJ,	
  713,	
  79	
  



Caldwell	
  et	
  al.	
  2010,	
  ApJL,	
  713,	
  92	
  



Yale	
  Bright	
  Star	
  Catalog	
  



Yale	
  Bright	
  Star	
  Catalog	
  



V	
  =	
  11.4	
  
Mass	
  =	
  0.98	
  R¤	
  
Radius	
  =	
  1.0	
  M¤	
  	
  
Teff	
  =	
  5850	
  K	
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TrES-­‐2b	
  Kepler	
  Light	
  Curve	
  (Short	
  Cadence	
  Data)	
  

Kipping	
  &	
  Bakos	
  2011,	
  ApJ,	
  	
  733,	
  36	
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KID11768142, KOI 262601, Cartier Fit
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KID11768142, KOI 262601, Cartier Fit
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KID11497958, KOI 142202, Cartier Fit
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KID11497958, KOI 142202, Cartier Fit
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Most	
  TESS	
  Planets	
  will	
  have	
  Short	
  Periods	
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