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GOALS

We have photometry and (usually) RV of exoplanets

Many overlapping constraints -- best determine
planetary properties if we fit them simultaneously
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UNCERTAINTIES: MCMC

» Best fit by ifself

has very little *
meaning o
 MCMC § M |
characterizes 1 H B
uncertainties o h | ;
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PARAMETERIZATION:

COVARIANCES VS PRIORS
- Trade off in —0.0039150701
parameterization L
- Want minimal ° | " |
covariances —

- Want physical priors e
* Not always clear 0.99598931

what those are | / }




STEPPING SCALE:
DIFFERENTIAL EVOLUTION MCMC

* How do you stepe

* Too big, foo many
steps get rejected x °

* Too small, foo many o
steps get accepted

0% X1
- Want ~20% e . % ¢ E/
acceptance ree, "

» |deal step mirrors the
covariance matrix

 But that's what we're ter Braak, 2006
trying to figure out!



CONVERGENCE

» Each chain starts 5*stepsize*Gaussian Random
away from best fit and run independently

« Stop when they all agree within some limit
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RV MODEL

w,=0.0, e=0.00
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RV PARAMETERIZATION

* logP,7iC, Ve coswl* Ve
sinwix ,logk’, y

s K=2nG/P(Mix +MIP)
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ECCENTRICITY

» Expect tidally

circularized
- Small eccentricities *
significant 8 20¢
. Other bodies? :
- Tidal Q2 .




ECCENTRICITY BIAS

PRIOR BIAS
» Without correction,
priors are uniform in
stepping parameters 0.020]
>
* ecoswix , esinwd* IMply = 0.015¢
z . 5 © I
linear prior in e € 0.010.
(al L
s iUsipGelie CIRORUSELC] 5 0.005!
o

parameterization R
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ECCENTRICITY BIAS

LUCY-SWEENEY BIAS
» Problem for all z
positive-definite S oo
oarameters & oot
§ 0.005 |
» [ero phase space S 0.000 | |
0.00 0.01 0.02 0.03
at exactly zero e
* Any error sors:
(systematic or 0010}
otherwise) " 00051\
ﬂecessorily skews o.ooo;—-------u.- ———
-0.005¢

result positive 000 002 0.4 0.66:



ECCENTRICITY BIAS

METROPOLIS-HASTINGS ALGORITHM

» Rejected steps

* The previous step must be
copied in its place

e |Inefficient? 0.020¢

h UninTUiﬂveg % 0_015;

hy ) Z

- Boundaries 8 0.010!
- Chains must be allowed °5' :
to step out of bounds = Qe
0.000

00 02 04 06 08 1.0



TRANSIT MODEL




CHANGING Rp/R,

8=0.0001, P= 2.22, a/R,= B8.52, i=85.8




CHANGING i

8=0.0227, P= 2.22, u/R,= B8.52, i=83.0

0o
Time — T, (hours)




CHANGING LIMB DARKENING




CHANGING 7

6=0.0241, P= 2.22, a/R,= 11.84, i=920.0

o
Time — T, (hours)




TRANSIT PARAMETERIZATION

* logP, 7iC,e, wix ,RIP /RI* ,cosi,a/Rix , FI0 ,udl ,ul2
* cosi,a/Rix =1, 7T

o cosi,a/Rix >TIT, TIF ¢ ®
o RIP /RIx =0~ (RIP /RIx )

8=0.0227, P= 2.22, a/R,= 8.52, i=85.8

2 1 1 2

0
Time — Tp (hours)




OTHER BIASES?

* Other positive-definite
parameters:

* RIP /RIx
° COS/

6=0.0250, P= 2.22, o/R,= 8.52, i=85.8

/N




RV + TRANSIT PARAMETERIZATION

- Radial Velocity =logP,74C, e, wi* ,logk’, y
. K=(2 /p(/a@ww,v )12 )1/3 MiPsini /WW1—ef2

* Primary~ransit =1Qg/2, * , HEPY/RIx cosi,a/Rix
R RSO

- Kepler's Law: P12 = 4712 al3 /G(MIx + MIP)

* One-parameter family of solutions

o gix =CMIx /RI*T2

- Torres et al., 2010: loggd=* ,[Fe/H |, Tleff=>Mi* , RI*

- Claret & Bloeman, 2011: loggl* ,[Fe/H | Tleff = ull ,ul2



EXOFAST

Terminal
Edit View Terminal Help

priors = dblarr(2,15)

priors[1,*] = !values.d infinity ;; no priors

priors[*,3] = [0.46235351d0,8.1000453d-6] ;; period prior

priors[0,10:12] [4.61d0,5185d0,0.27d0] ;; logg, Teff, [Fe/H]

priors[1,10:12] [0.05d0,80d0,0.08d0] ;; errors

exofast, 'hat3.rv','hat3.flux',band='Sloani',/circular,/noslope,prefix="HAT-P-3b."',priors=priors

peaks in the RV fit:

TC Period ecosw esinw K gamma slope chi~2 chi~2/dof
1.107424 2.509629 .000000 .000000 111.702373 -19.695690 .000000 79.680061 15.936012
0.032483 3.191384 .000000 .000000 88.122421 -8.571517 .000000 60.684224 12.136845
1.241369 2.901193 .000000 .000000 90.201515 -14.637107 .000000 31.508634 6.301727
0.604251 2.985977 .000000 .000000 89.044937 -12.943334 .000000 34.917544 6.983509
1.105912 2.727992 .000000 .000000 95.094301 -17.178435 .000000 27.056734 5.411347

Chi”2/dof = 5.4113468
Scaling errors by 2.4935620

Transit fit:
Chi”2/dof = 8.5535456
Scaling errors by 2.9273553

EXOFAST DEMC: 4.01% done; acceptance rate = 23.54%; time left: 37.53 minutes

EXOFAST DEMC: done in 1.57 minutes; took 23.54% of trial steps
L> |




BEST FITS
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Probability Probability Probability

Probability

PARAMETER DISTRIBUTIONS
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TABLE 1

MEDIAN VALUES AND 68% CONFIDENCE INTERVAL FOR HAT-P-3B.

Parameter Units Value
Stellar Parameters:

;. - Mass A oo commmamsnces svace 0.906%@2

R, ... ... Radius (Rp) .- oo 0771550

s . 5 o 0.384%?}%3?

/s YRR e Density (cgs) ....................... 2.79540

log(g.) Surface gravity (cgs) .. .............. 4.6214+0.044

Y15, S Effective temperature (K)............ 5179+

[FefH]:: ‘Metabicity: .. sosivu s ssms s 0.27159?398,3
Planetary Parameters:

. g — Period (days). ... .......ccceuuunn.. 2.899703%;%33

Vs Semi-major axis (AU) . .............. 0.0385 1;(%)9068

Mp... ... Mass(Mp) ..o 0.59075 -

R P Radius: (R & seemmmensremerrssoae 0.826;3:33;

PP ... Density (cgs) . ... ... 1.30%5 53

log(gp) Surface gravity ... .................. 3.332+£0.058

Tagh-cioe Equilibrium Temperature (K) ... ... .. 1117+£35

'+ m— Safronov Number. .. ........_....... 0.0607+3.3047

(F)y..... Incident flux (10° erg sl em™2) ... .. 0.353*7035
RV Parameters:

K. .. ... RV semi-amplitude (m/s) ............ 89.7+1.9

Mpsini Mimimummass (M) ................ 0.590£:8§3

Mp /M. MasSTatI0r:s 5o e SR S R 0.000622 +0.000018

o Systemic velocity (m/s). ............. —14.2:’{:3
Primary Transit Parameters:

Teviimsecias Time of transit (BIDtpg) - ... ... ..... 2454218.76039 + 0.00033

Rp/R. Radius of planet in stellar radir . . ... .. 0.1100+0.0019

a/R..... Semi-major axis in stellar radii . .. ... 1074%%%

I Inclination (degrees) . ............... 87.377531

[, —— Impact Parameter ... ................ 0.494°0071

L SO Transitdepth ... .................... 0.0121 7%%—1’

TrwHM FWHM duration (days).............. 0.07470 ;8:88%3

R Ingress/egress duration (days)........ 0.0109%3-3233

Tig-..... Total duration (days) ... ............. 0.0857%%{%%

7 3 G A prior1 non-grazing transit probability 0.0639 ;8:888§

PrGg..... A pnon transit pro_bability T — 0.079774 0083

. 7; linear limb-darkening coefficient . . ... 0.421+0.014

P quadratic limb-darkening coefficient . . 0.2159*3.208¢

Fy...... Baseline flux ....................... 1.00629*5 0013
Secondary Eclipse Parameters:

Toesmence Time of eclipse (BJD1p) . .......... 2454220.210241’8:88833

LATEX TABLE

Round each error 1o

two significant digits

Round value to
precision of error

LaTeX source code
Eliminates typos



COMPARISON

TABLE 2 TABLE 3

SpecTrROSCOPIC AND LIGHT CURVE SOLUTIONS

STELLAR PARAMETERS FOR HAT-P-3
FOR HAT-P-3, AND INFERRED PLANET PARAMETERS

Parameter Value Source -
Parameter Value
I I 5185 + 46 SME® _
log g, (CgS) wovnnnn... 4.61 + 0.05 SME EUGTE) eneoeramipeamanons 2 L
vsini (km s ...... : SME [ (HIE)1 =i2.400,000); e 54.218.7594 = 0.0029
M, (M) oo V24 LC+SME® K (m s_l) .................... 0
R, (R@) ............. Y24+ LC+SME R 1 5 ) RN —148 = 1.5
L* (L@) ........... Y2+LC+SME L:l t' ..... e t ......... 0 (adoptéd)
M, (mag) ............ Y2+LC+SME 12 ,‘R°‘“‘e PR T
Age (GYI) ........... Y?+LC+SME ?é B —— >~ -084
; . 3 1. —— S0t
DSBS Be) oo A dhenE b = acosilRy v s o
* SME = “Spectroscopy Made Easy™ package for anal- T3 (- [ ——— 87.24 = 0.69
ysis of high-resolution spectra (Valenti & Piskunov 1996). Transit duration (days) ...... 0.0858 + 0.0020
See text. Planet parameters:
*Y*+LC+SME = Yale-Yonsei isochrones (Yi et al. M, (M) -oocnonnsssnsnnssenes 0.599 + 0.026
2001). light curve parameters, and SME results. R, (Ryg) -ovvvvveninininnnn, 0.890 x 0.046
R —— 1.06 = 0.17
o 7 5 A A—————— 0.03894 + 0.00070
T M R —— 3.310 = 0.066
[CIFESREClisn 2007 :

* Held fixed from the photometric determination (§ 2).

Ours is 10x smaller - typo?



ONLINE TOOLS

HTTP:/ / ASTROUTILS.ASTRONOMY.OHIO-STATE.EDU /EXOFAST/

-
— e Rt
A ransit Fitter x y .
< H €« C fi [ astroutils.astronomy.ohio-state.edu/exofast/exofast.php w N
® I I I Ig ™M Gmail & Rumor Mill [ astro-ph [ AstroCoffee K DEMONEX Movie [ CNN R NASA ADS B My Site > [ Other bookmarks
Stellar Parameters: ‘L‘
M {*} Mass (\msun) 0.908128 N
R_{*} Radius (\rsun) 0.808116
Y S | O p e/ n O S I O p e L_{*} Luminosity (\1sun) 0.422492 N
\rho_* Density (cgs) 2.428640
\log(g_*) Surface gravity (cgs) 4.581317 .
\teff Effective temperature (K) 5180.461070
° ° \feh Metalicity 0.269293
Planetary Parameters:
 Circular/eccentric : e —
a Semi-major axis (AU) 0.038539
M _{P} Mass (\mj) 0.592111
R_{P} Radius (\rj) 0.875757
° Y ° \rho_(P) Density (cgs) 1.093571
\log(g_{P}) Surface gravity 3.281571
. rO I IS I I I I I T_{eq} Equilibrium Temperature (K) 1143.731957 —|I
\Theta Safronov Number 0.057317
\fave Incident flux (\fluxcgs) 0.388124
RV Parameters:
° K RV semi-amplitude (m/s) 89.822000
* Includes detrendin ey — 1
M {P}/M_{*} Mass ratio 0.000622
\gamma Systemic velocity (m/s) -14.285103
Primary Transit Parameters:
° T C Time of transit (\bjdtdb) 2454218.760385
R_{P}/R_{*} Radius of planet in stellar radii 0.111396
. e I I I e rI S a/R_{*} Semi-major axis in stellar radii 10.257897
: § Inclination (degrees) 86.885211
b Impact Parameter 0.557379
\delta Transit depth 0.012409
T_{FWHM} FWHM duration (days) 0.074600
\tau Ingress/egress duration (days) 0.012182
b T_{14} Total duration (days) 0.086782
| B_{T} A priori non-grazing transit probability 0.070004 =
b P_{T,G} A priori transit probability 0.087556
ul linear limb-darkening coefficient 0.420590
o o u 2 quadratic limb-darkening coefficient 0.216323
* Limb darkenin
Secondary Eclipse Parameters:
T_{5} Time of eclipse (\bjdtdb) 2454220.210376
e —F
o N 7 x 1.01F 3
° __50F O\ /1 2 N
inked to
= of 9 &
z : / £ o :
X Y4 5 X5 %
exoplanets.or A L W ‘
] g 20 0.0095: S el S
o op thy ¢ f 3 0.0000 WS R bt S N L
. P bl ¢ (i
3 20 -0.00951 """t *
0.0 0.2 0.4 0.6 0.8 1.0 -1.0 -05 00 05 10 15 20
Phase + (T, - T.)/P + 0.25 Time - T, (hrs)




EXTENSIBLE

 Modular framework
« Add additional effects

« Rossiter Mclaughlin,
TTVs (Siverd et al.,

2012)

® Secondgry ec“psesl Phase + (Tp - T + /2)/P
Beaming, reflection,
ellipsoidal variations
(Shporer, Tuesday)

« Or even completely
different models using

(ppm)

Relative Flux

— R:-34.65+0.57

-40{-|  HAT-P-7b, KOI-2.01 — B:2.15+0.49
— E:-12.11+0.60

same core routines wil o ]

0.0 0.2 0.4
Orbital Phase



SUMMARY

- Differential Evolution MCMC is the only way to go
» Careful attention to eccentricity; less biased

» Simultaneous fitting
» takes advantage of all data
« eliminates overlapping free parameters
« automatically accounts for covariances

 Self-consistent (pd+ is the same from light curve and stellar
parameters)

» Created EXOFAST for the community
 http://astroutils.astronomy.ohio-state.edu/exofast/



