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Fig. 4.— Radial-velocity variation of HD 80606, as a function of orbital phase. The same plotting conventions
apply as in Fig. 3.
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Fig. 5.— Radial-velocity variation of HD 80606, as a function of orbital phase, for the week of the transit
(top panel) and the day of the transit (bottom panel). The in-transit RVs are all from 2009 June 5. Of the
out-of-transit RVs, 5 are from the week of 2009 June 1-6, and the others are from different orbits. Blue
dots are the post-upgrade Keck/HIRES data, after subtracting offsets and enlarging the error bars as in
Figs. 4 and 3. Gray dots are the SOPHIE data of Moutou et al. (2009), which were not used to derive the
best-fitting models plotted here. The solid line is the best-fitting model with no prior constraint on v sin i,.
The dashed line is the best-fitting model with a prior constraint on v sini, as explained in § 3.
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To compute Avg as a function of orbital phase we used the “RM calibration” procedure of Winn et
al. (2005): we simulated spectra exhibiting the RM effect at various orbital phases, and then measured the
apparent radial velocity of the simulated spectra using the same algorithm used on the actual data. We
found the results to be consistent with the simple formula Avg = —(Af)v, (Ohta et al. 2005, Giménez
2006), where Af is the instantaneous decline in relative flux and v, is the radial velocity of the hidden
portion of the photosphere.*

The model parameters can be divided into 3 groups. First are the parameters of the spectroscopic orbit:
the period P, a particular midtransit time T, the radial-velocity semiamplitude K, the eccentricity e, the
argument of pericenter w, and two velocity offsets 1 and 72 (for the pre-upgrade and post-upgrade data).
Next are the photometric parameters: the planet-to-star radius ratio R,/R., the orbital inclination i, the
scaled stellar radius R,/a (where a is the semimajor axis), and the out-of-transit flux ratio foot,; specific
to the data from each telescope. Finally there are the parameters relevant to the RM effect: the projected
stellar rotation rate vsini, and the angle A\ between the sky projections of the orbital axis and the stellar
rotation axis [for illustrations of the geometry, see Ohta et al. (2005), Gaudi & Winn (2007), or Fabrycky
& Winn (2009)]. The limb-darkening (LD) coefficients were taken from the tables of Claret (2000, 2004), as
appropriate for the bandpass of each data set.®

We fitted all the Keck/HIRES RV data and all the new photometric data except the data from McDonald
Observatory, which were the noisiest data and gave redundant time coverage. To complete the phase coverage
of the transit, we also fitted the egress data of Fossey et al. (2009) obtained with the Celestron 0.35m
telescope, which were the most precise and exhibited the smallest degree of correlated noise.

The fitting statistic was a combination of the usual chi-squared statistic and terms representing Gaussian
a priori constraints. Schematically,

X2 = XF + X5 + Xoor T Xoce: (2)
with the various terms defined as
R 2
fi(obs) — fi(calc)
Xj = , : (3)
i=1 b Tfi
N, - 2
= [v;(obs) — v;(cale
¢ = yo|n ) )
Ov,i
i=1 = ’
4 5 2
2 foot,i - foot,i
— Joot,l  Jooty 5
Xoot ; I 00020 :| ) ( )
2 [To(obs) — To(calc) 2 To(0bs) — 7,(calc) ]
Xocc - + ) (6)
UTO 0'7—0

4We also found this to be true for the cases of HAT-P-1 (Johnson et al. 2008) and TrES-2 (Winn et al. 2008a), although for
other cases a higher-order polynomial relation was needed. It is noteworthy that the 3 systems for which the linear relation is
adequate are the slowest rotators. This is consistent with work by T. Hirano et al. (in preparation) that aims at an analytic
understanding of the RM calibration procedure.

5For the Rc band, we used u; = 0.3915 and us = 0.2976; for the r band, u; = 0.4205 and us = 0.2911; for the ¢ band,
u1 = 0.3160 and uz = 0.3111; and for the “narrow z” band, u; = 0.2424 and ue = 0.3188. We did not allow the LD
coefficients to be free parameters because the photometric data are not precise enough to give meaningful constraints on them
(and conversely, even large errors in the theoretical LD coefficients have little effect on our results).



- 12 —

in which f;(obs) is a measurement of the relative flux of HD 80606, o ,; is the uncertainty, and f;(calc) is the
relative flux that is calculated for that time for a given set of model parameters. Likewise v;(obs) and o, ;
are the RV measurements and uncertainties, and v;(calc) is the calculated RV. The third term enforces the
constraints on the out-of-transit flux ratios for each bandpass. The fourth term enforces constraints based on
the measured time and duration of the occultation; we adopt the values T, = 2,454, 424.736 & 0.004 [HJD]
and 7, = 1.8040.25 hr from Laughlin et al. (2009). In contrast to previous analyses (Pont et al. 2009, Gillon
2009), we did not impose prior constraints based on theoretical stellar-evolutionary models, or on the stellar
rotation rate. (In § 4.1 we discuss how the results change if such constraints are imposed.)

For the RV uncertainties o, ;, we used the quadrature sum of the estimated measurement errors quoted
in Table 2, and a term 0, sys representing possible systematic errors. The latter term is often called “stellar
jitter” and may represent Doppler shifts due to additional planets, non-Keplerian Doppler shifts due to stellar
oscillations or stellar activity, as well as any errors in the instrument calibration or spectral deconvolution
code. We used 0, sys = 5 m s~ ! for the pre-upgrade data, and o, sys = 2 m s~! for the post-upgrade data,
based on the scatter in the observed RVs for other planet-search program stars with similar spectral types
that do not have any detected planets.

With these choices, and with the flux uncertainties determined as described previously, the minimum y?
is 206 with 202 degrees of freedom. This indicates a good fit and suggests that the estimated uncertainties
are reasonable. The rms scatter in the RV residuals is 5.7 m s~' for the pre-upgrade data and 2.1 m s~ for
the post-upgrade data. The rms scatter in the photometric residuals is (respectively) 0.0015, 0.0012, 0.0013,
and 0.00031 for the Rosemary Hill, De Kalb, Mt. Laguna, and UH 2.2m data.

We determined the best fitting values of the model parameters and their uncertainties using a Markov
Chain Monte Carlo algorithm [see, e.g., Tegmark et al. (2004), Gregory (2005), or Ford (2005)]. This
algorithm creates a chain of points in parameter space by iterating a jump function, which in our case was
the addition of a Gaussian random deviate to a randomly-selected single parameter. If the new point has
a lower x? than the previous point, the jump is executed; if not, the jump is executed with probability
exp(—Ax?/2) and otherwise the current point is repeated in the chain. We set the sizes of the random
deviates such that ~40% of jumps are executed. We created 10 chains of 10 links each from different
starting conditions, giving for each parameter a smoothly varying a posteriori distribution and a Gelman
& Rubin (1992) statistic smaller than 1.05. The phase-space density of points in the chain is an estimate
of the joint a posteriori probability distribution of all the parameters, from which may be calculated the
probability distribution for an individual parameter by marginalizing over all of the others.

4. Results

Table 3 gives the results for the model parameters. The quoted value for each parameter is the median
of the a posteriori distribution, marginalized over all other parameters. The quoted uncertainties represent
68.3% confidence limits, defined by the 15.85% and 84.15% levels of the cumulative distribution. Fig. 6 shows
the transit light curve and the best-fitting model. This figure also includes the the MEarth observations of
the 2009 Feb. 14 transit (Pont et al. 2009), which are the most constraining of the available pre-ingress data.
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Fig. 6.— The photometric transit of HD 80606. The solid curves show the best-fitting model, which depends
on bandpass due to limb darkening. From top to bottom the model curves are for the r, R¢, 4, and z bands.

4.1. Spin-orbit parameters

Fig. 7 shows the probability distributions for the parameters describing the Rossiter-McLaughlin effect,
vsini, and A. A well-aligned system, A = 0, can be excluded with high confidence. With 68.3% confidence,
A lies between 32 and 87 deg, and with 99.73% confidence, it lies between 14 and 142 deg. The distribution
is non-Gaussian because of the correlation between A and wvsini, shown in the right panel of Fig. 7. No
other parameter shows a significant correlation with .

The strong exclusion of good alignment (A = 0) follows from the observation that the RV data gathered
on June 5 were blueshifted relative to the Keplerian velocity (see Fig. 5), over a time range that proved to
include the midtransit time. Were the spin and orbit aligned, the anomalous RV would vanish at midtransit,
because the planet would then be in front of the stellar rotation axis where there is no radial component to
the stellar rotation velocity. The observed blueshift at midtransit implies that the midpoint of the transit
chord is on the redshifted (receding) side of the star. This can only happen if the stellar rotation axis is
tilted with respect to the orbital axis.

For the projected stellar rotation rate, we find vsini, = 1.127553 km s~1. In their previous analyses

using the SOPHIE data, Pont et al. (2009) and Gillon (2009) imposed prior constraints on v sin i, based on
the observed broadening in the stellar absorption lines. This was necessary to break a degeneracy between
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Fig. 7.— Probability distributions for the projected spin-orbit angle (A) and projected stellar rotation rate
(vsiniy,). Blue solid curves show the results when fitting the photometry and the Keck/HIRES RVs with
no prior constraint on vsini,. Red dotted curves show the effect of applying a Gaussian prior vsini, =
1.940.5 km s~! based on analyses of the stellar absorption lines in Keck/HIRES spectra. Left.—Probability
distribution for A\. Center.—Probability distribution for vsini,. Right.—Joint probability distribution for
vsini, and X\. The contours are the 68.3% and 95% confidence levels.

the transit duration, vsini., and A. Here, since we have measured the transit duration and obtained higher-
precision RV data, we have determined v sin ¢, directly from the data. This is preferable whenever possible,
to avoid bias due to errors in the “RM calibration” procedure (see § 3). It is especially preferable in this
case because for slowly rotating stars such as HD 80606, the effects of rotation on the line profiles are
degenerate with those of macroturbulence and other broadening mechanisms, leading to systematic error in
the spectroscopic determination of v sin iy.

For comparison we review the spectroscopic determinations of vsini,. Naef et al. (2001) found 0.9 +
0.6 km s™!, based on the width of the cross-correlation function measured with the ELODIE spectrograph,
after subtracting the larger “intrinsic width” due to macroturbulence and other broadening mechanisms that
was estimated using the empirical calibration of Queloz et al. (1998). This result might be considered tenta-
tive, given that Queloz et al. (1998) only claim their calibration to be accurate down to 1.5-2 km s~!. Valenti
& Fischer (2005) found vsini, = 1.84:0.5 km s~! based on synthetic spectral fitting to the pre-upgrade Keck
spectra, and a particular assumed relationship between effective temperature and macroturbulence (see their
paper for details). We used the same spectral model and macroturbulence relationship to analyze one of the
post-upgrade Keck spectra, finding vsini, = 2.0 £ 0.5 km s—', in good agreement with Valenti & Fischer
(2005) but not Naef et al. (2001).

We investigated the effect of imposing an a priori constraint on vsini, by adding the following term to

Eq. (2):
vsini, — 1.9 km st 2

8
0.5 km s ! ®)

2 _
Xrot =

After refitting, the results for the spin-orbit parameters were v sini, = 1.37Jj8é:1,) kms™! and A = 39ﬁ§ deg.
The best-fitting model is shown with a dashed line in Fig. 5. The constraints on A are tightened; the new
credible interval is 25% smaller than the credible interval without the constraint. However, the improved
precision does not necessarily imply improved accuracy, given the uncertainties mentioned previously re-
garding the RM calibration and other broadening mechanisms besides rotation. For this reason we have
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emphasized the results with no external constraint on v sin i,, and provide only those results in Table 3.

4.2. Other parameters and absolute dimensions

Our orbital parameters are generally in agreement with those derived previously. One exception is the
argument of pericenter, for which our result (300.83 £ 0.15 deg) is 20 away from the result of Laughlin
et al. (2009) (300.4977 & 0.0045 deg), although the uncertainty in the latter quantity seems likely to be
underestimated. Another exception is that our orbital period differs from that of Laughlin et al. (2009) by
3o, although our period agrees with those found by Pont et al. (2009) and Gillon (2009). In addition, the
combination of our transit duration (11.64 4+ 0.25 hr) and impact parameter (0.788 +0.016) is not consistent
with the posterior probability density of Fig. 7 of Pont et al. (2009), for reasons we do not understand.

The transit parameters, including the transit duration, are related directly to the stellar mean density p,
(Seager & Mallen-Ornelas 2003). In their previous studies, due to the poorly known transit duration, Pont
et al. (2009) and Gillon (2009) used theoretical expectations for p, to impose constraints on their lightcurve
solutions. Since we have measured the transit duration, we can determine p, directly from the data, finding
px = 1.63£0.15 g cm=3.% This is 10-30% larger than the Sun’s mean density of 1.41 g cm™3, as expected
for a metal-rich star with the observed G5 spectral type (Naef et al. 2001).

We used this new empirical determination of p, in conjunction with stellar-evolutionary models to
refine the estimates of the stellar mass M, and radius R,, which in turn lead to refined planetary parameters
(see, e.g., Sozzetti et al. 2007, Holman et al. 2007). The models were based on the Yonsei-Yale series (Yi
et al. 2001; Demarque et al. 2004), and were applied as described by Torres et al. (2008) [with minor
amendments by Carter et al. (2009)]. Figure 8 shows the theoretical isochrones, along with some of the
observational constraints. The constraints were p, = 1.63+0.15 g cm 2, along with Tog = 5572+ 100 K and
[Fe/H] = +0.34 + 0.10. The temperature and metallicity estimates are based on the spectroscopic analysis
of Valenti & Fischer (2005), but with enlarged error bars, as per Torres et al. (2008). The results are given
in Table 3.

We did not apply any constraint to the models based on the spectroscopically determined surface gravity
(log g«), out of concern over systematic errors in that parameter (Winn et al. 2008b). Instead we performed
the reverse operation: given our results for M, and R, we computed the implied value of log g,, finding
log g« = 4.487 £ 0.021. Reassuringly this in agreement with, and is more precise than, the spectroscopically
determined values of 4.50 + 0.20 (Naef et al. 2001) and 4.44 £+ 0.08 (Valenti & Fischer 2005).

5. Summary and Discussion

The poorly constrained transit duration was the main limiting factor in previous determinations of the
system parameters of HD 80606b. The duration is now known to within 2.2%, from a combination of the
transit ingress detected in our pan-American campaign, the photometric egress detected during the previous
transit, and the orbital period that is known very precisely from the RV data. In addition, our new and
more precise RV data show definitively that at midtransit the starlight is anomalously blueshifted. This is

6 Although Seager & Mallen-Ornelas (2003) considered only circular orbits, their results are easily generalized. Needless to
say we cannot assume a circular orbit in this case and our quoted uncertainty in px incorporates the uncertainties in e and w.
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Fig. 8.— Stellar-evolutionary model isochrones in the space of effective temperature vs. stellar mean density,
from the Yonsei-Yale series by Yi et al. (2001). The point and shaded box represent the observationally
determined values and 68.3% confidence intervals. Isochrones are shown for ages of 1 to 14 Gyr (from left
to right) in steps of 1 Gyr for a fixed stellar metallicity of [Fe/H] = 0.344.

interpreted as the partial eclipse of the redshifted half of the rotating photosphere. For this to happen at
midtransit, the orbital axis of the planet and the rotation axis of the star must be misaligned.

Despite these achievements, the RV signal during the later phase of the transit is known less precisely,
and the RV signal during the early phase of the transit remains unmeasured. This incompleteness leads to
relatively coarse bounds on the projected spin-orbit angle A in comparison with many other systems.

As described in § 1, the Kozai migration scenario of Wu & Murray (2003) carried an implicit prediction
that the stellar spin and planetary orbit are likely to be misaligned. In this sense, the finding of a nonzero
A corroborates the Kozai migration hypothesis. The quantitative results for A derived in this paper are in
good agreement with the theoretical spin-orbit angle of 50° predicted by Fabrycky & Tremaine (2007) in an
illustrative calculation regarding HD 80606b (see their Fig. 1). This agreement should not be overinterpreted,
given the uncertainties in the measurement, the issue of the sky projection, and the uncertainties in some
parameters of the calculation. Nevertheless the calculation demonstrates that values of A of order 50° emerge
naturally in the Kozai scenario.

The Kozai scenario is not without shortcomings. The orbital plane of the stellar binary must be finely
tuned to be nearly perpendicular to the initial planetary orbit. This would be fatal to any scenario that
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purported to explain the majority of exoplanetary orbits, but it may be forgivable here, since we are trying
to explain only one system out of the several hundred known exoplanets. Another possible problem is that
(depending on the initial condition, and the characteristics of the stellar binary) the relativistic precession
may have been too strong to permit Kozai oscillations (Naef et al. 2001). In this case the theory might be
rescued by the existence of a distant planet that is responsible for the Kozai effect, rather than the stellar
companion. On the other hand, assuming HD 80607 is responsible, additional planets would spoil the effect.
Wu & Murray (2003) used this fact to predict upper bounds on the masses and orbital distances of any
additional planets.

Another mechanism that can produce large eccentricities and large spin-orbit misalignments is planet-
planet scattering, in which close encounters between planets cause sudden alterations in orbital elements
[Chatterjee et al. 2008, Juri¢ & Tremaine 2008, Nagasawa et al. 2008)]. However, Ford & Rasio (2008) found
that planet-planet scattering rarely producing eccentricities in excess of 0.8, unless the orbit was initially
eccentric (due perhaps to the Kozai effect, but without the need for such extreme tuning) or the other planet
that participated in the encounter remained bound to the system.

For these reasons, further theoretical work is warranted, as is continued RV monitoring to seek evidence
for additional planets. On an empirical level, it is striking that the only three exoplanetary systems known
to have a strong spin-orbit misalignment all have massive planets on eccentric orbits: the present case of
HD 80606b (4.2 Mjyyp, e = 0.93), WASP-14b (7.3 Mjyp, e = 0.09; Joshi et al. 2008, Johnson et al. 2009),
and XO-3b (11.8 Myy,p, e = 0.26; Johns-Krull et al. 2008, Hébrard et al. 2008, Winn et al. 2009). There
are also two cases of massive planets on eccentric orbits for which A was found to be consistent with zero:
HD 17156b (3.2 Mjup, e = 0.68; Cochran et al. 2008, Barbieri et al. 2008, Narita et al. 2009) and HAT-P-2b
(8.0 Myyp, e = 0.50; Winn et al. 2007, Loeillet et al. 2008). Thus although less massive planets on circular
orbits seem to be well-aligned, as a rule, it remains possible that more than half of the massive eccentric
systems are misaligned. Such systems are fruitful targets for future RM observations.
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Table 2. Relative Radial Velocity Measurements of HD 80606

HJD RV [m s™1] Error [m s ']
2452007.89717 —144.75 2.06
2452219.16084 —111.52 1.68
2452236.05808 —163.28 1.85
2452243.16763 —182.50 1.72
2452307.87799 505.19 1.82
2452333.00899 —114.90 1.97
2452334.01381 —126.84 1.78
2452334.90457 —127.12 1.59
2452363.02667 —193.85 1.91
2452446.75474 —121.75 1.63
2452573.12626 —170.54 1.83
2452574.15413 —170.69 2.10
2452603.13145 —237.61 1.91
2452652.07324 —27.86 1.80
2452652.99160 —31.09 1.67
2452654.04838 —47.65 1.89
2452680.96832 —163.44 1.43
2452711.77421 —232.28 2.05
2452712.83539 —237.55 1.76
2452804.81344 —181.39 2.00
2452805.81998 —180.13 2.12
2452989.05542 —60.43 1.71
2453044.89610 —234.22 1.60
2453077.07929 —330.76 2.11
2453153.73469 —233.14 1.70
2453179.74129 —294.54 1.80
2453189.74093 —338.05 1.85
2453190.73876 —354.28 1.84
2453195.73688 —408.34 1.55
2453196.74363 —423.32 1.62
2453196.75039 —421.51 1.77
2453196.75701 —420.03 1.84
2453197.73139 —444.83 2.54
2453197.73809 —427.39 1.63
2453197.74463 —429.67 1.67
2453197.75126 —436.21 1.60
2453198.73328 —232.36 3.02
2453199.73285 412.11 2.61
2453199.73960 422.80 1.76
2453398.85308 —279.18 1.06
2453425.92273 98.61 1.36
2453426.77899 65.74 1.24
2453427.02322 57.99 1.17
2453427.92202 39.16 1.19
2453428.78092 22.40 1.48
2453428.78724 21.85 1.72
2454461.95594 —148.74 2.09
2454461.96114 —153.79 1.54
2454492.97860 —228.73 1.20
2454544.94958 —8.21 0.81
2454544.95553 —6.49 0.84
2454544.96119 —4.40 0.86
2454545.95602 —16.31 1.32
2454545.96140 —22.42 1.44

2454545.96684 —20.91 1.28
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Table 2—Continued

HJD RV [m s~ 1] Error [m s 1]
2454546.84875 —27.09 0.80
2454546.85412 —27.53 0.77
2454546.85975 —28.14 0.82
2454963.87159 —299.78 1.30
2454983.75577 240.93 0.99
2454984.78842 158.39 0.97
2454985.79701 104.64 0.92
2454986.80004 72.89 0.88
2454987.74080 40.91 1.00
2454987.75055 39.72 0.92
2454987.78009 38.64 1.00
2454987.79998 37.50 0.88
2454987.81073 36.26 1.01
2454987.82554 37.75 1.08
2454987.84052 35.98 1.09
2454987.84704 35.06 1.07
2454988.81104 25.85 0.92
2454988.81684 24.89 1.00

Note.

any possible “stellar jitter.”

— The RV was measured relative to an
arbitrary template spectrum; only the differences
are significant. The uncertainty given in Column 3
is the internal error only and does not account for
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Table 3. System Parameters of HD 80606

Parameter Value Uncertainty

Orbital period, P [d] 111.43740 0.00072
Midtransit time [HJD] 2,454,987.7842 0.0049
Transit duration (first to fourth contact) [hr] 11.64 0.25
Transit ingress or egress duration [hr] 2.60 0.18
Midoccultation time [HJD] 2,454, 424.736 0.004
Occultation duration (first to fourth contact) [hr] 1.829 0.056
Occultation ingress or egress duration [hr] 0.1725 0.0063
Velocity semiamplitude, K [m s~!] 476.1 2.2
Orbital eccentricity, e 0.93286 0.00055
Argument of pericenter, w [deg] 300.83 0.15
Velocity offset, pre-upgrade [m s~1] —184.58 0.93
Velocity offset, post-upgrade [m s™!] —182.46 0.66
Planet-to-star radius ratio, Rp/Rx« 0.1033 0.0011
Orbital inclination, ¢ [deg] 89.324 0.029
Scaled semimajor axis, a/Rx« 102.4 2.9
Semimajor axis, a [AU] 0.4614 0.0047
Transit impact parameter 0.788 0.016
Occultation impact parameter 0.0870 0.0019
Projected stellar rotation rate, vsini, [km s™1] 1.12 —0.22,4+0.44
Projected spin-orbit angle, A [deg] 53 —21,+34

Stellar parameters:
Mass, M, [Mo)] 1.05 0.032
Radius, R, [Mo)] 0.968 0.028
Luminosity® , L. [Mg] 0.801 0.087
Mean density, ps [g cm ™3] 1.63 0.15
Surface gravity, log g« [cm s™2] 4.487 0.021
Effective temperature® , Tog [K] 5572 100
Metallicity® , [Fe/H] 0.34 0.10
Age [Gyr] 1.6 —-1.1,+1.8
Distance® [pc] 61.8 3.8

Planetary parameters:
Mass, M, [Mp) 4.20 0.11
Mass ratio, Mp/Mx 0.00382 0.00016
Radius, Rp [Ryup] 0.974 0.030
Mean density, px [g cm ™3] 5.65 0.54
Surface gravity, gp [m s~2] 110.5 8.2

Note. — Based on the joint analysis of the Keck/HIRES RV data, our new photo-
metric data, the Celestron data of Fossey et al. (2009), and the occultation time and
duration measured by Laughlin et al. (2009), except where noted.

2Based on the apparent V magnitude of 9.06 and the luminosity implied by the

stellar-evolutionary models.

bBased on an analysis of the iodine-free Keck spectrum using the Spectroscopy Made
Easy (SME) spectral synthesis code; see Valenti & Piskunov (1996), Valenti & Fischer

(2005).





