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ABSTRACT

The short-period exoplanet HD 147506b (also known as HAT-P-2b) has an eccentric orbit, raising the possibility
that it migrated through planet-planet scattering or Kozai oscillations accompanied by tidal dissipation. Either of
these scenarios could have significantly tilted the orbit relative to the host star’s equatorial plane. Here we present
spectroscopy of a transit of HD 147506b and assess the spin-orbit alignment via the Rossiter-McLaughlin effect.
We find the angle between the sky projections of the stellar spin axis and orbital axis to be aligned Within 14
Thus, we find no corroborating evidence for scattering or Kozai migration, although these scenarios cannot be
ruled out with the present data.

Subject headings: planetary systems — planetary systems: formation —
stars: individual (HD 147506, HAT-P-2) — stars: rotation

1. INTRODUCTION dissipation (e.g., Fabrycky & Tremaine 2007; Wu et al. 2007).
i , , i , A corollary of either scattering or Kozai migration is that the
Giant planets that orbit Sun-like stars with periods shorter ot can be tilted considerably with respect to its initial orbital
than~5 days present both a problem and an opportunity. The pjane which was presumably close to the stellar equatorial
problem is how they achieved such tight orbits after presumably plane.
forming at much larger orbital distances (Lin et al. 1996). The * e can search for such a misalignment by exploiting the

opportunity is that such close-in planets are more likely 10 gogsiter-McLaughlin (RM) effect, the spectral distortion ob-
transit their parent stars, giving access to many system prop-seryed during a transit due to stellar rotation. The planet hides
erties such as the planetary radius, temperature, and atmopayt of the rotational velocity field of the stellar photosphere,
spheric composition, that are otherwise difficult or impossible resulting in an “anomalous Doppler shift” (see, e.g., Ohta et
to measure (Charbonneau et al. 2007). _ . al. 2005, Gimeez 2006, or Gaudi & Winn 2007). The time
In_thls L_etterwe describe our attempt to exploit the transiting sequence of anomalous Doppler shifts depends on the angle
configuration of the recently discovered exoplanet HD 147506b pyeqween the stellar spin axis and the orbital axis, as projected
(Bakos et al. 2007) to investigate the planet's particular mi- o the sky. This angle has been measured to be small or con-
gration history. Interestingly, the orbit has a large eccentricity gjstent with zero in several systems, with accuracies ranging
(gz 0.5, which is .typ|cal of giant planets at larger orbital fom 1° to 3¢ (Bundy & Marcy 2000; Queloz et al. 2000;
distances, but atypical of short-period planets. The expested \yinn et al. 2005, 2007: Wolf et al. 2006: Narita et al. 2007).
folding time for tidal circularization is comparable to the stellar Here we present observations of the RM effect for HD

age, making it likely that some circularization has already oc- 147506 also known as HAT-P-2. As reported by Bakos et al.
curred, and raising the question of how such a high initial (2007), this system consists of an F8 star with an unusually

eccentricity was generated. L _ massive planet (@,,, ) in a 5.6 day orbit. Our observations are
Simulations of inward planet migration via tidal interactions gescribed in § 2. our model in § 3, and our results in § 4

vv_ith_the protoplanetary disk generally do not predict eccen- ¢5j1owed by a brief summary and discussion in § 5.
tricities as large as 0.5 (see, e.g., D’Angelo et al. 2006). In
contrast, planet-planet scattering naturally excites eccentricities
to large values (e.g., Rasio & Ford 1996; Chatterjee et al. 2007).
Another possibility is the Kozai mechanism: due to the tide of 2. OBSERVATIONS
a third body, the orbit undergoes eccentricity/inclination os- ) )
cillations and ultimately shrinks in semimajor axis due to tidal ~We observed the transit of UT 2007 June 6 with the Keck |
10 m telescope and the High Resolution Echelle Spectrometer
(HIRES; Vogt et al. 1994) following standard procedures of
* Data presented herein were obtained at the W. M. Keck Observatory, which the California-Carnegie planet search. as summarized here. We
is operated as a scientific partnership among the California Institute of Tech- - ! .
nology, the University of California, and the National Aeronautics and Space employed. the red qross-dlsperser and usedlzthe absorptlon
Administration, and was made possible by the generous financial support of Cell to calibrate the instrumental response and the wavelength
the W. M. Keck Foundation. scale. The slit width was 0.85and the typical exposure time
Z Department of Physics, and Kavli Institute for Astrophysics and Space was 200 s, giving a resolution of 70,000 and a signal-to-noise

Research, Massachusetts Institute of Technology, Cambridge, MA 02139. ; ivall ;
® Department of Astronomy, University of California, Berkeley, CA 94720. rafio (S/N) of 200 plxe1 . We obtained 97 spectra over 8.4 hr

4 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138. bracketlng th,e pred'Cted tranSIt mldpomt_. . .

s Hubble Fellow. We determined the relative Doppler shifts with the algorithm

° Department of Infrared Astrophysics, Institute of Space and Astronautical of Butler et al. (1996). We estimated the measurement uncer-
Science, Japan Aerospace Exploration Agency, Kanagawa 229-8510, Japan tainties based on the scatter in the solutions for eakh 2 section

" Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan. : . -
8 Princeton University Observatory, Princeton, NJ 08544. Of the spectrum. The .data.‘ are given in Table 1 and plOt.ted In
° UCOILick Observatory, University of California at Santa Cruz, Santa Cruz, Figure 1. Also shown in Figure 1 are data obtained previously

CA 95064. by Bakos et al. (2007), consisting of 10 velocities measured
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TABLE 1 .
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® See eq. (3). Doys since mid—transit Doys since mid—transit

Fic. 1.—Photometry and spectroscopy of HD 147506p: The z-band
with Keck/HIRES® and azband transit |ight curve obtained Photometry of Bakos et al. (2007), binned into groups of 4 points to reduce

. . visual clutter. The solid line is our best-fitting modeliddie: Radial velocities,
with the Fred L. Whipple Observatory 1.2 m telescope. All of from this work and from Bakos et al. (2007), as a function of the time modulo

these data were incorporated into our model. the orbital period. The solid line is our best-fitting mod@bttom: Close-up
of the radial velocities near the midtransit time.

3. THE MODEL
_ _ . ) 6250K, logg = 4.0, and [Fe/H]= 0.10. The final results for
We fitted the photometry and radial velocities with a param- he system parameters did not vary significantly with the choice
eterized model based on a star and planet in a Keplerian orbilof template, but the calibration based on the empirical template
about the center of mass. To calculate the relative flux as aproyided a better fit to the data. Hence, in our final results we

function of the projected separation of the planet and the star,seq the following relation based on the empirical template:
we assumed the limb-darkening law to be quadratic and em-

ployed the formulas of Mandel & Agol (2002). We fixed the ” 2 ”
z-band limb-darkening coefficients at the valuas= 0.14 Av = —ev,|2.16— 2.47(20—kp—71) +o.98(mp—71)1 :
b = 0.36 based on interpolation of the tables by Claret (2004) m s ms

for a star with the observed effective temperature, surface grav- 1)
ity, and metallicity.

To calculate the anomalous Doppler shift, we used the tech—With this formula, the anomalous Doppler shift(t)  can be

nr:que of V\gnn eft al. (2003): we sirp]ulated RM spectrha With related to the flux decrementand the subplanet velocity ~ at

the same data format and noise characteristics as the actugj ot time. The subplanet velocity is the projected rotation ve-
data and determined the Doppler shifts using the same algoq i, of the portion of the star hidden by the planet. When
rithm used on the actual data. The simulations rely on a tem'fitting the model to the data, was computed as a function of

plate spectrum (described below) that is meant to mimic the o re|ative position of the star and planet under the assumption
emergent spectrum from a small portion of the photosphere.of uniform rotation of the photosphere.

We S(_:aled the template_ spectrum in flux dognd shifted it in _ The fitting statistic was
velocity byv,, representing the spectrum of the occulted portion
of the stellar disk. We subtracted the scaled and shifted spec- 962
trum from a rotationally broadened version of the template 42 = 2
spectrum (broadened to 20 km's  to mimic the disk-integrated j=1
spectrum of HD 147506) and then “measured” the anomalous
Doppler shiftAv . This was repeated for a grid{ef »,} , and + (
i

f, (obs)— f,(calc]? . 1211
j=1

Ot

v, (obs)— v (calc1 2

5 0y,

vsini, —19.8 km 51)2 (M*/MQ - 1.32)2
+ —_—

a polynomial function was fitted to the resulting surface. 1.6 km s* 0.08
The template spectrum should be similar to that of HD R./R. — 1.53\ Ay YV

147506 but with narrower lines because of the lack of rotational e 3) + ( 1) ,

broadening. We tried both an empirical template and a theo- 0.10 31ms

retical template. The empirical template was a spectrum of HD )

3861 (F5 sini, = 2.8 km §' ; Valenti & Fischer 2005) that

was observed immediately following the transit, with an S/N

of 500 and a resolution of 70,000. The theoretical template had

a resolution of 200,000 and was taken from the model library

of Coelho et al. (2005) for a nonrotating star wilh, =

wheref; (obs) is the flux observed at tieo;; is the corre-

sponding uncertainty, anfl (calc) is the calculated value. A

similar notation applies to the velocities. The last four terms

are a priori constraints. The first three of these constraints en-

. o force the spectroscopic parameters derived by Bakos et al.
Bakos et al. (2007) reported 13 Keck/HIRES velocities measured on 10

different nights. For convenience, we binned the data that were obtained on(200.7)'. The last constraint is explamed below.
the same night. We did not use the less precise Lick velocities, to avoid the It IS important for the qata We'Q_hT'Sf,j ) anﬂj to account
introduction of another free parameter for the Lick/Keck velocity offset. for unmodeled systematic errors in addition to measurement
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errors. We assessed systematic errors in the photometry bythe minimum projected star-planet distance, expressed in units
examining the out-of-transit (OOT) measurements. We com- of the stellar radius. For an eccentric orbit it is given approx-
pared the standard deviation of the unbinned OOT data ( )imately by

with the standard deviation of the binned OOT data ( , where

N = 40 data points or 20 minutes). We chose the bin size to 1-¢e®> acosi

be the approximate ingress or egress duration, since those b= 1+esine R, (3)
phases provide much of the leverage on the model parameters.
With independent Gaussian noise, we would fiagd = We find that the HD 147506 transit occurs at a small impact

0,/y40, but in facto, was larger by a factor of 1.25, representing parameterb < 0.41 with 95% confidence. This follows from
a level of “red noise” that is commonly seen in ground-based the short durations of ingress and egress relative to the total
photometry. For this reason, we sgf = 1.2%,  before com- qyration of the transit. This upper limit on the impact parameter
puting our final results. With this choice, the minimum value s more constraining than the upper limit that was obtained by
of x*/Ny, Was less than unity, which is appropriate because the gakos et al. (2007), indicating that our transit velocities are
data points are not truly independent. providing most of the leverage on the impact parameter.
Likewise, the weights for the velocities should account for * A for the key spin-orbit parameter, we found= 1.2 +
intrinsic velocity noise (“photospheric jitter”). We assessed the 13 2 j.e., consistent with perfect alignment. The 95% confi-
amplitude and timescale of the noise as follows. First, we fitted qence upper limit of\| is 2%°6There is a strong covariance
only the 10 velocities obtained by Bakos et al. (2007) on different petween\ andwv sini, , which is a consequence of the small
nights. We fixed the orbital period and transit time and optimized impact parameter (Gaudi & Winn 2007). For this reason, we
the velocity semiamplitude, eccentricity, argument of pericenter, jnyestigated the dependence of our results on the a priori con-
and velocity zero point. The rms residual was 32 s . This i straint one sini, , by either abandoning the constraint or by
consistent with the quadrature sum of the typical measurementsirengthening it. The conclusion thafis consistent with zero

error of 7 m s* and an intrinsic noise term of 31 nts , and g unchanged by modifying the constraint; only the dispersion
the latter is in agreement with the empirical noise estimators of iy )\ changes. If we drop the constraint completely, the

Wright (2005) fqr_an F8 star with the observed rc_)tation velocity. 1 4 error in A grows to 23, and the result fow sini, is
Therefore, for fitting purposes, we took the weights of the 220+ 4 km s, However, if we assumesini, = 22 km's
Bakos et al. (2007) velocities to be the quadraturg sum of theexacﬂy' then the error i shrinks to 9.
measurement error and 31 km's . Second, we fitted only 31
OOT velocities obsgrvgd on 2007 June 6, finding the rms residual 5. SUMMARY AND DISCUSSION
to be 11 m s* , which is consistent with the quadrature sum of . .
the measurement error and an intrinsic noise term of 10'ms . Ve have monitored the apparent Doppler shift of HD 147506
Therefore, for the data taken on 2007 June 6, we calculatedduring a transit of its giant planet and have modeled the avail-
0, by adding the measurement error and 10 th s in quad- able photometric and spectroscopic data. By modeling the RM
rature. Apparently, most of the intrinsic velocity noise occurs €ffect, we find that the stellar spin axis and the orbit normal
on a timescale longer than one night, as we also found for HD @re aligned on the sky to withib4> . This is unlikely to be a
189733 (Winn et al. 2006). co[r}udence. If the spin axis were randomly oriented, the prob-
The model parameters were the two bodies’ masses and radiPility of observing|x| smaller that¥®  would bel4/180=
(M,, M,, R,, andR, ); the orbital inclinatiori): the midtransit 7.7%. ltis also _reasonable to suppose t_hat the other component
time (T,); the line-of-sight stellar rotation velocity §ini, ); the of the stellar spin vector (that which is dlrect(_ad toward or away
angle between the projected stellar spin axis and orbit normalfrom the Earth) is of the same order of magnitudé dsecause
(\); the velocity zero pointy); and a velocity offset specific ~ OUr viewing perspective is random and because the observed
to the night of 2007 June &§ ). This last parameter is neededv@lue ofv sini, is typical of a main-sequence F8 star (Cox
because of the photospheric jitter; the last term in equation (2)2000’. p. 389). ) . ]
enforces a reasonable level of noise. We fixed the orbital period 10 interpret this result, we first calculate the expected time-
to be 5.63341 days (Bakos et al. 2007). We used a Markovsqalgfor tidal interactions to cause the stellar obllqwty to decay,
Chain Monte Carlo algorithm to solve for the model parameters Within the framework of the Hut (1981) analytic model of

and their 68% confidence limits. equilibrium tides. Assuming a stellar tidal quality factQt ~
105 we find® 7 ~ 10 yr, which is longer than the estimated
4. RESULTS stellar age of3 x 10° yr (Bakos et al. 2007). This suggests

) . that the alignment we observe today was the outcome of the
The results are given in Table 1. Our results for biRth  and pjanet migration process, rather than an aftereffect of tidal in-
R, are in agreement with the values determined by Bakos etteractions Thus, HD 147506b is in the same category of well-

al. (2007), which is not surprising, given that those parametersgjigned planetary orbits as the other measured systems, despite
depend chiefly on the photometry and we have used preciselyits uniquely eccentric orbit.

the same photometry.The impact parametdy of a transit is Had the outcome of this experiment been a significant mis-

alignment, it would have argued against quiescent migration due

™ For the background on this method, see Tegmark et al. (2004), Ford (2005)tg tidal interaction with a protoplanetary disk and invited an
ﬂroﬁ;’;ﬁeefta?"é%%%;)(')rf(i,rvmr?rgt i?ta(‘gooor‘?)“’“r particular implementation, see o mretation as either the outcome of a planet-planet scattering

2 To forestall possible confusion, we note that an early version of the man-
uscript by Bakos et al. (2007) that was distributed on arxiv.org quoted sig- ™ This is estimated from egs. (12), (22), (49), and (53) of Hut (1981).
nificantly larger values foR, an&, . This is because those authors had not ** Likewise, the stellar spin is apparently not yet synchronized with the orbit.
yet made use of the measured transit duration in determining the system pa-Assumingsini, = 1, the stellar rotation period 2R,/v = 3.8  days, which
rameters, as their original model did not account for the nonuniform speed of is in between the orbital period of 5.6 days and the pseudosynchronization
the planet. period of 1.9 days foe = 0.5 (see Hut 1981, eq. [42]).
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event or Kozai oscillations accompanied by tidal dissipation. but such calculations how seem warranted, given the increasing
However, the actual outcome does not rule out the latter sce-number of accurate Rossiter-McLaughlin measurements such as
narios. Planet-planet scattering does enhance any initial misathe one presented here.
lignments between an initial planetary orbit and other orbits, as  In this case, the accuracy with whiéghcan be measured is
well as the stellar spin axis. Indeed, Chatterjee et al. (2007) havehampered by the small impact parameter of the transit. Further
predicted a broad range of inclinations ranging ug3o for hot improvement is possible if the impact parameter can be mea-
Jupiters produced in this manner. However, it is possible that thesured with greater precision and shown to be inconsistent with
particular impulse that threw HD 147506b inward had only a zero. However, transits with impact parameters near 0.5 offer
small vertical component. The same simulations by Chatterjeemuch greater sensitivity td and a cleaner separation from
et al. (2007) found that about half of the planets scattered inwardv sini, (Gaudi & Winn 2007). For this reason, the discovery
experience misalignments smaller tH& . Likewise, Fabrycky of additional transiting eccentric planets are eagerly anticipated
& Tremaine (2007) have predicted the distribution of stellar and seem bound to happen soon, given the rapidity with which
obliquities that should result from Kozai migration due to iso- new transiting systems are being announced.
tropically placed stellar companions. There is a broad distribution
ranging out to 149 but the final obliquity is smaller than 20 We thank D. Fabrycky and S. Gaudi for helpful comments
approximately 20% of the tim&.It should be noted that neither on the manuscript. We are very grateful to Michael Bolte,
Chatterjee et al. (2007) nor Fabrycky & Tremaine (2007) in- Jennifer Johnson, and David Lai for swapping Keck nights on
tended their calculations for direct comparison for observations, short notice. G. A B. was supported by NASA through a

Hubble Fellowship Grant HST-HF-01170.01. We recognize and

s The Kozai scenario may be more strongly disfavored than this simple acknowledge the very significant cultural role and reverence

comparison suggests, because those systems with small final obliquities alsqghat the summit of Mauna Kea has always had within the in-
tended to have final eccentricities much smaller than the observed eccentrlcltydigenous Hawaiian community. We are most fortunate to have
of 0.5 (D. Fabrycky 2007, private communication). . . . .

the opportunity to conduct observations from this mountain.

REFERENCES
Bakos, G. A., et al. 2007, preprint (arXiv:0705.0126) Holman, M. J., et al. 2006, ApJ, 652, 1715
Bundy, K. A., & Marcy, G. W. 2000, PASP, 112, 1421 Hut, P. 1981, A&A, 99, 126
Burke, C. J., et al. 2007, ApJ, submitted (arXiv:0705.0003) Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996, Nature, 380, 606
Butler, R. P., Marcy, G. W., Williams, E., McCarthy, C., Dosanjh, P., & Vogt, Mandel, K., & Agol, E. 2002, ApJ, 580, L171
S. S. 1996, PASP, 108, 500 Narita, N., et al. 2007, PASJ, in press (astro-ph/0702707)

Charbonneau, D., Brown, T. M., Burrows, A., & Laughlin, G. 2007, in Pro- Ohta, Y., Taruya, A., & Suto, Y. 2005, ApJ, 622, 1118
tostars and Planets V, ed. B. Reipurth, D. Jewitt, & K. Keil (Tucson: Univ. Queloz, D., Eggenberger, A., Mayor, M., Perrier, C., Beuzit, J. L., Naef, D.
Arizona Press), 701 Sivan, J. P., & Udry, S. 2000, AGA, 359, L13 B
Chatterjee, S., Ford, E. B., & Rasio, F. A. 2007, ApJ, submitted (astro-ph/ Rasli\(/)anF’ A & Fordrylé B 1ggé Sciénce ’274 954
0703166) Tegmark, M., et al. 2004, Phys. Rev. D, 69, 103501

Claret, A. 2004, A&A, 428, 1001 . .
Coelho, P., Barbuy, B., Mételez, J., Schiavon, R. P., & Castilho, B. V. 2005, Valenti, J. A., & Fischer, D. A. 2005, ApJS, 159, 141

ARA 443, 735 Vogt, S. S., et al. 1994, Proc. SPIE, 2198, 362
Cox, A. N., ed. 2000, Allen’s Astrophysical Quantities (4th ed.; New York: Winn, J. N., Holman, M. J., & Fuentes, C. I. 2007, AJ, 133, 11
AlP) Winn, J. N., et al. 2005, ApJ, 631, 1215
D'Angelo, G., Lubow, S. H., & Bate, M. R. 2006, ApJ, 652, 1698 - 2006, ApJ, 653,169 o
Fabrycky, D., & Tremaine, S. 2007, ApJ, submitted (arXiv:0705.4285) Wolf, A. S. 2006, B.S. thesis, Univ. California, Santa Cruz
Ford, E. B. 2005, AJ, 129, 1706 Wright, J. T. 2005, PASP, 117, 657
Gaudi, B. S., & Winn, J. N. 2007, ApJ, 655, 550 Wu, Y., Murray, N. W,, & Ramsahi, J. M. 2007, ApJL, submitted (arXiv:

Giménez, A. 2006, ApJ, 650, 408 0706.0732)



