EXOPLANETS AND w-PRECESSION

R. ANGELIL

ABSTRACT. Radial velocity measurements of the exoplanet systems HD41004b, WASP-
14b and XO-3b need to be accurate to several m/s in order to pick up relativistic precession
over a year.

1. INTRODUCTION

The velocity amplitude K ~ max (v],5) of the star is
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2. SOURCES OF PRECESSION

General relativity predicts that the argument of pericenter w of a freely-falling bound
2-body system advances by
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(4) Awgr = 62a6(17:i2)rads/revolution ~ 0.2 (]\/[@> ((hy) deg/yr.

Because orbital precession is in-plane, of all the Keplerian elements, only w is affected. Our
aim here is to investigate to what accuracy w can be determined. The shape of the radial
velocity curve of an star harboring an exoplanet changes over time due to the change in
w. In this text, we ask how well can we recover w, and therefore to what extent one can
detect a Aw shape change. See Figure 1. for an example of how the radial velocity curve
changes shape over significant time periods due to GR-induced w-precession. Precession
induced by another planet is
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Now the ratio of (5) and (4) and is

(6) Zﬁ; =3 (%)3 <J\]\j@)2 (]\]\44;) (0.0gAU> ’

where b is the semi-major axis of the perturbing planet, and its mass M. Now the velocity
amplitude of the star due to the perturbing planet is
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The oblateness of a gravitating body gives rise to a Newtonian potential term ~ r7°.
This induces a prograde precession,
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where s is the oblateness of the star. Under the assumption that s = s, the second panel
of Figure 2. plots (4) against (8) for all known exoplanet systems with Awgr greater than
Mercury.

If the accuracy the radial velocity measurements is such that the accuracy in the recov-
ered value for w is greater than the expected precession over a certain time interval, then
a suitable observing strategy could pick up the precession: the value for w, recovered from
two different observing runs, at say, a year or more apart.

Measuring relativistic precession on exoplanet systems is itself a rewarding goal. Beyond
this however, relativistic precession may be used as a tool to break the M sin I degeneracy,
and allow the determination of the inclination of non-transiting exoplanets.

(8) AWoblate ~ S

3. EXAMPLES

We have selected four exoplanet systems as case studies [1, 2, 3, 4]. We have chosen
them for their short period (and therefore high rate of precession), and their non-zero
eccentricity’. See the left panel in Figure 2 in order to compare our choices to the other
less-desirable known exoplanet systems.

(1) WASP-12b is a transiting extrasolar planet with an extremely short period of 1.1
days. Of our selected examples, WASP-12Db, is expected to experience the largest
relativistic precession, at 0.2 degrees per year. However, as will be argued, in wish-
ing to pick up relativistic precession, the low RV amplitude of 0.02kms~! demands
accuracy beyond what currently available spectrometers are able to deliver.

(2) HD41004 B, possibly a brown dwarf with a 1.3 day period, orbiting a visual dou-
ble system is certainly the most complicated system of our examples. The RV
amplitude of 6.1kms™! is the largest of our set.

(3) WASP-14b is a short-period transitor with a 2.2 day period.

(4) Of our selection, XO-3b has the highest eccentricity, yet longest period, at 3.2 days.

INote that if the eccentricity of a system is zero, then the argument of pericenter is not defined. In this
case, while the orbit still precesses, its shape remains unchanged, and so detection is more challenging.
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FiGure 1. This diagram shows how the shape of the radial velocity curve
of XO-3b [4] changes over time due to relativistic precession. Every 1000
years, the argument of pericenter advances by 40 degrees.

K e M P w I Awgpr | ref
kms™' | - | M,y |days | deg |deg | deg/year

1] 0.02 02 | 1.281.09| -74 | 83 0.2 1]

2] 61 |008] 04 | 1.3 | 178 | - 0.07 | [2]

3] 1.0 [0.09| 1.3 [2.24 | -106 | 84 0.06 3]

4 1.5 028 1.4 | 3.2 | 346.3 | 90 0.04 4]

For each of these examples, we fit to the radial velocity curve using the Keplerian
model in the barycenter. The fitted parameters are amplitude K, eccentricity e, period
P, inclination I, heliocentric velocity i, and the argument of pericenter w. For each of the
four systems, we generate mock data consisting of 50 measurements at fixed accuracy taken
over a 10-period interval. For each realization, a quasi-Newtonian optimization algorithm
works to minimize the x?. We do this for many realizations, which gives the 1-o spread
of the parameter values after fitting. Figure 3 shows the mock data for each system, and
Figure 4. the accuracy in the recovered w as a function of dispersion in the data.
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FIGURE 2. Each mark denotes a known exoplanet, save for the black marker
peeking out from the bottom denoting Mercury. The red star markers
mark the exoplanet systems we have selected as examples. The vertical
axes on these plots show the expected relativistic precession rate. The
left panel shows this against the eccentricity distribution. The right panel
shows the GR-precession rate against an estimate for the precession rate
due to the oblateness of the star, were the star to have the same degree of
oblateness as the Sun. Naturally, were the angular momentum and therefore
oblateness of a star large, and oblate-induced precession begins to dominate,
disentangling Awgpr from Awepiate could be tricky.

C. Hellier, K. Horne, J. Irwin, T. A. Lister, P. Maxted, M. Mayor, A. J. Norton, N. Parley, F. Pont,
D. Queloz, B. Smalley, and P. J. Wheatley. WASP-12b: The Hottest Transiting Extrasolar Planet Yet
Discovered. apj, 693:1920-1928, March 2009.

[2] S. Zucker, T. Mazeh, N. C. Santos, S. Udry, and M. Mayor. Multi-order TODCOR: Application to
observations taken with the CORALIE echelle spectrograph. II. A planet in the system jASTROBJ;HD
41004;/ASTROBJ;,. aap, 426:695-698, November 2004.

[3] Y. C. Joshi, D. Pollacco, A. Collier Cameron, I. Skillen, E. Simpson, I. Steele, R. A. Street, H. C.
Stempels, D. J. Christian, L. Hebb, F. Bouchy, N. P. Gibson, G. Hébrard, F. P. Keenan, B. Loeillet,
J. Meaburn, C. Moutou, B. Smalley, I. Todd, R. G. West, D. R. Anderson, S. Bentley, B. Enoch, C. A.



EXOPLANETS AND w-PRECESSION

30 30
. * . . . . . %t 4
20} * . . . 20} *  Fy :
. . *
. . * *
100 . . . . 100 " * 1
7 . . *
o - *
e o - : S ¥ . f
i * . : . * *,y,
-10} . - . - . 1 ~-10f + * :
. L L * *x
1] S S e o 20kt .
=305 2 4 6 8 10 12 90 02 04 06 08 L0 12
6000——— T 6000 o
4000 . T, . * | 4000} & A
. . . * *
2000} .o {1 2000} * *
. . ° * *
of . . . . o % * .
.o [} & *
—2000} . . .1 —2000f 7, * .
. . . * £
—4000f . . { —a000F ¥, 2 |
. . . % *
-6000" . ., , . - .  -6000} LR .
—80005 2 4 6 s 10 12 14 2980 02 02 06 08 10 12 14
1000+ ‘ 1000 o,
: .. o .o *** *
. *
500f . . 1 500} & * .
o o * *
. L * %
. . * *
(O . E or * *, 4
. *
. *
. *
-500} . . 1 -500 & * .
. . * *
., . * *
« T e, X %
—1000f - * ° * « .« 4 —1000p S
—15005 5 10 15 20 25 15995 0.5 1.0 1.5 2.0 2.5
2000 ‘ ‘ 2000
. h.g
. X
15001 . . 1 1500F & % |
S e . * *
1000f <t 1 1000p¥ *, |
. .. i %
500} ° . 1 s00f % 1
of . of .
. . . . X
—-500} e e et 1 —500} % f# .
-1000f & .. . . . . . . . |-1000} — 1
—-1500 ‘ ‘ ‘

0 5 10 15 20 25 30 35_1508.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (days) Phase-folded (days)

FiGure 3. Radial velocity data for each of our four cases. It is to such
mock data to which we fit in order to determine the uncertainties in the
recovered parameter values.
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FIGURE 4. The standard deviations in w as a function of the dispersion in
the 50 data points for each of our 4 cases. The horizontal blue line indicates
the amount that w is expected to precess due to relativity in one year.
For three of the four cases, two observing runs, performed one year apart,
each with 50 data points at accuracy below the blue lines, should suffice in
observing relativistic precession.
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