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ABSTRACT

Theoretical studies predict that Trojans are likely a frequent by-product of planet formation and evolution. We
present a novel method of detecting Trojan companions to transiting extrasolar planets that involves comparing
the midtime of eclipse with the time of the stellar reflex velocity null. We demonstrate that this method offers
the potential to detect terrestrial-mass Trojans using existing ground-based observatories. This method rules out
Trojan companions to HD 209458b and HD 149026b more massive-th8mand=25M,, at a 99.9% confidence
level. Such a Trojan would be dynamically stable, would not yet have been detected by photometric or spectro-
scopic monitoring, and would be unrecognizable from radial velocity observations alone. We outline the future
prospects for this method and show that the detection of a “Hot Trojan” of any mass would place a significant
constraint on theories of orbital migration.

Subject headings: celestial mechanics — planetary systems: formation — techniques: photometric —
techniques: radial velocities

1. INTRODUCTION even capable of causing objects initially on horseshoe orbits to
evolve into tadpole orbits and then small amplitude libration near
Stable Trojan companions to extrasolar planets may be com-the L4/L5 fixed point. Such behavior has been found in numerical
mon. In our solar system, Mars, Jupiter, and Neptune share theigimulations of multiple planet systems interacting with either a
orbit with asteroids orbiting near the stable (L4/L5) Lagrange 9aseous or planetesimal disk (Cresswell & Nelson 2006; E. B.
points that lead/trail the planet by6C. Orbits near the L4/L5  Ford & E. I. Chiang 2006, in preparation).
points of the terrestrial planets Saturn and Uranus are less stable Trojans of Jupiter and Neptune have provided clues about our
due to perturbations from the other planets (Nesv@ryones solar system'’s history (Michtchenko & Malhotra 2004; Korten-
2002). Saturn’s satellites also include small moons orbiting aboutkamp et al. 2004; Chiang & Lithwick 2005; Morbidelli et al.
the L4/L5 points of Tethys and Dione. While the mass ratios of 2005). Similarly, the detection of extrasolar Trojans would be
the Trojan systems in our solar system are rather extremeuseful for constraining theories of planet formation. While all
(<7 x 10°9), extrasolar planets may have more massive Trojans.th_e ab_ove mechanisms predict that_TrOJans would survive the
Theorists have already outlined several mechanisms to form Tro-Migration process, there are alternative models of planet migra-
jans with mass ratios as large as unity. For example, Laughlinton that predict Trojans would not survive. For example, while
& Chambers (2002) present hydrodynamic simulations of a pro- planet formgtmn mode_:ls g_er_1era||y agree that pla_net_s should form
toplanetary disk where disk material lingers near the L4 and L5 ON _nearly circular orbits, it is pos_S|bIe that gra\{|tat|onal pertur-
points of a planet (near the gap-opening threshold). The resulting®@tions by other planets or a binary companion could excite
vortex could trap particles and lead to the accretion of a Trojan Sizable eccentricities. One possible formation mechanism for
in situ (Chiang & Lithwick 2005). If disk torques caused the short_—p_erlod giant planets is that a planet acquires a large ec-
planet to gradually migrate inward, then the Trojan would mij- Centricity (e.g., due to strong planet-planet scattering, secular
grate with the planet. Unlike resonant migration in the 2 : 1 mean perturbations from a binary companion, or being tidal-captured)
motion resonance, the eccentricity or libration amplitude of the @nd comes so close to the star that tidal dissipation circularizes
Trojan would not be excited by the migration (Laughlin & Cham- the orbit at a small semimajor axis (Rasio & Ford 1996; Wu &
bers 2002). Alternatively, a body could be captured into an orbit Murray 2003; Gaudi 2003; Ford & Rasio 2006). Detecting a
about the L4/L5 point after a violent event, as has been suggested rojan companion to a short-period planet would present a se-
for the formation of Jupiter and Neptune Trojans in our solar "0Ous challenge for these mechanisms for forming “hot Jupiters”
system (Morbidelli et al. 2005). Capture into a Trojan orbit could @nd would imply that the planet in such a system was formed
also occur due to rapid mass growth of the planet or a collision Vi@ migration through a dissipative disk. Thus, searching for
of two objects near L4/L5 (Chiang & Lithwick 2005 and ref- exrasolar Trojans can test models of planet formation.
erences therein). Another possibility is that convergent migration Here we present a method for detecting Trojan companions
could trap multiple protoplanets into a 1 : 1 mean motion res- {0 extrasolar planets by combining RV and photometric ob-
onance (Thommes 2005; Cresswell & Nelson 2006). In each of servations of transiting extrasolar planets. We refer to aII_bodles
these scenarios, the captured bodies could initially have a largdiPrating about the L4/L5 fixed point of a planet as “Trojans”
libration amplitude or reside on horseshoe-type orbits. However,and focus our attention on Trojans that are significantly less
if the capture occurred before or during the planet's inward Massive than the currently known planet and not currently rec-
migration, then interactions with either a gaseous or planetesimalPgnizable from radial velocity (RV) observations alone.

disk would damp the libration amplitude. This mechanism is
2. OBSERVATIONAL CONSTRAINTS ON TROJANS

l:“bb'eng”Qm- 1 Genter for Astronivsics. 60 Garden Street. C We denote the stellar mass)( ), the planet mags (), and
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a circular orbit about a star. Then a Trojan would orbit at one

of the two fixed points, L4/L5, which lie along the orbit of the A — ¢ —
planet and lead/trail the planet by “60f there are no other
bodies in the system, then the L4/L5 fixed points are stable if Star Star

the ratio, = (m, + m;)/(m, + m, + my) , is less than a crit-

xL&

ical thresholdy,. , wher®.03812< . <0.03852 ang, de- 1 5 l /.
pends ore = m;/(m,+ m;) (Murray & Dermott 2000). If the AV ¢ Trojan
Trojan resides exactly at the L4/L5 fixed point, then the di- Planet ¢ Trojan Planet @

rection of the vector sum of the forces exerted on the star by 7 N'd

the planet and Trojan will lead/trail the force exerted on the B D

star by the planet alone by an angtg, such that ta = . « x , x

V3el(2 — €) [1 + O(n)] (Fig. 1).

More generally, for a Trojan that is librating about the L4/L5
fixed point,¢ will vary by an angleA¢| ~ A¢, + Ad g, , Where
Ao, varies on the orbital period of the plafgtandAdg,,,,, varies
on the secular timescalg, = P (4/27}?ux *?>  (Murray & Der-
mott 2000). Since the Trojans of short period planets are likely to 100 b ‘ ! ‘ |
have formed in the presence of a dissipative disk, we focus on 105 ‘ w ‘ w
Trojans undergoing small librations with an amplitude,< !
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p'“a,, wherea, is the semimajor axis of the planet. In this case,
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Ao~ €6, Wheree, is the Trojan’s osculating eccentricity, and 0985 b o
Adg,,, ~ [6a/(6p*?A)]e. Nesvorriyet al. (2002) show that the be- 0.08 = = =
havior of Trojans of planets with small eccentricities is similar. Time - T,

Perturbations (e.g., general relativity, stellar quadrupole, tides) are

unlikely to affect the stability since they typically have timescales Fic. 1.—lllustration of the method to detect Trojan companions of transiting
Py . . : planets by comparing the transit and RV observations. Views of the star, planet
much longer than the orbital or libration timescale. and Trojan (A, C : plan; B, D: from observer’s perspective; not to scale). The

If a planet on a CirCU|ar_0rbit were the only body perturbing gray circle shows the orbit of the planet and Trojan. The dotted line indicates
the central star, then the time that the stellar RV equals the RVthe direction of the acceleration of the star, the dashed line the direction of
of the system barycentef,( ) would coincide with the time of the transiting planet, and is the angle between these two directions. The

; ; ot ; vector shows the direction toward the observer. Panels A and B show the
midtransit {. ). However, the gravitational perturbation of a position atT, , the time of the stellar reflex RV null. Panels C and D show the

Trojan at L4/L5 would cause these two times to differ by position atT, , the time of the central transit. Panel E shows the stellar reflex
_ RV as a function of time (in units of the period of the planet), with the times
oP V3eP T, and T, indicated. Panel F shows the intensity of the star as a function of
At=T,—-T.= £ ——= = time. We have assumed that the Trojan is inclined so that it does not transit
c 2w by the parent star.
P m 0 .
=~ 137.5( J ( - ) ( . ) minutes. .

3 dayd \ 10Mg/ \m, + m,; s (e.g., Brown et al. 2001). The period can be measured much

(1) more accurately, from observations of multiple transits sepa-

rated by many orbits.

A Trojan can signal its presence by a time offset between the Given the measurement precision fir ~ aRdthe prac-
ephemeris determined from transit photometry and the ephemdical limit on measuringat is set by the uncertainty Tp
eris determined from RVs (Fig. 1). from RV observations. Assuming a circular orbit, the RV
If there are Trojans at both L4 and L5, then this measures observations at a tim¢ can be fit by the mddel=
the difference in mass at L4 and the mass at L5. If a planetisC + K sin [2x(t, — T.)/P + ¢] = C + Asin [2x(t, — T.)/P] +
on a slightly eccentric orbit, then there is an offsetAdf= B cos [2r(t, — T,)/P]. whereA = K cos¢ ,B = Ksing , and
P/(2r)(e cosw + O(€?)), wherew is the argument of pericenter, i s the velocity semiamplitude. Assuming the period de-
even in the absence of a Trojan. While short-period planets aregrmined from photometric observations, the coefficiehts
expected to circularize rapidly, it is desirable to constrain the g 5hqc (and hence the phase differentané = B/A ) can
eccentricity observationally (€.g., by RV observations ortiming ¢ jetermined by linear least-squares fitting to RV observations.
of the secondary eclipse) before claiming the detection of a If there areN,, RV observations with uncorrelated Gaussian

Trojan. Additional planets could also perturb the time of mid- i X .
transit (Holman & Murray 2005: Agol et al. 2005), so the offset Uncertaintiesz, ) and many RV observations are evenly dis-
y ¥ tributed over orbital phase, then a Fisher information analysis

will vary from transit to transit. Therefore, multiple transits ) ! e
should be observed to verify that any observed offsets are not(Gaudi & Winn 2006) reveals that the uncertainties in model

- - ters will approachs, = 05 = 2/MNgy)"?0ry 0, =
due to perturbations by a more distant planet. paramete -'0a = g rv) Orv P4
For a transiting planet, botR andT, can be measured pre- (2MNe)" oy/K, and oy = o7, = (1/2r Ney) **Pog, /K. A

cisely using photometry alone. Consider a series of continuous‘c’imi.Iar analysis for an ecce”tfic orbit ir_‘ the epicyclic approxi-
photometric observations with uncorrelated Gaussian uncer-mation shows that the uncertaintyAt  is increased by a modest
tainties of magnitudes,,, , taken at a rafearound a single factor over the expression above. If a Trojan were present, then

transit. The transit time can be measured with an accuracy of

—~ 1/2 -2 H : H
O, = (t.e/ZI‘) TpnP , wheret, is the d.uratlon ofmgress/egress “Ignoring any observations during primary transit when the Rossiter-
ano_lp is the ratio of the planet radius to stellar radius. For wcLaughlin effect distorts the observed RV (Winn et al. 2005; Gaudi & Winn
typical parameters (e.gi,,~ 107° T, canbe measured10 2006).
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TABLE 1
SENSITIVITY TO TROJANS OF EXTRASOLAR PLANETS
P K Orv® M, Ou’ ome

Star (days) (ms?*) (Ms*) Ny (Mg) (minutes) (M) References
HD 209458...... 35247455(2) 84(1) 5.0 64 1.101 8.5 2.6 1,2
HD 149026...... 287598(1) 43(2) 5.7 16 1.30 30.9 6.2 1,3, 4,5
HAT-P-1 ......... 246529(9) 60(2) 5.1 13 1.11 34.0 6.4 6
TES-2 ........... 27063(1) 181(3) 6.9 11 1.08 9.2 7.6 7
HD 189733...... 221857(2) 205(6) 15 24 0.82 10.7 8.9 8,9
TES-1 ........... 330065(8) 115(6) 14 8 0.89 42.3 17 1, 10
XO-1....oovvunnn P4153(3) 116(9) 15 6 1.0 67.4 25 11, 12

#When available, we list the rms velocity to the published best-fit RV model rather than the quoted mea-
surement uncertainty.

®We list “1 ¢” uncertainties, implicitly assuming circular orbits for the transiting planets.

REFERENCES. — (1) Butler et al. 2006; (2) Knutson et al. 2006; (3) Charbonneau et al. 2006; (4) Sato et al.
2005; (5) J. Harrington 2006, private communication; (6) Bakos et al. 2006b; (7) O’Donovan et al. 2006; (8)
Bouchy et al. 2005; (9) Bakos et al. 2006a; (10) Alonso et al. 2004; (11) McCullough et al. 2006; (12) Holman
et al. 2006.

the uncertainty iR would set the uncertainty in the measurement rature. While challenging, it is remarkable that current ground-
of the mass of the Trojan, based instruments have the necessary precision to detect such
a low-mass Trojan with a plausible amount of observing time.

AT 0y 8 Ory
=—m 2= m, —=¥
Im = 3PP 3N, P K
3. EXAMPLE APPLICATION
50 1/2 P 1/3 213
=o.52|\/|@(—) (“va ( - l )
Nev/  \m s7/\3 days Mg In Table 1, we summarize the current observational parameters

) and sensitivity to Trojan companions of extrasolar planets that
transit bright stars, based on the above analysis. We find that
combining the above method with existing observations already
provides significant upper limits on the mass of Trojan com-
RV measurements could detect8 M., (5 M) Trojan, as- panions to the planets HD 2Q9458b and HD 149026b. Next we
suming a host star with an intrinsic jittgf ~3 mls(Wri,ght petr'forrr; moret Cf"‘rteftél B&yeSIatr:Nanalyses Igf th:DCLzlggzg é)é)ser-
- i g vational constraints for these two cases. For we
2005), and 1 m's' measurement uncertainties added in quadéldopt the transit period and ephemeris of Knutson et al. (2006).

We reanalyzed the RV measurements from Butler et al. (2006),

If we were to demand a measuremeniof> 3.291,, to claim
the detection of a Trojan, then a total €fL60 (60) precision

QO EE[ T T T[T T[T T[T T T [TTTH fixing the orbital period and transit ephemeris. We use Markov
= i = chain Monte Carlo (Ford 2005, 2006; Gregory 2005) to sample
0.04 = a = from the posterior probability distribution for the remaining RV
0.03 E = model parameterk, e, w, M,, C, andg; , whereM,, is the mean
E 3 anomaly at the epoch of midtransit. We assume priors that are
0.02 = flat in log (1+ K/K,), & w, M, C, andlog (1+ q/a,), and
0.01 E = chooseK, = 0, =1 m s , but our results are insensitive to
0 5ol et % | | F these assumptions. We then construct the posterior distribution
~ for the quantity(M, — e cosw)P/(2w) = At . In Figure & we
2 —-60 -40 =20 O <0 40 show the distributions foAt using three different assumptions.
\a — We find At = —11.4+ 8.7 minutes (circular orbit) At =
= | | - —16.4+ 10.8 minutes (eccentric orbit ignoring the secondary
0.015 & b) — eclipse), andit = —13.1+ 8.9 minutes (eccentric orbit using
= = the time of the secondary eclipse; Deming et al. 2005). We
0.01 & —] conclude that existing observations place an upper limit on the
C - mass of Trojan companions to HD 209458b of 1812 at the
0.005 _ — 99.9% confidence level.
C T e - We have performed a similar analysis of HD 149026b (Hiy. 2
e : L e using the observations of Butler et al. (2006) and Charbonneau
—200 0 200 400 et al. (2006). If we assume a circular (eccentric)' orbit, then we
At (min) find At = —19 + 31 minutes At = 98 = 112 minutes). The

constraint is significantly weaker when we allow for an eccentric
Fic. 2.—Marginal posterior probability distributions aft for HD 2094580 orbit, due to the limited number of RV observations and poor
(top) and HD 149026bkottom). Here At = (M, — e cosw)P/(2) is the dif- phase coverage. Incorporating a preliminary estimate of the time
ference between the time of the stellar reflex RV null and the time of central of the secondary eclipse (J. Harrington 20086, private communi-
transit that could be due to a Trojan. The dotted curves assume a circular orbit,  _ .. . _ . ! .
the dashed curves allow for a noncircular orbit (ignoring the constraint from cation), we findAt = 13_1_ 27 m'”Ut?S and place an upper limit
the secondary eclipse), and the solid curves allow for a noncircular orbit and N the mass of Trojan companions to HD 149026b of

incorporates the measured times of secondary eclipse. 24.5M, at the 99.9% confidence level.
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4. DISCUSSION it would not always transit the star. Since the putative libration
o , ) . . . period of=53 days (Murray & Dermott 2000) is significantly
In principle, Trojans could be detected via their radial velocity, |onger than the duration of thIOST observations, it could
astrometric, transit, or transit timing signatures. If a Trojan is suf- haye missed even a much larger Trojan.
ficiently massive and has a sufficiently large libration amplitude, | 3 sense, our method is most similar and complementary
then it could be detected from the deviations from a Keplerian {5 the recently proposed method of searching for gravitational
perturbation to the stellar radial velocity or astrometric signal perturbations due to low-mass planets using transit timing (Hol-
caused by a single planet. Laughlin & Chambers (2002) haveman & Murray 2005; Agol et al. 2005). In contrast to the transit
shown that two comparable mass planets occupying atiming method, the unique geometry of Trojan orbits results in
1:1 mean motion resonance would typically have strong planet-5 nearly constant perturbation (assuming small amplitude li-
planet gravitational interactions on a secular timescale. Howeverpration about L4/L5) that recurs avery transit. In principle,
these signatures may not be unique: a reanalysis of the RV obit js not necessary to make precise measurements of the time
servations of HD 128311 and HD 82943 have shown that both of many transits to search for a complex pattern of perturba-
of the current data sets are consistent with & pair of planets in &jons, Thus, our method can be practically applied to transiting
1: 1 mean motion resonance (Gozdziewski & Konacki 2006), as p|anets with long periods. Nevertheless, multiple transits should
well as the originally published orbital solutions involving higher e gpbserved to ensure that the same offset is observed and
order mean motion resonances. o avoid potential confusion with perturbations from a more dis-
Trojans may also be detectable if they transit their parent ant planet (Holman & Murray 2005; Agol et al. 2005).
star. Photometric or spectroscopic monitoring of stars with tran- | ‘principle, our technique could be applied to search for
siting planets (particularly at times offset from the planet transit terestrial-mass Trojans of giant planets orbiting in the habitable
by ~P/6) may reveal the Trojan transit via the decrease in stellar zone of their stars (Ji et al. 2005; Schwarz et al. 2005). While
flux or anomalous RV excursions due to the Rossiter-MC- present search techniques are strongly biased toward finding
Laughlin effect (Gaudi & Winn 2006). For planets discovered transiting planets at short orbital periods, future space missions
via a photometric transit search, there will typically be obser- (¢ ¢. COROT, Kepler) offer the prospect of finding transiting
vations at epochs useful for searching for large Trojans. Un- pjanets in the habitable zone of their stars, particularly for low-

fortunately, a Trojan might not transit its parent star if it has mass stars where the habitable zone car-bed15 AU away
a significant inclination (e.g., Morbidelli et al. 2005). Since the {om the star.

libration period can be large, long-term monitoring would be

required to ensure detection. Currently, the most stringent pho-

tometric constraints on Trojan companions to HD 209458b  We thank E. Agol, T. Beatty, E. Chiang, D. Fabrycky, M.
come from the continuous photometry of the system for Holman, R. Nelson, and J. Winn for helpful comments. We
14 days by theMicrovariability and Oscillations of Sars thank Joe Harrington for providing the time of secondary
(MOST) satellite (Rowe et al. 2006). When heavily binned into eclipse for HD 149026b. Support for E. B. F. was provided
=2 hr intervals, this photometry has a fractional uncertainty by a Miller Research Fellowship and by NASA through Hubble
of =3 x 10*(Rowe et al. 2006). Assuming an average density Fellowship grant HST-HF-01195.01A awarded by the Space
equal to that of Earth, this corresponds to as 3letection Telescope Science Institute, which is operated by the Associ-
threshold of 48V, . It is not clear whether the data reduction ation of Universities for Research in Astronomy, Inc., for
techniques used in their analysis of HD 209458 might subtract NASA, under contract NAS 5-26555. Support for B. S. G. was
part of the signal due to a Trojan (Rowe et al. 2006). Regardless provided by a Menzel Fellowship from Harvard College

if a Trojan had a vertical libration amplitude greater tha®f, Observatory.
REFERENCES
Agol, E., Steffen, J., Sari, R., & Clarkson, W. 2005, MNRAS, 359, 567 Knutson, H., Charbonneau, D., Noyes, R. W., Brown, T. M., & Gilliland,
Alonso, R., et al. 2004, ApJ, 613, L153 R. L. 2006, preprint (astro-ph/0603542)
Bakos, G. A, et al. 2006a, preprint (astro-ph/0603291) Kortenkamp, S. J., Malhotra, R., & Michtchenko, T. 2004, Icarus, 167, 347
. 2006b, preprint (astro-ph/0609369) Laughlin, G., & Chambers, J. E. 2002, AJ, 124, 592

Bouchy, F., et al. 2005, A&A, 444, L15 McCullough, P. R., et al. 2006, ApJ, 648, 1228
Brown, T. M., Charbonneau, D., Gilliland, R. L., Noyes, R. W., & Burrows, ~Michtchenko, T. A., & Malhotra, R. 2004, Icarus, 168, 237

A. 2001, ApJ, 552, 699 Morbidelli, A., Levison, H. F., Tsiganis, K., & Gomes, R. 2005, Nature, 435, 462
Butler, R. P., et al. 2006, ApJ, 646, 505 Murray, C. D., & Dermott, S. F. 2000, Solar System Dynamics (Cambridge:
Charbonneau, D., et al. 2006, ApJ, 636, 445 Camerdge Univ. Press)
Chiang, E. I., & Lithwick, Y. 2005, ApJ, 628, 520 Nesvorry D., & Dones, L. 2002, Icarus, 160, 271

Nesvorry D., Thomas, F., Ferraz-Mello, S., & Morbidelli, A. 2002, Celest.
Mech. Dyn. Astron., 82, 323

O’Donovan, F. R., et al. 2006, ApJL, in press

Rasio, F. A., & Ford, E. B. 1996, Science, 274, 954

Cresswell, P., & Nelson, R. P. 2006, A&A, 450, 833
Deming, D., Seager, S., Richardson, L. J., & Harrington, J. 2005, Nature, 434, 740
Ford, E. B. 2005, AJ, 129, 1706

. 2006, ApJ, 642, 505 ; i
! . ' Rasio, F. A., Tout, C. A., Lubow, S. H., & Livio, M. 1996, ApJ, 470, 1187

Ford, E. B., & Rasio, F. A. 2006, ApJ, 638, L45 ROV\;E J. F. et ;| 2006 A;J 2146 1241 V! P
Gaudi, B. S. 2003, preprint (astro-ph/0307280) Sato B.. et al. 2005 Ap’J 633. 465
Gaudi, B. S., & Winn, J. N. 2008, preprint (astro-ph/0608071) Schwarz, R., Pilat-Lohinger, E., Dvorak, R.rdE B., & Sandor, Z. 2005,
Gozziewski, K., & Konacki, M. 2006, ApJ, 647, 573 Astrobiology, 5, 579
Gregory, P. C. 2005, ApJ, 631, 1198 Thommes, E. W. 2005, ApJ, 626, 1033
Holman, M. J., & Murray, N. W. 2005, Science, 307, 1288 Wwinn, J. N., et al. 2005, ApJ, 631, 1215
Holman, M. J., et al. 2006, preprint (astro-ph/0607571) Wright, J. T. 2005, PASP, 117, 657

Ji, J., Liu, L., Kinoshita, H., & Li, G. 2005, ApJ, 631, 1191 Wu, Y., & Murray, N. 2003, ApJ, 589, 605



