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ABSTRACT

Context. 2MASS J053521840546085 (2M053505) is the only known eclipsing brown dwarf (BD) binary, aradraay serve as a
benchmark for models of BD formation and evolution. Howetleeoretical predictions of the system’s properties se®rrisistent
with observationsi. The more massive (primary) component is observed to be icti@a the less massive (secondary) anelhe
secondary is more luminous (ky 10?4 W) than expected. Previous explanations for the temperaversal have invoked reduced
convective iciency in the structure of the primary, connected to magrastiivity and to surface spots, but these explanationsatann
account for the enhanced luminosity of the secondary. Buevstudies also considered the possibility that the secgns younger
than the primary.

Aims. We study the impact of tidal heating to the energy budget ¢ii bomponents to determine if it can account for the observed
temperature reversal and the high luminosity of the seagniiée also compare various plausible tidal models to datesra range
of predicted properties.

Methods. We apply two versions of two fierent, well-known models for tidal interaction, respeelyvi. the ‘constant-phase-lag’
model andi. the ‘constant-time-lag’ model and incorporate the prei¢idal heating into a model of BD structure. The four models
differ in their assumptions about the rotational behavior obtigies, the system’s eccentricity and putative misalignsz between
the bodies’ equatorial planes and the orbital plane of tiseesy.

Results. The contribution of heat from tides in 2M05385 alone may only be large enough to account for the discoépmbetween
observation and theory in an unlikely region of the paramgpace. The tidal quality fact@gp of BDs would have to be £ and
the secondary needs a spin-orbit misalignment 6. However, tidal synchronization time scales for 2M0585 restrict the tidal
dissipation function to log0sp) > 4.5 and rule out intense tidal heating in 2M05%%. We provide the first constraint @nfor BDs.
Conclusions. Tidal heating alone is unlikely to be responsible for thepsising temperature reversal within 2M053%. But an
evolutionary embedment of tidaffects and a coupled treatment with the structural evolutidhe@BDs is necessary to corroborate
or refute this result. The heating could have slowed downBbs’ shrinking and cooling processes after the birth of thetem

~ 1 Myr ago, leading to a feedback between tidal inflation addltheating. Observations of old BD binaries and measurtsran
the Rossiter-McLaughlinfeect for 2M0535-05 can provide further constraints Qap.

Key words. Celestial mechanics - (Stars:) binaries: eclipsing - Serslution - Stars: individual: 2MASSJ05352183646085 -
Stars: low-mass, brown dwarfs

1. Introduction formed together, as commonly believed, then this systeowall
for effective temperaturel(;) and luminosity [) measurements

OMASS J053521840546085 (2M053505) is a benchmark ob- ©f two BDs at the same age.

ject for brown dwarf (BD) science since iffers the rare oppor- However, this system is observed to have an unexpected tem-
tunity of independent radius and mass measurements on surature reversaltassun et al. 20Q06contravening theoretical
stellar objects. The observed values constrain evolutjoaad simulations: the more massive component (the primary)as th
structural models¥’'Antona & Mazzitelli 1997 Bardfe et al. cooler one. From the transit light curve, the ratio of tifiee
1998 Chabrier & Bar#fe 2000 Bardfe et al. 2002 Chabrier tive temperatures can be accurately determin€ti e/ Terr =

et al. 2007. 2M0535-05 is located in the Orion Nebulae, a star1.050+ 0.002 Mohanty et al. 2009G6mez Maqueo Chew et al.
forming region with an age of 10.5) Myr. If both components 2009. From spectroscopic measurements then, the absolute val-



2 Heller et al.: Tidal &ects on brown dwarfs: Application to 2M05385

ues can be constrained. The primary, predicted to fligve~ ergy rates are two and three orders of magnitude lower, cespe
2 870K Bardfe et al. 1998 has an observed value®f2 700K, tively, than the observed luminosity discrepancy. Henae ag-
whereas the surface temperature of the secondary, prédatesume that mutual irradiation can be ignored. This simplifice
beTeg, ~ 2750K, is most compatible withg , ~ 2 890K. is in contrast to the cases of the potentially inflated titamsi
One explanation for the temperature discrepancies is s@xtrasolar planets WASP-4b, WASP-6b, WASP-12b, and TrES-
pression of convection due to spots on the surface of thegpoyim 4, where stellar irradiationi§gui et al. 2009adominates tidal
If a portion of a BD's surface is covered by spots, its appareheating by several magnitudes.
temperature will be reduced, resulting in an increase irettie Various tidal models haven been used to calculate tidal
mated radius in order for the measured and expected lumindstating in exoplanetBpdenheimer et al. 200Dackson et al.
ties to agreeChabrier et al. 2007 With a spot coverage of 30 20083b; Barnes et al. 2009 which may in fact be respon-
- 50% and a mixing length parameter= 1 most of the mis- sible for previous discrepancies between interior modal$ a
matches between predicted and observed radii for low-ntass sradii of transiting exoplanetslackson et al. 2008a lbgui &
(LMS) can be explainedRibas et al. 2008 Observations of Burrows 2009. This success in exoplanets motivates our inves-
spots on both of the 2M053®5 componentsGbmez Maqueo tigation into BDs. While many dierent tidal models are avail-
Chew et al. 2009 as inferred from periodic variations in theable, there is no consensus as to which is the best. For this re
light curve, and measurements on the lide of the combined son, we apply a potpourri of well-established models to tsec
spectrum during the radial velocity maxinfeiners et al. 2007 of 2M0535-05 in order to compare theftirent results. As we
suggest that enhanced magnetic activity and the accommanyshow, tidal heating may account for the temperature rel/argh
spots on the primary indeed play a key role for its tempeeatLit may have a profoundfect on the longer-term thermal evolu-
deviation. But even if the spot coverage on the primary seage tion of the system.
an explanation for the primary’s reducég, the secondary’s lu- The coincidence oP,,/P; ~ 2.9698 ~ 3, with Py, as the
minosity overshoot ok 2.3- 10°*W, as compared to thBardfe  orbital andP; primary’s rotation period, has been noted before
etal.(1998 models, suggests some additional processes maydig we assume no resonance between the primary’s rotatibn an
at work. the orbit for our calculations. These resonances typicatiyur
The temperature reversal between the primary and secondaryystems with rigid bodies where a fixed deformation of aste
may result from a dference between their ages. The secondagyie body persists, such as in the Sun-Mercury configuratitn w
could be~ 0.5Myr older than the primary, as proposed bWercury trapped in a/2 spin-orbit resonance. We assume that,
Stassun et al2007) (see alsd'Antona & Mazzitelli (1997). in the context of tides, BDs may rather be treated as fluids and
A difference of 0.5 Myr could allow the secondary to have coghe shape of the body is not fixed.
verted the necessary amount of gravitational energy in&tthe  iith this paper, we present the first investigation of tidal i
which would explain its luminosity excess. But evolutionarteraction between BDs. In Se@we introduce four models for
models are very uncertain for ages 1Myr (Bardfe et al. tidal interaction and discuss how we convert the computed en
2002 Wuchterl 2005 Marley et al. 2007Mohanty et al. 200Y ergy rates into an increase ifffective temperature. Se@.is
and, in any case, the age determination and physical natujggoted to the results of our calculations, while we ded wie
of these very young objects is subject to deb&agsun et al. opservational implications in Seet. We end with conclusions

2008 2009. Furthermore, the mutual capture of BDs and LM@pout tidal heating in 2M0538)5, and in BDs in general, in
into binary systems after each component formed indepélydersect 5.

is probably too infrequent to account for the large number of
eclipsing LMS binaries with either temperature reversalme
flated radii Guenther et al. 20QLCoughlin & Shaw 200/Ribas ;
et al. 2008 Cakirh et al. 2009Morales et al. 2000 2. Tidal Models

Here, we consider the role that tidal heating may play in d&wo qualitatively diferent models of tidal dissipation and evo-
termining the temperatures of the BDs. In Talblere show the |ution have been developed over the last century: The ‘emist
parameters of 2M05355 necessary for our calculations. Thehase-lag’ Goldreich & Soter 1966Wisdom 2008 Ferraz-
computed energy rates will add to the luminosity of the BDs iMello et al. 2008 Wis08 and FMO08 in the following), and the
some way (SecR.3) and will contribute to a temperature devi-constant-time-lag’ modelHut 1981 Hut81 in the following).
ation compared to the case without a perturbing body (Sct. In the former model, the forces acting on the deformed body
All these energy rates must be seen in the context of the lurare described by a superposition of a static equilibriune pidl
nosities of the BDsL; ~ 8.9-107*W (luminosity of the primary) and a disturbing potential (FM08). The latter model assuimes
andL, ~ 6.6-10**W (luminosity of the secondary). At a distanceime between the passage of the perturbing body overhead and
a to the primary component, its luminosity is distributed@mat the passage of the tidal bulge is constant. Although bothetsod
sphere with area #a®. The secondary has affective — i.e. a have been used extensively, it is not clear which model plesvi
2D-projected — area of R2. With F, , as the flux of the primary a more accurate description of thifeets of tides, so we apply
at distance, the irradiation from the primary onto the secondarformulations of both models.

L, ., is thus given by In the ‘constant-phase-lag’ model of FM08, quantitative ex
. R _pression_s have been Qeveloped to _second order ir_1 eccentric-
Lip=rRFL.=71R 1oL @) ity e while the others include also higher orders. Higher and

dnaz 4@ higher order expansions require assumptions about thendepe
Using that equation, we calculate the mutual irradiationhef ?ence of a bOd%.Sﬁ'qal r?sponse t?j an g}creasm? nl{{m%‘g&jf L
BDs: L., ~ 85- 10AW andL,., ~ 1.0- 10?2W. These en- [réguencies, which involves considerable uncertaintgréfore
higher order expansions do not necessarily provide more ac-
1 In contrast to theBarafe et al. (1999 tracks, the models by curacy (FM08;Greenberg 2009 In the ‘constant-phase-lag’
D'Antona & Mazzitelli (1997) predict a temperature increase in BDgModel of Wis08, expressions @are developed to'8order. The
for the first~ 30 Myr of their existence. ‘constant-time-lag’ model of Hut81 does not include poksib
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obliquities, while an enhanced version of that modeLbyrard

et al.(2007) (Lev07) does.
Qi So’i = 2(29, - Zn)

Tidal dissipation in BDs has not been observed or even con- Q &1 = 2(2Q; — 3n)
sidered previously, and hence, neither model should tad@epr Q & = Z(2Q; — n)
dence when calculating their tidal dissipation, especisithce T s
neither tidal model is definitiveGreenberg 2009 As our in- Qi &5: = (")
vestigation is the first to consider tidaffects on BDs, we Q &g = Z(Qi - 2n)
will employ several applicable, previously published misde Q &9 = Z() i€{1,2}, (2)

2M0535-05. By surveying a range of plausible models and in-

ternal properties, usually encapsulated in the ‘tidalipaton

function’ Q (Goldreich & Soter 196f we may actually be able wherex(x) is the algebraic sign of, thusZ(x) = +1 v -1,

to determine which model is more applicable to the case of Blas= 2x/P,,, is the orbital frequency anf, = 2x/P; are the

—assuming, of course, that tidal dissipation contributasially  rotational frequencies of the primary£ 1) and secondary &

to the observed temperature inversion. 2), P, being their rotational periods. The tidal frequencies are
functions of the tidal quality facto® of the deformed object,
which parametrizes the object’s tidal response to the pegtu
Itis defined as

Table 1. Orbital and physical parameters of 2M053% o 1 Pors ' dE 3
Q= 2nE, fo ( dt ) ®)
R PRO.PERTY OBSFRVED VALUE where E, is the maximum energy stored in the tidal distor-
a, semi-major axis 0.0407+0.0008 AU tion and the integral over the energy dissipation raté/dt
e, eccentricity 0.3216+0.0019 is the energy lost during one orbital cyclédldreich & Soter
Porb, Orbital period 9.779556+0.000019 d 1966. Although Ogilvie & Lin (2004 conclude that tidal dis-
i, orbital inclination to the line of sight 88.49+0.06° sipation rates of giant planets are not adequately repiesen
a0é 1+05M by a constanQQ-value, many parameterized tidal models rely
g +0.5Myr . . L
. . on this quantity. Measurements of the heat flux from Jupsiter
Ter.1, primary efective temperatufe 2715+100K moon lo during the fly-by of the Voyager 1 spacecraft, com-
Ten2/Tera, effective temperature rafio 1.050+0.002 bined with a specific model of the history of the orbital res-
My, primary mass 0.0572+0.0033M, onance, allowed for an estimate for the quality fac@y of
M,, secondary mass 0.0366+0.0022M, Jupiter to be 2 10 < Q, < 2-10° (Yoder 1979 while
Ri, primary radiu$ 0.690+0.011R, Aksnes & Franklin(2001) used Iswistorical changes in lo’s or-
Ry, secondary radids 0.540+0.009R, bit to infer thatQ,,_is around 18°. However,Greenberg et al.
. o 4 4 (2008 pointed out thalQ = oo is not ruled out (see alsBeale
L1, primary luminosity 8.9-10+3-10'W & Greenberg 1980loannou & Lindzen 1998 Tides raised by
L, secondary luminosity 6.6- 107 £2- 10*W Neptune on its moons help to constrain the planet's quadity f
P,, rotational period of the primaty 3.293+0.001d tor to 16 < Qy < 10°%¢ (Zhang & Hamilton 2008 For M
P, rotational period of the secondary 14.05+0.05d dwarfs, Qqy is assumed to be of order %.0nvhereas for rigid
Ter.1, ModeledTg; for the primary 2850K bodies like Earth 206s Q < 500 Ray et al. 2001Mardling &
Ter2, modeledTy; for the secondafy 2700K Lin 2004 and references therein). For BDs, howe@ifs even
Ry, modeled radius for the primary 0.626R, g]rg::eegacr::;tam, thus we will handle it as a free parameteuin o
Ry, modeled radius for the secondary 0.44R FMO08 allows for the tidal amplitude to be fiBrent from
what it would be if the tide-raising body were fixed in space.
1 Gobmez Maqueo Chew et #2009, 2 Barafe et al.(1998, This concern is met by the dynamical Love numbgrunder
% assuming an uncertainty of 200 K g1 andTeq the assumption that the tidally disturbed body had infiriiteet
to respond. Without better knowledge of a body’s response to
tides, we assume the dynamical Love number is the same as the
potential Love number of degree R,. For the gas planets of
the solar system, this number has been calculateGéoyrilov
& Zharkov (1977). BDs may rather be treated as polytropes of
ordern = 3/2 (l. Bardfe, private communication). We infer
2.1. Constant phase lag the Love number from the relatidg = 2k, (Mardling & Lin
2002 and use the tables of apsidal motion constigtgiven in
2 1.1. Tidal model #1 Brooker & Olle(1955. These authors provide numerical calcu-

lations fork,,s for a polytrope oft = 3/2. We findkg,s = 0.143

and thusky = k, = 0.286. This places, for BDs well in the
The potential of the perturbed body can be treated as the-supegime spanned by the gas giants of the solar system: Jupiter
position of periodic contributions of tidal frequencieslderent (k, = 0.379), SaturnK, = 0.341), UranusK, = 0.104) and
phase lags and the expression for the potential can be eegandeptune k, = 0.127) Gavrilov & Zharkov 1977.
to first order in those lags (FM08). Those phase kgSc-o1.25s9 Before we proceed to the equations for the tidal heatingrate

of thei' body that we will need for our equations are given by we sum up those for the orbital evolution of the semi-majds ax
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a, the eccentricitye and the putative obliquity. The latter pa-

rameter is the angle between the equatorial plane of onesof th
3ky:GMZR

two bodies in a binary system and the orbital plavénh et al. e

2005, frequently referred to as spin-orbit misalignment. We us Buoa = T80 ([4+ 30710 ~ [4 + 51¢7]n ).

Egs. (56), (60) and (61) from FMO08 but our equations for a bi- 3kdeM2R§

nary system with comparable masses need slight modification B, = — s ( [4 + 56€°]n + [2S5 — 4 — 28671, )
since both constituents contribute significantly to thelaon 8Q.

of a ande. We add both the terms for the secondary being the (10)

perturber of the primaryi = 1, j = 2) and vice versa, since only . .
spin-orbit coupling is relevant, whereas spin-spin intéica can  |Nterestingly, for these particular values®f, &2, andn, thes,-
be neglected. This results in terms forEj;, cancel each other, so that it is not a function of

¥1, whereasE?!, does depend og,.

da 3kygiM;R°n 147 1
o 212 Tj (4eo; + €[~20s0; + o Gl t S8 2.1.2. Tidal model #2
] The model of Wis08 includes terms in eccentricity up to tie 8
- 3es;] — 4S7[&0; — €sil ), (4) order, predicting higher tidal energy rates than for theatigus
of model #1. Equations for the evolution of the orbital paeam
ters are not given in Wis08. Furthermore, in his theory the pe
de 3ekqgiM;R°n 49 1 turbed body is assumed to be synchronously rotating with the
- = Z M@ (280,i T oot t 3esi|,  (5) orbital period. Since this is not the case for either of thesBD
' in 2M0535-05, the following equations will only yield lower

limits for the tidal heating. The tidal heating rates areegiby

dt i=12
i

d i 3kd|M N
d_li = TJ?G Si (—&0i + &8i + —€q;) s (6) . 21k GMZRN
@ 6= —aga dws(@w) (11)
whereky; is the dynamical Love numbey); the mass an& the i
radius of the deformed B, := sin(y;), with y; as the obliquity \yith
of the perturbed body, angl; | v-012589 are the tidal phase lags,
given in Eq. @).
The total energy that is dissipated within the perturbed/bod 2 fiut 4 fhu 1 fhu )
its tidal energy rate, can be determined by summing the work Swis(& i) = 7 B -3 ,812 it 7 IBQ (1 +G; )
done by tidal torques (Egs. (48) and (49) in FM08). The change Wis
in orbital energy of thé" body due to thg™ body is given by 3 e fy S?cos(2\), (12)
14 B
. 2R
e 3kd"§'\:|JRE 0 ( 4o; + H[—2060, + %7% N %8% where we use@; := cos{;) and
\__\g.._./
p
- 3e5] -4 [ —a]) (D) e
_ _ ) Hut _ 255 185
and the change in rotational energy is deduced to be f] 92 !+ E —eg
5
fit =1+ —e2 + — —€°,
3kyiGM? 2 2 8 " 16
Eﬁil = —RIEQ (430|+e2[ 2O‘90|“'49‘91|+82|] 3
8a° it =1+ 36+ ~ ¢,
+ 28|2 [—ZSOJ + &gj + Sg’i] ), (8) 8 1
whereG is Newton’s gravitational constant. The total energy re- ffe=1- gez +3E 696» (13)

leased inside the body then is

E:I%I == (Eg}hl Eﬁil) > 0. (9) f H i
. ollowing the nomenclature dflut (1981 andWisdom (2008

The greater-than sign in this equation is true, since efthern as indicated. Furthermork;; is the potential Love number of
and orbital energy is converted into rotational energy2or n  degree 2 for thé™ component of the binary system and is
and the body is decelerated by a transfer of rotational grietg a measure of the longitude of the node of the body’s equator
orbital energy. In both cases, the dynamical energy of teegy on the orbit plane with respect to the pericenter of its ofbit
is released within the distorted body. For = 0, e.g., Eqs.{) order to estimate the impact of in the last term in Eq.12),
and @) yield Eﬁ}m =-p-(4+ 576+ 45?)/Q andEf’;lLI =0. we assume this impact to be as large as possihle; 0, and

The approach for the calculation of tidal energy rates wittompare it to the preceding terms. We find that for the case of
tidal model #1 depends on processes due to non-synchrondM®535-05 the first three terms are of order 1, whereas the term
rotation viag,; = &;(€;, n) and includes a putative obliquity connected to\; varies between 1®and 10°, depending on;.
and terms ok up to the second order. After inserting the orbitalhese irrelevant contributions give us a justification tglaet
and rotational periods for 2M053B5, these equations reducehe unknown values of; in 2M0535-05 for our computations,
to facilitating the comparisons to the other models.
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2.2. Constant time lag Unfortunately, with these equations for the tidal energgesa

. model #3 neglects a potential obliquity of the body, which-pr
2.2.1. Tidal model #3 vents us from a direct comparison with the other tidal madels
Instead of assuming phase lags and superposition of freguen
dependent potentials, the ‘equilibrium tide’ modelyt (1981 5 5 5 Tigal model #4
invokes a constant time lagbetween the line joining the cen-
ters of the two bodies and the culmination of the tidal bulge d_ev07 extended Hut81's formula for the tidal energy rate to
the distorted object. With that assumption, the model ofgdiut the case of an object in equilibrium rotatfosnd they included
is mutually exclusive with the assumption of a fixed angle lagossible obliquities (see aldderon de Surgy & Laskar 1997
(Goldreich & Soter 1968 in general, a fixed time lag and a fixedthough they do not give the equations for the orbital evoluti
angle lag result in very tlierent behaviors of the tidal bul§eAs Lev07’s equations are equivalent to
for the case of the ‘constant-time-lag’ model, we first sunthep
equations governing the behavior of the orbital evolutiith “us ko GM?RN 20
the purpose of easing a comparison between Hut81's eqgation tidi — Qniat Sre(® 1), (20)
(Egs. (9), (10), and (11) therein) and Eq4) ¢ (6) from this
paper for the theory of the ‘constant-phase-lag’ model #4, V\vlvhere
transform the former into

Hut Hut 12 \2
Lalew) = f _ (5" /8%) (1 1

ﬂ15 f5Hut /189 + 1 _ Z/Slz) (21)

The ‘annual tidal quality factor’ is given a®,;* = n 7. Even

though Lev07’s equations invokg, and their equations resem-

Hut ot ble those of the models with constant phase lag, their approa

de _ Z —27keps GMRYe . (1 + %) ( f3 o u fy %) still assumes a constant-time-lag. Since Lev07 do not eXpli

adt & as ' M J\ g3 18p% n )’  connecttheiQ,to theQ of FM08 (model #1) and Wis08 (model
i#] #2), we kee@ andQ, as two diferent constants for our further

(15)  treatment.
With these expansions, EQQ) involves terms in eccentric-

-6 iGM,V M. f Hut f Hut i

_y OMR (), M1

dt & a M J\B® B2 n
i#]

) aa

dy; _3kapsiGM12R'3‘//i it_zmu.p to ordere®. But since mpdel #4 assumes tidal locking, i.e.
ot Maerz Ep4 is not a function ofQ, this model also yields just a lower
=i limit for the heating rateswWisdom 2008.
% ( f2HUt n fSHUI |:1 r;,i Mi + MJ (R )2 Qi :|) (16)
g 2p° B M a/ n|) 2.3. Converting tidal heating into temperature increase

with kepsi as the apsidal motion constant of the perturbed bofhiow that we have set up four distinct models for the calcula-
(see Sect2.1.]), rj; as the radius of gyration of thé€ body, tions of the additional tidal heating term for the BDs, thare
which is defined by the body’s moment of inertia= Mir2,R?,  two physical processes that will be driven by these energgra

and tidal inflation and temperature increase. Let’s thkes the lumi-
nosity of either of the two 2M053505 BDs that it would have
15 . 15 5 if it were a single BD andR and T as its corresponding radius
f =1+ Zez + Ee“ + aes, and dfective temperature. Then, by the Stefan-Boltzmann law

3 1 (Stefan 1879Boltzmann 1884
=1+ €+ =€ (17) _ o
2 8 L = 47R0spT2,, (22)
Hut81 then calculates the energy dissipation rate withimark
system, caused by the influence of one of the two bodies on
other, as the change in the total enefy= E,, + E.o. Here,
E.» andE,, are the orbital and rotational energies of the bo
(Eqgs. (A28) - (A35) in Hut81). For the tidal heating rates o t
i constituent within the binary, this yields L=E, +L 23)

Ly KepuGMROR?

gﬁhereasg is the Stefan-Boltzmann constant. The radial expan-
6n in the binary case is given bRd& R — Rand the tempera-
ure increase by = Ty — T IN its present state, the BD has
d luminosity

whereE;, is some additional internal energy rate. Solving Eq.

tidi = & 7i Guu(® €2, 1), (18)  (23) for the temperature increase yields:
where . N
T ( LIk ] T, (24)
f Hut frue g fHu e = 5 eff = e
_{Hut(e7 Qi: n) — 115 _ 2 212 S 59 _; (19) 471'R20'SB R
B pEn pon In the next step, we quantify the amount of tidal energy that

2 |f e = 0 andy = O, then there is a single tidal lag angleand IS converted into internal energy, leading to an increasefin
the tidal dissipation funtion can be written @= 1/s = 1/(wn). For fective temperature. Since we will use the virial theoremaio
the course of an orbit, where the tidal evolutiomad$ negligible, both ideal, monoatomic gas to estimate the partition betweemniat

Q andr can be fixed. However, in a general case wheig constant and gravitational energy, we first have to assess the adgqgtiac
in time, Q will decrease as the orbital semi-major axis decays rand
increases. SQ would not be constant. 3 Wis08 calls this ‘asymptotic nonsynchronous rotation’.
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treating the 2M053505 BDs as ideal gases. We therefore shopossible obliquityy, of the secondary within the last 1.5 Myr.
the degeneracy parametér= kgT/(ksT¢) as a function of ra- Since this time span is the upper bound for the system’s age,
dius in Fig.1 (Chabrier & Bar#fe 2000 |. Bardfe, private com- confined by its localization within the Orion Nebulae and in-
munication.). Herekg is the Boltzmann constant, is the local dicated by comparison with BD evolutionary tracks, we thus
temperature within the gas aiid = ks T is the Fermi energy of get the strongest changes énand i,. If any initial obliquity

a partially degenerate electron gas with an electron Fegmi t would be washed out already, could be neglected in the cal-
peraturele. With respect tM, T and log@), g being the body’s culations of tidal heating. Furthermore, the measuredredce
gravitational acceleration at the surface, the BD strgctonodel ity e could give a constraint to the tidal dissipation functi@n
corresponds to that of the primary, but with an age of 4.9 My€omputations based on the theory of ‘constant-time-lagldyi
We find that for most of the BD, i.e. that portion of the struetu qualitatively similar results.

in which the majority of the luminosity is releaséd s of order For the evolution o€, we relied on Eq.5). We took the ob-
1. This means that we may indeed approximate the BDs as idsaived eccentricitg = 0.3216 as a starting value and evolved
gases. it backwards in time. To evolve the system into the past, we

With the time derivative of the virial theorem for anchanged the sign of the right side of the equation. Furthezmo
ideal monoatomic gaK{ppenhahn & Weigert 19905ect. 3.1 we assumed that the quality factd@s and Q, of the primary
therein), and secondary are equal, leadingQo = Q, = Q andé; :=

. . £i(Qi, n, Q), because we are merely interested in a tentative es-
L=E,=-Es/2 (25) timate so far. This assumption should be a good approximatio

whereE; is the temporal change in gravitational energy, we finglt,:i%rgoggri S'en:;t"trr'tey ?:;2: t;%tg ::;)dr}]upsonents in terms of compo
that half of the additional tidal energy is converted intteimal Tﬁe obZerved e,ccentr,icit of the s stem miaht give a con-
energy and the other half causes an expansion of the BD. Thetre. t1o th iol | ¥~ . c%/dtd gd gIveE
are currently no models for tidal inflation in BDs and the treas ANt 10 e POsSIbIe values Qsince @/dt depends oQ via

ment is beyond the scope of this paper. Instead of includiag k- CertainQ freﬁymes could be mcqmpaﬂble W]ith the Ob_SfeﬂI"]VGd
modeled BD radiR into Eq. £4) we avoid further uncertainties eccentricity of the system at a maximum age of 1.5 Myr, if hes

and fixR/R = 1 (see Sect for a discussion of tidal inflation in Q values would have caused the eccentricity to decay rapudly t

. : L 0 within this time. However, our simulations (Fig) show that
the evolutionary context). The increase fifieetive temperature '
due to tidal heating then becomes the system has not yet evolved very far for the whole range of

Q and that the eccentricity of 2M05385 is in fact increasing
B2 =\ - nowadays. In this system, circularization does not ocdue.db-
daT = ( tid + T;‘ﬁ) = T (26) served eccentricity of 0.3216 consequently does not caingj:.
AnReose In this first estimate, we fixed all other parameters in tine, i
Forfeﬁ’i we took the values predicted by tBarafe et al (1998 We.neg_lected an evolution of the semi-major &iof _pOSS|bIe
models (see Tabl#). obliquitiesy; and we used constant radij and rotational fre-
Our neglect of tidal inflation makes this temperature irffuéncie<. We did this because we canr,wt yetincorporate the
crease an upper limit. Given that this neglect is arbitravy, evqlutlonary behavior of the components rafdiin the context .
estimate how our constraints for l&@) = 3.5 andy, = 500 Of tides and furthermore, there is no knowledge about plessib
would change, if tidal inflation played a role in 2M053%5. m|sal|gnmentapi_ between the orbital plane an_d the equat(_)rlal
Comparing the observed radii of both BDs with the model pr@!anes of the primary and secondary, respectively. A ctrsis
dictions (see Tabld), radial expansions of 10% for the pri-€volution ofR, however, is necessary to evohve/dt as a func-
mary and 20% for the secondary seem realistic. Theoretid@" Of ¥1 andys, as given by Eq.4). Such a calculation was
investigations of tidal heating on the inflated transitiignet eyond the scope of this study. _
HD209458b by (bgui & Burrows 2009 support an estimate _ 1he relative spin-geometry of the two BD rotational axes
of tidal inflation by 20%. As a test, we assumed that the se¥ith respect to the orbital plane and with respect to eackroth
ondary BD in 2M053505 is tidally inflated, where its radius S Unknown in 2M053505. Anyhow, we can estimate if a pos-
in an isolated scenario would be 80% of its current value, i &Pl€ obliquity that once existed for one of the BDs would sti
R = 0.8-Rin Eq. (24). In the non-inflated scenario wilyR = 1, ©€Xist at an age of 1.5Myr or if it would have been washed out
the BD would reach a temperature increase of € 60K at UP to the present. We used a numerical integration of 6)Lo(
log(Q,) = 3.5 andy;, = 50° with model #2 (see Sec3.3). With €Volvey, forward in time (Fig.2). For the secondary’s initial
the inflation, however, lo@),) ~ 2.7 is needed to achieve theobliquity v, we plot the state of, as a function of the quality
same heating at, = 50°, whereas no obliquity at logf,) = 3.5 factor Q, after an evolution of 1.5 Myr. We see th_at even for a
would yield significant heating. Thus, if tidal inflation ina sec- VETY small quality factor of 10and high initial obliquities the
ondary BD increases its radius by 20%, then the value forithe g8€condary is basically in its natal configuration today.§fiis
sipation function required to yield the sarfig would be about réasonable to include a putative misalignment of the semgnd
0.8 smaller in logD) than in the case of no inflation. ThereforeWith respect to the orbital plane in our considerations. Ham
the temperature we report in Se8may, at worst, correspond to below, this is crucial for the calculations of the tidal Hegtand
log(Q) that is smaller by 0.8. the temperature reversal.

3. Results 3.2. Tidal heating in 2M0535—05 with model #1

In Fig. 3, we show the results for the tidal heating rates as com-
puted after tidal model #1. As given by EQ0], the tidal heating

In order to get a rough impression of how far the orbital configf the primary does not depend on a putative obliquity, wagre
uration of the system has evolved, we used the equationa gitlkat of the secondary does. Using this model, we find that the
in FM08, to compute the change of its eccentri@tand of a luminosity gain of the secondary is, over the wh@erange,

3.1. Orbital evolution
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smaller than that of the primary, which mainly results frdre t temperature rises that are compatible with the observethsn
relation Ejj, « R°. Figure3 also shows that a growing oblig-ity and temperature overshoot of the secondarysFerL00 s the
uity shifts the gain in thermal energy towards higher vafoes: heating rate for the secondary becomes comparable to the ob-
fixed Q.. The observed overshootef10** W in the secondary’s served one, namelg;’, ~ 10°*W. However, assuming a similar
luminosity can be reproduced with very small quality fastof time lag; for the primary, the luminosity gain of the primary
Q. ~ 1¢° and high obliquities up te, ~ 90°. BD would be significantly higher than that of the secondary,
In Fig. 4, we show the results for the temperature increagéhich is not compatible with the observations. The assusnpti
as per Eq.26) with the tidal energy rates coming from modePf 71 ~ 7, should be valid since both BDs are very similar in
#1. These rates yield only a slight temperature increasedtr their structural properties, such as mass, compositionpéea-
constituents. Even for IoW values of order 10and high oblig- ture, and radius.
uities of the secondary, the heating only reaches vajugg K. The corresponding temperature increase is plotted indrig.
We also see that the heating for the primary is computed to lighows that the more massive BD would experience a higher
greater than that for the secondary and no temperaturessvetemperature increase than its companion, assuming sitinilar
would be expected. If both BDs have the same Q values, tHegs. Since tidal heating is underway in 2M0585 and was
model #1 is unable to explain the temperature reversal. We c@robably similar in the past (see Se2tl.]), tidal heating af-
not rule out a system in which, e.d); = 10° andQ, = 10, ter model #3 would have been more important on the primary,
for which model #1 could explain the reversal. However,¢tigr forcing it to be even hotter than it would be without the per-
no reason to expect that similar bodies h@vealues that span turbations of the secondary. The temperatufiedénce between
orders of magnitude. Hence, we conclude that model #1 can rie primary and the secondary, which is anticipated by BD evo
ther reproduce the luminosity overshoot of the secondaryheo lutionary models, would be even larger. Thus, the tempegatu
system’s temperature reversal. inversion cannot be explained by tidal model #3.

3.3. Tidal heating in 2M0535-05 with model #2 3.5. Tidal heating in 2M0535—-05 with model #4

This model yields the highest heating rates and hence temp-léh]e calculations based on model #4 yield significant heating

ature increases. The contrast between the absolute erategy pates m_both BDs. Like in the case of r_nodels #1 and_ #2, the
within the primaryEf.‘gl and the secondar&'f.‘jz is very small. luminosity gain of the secondary at a fixed obliquity is, over
id, 1d,

: oL ; . the wholeQ, range, smaller than that of the primary (F&).
In fact, for any given point iny-Q space, the heating ratedfer . : =
only by Iog(E%%?/W) ng(g%gz/w% ~ 0.1 (Fig. 5).gThe tidal AS for model #2, the dierence betweehy, () andE, () is

N —tid.2 4 i
energy rates of the secondary become comparable to the |88_S pronounced than in model #1. Assuming spin-orbit align
served luminosity overshoot at ld@f) ~ 3.5 andy, ~ 50°,

ment for the primary and a pronounced obliquity of the sec-
whereE"2, ~ 10%W. A comparison of the heating rates fro ondary, tidal heating rates &, = 10°*W can be reached with
model #2 with those of model #1 for either of the BDs sho

gg(Qn’z) ~ 3.5 andy, ~ 50°. _ _

that model #2 provides higher rates, with growing contrast f __-IK&é model #2, #4 produces a reversal in temperature in-
increasing obliquities ' crease by means of the modified Stefan-BoItzmann relation in

; - Eq. (26), due to the comparable heating rates of both BDs and
. The temperature increase arising from the comparable hetﬁ 2 significantly smaller radius of the secondary (Rif). We
ing rates is inverted for a given spot on tog(Q) plane. If find a reversal in tidal heating, i.eTd > dT; for any given
both BDs had the same obliquity and the same dissipatioarfact, . .+ i u-Q, space. A tempera{ture increasexopf0K can be
the secondary qud experience a hi.gher temperature ii'ml;‘ye?eached WitF] logD,.2) = 3.5 andy, = 50°. Since the equations
As presented in Fids, the temperature increase after model #2 i 1) qe| #4 provide merely a lower limit due to the assump-
5|gn|f|c§nt only in thg regime of very lo@ f%”d high obliquities. 4 of asymptotic non-synchronous rotati@p,, might also be
Neglecting any orbital or thermal evolution of the systel® t i nar than 168 and the obliquity might be smaller than 50
observed temperature reversal could be reproduced by aSS%'ﬁnilar to model #2, tidal model #4 can reproduce the obskrve

ing an obliquity for the secondary while the primary’s ratat ; ; _
axis is nearly aligned with the normal of the orbital planes \Aég?ws%(;rggre reversalin a narrow region ofhipg(Q) parame

note that the real heating will probably be greater sinceeho
#2 assumes synchronous rotation, which is not the case forbo )
BDs in 2M0535-05 (see Tabld). The values of), andy, nec- 4. Discussion
essary to account for the observed increask,innd Te;, may
thus be further shifted towards more reasonable number§yi.
might also be higher than $0and the obliquity might be smaller
than 50. Thus, for a narrow region in thee-log(Q) plane, model
#2 yields tidal energy rates for the secondary comparahis to
observed luminosity overshoot and in this region the commgbut
temperature increase can explain the observed temperatur
versal.

We employed several tidal models to explore the tidal hgatin
in 2M0535-05. We found that, assuming similar tidal quality
factorsQ and obliquitiesy for both BDs, the constant-phase-lag
model #2 and the constant-time-lag model #4 yield a stronger
increase in fective temperature on the secondary mass BD than
on the primary. For certain regimes@f andy, the tidal energy
ates in the secondary are of the correct amount to explain th
larger temperature in the smaller BD. A comparison betwegn o
computations based on the models #1 and #2 on the one hand and
3.4. Tidal heating in 2M0535—05 with model #3 #3 and #4 on the other hand idfiult. The reference to a fixed
tidal time lag might only be reconciled with the assumptidn o
Since the only free parameter in this model is the putativedfix Q,* = nt as done by Lev07, which is at least questionable since
time lag r, we show the tidal heating rates for both the prithe assumption of a fixed time lag is not compatible with a fixed
mary and the secondary only as a functionrah Fig. 7 with  phase lag. Furthermore, model #3 does not invoke obliguitie
0s< 7 < 300s. For this range, model #3 yields energy rates andhich also complicates direct comparisons of the modelututp
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4.1. Constraints on the tidal dissipation function for BDs, Qgp  With i = 88.49 the first term in Eq.Z7) degrades to insignifi-
. . . cance, which yields cog() ~ sin(l,;) cos@,).

4.1.1. The Rossiter-Mcl.aughlin effect in 2M0535-05 At low values forl,; and4; the fitted solutions to the RME
The geometric implication of the most promising tidal madelare degenerate and there are multiple solutions within taicer
#2 and #4 is that the obliquity of the 2M05385 primary is confidence interval. But our simulations for the transitghioat
negligible and that of the secondaryis~ 50° — provided tidal the error due to the observational noise is on the same osder a
heating accounts for tHeg reversal and the luminosity excess ofhe error due to degeneracy and thus we find standard dengatio
the secondary. There does exist an observational methodde nin I,, and 1, of oy, ~ 20° ando,, ~ 20C°, respectively. The
sure the geometric configuration of eclipsing systemseddle uncertainty iny, depends not only on the uncertaintie$,jpand
Rossiter-McLaughlin ect (RME) Rossiter 1924McLaughlin A, but also on the actual values bf, andA,. But in all cases,
1924. the standard deviation in the secondary’s obliquify < 20°.

The RME appears during transits in front of rotating stars. If present in 2M053505, a considerable misalignment of
Hiding a fraction of the star’s surface results in the absenthe secondary BD of 3@ould be detected with a &-accuracy
of some corresponding rotational velocity contributionti@ of 20° or less. Thus, an observed value of 50 would be a 2.5-
broadening of the stellar lines. Thus, the changes in tiegdin- o detection of spin-orbit misalignment. Unless RME measure-
files become asymmetric (except for the midpoint of the itainsments suggesk ~ 90°, RME observations alone are unlikely
and the center of a certain stellar line is shifted duringaadit, to provide definitive evidence that any of the tidal models we
which induces a change of the star’s radial velocity. The@slw consider is responsible for the temperature reversal.
the resulting radial velocity curve depends on tffe@ive area
covered by the transiting object and its projected path twver . o
stellar surface with respect to the spin axis of the covebgelap  4-1.2. Further observations of BD binaries

(forjs?ne tagecdogza(?;is'isng];lthersswe”r:‘]tzédém'tifztlgl' eztoglﬁ(zoog Besides the option of RME measurements for testing the geo-
9 ginally p - ' __metric implications, there does exist a possibility to fyedur
we have undertaken simulations of the RME for various geemet i “te of logD) ~ 3.5 for BDs in general. Comparison of

ric configurations of 2M053605 during the primary eclipse gbserved orbital properties with values constrained byethea-

as it would be seen with the Ultraviolet and Visual Echellﬁ : . . :
ons that govern the orbital evolution might constrain ffee
Spectrograph (UVES) at the Very Large Telescope (VLT) (s %rameter%, her®. Using Eq. B), we find t%\at, assuming only

Fig. 11). For the data quality we assumed the constraints given,,. , ~.~.~ - gy :
: . : slight initial eccentricity of 0.05, the eccentricity oD bi-
gyztgeTLri\él(E;gn? t J?aeti(\J/rll_;- Siﬁ;\?f#;? 321”? C?L‘i%ﬁgge\;grnsézl nary system similar to 2M053%5, in terms of masses, radii,
o b ! 9 P otational frequencies, and semi-major axis would inadasl

tra and also the telluric A and B bands as benchmarks, a ti@ﬁeh 500 Myr if the quality factors of the two BDs are 10°°

sampling with one spectrum every 1245s and/bl 8f 7_ (see left panel in Figl2). A measurement a&fin such an evolved
around 8 600 A are necessary to get 21 measurements du”ngsa&?e could not constrai@ in a 2M0535-05 analog since either
primary eclipse and an accuracy01L00ms. the initial eccentricity could have been relatively largeile the

In principle, there are four parameters for the backgroulg)qbit evolved rather slowly due to higf values or a small ini-

object of the transit to be fitted in our simulations of the RME;5 '\ a1 ofe could have developed to a large eccentricity due
the rotational velocity,, the inclination of the spin axes with to small values 0.

respect to the line of sight,, the angle between the projection We also simulate the evolution of a 2M05385 analog but

of the spin and the projection of the orbital plane normabon'{Nith a different rotational frequency of the primary constituentin
the celestial plan@, and the orbital inclination with respect to 9 Y P y

the line of sight. From light curve analyses, both rotational Ve(_)rderto let the eccentricity decrease with time. e negfitie

locities in 2M0535-05 and the orbital inclinationare known. evolution of all the other physical and orbital parameténses

. ; , ; we are merely interested in a tentative estimate. For a gigan
Thus, for the simulation of the primary eclipsg andAa, are the . : : ;
remaining free parameters. didate system the analysis would require a self-consisieunt

Lo L . pled evolution of all the dferential equations. For the arbitrary
The obliquitiesy; | i-1», i.e. the real 3-dimensional angle becase ofP, = P, = 14.05d we find that, even for the most ex-

tween the orbital normal and the spin axis of the occultedab)j - - - .
: treme but unrealistic case of an initial eccentricity eqodl, this
is related to the other angles as I . . . .
fictitious binary would be circularized on a timescale of My
for log(Q) < 5 (see right panel in Fidl2). Findings of old, ec-
cos{;) = cos,;) cos() + sin(l,,) sin() cos(). (27) centric BD binaries with rotational and orbital frequerscteat
' ’ yield circularization in the respective system would setdo
While the two obliquitiesy; are intrinsic angles of the system Jimits to Q.
they cannot be measured directly. They can only be inferced f
i, I,; anda;, which depend on the position of the observer with , ) ,
respect to the system. Since we are only interested in theipes 4-1-3- Rotational periods in 2M0535-05

options for the measurement of the obliquities in 2MOSB5,  Apgther, and in fact a crucial, constraint @hfor BDs comes
we fefef the reader to the paperw’”ﬂ etal.(2009 for a dis- Efrom the synchronization time scatg,., of the two BDs in
cussion of Eq.%7) and the geometrical aspects of the RME\j0535 05, Following the equation given in Lev07 and taking
4 The ‘primary eclipse’ refers to the major flux decrease inghe- the initial orbital_mean motion and Semi-majo_r ax_is Ofthm.em
tem’s light curve. Due to the significantly higheffective temperature @S calculated with an uncoupled system dfefential equations
of the secondary mass BD the primary eclipse occurs wherriinagy ~ from model #1, we derivey,, = 0.07 Myr for the primary and
mass component transits in front of the secondary compaaioseen tsyncnz = 0.04 Myr for the secondary with log)) = 3.5. Since the
from Earth. rotation in both BDs is not yet synchronized with the orbitlan
5 www.eso.orgobservingetc the age of the system is about 1 Myr, IQ)(= 3.5 is not con-
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sistent with the age of 2M053®5. Both components shouldobliquitiesy;, BD radii R, eccentricitye, semi-major axig, and
have synchronous rotation rates already. We find the cemsistrotational frequencie®;. Note that there is a positive feedback
value forQ to bex> 10*%, yielding synchronization time scalesbetween radial inflation and tidal heating: as tidal heatimg
tsyncns 2 0.69 Myr andtgyncn, 2 0.37 Myr. flates the radius, the tidal heating rate can increase antiin

To make this estimate f&@ more robust, we present the evo— may cause the radius to inflate even more. In a self-consiste
lution of the BDs’ rotational periods in Fid.3 and compare it orbital and structural simulation of 2M05385, tidal inflation,
to the critical period for a structural breakBg;;.. The evolution- neglected in our computations of tfig; increase in Eq.46),
ary tracks are calculated with model #1 and Eqg. (30) in FMO®&ill result naturally from the additional heating term iotiuced
As a rough approach we do not couple this equation with tholsg tides.
for the other orbital parameters. The left panel of Higshows In conjunction with 2M053505 that means the actual heat-
that for logQ;) = 3.5 andy,; = 0° the primary’s initial rota- ing rates necessary to explain thig and luminosity excess in
tion period 1 Myr ago isv 0.3d. The initial rotation period for the secondary are lower than they would have to be if there
the secondary, for log},) = 3.5 andy, = 0°, is about -0.2d, would be no historical context. Relating to Fids6, 8, and10,
where the algebraic sign contributes for a retrograde wtiawl  the implied obliquity and factor for the secondary are — again —
(right panel in Fig.13). For most of its lifetime, the secondaryshifted towards lower and higher values, respectively. Etaled
would have had a retrograde rotation and just switched the i the historical context of tidal interaction in 2M05385,
tation direction within the last few 10,000 yr, which is vam- ¢, < 50° and logQ,) > 3.5 may also explain the temperature
likely in statistical terms. Since the orbital momentumistbe reversal and the luminosity excess of the secondary.
order of 18%kgn?/s and the individual angular momenta are These trends, however, are contrary to that induced by tidal
about 18" kg /s, the shrinking process might not have had iaflation. If tidal heating is responsible for a radial expam
serious impact on the rotational evolution. Tides have dateid of 10 and 20% in the primary and secondary, the values of the
the spin evolutions. dissipation factor necessary to explain Thg reversal would be

Following Scholz & Eisldtel (2009, the critical breakup pe- ~ 0.8 smaller in logQ.) (see Sect2.3).
riod P.;; depends only on the body’s radius and its mass. The
radius evolution for BDs is very uncertain for the first Myteaf .
formation but we estimate their initial radii to be as largatee °- COnclusions

solar radius. This yieldB.;, ~ 0.5d for both the primary and \we surveyed four dierent published tidal models, but neglect
the secondary BD. As stated above, the moduli of the iniGial r gy evolutionary background of the system’s orbits and time-c
tation periods of both BDs would have been smaller than 0.3@nents’ radii to calculate the tidal heating in 2M0585. Our

for Q values ofs 10°°. This inconsistency gives a lower limit cajcylations based on models #2 and #4, which are most cempat

to Q; andQ;, since values ok 10°° would need an initial ro- jpje with the observed properties of the system, requireyabl
tation periods of both BDs which are smaller than their caiti tjesy, ~ 0, y, ~ 50° and a quality factor log)) ~ 3.5 in order

breakup periods. Obliquities larger thanv@ould accelerate the o explain the luminosity excess of the secondary. Additityn
(backwards) evolution and yield even larger lower limits@  the observed temperature reversal follows naturally simee
andQ,. Thus, our_simulations of the rotational pe_riod evolutiop,]ay reproduce a reversal in temperature increase due @ tide
of both BDs require logQsp) 2 3.5, whereas the tidal synchro-g1," gT,. In model #2, synchronous rotation of the perturbed

nization timescale even claims @) > 4.5. body is assumed. Since this is not given in 2M0585, the ac-
tual heating rates will be even higher than those computesl he
4.2. Evolutionary embedment of tidal heating Our results for the heating rates as per model #2 are thus lowe

limits, which shifts the implied obliquity of the secondaamd
Tidal heating must be seen in the evolutionary context of tlg Q factor to lower and higher values, respectively.
system. On the one hand, the tidal energy rates generate-a temConsiderations of the synchronization time scale for the BD
perature increase on the Kelvin-Helmholtz time-scalechlis  duet and the individual rotational breakup periods yield-co
~ 2Myr for the BDs in 2M053505 — and thus on the orderstraints onQgp for BDs. We derive a lower limit of logQsp) >
of the system’s age, as per EQG|. On the other hand, tidal 4.5. This is consistent with estimates Qfvalues for M dwarfs,
heating will dfect the shrinking and cooling process of younthg(Qquu) ~ 5, and the quality factors of Jupiter; 20° < Qq <
(BDS in terms of an ﬁvolutionary retardlation. Ars] rgodels slhog/. 10°, and Neptune, ¥0< |09(Qg) < 10 (see Sect2.1.).
D’Antona&.Mazzite 11997 Bar_aﬁe etal. 1998Cha rier etal. with 1o Qgp) > 4.5 tidal heating alone can neither explain the
200Q Chabrier & Barée 2000, single BDs cool and shrink sig- tempergol(ture)reversal in the sysgtjem nor the Iuminositype9<oés
nificantly during their first Myrs after formation. Adding &m- the secondary.
ergy source comparable to the luminosity of the object als An obliquity of 50, however, would be reasonable in view

down the aging processes such that the observed temperafiie .ant results from measurements of the RME in sevenal tra

and luminosity overshoot at some later point is not only @ue Liin g exoplanet systerhisCurrently, out of 18 planets there are
the immediate tidal heating but also due to its past evaiutio; | significant spin-orbit misalignments 30° and some

Conse(?uently, rt]he Iuminlosité/ agd temperature overshotiten . yhem are even in retrograde orbits around their host .stars
secondary might not (only) be due to present-day tidal hgati o gypstantial obliquitys, might cause an enhanced heating in
but it could be a result of an evolutionary retardation psscey, o on0535.05 secondary, while the primary’s spin could be
triggered by the presence of the primary as a perturber. dup,|igned with the orbital spin, leading to negligible hegtin the
radius-orbit evolutionary models have already given plaas primary.

explanations for the inflated radii of some extrasolar pta(@u Despite the advantages of distance-independent radius and

g;[)%ls.)st()))O?Miller etal. 2009 Ibgui & Burrows 20091bgui etal. |, minosity measurements of close, low-mass binaries, oe-c

For a consistent description of the orbital and physical his® See www.hs.uni-hamburg.de/EN/Ins/Per/Heller for an
tory of 2M0535-05, one would have to include the evolution obverview.
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ally too large as compared to models. A tidal model is need&drdling, R. A. & Lin, D. N. C. 2002, ApJ, 573, 829

for higher orders of arbitrary obliquities and eccentigstthat
also accounts for arbitrary rotation rates. As state@lgenberg
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of tidal frequencies the theory of constant phase lag istopres
able. Besides the extension, conciliation among the varioad-

els is needed. The results from the models applied heregh
be considered preliminary but are suggestive and indidae
possible importance of tides in binary BD systems.
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iii. measurements of the system’s geometric configuration;

constraints on the tidal quality factors of BDs.
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Fig. 1. Degeneracy paramet8f = ks T/(ksT¢) (solid line) with
model parameters similar to those of the 2M05@5 primary
and radius-integrated luminosity(dashed line) as a function of
radius. To fit into the plotl. is normalized to 10.
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Fig. 2. Orbital evolution of 2M053505 after model #1 going back in time for 1.5 Myreft: Eccentricity evolution. Depending
on Q and on the age of the system, its initial eccentricity hashe&n smaller thar 0.3133, which is~ 97.4% of its current
value.Right: Obliquity evolution of the secondary BD for thredigrent values of),. Simulations started at ‘time 0’ for y, €
{0, 20r, 400, 607, 8C*} and were evolved backwards in time. For I1Qg) > 4 there is no significant changeyn. For all the treated
values ofQ,, the obliquity of the 2M053505 secondary is still close to its natal state.
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Projection ofdT, onto the logQ,)-¥, plane. For any given location in the lg@)(-y plane, model #2 yields the strongest tem-
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space there is an inversion in temperature increake>dT,, i.e. the less massive BD is heated more.
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the primary would be hotter than the secondary.
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Fig. 11. Simulations for the Rossiter-McLaughliffect as it would be seen with UVES during the primary eclips2M0535-05,
which occurs when the secondary mass BD is occulted by theapyi The @\ is 7. Left: The orbital inclinationi is fixed at 8849
(see Tablel) anda = 0, which means the transiting primary BD follows a path pafab the secondary’s equator. The alignment
of the secondary’s spin axls, varies between 9Qperpendicular to the line of sight) and°5®&ight: With i fixed at 8849 and

l,» = 90, A, varies between“Q(primary path parallel to the secondary’s equator) arfd(pimary path strongly misaligned with
the secondary’s equator).
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Fig. 12. Orbital evolution of a 2M053505 analog after model #Left: Eccentricity evolution for dferent values of) for the next
500 Myr. The initial eccentricity was arbitrarily choses; = 0.05. For logQ) < 3.5 this binary will be > disrupted within 500 Myr.
R|ght Eccentricity evolution of a 2M053805 analog but withP; = P, = 14.05d for diferent values of). Contrary to the scenario
in the left figure, the changed rotational period of the pryrD now leads to circularization of the system. Measuretiefe in
LMS binaries with known ages can give lower limits@
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Fig. 13. Rotational evolution of the two BDs in 2M05385 after model #1 for dierent values 0@, andQ,. Left: (Primary) Going
backwards in time, the rotation period decreases. FolQggé 3.5, P, drops below the critical period for structural breakup of
~ 0.5d already before the date of birth around 1 Myr agight: (Secondary) For log),) = 5.5 we show the tracks fag, = 0
and 80 for comparison. For lo@),) = 4.5 the rotation direction switches at abotQ.18 Myr and for logQ.) = 3.5 at roughly
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