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Hot Jupiters: inflated radii

Teqg = 875-1125 K

Teq = 1125-1375K

Teqg = 1375-1625 K
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Hot Jupiters
Cooling models

* Radius shrinking from initial values of several Rj happens in Myr

e Considering irradiation is not enough, it delays the shrinking, but it
cannot provide more than about 1.3 Rj at Gyr ages.

» "delaying cooling" mechanisms (e.g. enhanced opacity) could explain
moderate inflation only. 2
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Hot Jupiters

Hot Jupiter inflation radii: need for additional heat

There must be a temperature-dependence of the source heat to explain @a:./

Heating is usually parametrized by efficiency: € = Q.,./L; '

e additional heat with a few % of the irradiation flux is enough, efficiency peak|
around 1500-1700 K.

* theinflation is effective if the heat is put in the convective region

* with constant efficiency, a perfect balance between cooling and heating: plateaux
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Hot Jupiters
Hot Jupiter inflation radii: which heating mechanisms?

* Tidal effects due to eccentricity (Bodenheimer et al. 2001) (
 Turbulent dragged inside and dissipation of kinetic energy (Youdin & =
) Cy
Mitchell 2010). "~ 3
 Ohmic dissipation (Batygin et al. 2010, Perna et al. 2010), for which
the deposition of the heat is external A
Q; J?
Jo, op

We need to prescribe:
1. Conductivity profile
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Evolutionary models
Full Ohmic model: conductivity profiles [Vigand et al. 2025]
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Hot Jupiters
Ohmic dissipation in HJs: winding & induced currents
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[Dietrich et al. 2022]

The supersonic thermal jets, since the material is ionized, induce currents,
i.e., atmospheric magnetic fields, which twists and amplifies the one
generated inside. This induction involve also the deeper layers.
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Induced currents

“:Bind
dt

ar

:?x(nxﬂ—i):ﬂ

J=0c(wvXxB-VO),
and imposing the continuity equation V - J = 0, so that

oV?’®O + Vo - VO =V . [o(v X B)].

Obtain J(r) in the v=0 region (p>10 bar) for a
given conductivity and internal B geometry.
We use a normalization of the atmospheric
current in the atmosphere (p<10 bar):

J(p < Patm }(” - f-Tatrn{r)'l"m'ngng)

The heat is mostly in the outer convective

regions (similar results found by Batygin et al.

2010, 2011, and others).
[Vigano et al. 2025]
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Evolutionary models
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Hot Jupiters
Coupling with dynamo scaling laws

SDSS0423 (L7+T2.5) o

Based on numerical simulations of dynamo, 3 s

and on observations of Jupiter, Earth and low- Al g Smeorss 2

mass (fully convective) fast-rotating stars (see _ [l 2w e

Albert Elias-Lépez talk): £ g
2 S i 0 2
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[Christensen et al. 2009]
[Kao+ 2019]

I < Parm)\0) = (1B D)

We use the dynamo field as background field at the
surface (accounting for the scaling with radius)

log{Ly/Lber)

; il lli .
‘7;_ E)1. 0.0 o.sl 1I.0I [RlelnerS'I' 2|01.4] 3 3

the average velocity is the only free parameter for our

Rossby number = P/tau

ogor ow | Ohmic model. We assume it constant (to be improved)
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Evolutionary models
Evolutionary models results

1M am
3.0 3.0

—r 100 == =oc| Radius of dynamo region
7 =z " — 0| doesn't change much. It's the
5 0 = 2.0 . .
e | 2 envelope being inflated.

& 15 .
1.0 :::::::::::::::::t'.:t:!'_tS'.'.'.'.'.'.'_'_'_'_‘.'.'.'.‘.%','_""""m
108 10° 1010 108 10° 1010
Age [yr] Age [yr]
10° L 10° il . . . . .
Ohmic efficiencies decrease in
> >|1071 O
8 0 time (due to decrease of B), so
: . the radius doesn't stall.
5 5 107
0= 108 10° 1010 0= 108 10° 1010
Age [yr ° °
- B of HJs might be only in the
103 10° : H

AT ., e | F@Nge of Jupiter (< 10 G),
= s 2o unless they are very massive:
== 5 winds can be maintained at
= £ 1 _..| km/s levels (detectable!)

ouiit 108 10° 1010 e 108 10° 1010 [Vi 4
Age [yr] Age [yr] igano et al. 2025]

Daniele Vigano 10



Effects on the structure

Similar killing convections by
keeping the outer layers too
hot: Venus (stagnant lid), lo
(tidal heating)?

Temperature gradient
softens: convection (and
Rcore 1Rj dynamo) suppressed

log (Radius)

Hot Jupiters with: no, moderate, strong\
internal heating in the outei\g4
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The timescales for these cycles are not
assessable by the current code, but
they are not purely numerical.

Caveat! Velocities should depend on B
(magnetic drag) instead of constant
could mitigate the effect

Evolutionary models
Feedback dynamo-atmospheric field: cycles?

J(p < Patm)(1) = f-T.':um{f)l'm'g Bbkg“}

Induced J,
extra heat

Bayn l l

Convection
' restored
Convection
suppression l
1
Induced J, I
extra heat

(IF v,,, constant!)
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Results and comparison with data
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Evolutionary models
Global circulation models: the magnetic drag

v3a ~ 3000
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The inferred reduced velocities for higher fields (i.e. mass) is consistent with
the magnetic drag effects on the winds: too strong induced fields backreact on
the flow via Lorentz force and slow it down.
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Evolutionary models
Evolving host star luminosity and re-inflation
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Letting star luminosity L* to evolve can easily lead to re-inflation, due to the
increased role of irradiation+heating.
A similar effect can be produced by secular orbital shrinking.

[Vigano et al. 2025]
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Realistic Ohmic models coupled to dynamo evolution can lead to suppression of
convection and B-field, except for massive planets: Jupiter-like fields (G) at most!

The coupling between the internal and atmospheric magnetic fields generally
implies a decay in time of the Ohmic efficiency, but re-inflation can happen for

evolving stellar luminosities. ,
The average atmospheric velocities we infer are in line with what expected (up to §

compatible with to the effects of larger magnetic drag on winds.
Observational consequences:

Good news for km/s winds in transmission spectroscopy!

Bad news for radio emission: HJs might be not the best candidates.




Back-up
Hot Jupiters: thermally driven circulation

Tidal locking means having a permanent dayside and a nightside, with huge
temperature differences. The thermal gradients drive winds in the outermost
layers (atmosphere), with winds close or above the speed of sound (km/s)

Hot Jupiter
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Back-up

Hot Jupiters: internal structure and cooling
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Conductivity: pressure-ionization
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Recipes for convective quantities in MESA

R}rb Veonv (J’)
Hp (")

Ro(r) =

* density scale height H (r) = P/pg

e convective velocity comes from mixing length
theory based on the model in Kuhfuss (1986),
which reduces to the expression given by (Cox &
Giuli 1968, chap. 14), in the limit of long time
steps (seePaxton et al. (2011); Jermyn et al.
(2023) for details).

* Convetive heat flux given by:

. QCPT [)2 T"!(:?mw
- Po

Q(:

where § = —(0Ilnp/0InT) p.
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Back-up

* Synchronization:

2 6
dw 9 1 GMp [ M. Rp
dt — 4aQ)p Ry \ Mp a

_ I Q! _ 3QP
MpRZ ° V7 2kyp

(3)

where «

Mp and Rp are the planetary mass and radius, respec-
tively, I is the planetary moment of inertia, Qp is the
dissipation factor, ks p is the Love number of the planet
and G is the gravitational constant (e.g. Goldreich &
Soter 1966; Murray & Dermott 1999; Griefmeier et al.
2007). The synchronization timescale is then given by:

ALU' _ E{IGIQ’PAM N C:‘Q ‘n"fPQ’P-P;l&Ji

Teyn ~

(4)
where P is the orbital period, and Aw = w; — wy ~ wj,
since w; > wy, the difference between initial and final
rotation. On the right panel of Fig. 1 we show in purple
different lines of constant 7y, for a Mp =1 M; planet,
assuming a = 2/5 (homogeneous sphere), Rp = 1.5 Ry,
> =5 - 10° as in GrieBmeier et al. (2007), and an initial
spin period of 5 hours typical of known fast-rotating sub-
stellar objects, w; = (27 /5 h), and conservatively larger
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