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Why Do We Care?

As of now:

 ~2,000 confirmed planets
 ~4,000 candidates from NASA’s Kepler satellite

Valsecchi- TOE2014

(NASA Exoplanet Archive)

Hot Jupiters:   Mpl ~MJ & Porb ~ few days

~ 200
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2 Valsecchi, Rasio, & Steffen

in Steffen & Farr (2013). They noted a significant excess
of isolated hot super-Earth- or sub-Neptune-size planets,
stating that they might be a small-planet analog of the
hot Jupiters.

Figure 1 shows a histogram comparing the orbital pe-
riod distribution of Kepler objects of interest (KOIs)
with sizes <5R⊕ and Porb <10 days for single- and
multi-planet systems using data from the Quarter 8 (Q8)
catalog (Burke et al. 2014). Both a Kolmogorv-Smirnov
test and an Anderson-Darling test yield p-values ∼ 10−7

indicating a significant difference between the period dis-
tributions of single- and multi-planet systems in this
regime. False positive signals are unlikely to have any
impact on the statistical significance of this excess (see
Steffen & Farr (2013) for a discussion).

Also shown in Figure 1 is the distribution of Porb and
Rpl for Kepler single-planet candidate systems (gener-
ated through standard Gaussian smoothing using Silver-
man’s rule—default options in Mathematica). One can
identify the island of hot Jupiters centered near 3 days
and 10 R⊕ as well as the peak near 1 day and 1 R⊕. This
excess population of low-mass single planets is the one we
are trying to explain here, as these objects could be the
remnants of hot Jupiters that have lost their envelopes
through RLO.
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Figure 1. Upper panel: Probability densities of orbital period for
single KOIs (grey) and multiple KOIs (outline) for planets with
sizes less than 5 R⊕. These distributions are unlikely to be from
the same parent distribution, primarily due to the excess of single-
planet systems with orbits near 1 day. Lower panel: The distribu-
tion of planet sizes and orbital periods for single KOI systems. The
hot Jupiter and hot super-Earth populations are visible as peaks
near 10 R⊕ and 3-days and 1 R⊕ and 1-day respectively.

3. ORBITAL EVOLUTION MODEL

Our assumptions are based on the properties of ob-
served hot Jupiters close to aR (VR14b). We consider
circular orbits and assume that the star is slowly rotat-
ing (Ω∗ " Ωo) and the stellar spin aligned with the or-
bital angular momentum—consistent with the majority
of systems with solar-type stars. We assume the planet
to be tidally locked. Our models (VR14, VR14b) can
account for stellar wind mass loss and magnetic brak-
ing, but these mechanisms do not impact our results
significantly and we omit them for simplicity. Another
mechanism that might affect the evolution of the tight-
est hot Jupiters is photo-evaporation (e.g., the bright
HD 209458b might be shedding mass through this mech-
anism, Vidal-Madjar et al. 2004). Murray-Clay et al.
(2009) quoted a maximum mass-loss rate of 3.3 ×

1010 g s−1 and noted that a hot Jupiter cannot lose a
significant fraction of its mass via photo-evaporation at
any stage during its lifetime. We included this upper
limit in our models before the envelope is completely lost
and found that indeed most of the orbital evolution is
not significantly affected. Therefore, we do not consider
photo-evaporation further here (but see Section 6).

We account for the host star evolution using MESA
(version 4798, Paxton et al. 2011, 2013) as in VR14. Our
variables are a, Ω∗, Mpl (donor) and M∗ (accretor), and
their evolution is described by

ȧ = ȧtid + ȧMT; (1)

Ω̇∗ = Ω̇∗,tid + Ω̇∗,evol; (2)

Ṁpl = Ṁpl,MT; (3)

Ṁ∗ = Ṁ∗,MT; . (4)

The subscripts “tid”, “MT”, and “evol” refer to tides,
MT, and stellar evolution, respectively. The terms enter-
ing Equation (1) can be derived from the system’s total
angular momentum,

L = G1/2(M∗ + Mpl)
−1/2M∗Mpla

1/2, (5)

where G is the gravitational constant, as follows. Let
β represent the fraction of mass lost by the planet and
accreted onto the star via MT, then

Ṁ∗,MT = −βṀpl,MT. (6)

The total change in L is given by

L̇

L
=

[

β − 1

2(M∗ + Mpl)
+

(

1

Mpl
−

β

M∗

)]

Ṁpl,MT +
(ȧMT + ȧtid)

2a
,

(7)

or

L̇

L
=

1

L
(L̇MT + L̇tid), (8)

where L̇MT and L̇tid represent the change in L with re-
spect to the system center of mass. Following the stan-
dard binary star treatment (e.g., Rappaport et al. 1982),
we assume that the angular momentum carried onto the
accretion disk is returned to the orbit via tidal torques
(e.g., Priedhorsky & Verbunt 1988). Thus, ȧMT can be
derived introducing the angular momentum parameter α
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In addition, we check for stellar RLO (Eggleton 1983)
and stop our calculation whenever it occurs, as it will
lead to rapid engulfment of the planet’s remnant by the
star.

A trivial relation for a as a function of Mpl is obtained
in the limit q >> 1. Combining Equations (1), (10), and
(15), and considering a polytrope, we find

a

a0
=

(

Mpl

Mpl,0

)−1/3

. (16)

where the subscript “0” denotes the values at the onset
of RLO. An analogous expression can be derived for our
detailed models.

4. EXAMPLES

We now illustrate how hot Jupiters can naturally
evolve into lower-mass planets. We take a 2MJ hot
Jupiter (so that Mpl is in the plateau of Fig. 2). For
all models we compute Rpl from the maxima of Equa-
tions (12)–(14), giving !1.2RJ. The host star has a
mass of 1 M" and solar metallicity. Our initial condi-
tions are a = 1.5 aR ! 0.016 AU (Porb ! 0.65days) and
Ω∗ = 0.1 Ωo (our results change little varying Ω∗/Ωo
between 0–0.15, consistent with observations). We start
the orbital evolution (arbitrarily) when the stellar age
is 0.3 tMS (∼ 3Gyr) and consider both conservative and
non-conservative MT, with α = 1 for the latter. For
the non-conservative MT case, we illustrate extreme ex-
amples with β = 0.2 for the polytrope, J1e, J3e, and
J10e, and β = 0.4 for J3ei. These values are at the limit
for MT stability (Equation (15)). As shown in Fig. 3,
prior to MT the orbit decays fast as tides remove or-
bital angular momentum to spin up the star. After only
∼4Myr RLO begins and the orbit now expands. For
the polytrope and J3ei models, the flat mass–radius re-
lation (Fig. 2) leads to significant orbital expansion. For
J3ei the orbit expands as long as MT dominates over
tides. Eventually, as the star approaches the end of the
main sequence, the increase in R∗ and the dependence of
ȧtid on (R∗/a)8 (Equations (1) and (4) in VR14) cause
tides to take over the MT and the system to evolve more
rapidly. The evolution stops when stellar RLO begins
(denoted with “!”). The evolution differs for J1e, J3e,
and J10e. In fact, while MT always causes some orbital
expansion at the onset of RLO, tides take over sooner
when the mass–radius relation steepens. The orbit be-
gins shrinking, consuming the planet faster. If the MT is
conservative, the evolution stops because of stellar RLO.
The same is true for non-conservative MT but the cores
of J3e and J10e are exposed prior to stellar RLO (marked
by “"”). For J10e in particular, once the core is exposed
a remains constant, as expected for a constant density

model (Rpl ∝ M1/3
pl ). Even without magnetic braking,

at the end of the calculation the star is spinning at less
than 10% break-up in all cases.

5. COMPARISON WITH OBSERVATIONS

Fig. 4 shows the mass and orbital period of the known
single planets with observationally inferred Mpl, Rpl, and
Porb (NASA Exoplanet Archive, 25 April 2014), and the
evolutionary tracks of Fig. 3. While most of the mass is
lost within a few Gyr, the orbital evolution slows down
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Figure 3. Orbital evolution examples for conservative (top four
panels) and non-conservative (bottom four panels) MT. For the
latter β = 0.2 for the polytrope, J1e, J3e, and J10e, and β =0.4
for J3ei, while α = 1. The different models are identified by color
and line style on the left (as in Fig. 2) and color on the right.
Black lines are for the polytrope. For each set of four panels on
the left are Porb (top) and Mpl (bottom), while on the right are
the timescales for the evolution of a (top) and Mpl (bottom) due
to MT (dotted lines) and tides (solid lines).
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Figure 4. Confirmed single planets with known Mpl, Rpl, and
Porb (black open circles) within the range displayed. The colors
and line styles are as in Fig. 2. The vertical tick marks on each
line denote intervals of 500 Myr.

as the orbit expands (see also Fig. 3, right), and it even-

Mcore= 1 M⊕

Mcore= 3 M⊕

core-less (n=1 polytrope)

Mcore= 3 M⊕ with irradiation

Mcore= 10 M⊕ with irradiation

(Batygin+13, Fortney+07)
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In addition, we check for stellar RLO (Eggleton 1983)
and stop our calculation whenever it occurs, as it will
lead to rapid engulfment of the planet’s remnant by the
star.

A trivial relation for a as a function of Mpl is obtained
in the limit q >> 1. Combining Equations (1), (10), and
(15), and considering a polytrope, we find

a

a0
=

(

Mpl

Mpl,0

)−1/3

. (16)

where the subscript “0” denotes the values at the onset
of RLO. An analogous expression can be derived for our
detailed models.

4. EXAMPLES

We now illustrate how hot Jupiters can naturally
evolve into lower-mass planets. We take a 2MJ hot
Jupiter (so that Mpl is in the plateau of Fig. 2). For
all models we compute Rpl from the maxima of Equa-
tions (12)–(14), giving !1.2RJ. The host star has a
mass of 1 M" and solar metallicity. Our initial condi-
tions are a = 1.5 aR ! 0.016 AU (Porb ! 0.65days) and
Ω∗ = 0.1 Ωo (our results change little varying Ω∗/Ωo
between 0–0.15, consistent with observations). We start
the orbital evolution (arbitrarily) when the stellar age
is 0.3 tMS (∼ 3Gyr) and consider both conservative and
non-conservative MT, with α = 1 for the latter. For
the non-conservative MT case, we illustrate extreme ex-
amples with β = 0.2 for the polytrope, J1e, J3e, and
J10e, and β = 0.4 for J3ei. These values are at the limit
for MT stability (Equation (15)). As shown in Fig. 3,
prior to MT the orbit decays fast as tides remove or-
bital angular momentum to spin up the star. After only
∼4Myr RLO begins and the orbit now expands. For
the polytrope and J3ei models, the flat mass–radius re-
lation (Fig. 2) leads to significant orbital expansion. For
J3ei the orbit expands as long as MT dominates over
tides. Eventually, as the star approaches the end of the
main sequence, the increase in R∗ and the dependence of
ȧtid on (R∗/a)8 (Equations (1) and (4) in VR14) cause
tides to take over the MT and the system to evolve more
rapidly. The evolution stops when stellar RLO begins
(denoted with “!”). The evolution differs for J1e, J3e,
and J10e. In fact, while MT always causes some orbital
expansion at the onset of RLO, tides take over sooner
when the mass–radius relation steepens. The orbit be-
gins shrinking, consuming the planet faster. If the MT is
conservative, the evolution stops because of stellar RLO.
The same is true for non-conservative MT but the cores
of J3e and J10e are exposed prior to stellar RLO (marked
by “"”). For J10e in particular, once the core is exposed
a remains constant, as expected for a constant density

model (Rpl ∝ M1/3
pl ). Even without magnetic braking,

at the end of the calculation the star is spinning at less
than 10% break-up in all cases.

5. COMPARISON WITH OBSERVATIONS

Fig. 4 shows the mass and orbital period of the known
single planets with observationally inferred Mpl, Rpl, and
Porb (NASA Exoplanet Archive, 25 April 2014), and the
evolutionary tracks of Fig. 3. While most of the mass is
lost within a few Gyr, the orbital evolution slows down
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Figure 3. Orbital evolution examples for conservative (top four
panels) and non-conservative (bottom four panels) MT. For the
latter β = 0.2 for the polytrope, J1e, J3e, and J10e, and β =0.4
for J3ei, while α = 1. The different models are identified by color
and line style on the left (as in Fig. 2) and color on the right.
Black lines are for the polytrope. For each set of four panels on
the left are Porb (top) and Mpl (bottom), while on the right are
the timescales for the evolution of a (top) and Mpl (bottom) due
to MT (dotted lines) and tides (solid lines).
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Figure 4. Confirmed single planets with known Mpl, Rpl, and
Porb (black open circles) within the range displayed. The colors
and line styles are as in Fig. 2. The vertical tick marks on each
line denote intervals of 500 Myr.

as the orbit expands (see also Fig. 3, right), and it even-

Initial conditions:
1 M⊙ + 2 Mj @ 1.5aR Mcore= 1 M⊕

Mcore= 3 M⊕

core-less (n=1 polytrope)

Mcore= 3 M⊕ with irradiation

Mcore= 10 M⊕ with irradiation

(Batygin+13, Fortney+07)
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In addition, we check for stellar RLO (Eggleton 1983)
and stop our calculation whenever it occurs, as it will
lead to rapid engulfment of the planet’s remnant by the
star.

A trivial relation for a as a function of Mpl is obtained
in the limit q >> 1. Combining Equations (1), (10), and
(15), and considering a polytrope, we find

a

a0
=

(

Mpl

Mpl,0

)−1/3

. (16)

where the subscript “0” denotes the values at the onset
of RLO. An analogous expression can be derived for our
detailed models.

4. EXAMPLES

We now illustrate how hot Jupiters can naturally
evolve into lower-mass planets. We take a 2MJ hot
Jupiter (so that Mpl is in the plateau of Fig. 2). For
all models we compute Rpl from the maxima of Equa-
tions (12)–(14), giving !1.2RJ. The host star has a
mass of 1 M" and solar metallicity. Our initial condi-
tions are a = 1.5 aR ! 0.016 AU (Porb ! 0.65days) and
Ω∗ = 0.1 Ωo (our results change little varying Ω∗/Ωo
between 0–0.15, consistent with observations). We start
the orbital evolution (arbitrarily) when the stellar age
is 0.3 tMS (∼ 3Gyr) and consider both conservative and
non-conservative MT, with α = 1 for the latter. For
the non-conservative MT case, we illustrate extreme ex-
amples with β = 0.2 for the polytrope, J1e, J3e, and
J10e, and β = 0.4 for J3ei. These values are at the limit
for MT stability (Equation (15)). As shown in Fig. 3,
prior to MT the orbit decays fast as tides remove or-
bital angular momentum to spin up the star. After only
∼4Myr RLO begins and the orbit now expands. For
the polytrope and J3ei models, the flat mass–radius re-
lation (Fig. 2) leads to significant orbital expansion. For
J3ei the orbit expands as long as MT dominates over
tides. Eventually, as the star approaches the end of the
main sequence, the increase in R∗ and the dependence of
ȧtid on (R∗/a)8 (Equations (1) and (4) in VR14) cause
tides to take over the MT and the system to evolve more
rapidly. The evolution stops when stellar RLO begins
(denoted with “!”). The evolution differs for J1e, J3e,
and J10e. In fact, while MT always causes some orbital
expansion at the onset of RLO, tides take over sooner
when the mass–radius relation steepens. The orbit be-
gins shrinking, consuming the planet faster. If the MT is
conservative, the evolution stops because of stellar RLO.
The same is true for non-conservative MT but the cores
of J3e and J10e are exposed prior to stellar RLO (marked
by “"”). For J10e in particular, once the core is exposed
a remains constant, as expected for a constant density

model (Rpl ∝ M1/3
pl ). Even without magnetic braking,

at the end of the calculation the star is spinning at less
than 10% break-up in all cases.

5. COMPARISON WITH OBSERVATIONS

Fig. 4 shows the mass and orbital period of the known
single planets with observationally inferred Mpl, Rpl, and
Porb (NASA Exoplanet Archive, 25 April 2014), and the
evolutionary tracks of Fig. 3. While most of the mass is
lost within a few Gyr, the orbital evolution slows down
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Figure 3. Orbital evolution examples for conservative (top four
panels) and non-conservative (bottom four panels) MT. For the
latter β = 0.2 for the polytrope, J1e, J3e, and J10e, and β =0.4
for J3ei, while α = 1. The different models are identified by color
and line style on the left (as in Fig. 2) and color on the right.
Black lines are for the polytrope. For each set of four panels on
the left are Porb (top) and Mpl (bottom), while on the right are
the timescales for the evolution of a (top) and Mpl (bottom) due
to MT (dotted lines) and tides (solid lines).
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Figure 4. Confirmed single planets with known Mpl, Rpl, and
Porb (black open circles) within the range displayed. The colors
and line styles are as in Fig. 2. The vertical tick marks on each
line denote intervals of 500 Myr.

as the orbit expands (see also Fig. 3, right), and it even-

Initial conditions:
1 M⊙ + 2 Mj @ 1.5aR 

Kepler-98Kepler-78

Mcore= 1 M⊕

Mcore= 3 M⊕

core-less (n=1 polytrope)

Mcore= 3 M⊕ with irradiation

Mcore= 10 M⊕ with irradiation

(Batygin+13, Fortney+07)
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Conclusions

• Hot Jupiters with a<2aR are consistent with high-e migration

Valsecchi- TOE2014

• A hot Jupiter undergoing a phase of Roche lobe overflow 
could leave behind a hot super-Earths.
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