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[	  ln(N1)	  -‐	  ln(N0)	  ]	  τ = t0	  –	  t1	  	  
N1	  and	  N0	  =	  abundances	  of	  the	  radionuclide	  at	  ?mes	  t1	  and	  t0	  	  

dN/dt	  =	  -‐	  N/τ	   N=abundance	  
τ =	  mean	  life	  



t0	  
birth	  of	  the	  Sun	  
N0	  are	  available	  from	  
meteori?c	  analysis	  



Isotope 	  τ	  (Myr) 	  Reference 	  	  	  	  	  	  Ini?al	  Solar	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  isotope 	  	  	  	  	  	  	  	  	  System	  ra?o	  	  

247Cm	  	  	  	  	  	  	  22.5	  	  	  	  	  	  	  	  	  	  235U	  	  	  	  	  	  	  	  	  	  (1.1	  ±	  0.3)	  ×	  10−4	  	  (27%)	  
244Pu	  	  	  	  	  	  	  	  	  80	  	  	  	  	  	  	  	  	  	  	  	  238U	  	  	  	  	  	  	  	  	  	  (6.8	  ±	  1.0)	  ×	  10-‐3	  	  (15%)	  
182Hf	  	  	  	  	  	  	  	  	  	  13	  	  	  	  	  	  	  	  	  	  	  	  180Hf	  	  	  	  	  	  	  	  (9.72	  ±	  0.44)	  ×	  10−5	  (4%)	  
146Sm	  	  	  	  	  98	  or	  149	  	  	  146Sm	  	  	  	  	  	  	  (8.86	  ±	  0.5)	  ×	  10−3	  (5%)	  
129I	  	  	  	  	  	  	  	  	  	  	  	  	  23	  	  	  	  	  	  	  	  	  	  	  	  127I	  	  	  	  	  	  	  	  	  	  	  (1.19	  ±	  0.20)	  ×	  10−4	  	  (15%)	  
107Pd	  	  	  	  	  	  	  	  	  9.4	  	  	  	  	  	  	  	  	  	  	  	  108Pd	  	  	  	  	  	  	  (5.9	  ±	  2.2)	  ×	  10−5	  (37%)	  
92Nb	  	  	  	  	  	  	  	  	  	  50	  	  	  	  	  	  	  	  	  	  	  	  	  92Mo	  	  	  	  	  	  	  	  (3.6	  ±	  1.2)	  ×	  10−5	  (33%)	  	  
53Mn	  	  	  	  	  	  	  	  	  	  5.3	  	  	  	  	  	  	  	  	  	  	  	  55Mn	  	  	  	  	  	  	  (6.28	  ±	  0.66)	  ×	  10−6	  (10%)	  
60Fe	  	  	  	  	  	  	  	  	  	  	  	  3.8	  	  	  	  	  	  	  	  	  	  	  	  56Fe	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10−9	  	  -‐	  10−6	  	  	  
41Ca	  	  	  	  	  	  	  	  	  	  0.15	  	  	  	  	  	  	  	  	  	  	  40Ca	  	  	  	  	  	  	  	  	  	  	  	  	  	  ∼	  4.2	  ×	  10−9	  
26Al	  	  	  	  	  	  	  	  	  	  	  1.03	  	  	  	  	  	  	  	  	  	  	  27Al	  	  	  	  	  	  	  	  (5.23	  ±	  0.13)	  ×	  10−5	  (2.5%)	  
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QualitaPve	  chronology	  of	  the	  events	  
that	  predated	  the	  birth	  of	  the	  Sun	  	  
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•  Small	  star-‐forming	  clouds	  live	  as	  short	  as	  4-‐5	  Myr.	  	  
•  More	  massive	  clouds	  have	  longer	  life?mes,	  up	  to	  40	  Myr.	  	  
•  A	  protracted	  isola?on	  ?mescale	  would	  imply	  that	  our	  Sun	  
was	  born	  in	  a	  high-‐mass	  stellar	  nursery.	  	  

The	  circumstances	  of	  the	  birth	  of	  the	  Sun	  
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Stellar	  Nucleosynthesis	  +	  Galac?c	  Chemical	  Evolu?on	  
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Isotope 	  τ	  (Myr) 	  Reference 	  	  	  	  	  	  Ini?al	  Solar	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  isotope 	  	  	  	  	  	  	  	  	  System	  ra?o	  	  

247Cm	  	  	  	  	  	  	  22.5	  	  	  	  	  	  	  	  	  	  235U	  	  	  	  	  	  	  	  	  	  (1.1	  ±	  0.3)	  ×	  10−4	  	  (27%)	  
244Pu	  	  	  	  	  	  	  	  	  80	  	  	  	  	  	  	  	  	  	  	  	  238U	  	  	  	  	  	  	  	  	  	  (6.8	  ±	  1.0)	  ×	  10-‐3	  	  (15%)	  
182Hf	  	  	  	  	  	  	  	  	  	  13	  	  	  	  	  	  	  	  	  	  	  	  180Hf	  	  	  	  	  	  	  	  (9.72	  ±	  0.44)	  ×	  10−5	  (4%)	  
146Sm	  	  	  	  	  98	  or	  149	  	  	  146Sm	  	  	  	  	  	  	  (8.86	  ±	  0.5)	  ×	  10−3	  (5%)	  
129I	  	  	  	  	  	  	  	  	  	  	  	  	  23	  	  	  	  	  	  	  	  	  	  	  	  127I	  	  	  	  	  	  	  	  	  	  	  (1.19	  ±	  0.20)	  ×	  10−4	  	  (15%)	  
107Pd	  	  	  	  	  	  	  	  	  9.4	  	  	  	  	  	  	  	  	  	  	  	  108Pd	  	  	  	  	  	  	  (5.9	  ±	  2.2)	  ×	  10−5	  (37%)	  
92Nb	  	  	  	  	  	  	  	  	  	  50	  	  	  	  	  	  	  	  	  	  	  	  	  92Mo	  	  	  	  	  	  	  	  (3.6	  ±	  1.2)	  ×	  10−5	  (33%)	  	  
53Mn	  	  	  	  	  	  	  	  	  	  5.3	  	  	  	  	  	  	  	  	  	  	  	  55Mn	  	  	  	  	  	  	  (6.28	  ±	  0.66)	  ×	  10−6	  (10%)	  
60Fe	  	  	  	  	  	  	  	  	  	  	  	  3.8	  	  	  	  	  	  	  	  	  	  	  	  56Fe	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10−9	  	  -‐	  10−6	  	  	  
41Ca	  	  	  	  	  	  	  	  	  	  0.15	  	  	  	  	  	  	  	  	  	  	  40Ca	  	  	  	  	  	  	  	  	  	  	  	  	  	  ∼	  4.2	  ×	  10−9	  
26Al	  	  	  	  	  	  	  	  	  	  	  1.03	  	  	  	  	  	  	  	  	  	  	  27Al	  	  	  	  	  	  	  	  (5.23	  ±	  0.13)	  ×	  10−5	  (2.5%)	  
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The	  nuclei	  heavier	  than	  Fe	  are	  produced	  by	  neutron	  captures:	  
rapid	  (supernovae/neutron	  star	  mergers)	  or	  slow	  (AGB	  stars)	  

A	  few	  excep?ons	  produced	  by	  the	  p	  process	  (supernovae):	  
disintegra?ons	  (γ	  process)	  or	  proton	  captures	  	  



Slow and Rapid neutron captures  
During the s process:  
Time scale (n,γ) >> time scaleβdecay 
Nn ~ 108 n/cm3 

During the r process:  
Time scale (n,γ) << time scaleβdecay 
Nn > 1020 n/cm3 

AGB	  stars	  

Neutron	  star	  
mergers/
special	  

supernovae	  

AsymptoAc	  giant	  branch	  stars	  
See	  talk	  by	  
Rebecca	  
Surman	  



Z 

N 

107Pd 

129I 

182Hf 

92Nb 

146Sm 

r	  process	  

247Cm 244Pu 
r	  process	  

The	  nuclei	  heavier	  than	  Fe	  are	  produced	  by	  neutron	  captures:	  
rapid	  (supernovae/neutron	  star	  mergers)	  or	  slow	  (AGB	  stars)	  

A	  few	  excep?ons	  produced	  by	  the	  p	  process	  (supernovae):	  
disintegra?ons	  (γ	  process)	  or	  proton	  captures	  	  



Z 

N 

107Pd 

129I 

182Hf 

92Nb 

146Sm 

r	  process	  

p	  process	  

p	  process	  
247Cm 244Pu 

r	  process	  

The	  nuclei	  heavier	  than	  Fe	  are	  produced	  by	  neutron	  captures:	  
rapid	  (supernovae/neutron	  star	  mergers)	  or	  slow	  (AGB	  stars)	  

A	  few	  excep?ons	  produced	  by	  the	  p	  process	  (supernovae):	  
disintegra?ons	  (γ	  process)	  or	  proton	  captures	  	  



Z 

N 

107Pd 

129I 

182Hf 

92Nb 

146Sm 

r	  process	  

r+s	  process	  

r	  and/or	  s	  process?	  
p	  process	  

p	  process	  
247Cm 244Pu 

r	  process	  

The	  nuclei	  heavier	  than	  Fe	  are	  produced	  by	  neutron	  captures:	  
rapid	  (supernovae/neutron	  star	  mergers)	  or	  slow	  (AGB	  stars)	  

A	  few	  excep?ons	  produced	  by	  the	  p	  process	  (supernovae):	  
disintegra?ons	  (γ	  process)	  or	  proton	  captures	  	  



42.5 d 8.9 Myr 64 m

114 d 5.0 d 8.7 h

75.1 d

Hf
182

Hf
181

181
Ta Ta

182
Ta

183 184
Ta

182
W W

183
W

184
W

185

Hf
183180

Hf72

73

74

108 109 110 111
Neutron number

Pr
ot

on
 n

um
be

r
182Hf 

42	  days	  



42.5 d 8.9 Myr 64 m

114 d 5.0 d 8.7 h

75.1 d

Hf
182

Hf
181

181
Ta Ta

182
Ta

183 184
Ta

182
W W

183
W

184
W

185

Hf
183180

Hf72

73

74

108 109 110 111
Neutron number

Pr
ot

on
 n

um
be

r 181Hf	  

ground	  state	  

E	  =	  68	  keV	  state	  
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3	  hours	  ×	  
Takashi	  &	  Yokoi	  1987	  
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The	  68	  keV	  state	  	  does	  not	  exist	  
(Bondarenko	  et	  al.	  2002)	  
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The	  prehistory	  of	  the	  Solar	  System	  	  
updated	  from	  Lugaro	  et	  al.	  (2014,	  Science);	  Lugaro	  et	  al.	  (2016,	  PNAS)	  

Uncertain?es	  from:	  	  
•  missing	  galac?c	  chemical	  evolu?on	  predic?ons	  	  
•  s-‐process	  produc?on:	  22Ne+α;	  decay	  rate	  and	  neutron	  

capture	  on	  181Hf,	  neutron	  captures	  on	  107,108Pd	  
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The	  prehistory	  of	  the	  Solar	  System	  	  
updated	  from	  Lugaro	  et	  al.	  (2014,	  Science);	  Lugaro	  et	  al.	  (2016,	  PNAS)	  

Uncertain?es	  from:	  	  
•  missing	  galac?c	  chemical	  evolu?on	  predic?ons	  	  
•  the	  ac?nides	  r-‐process	  produc?on	  yields	  (Goriely	  &	  

Janka	  2016)	  
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The	  radioac?ve	  decay	  of	  
	  26Al	  (0.7	  Myr)	  in	  the	  early	  Solar	  

System	  was	  a	  main	  source	  of	  heat	  
in	  planetesimals,	  altering	  their	  

thermo-‐mechanical	  evolu?on	  and	  
outgassing	  vola?les.	  

Figure 11: Density isocontours in a mixing 3D model, with
Rp = 110 km, �init = 0.25 and tform = 0.1 Myr. The density
increased from the inside (dark red, ⇢ = 3100 kg m�3) to the
outside (dark blue, ⇢ = 3385.6 kg m�3). Therefore, the model
experienced buoyancy driven mass movement.

perienced more heating by SLRs, which resulted in higher peak
temperatures and steeper heating curves. Planetesimals display-
ing mixing can be expected to have experienced iron-silicate
separation. The fraction of bodies prone to significant internal
silicate melting was consistent with previous work on the ther-
mal histories of planetesimals (Sanders and Taylor, 2005).

With decreasing radius of the body the technical assessment
of the numerical model became more important, as a thermo-
mechanical regime with partially molten, but non-convectional
interior was observed (static melt class in Fig. 1). In this regime
with ' . 0.4 we expect the Stokes velocity vStokes ⇠ g/⌘ for
iron droplets to be small, such that the time scale for di↵erenti-
ation is high. These melt-bearing but undi↵erentiated planetes-
imals are a potentially important link for impact splash models
of chondrule formation (see, e.g., Sanders and Taylor, 2005;
Sanders and Scott, 2012; Dullemond et al., 2014). For a more
stringent analysis of the importance of these models and cor-
responding parameter ranges we will further evaluate this con-
nection in future work.

A subset of our models evolved to a state with highly porous
outer layers, which altered the cooling history of the planetesi-
mal. These shells occupied a larger fraction of the planetesimal
radius with later formation time and smaller radius of the body.
Hence, smaller and later formed objects were the most pow-
derous bodies, which can have implications on their dynamical
behavior during impact processes, as investigated by Jutzi et al.
(2008, 2009). The larger planetesimals in our dataset can ei-
ther be subject to catastrophic impact events with similar-sized
bodies or subject to impacts by smaller bodies. For both cases
the state of the material is important for the interaction with the
encountered body. All in all these e↵ects tend to influence the

dynamical history of the accretion phase of terrestrial planets
and cannot be neglected for investigations of collisional growth.
Additionally, the thickness of the shells could be used to relate
the structure of pristine bodies in the Solar System, which did
not experience catastrophic impact events after their rapid for-
mation, to their formation time.

Many of our models reached elevated temperatures, poten-
tially high enough to outgas existing volatile elements. When
these models reached a specific boundary the resulting bodies
might end up as dry bodies, unable to deliver volatile elements
to the forming planets via impacts. Thus, future studies will
investigate the e↵ect of SLR heating and initial porosity on the
outgassing of volatiles in small bodies and therefore might have
implications for the habitability of planetary systems, when re-
lated to the delivery to accreting terrestrial planets (e.g., Elser
et al., 2012; Ciesla et al., 2015).

The more moderate models still showed temperatures high
enough for hydration and metamorphic transformation pro-
cesses, potentially creating serpentinites via an exothermic re-
action. As discussed in Abramov and Mojzsis (2011) such re-
actions can provide energy for non-volcanic hydrothermal ac-
tivity. Within certain depths of onion shell structured planetes-
imals, which are in accordance with our models and previous
work (Weiss and Elkins-Tanton, 2013, and references therein),
the energy output might be in the right regime for the synthe-
sis of primitive organic compounds, such as basic amino acids
(Cobb and Pudritz, 2014). Their synthesis is dependent on
the ammonia and water content of the corresponding planetesi-
mal and can also change with radial distance to the central star
(Cobb et al., 2015). Therefore, future studies can be directed to
couple interior evolution to exterior formation conditions, i.e.,
the region in the protoplanetary disk and the appropriate forma-
tion time for various size classes, to gain a better understanding
of the geological environment of early biological processes in
our Solar System.

6. Conclusions

The initial state of planetesimals in the early Solar System
crucially a↵ected their thermo-mechanical evolution, which
yields implications for terrestrial planet formation theories. We
have conducted numerous 2D and 3D finite-di↵erence fluid dy-
namics simulations of planetesimals with varying radius, for-
mation time and initial porosity. From these we have de-
termined the parameter space for various thermo-mechanical
regimes and the influence of initial porosity. Our conclusions
are the following.

• Typically, planetesimals with large size, early formation
time and high initial porosity tended to develop convec-
tion. Small radii, late formation times and low porosities
led to bodies which did not experience silicate melting.

• A third thermo-mechanical regime with largely molten
bodies without convectional mixing existed for an inter-
mediate parameter range with a trend toward small bodies
and formation times tform ⇡ 1.1–1.5 Myr after CAI forma-
tion.
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Extrasolar	  planetesimals	  without	  26Al	  would	  have	  more	  
ice,	  and	  deliver	  more	  water	  to	  extrasolar	  terrestrial	  

planets,	  with	  implica?ons	  on	  their	  habitability.	  

Lichtenberg	  et	  al.	  2016	  (Icarus)	  

The	  implicaAons	  

Are	  other	  planetary	  systems	  born	  rich	  in	  26Al?	  
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Fig. 5.— Properties of only those planets which reside in the Habitable Zone for each star at the end of the simulations as a function of
stellar mass. Top panel shows the masses of the Habitable Zone planets, and how such planets exhibit greater ranges in values for higher
mass stars. This is due to the more extensive gravitational interactions that occur in the higher mass disks which accompany such stars,
and thus the more chaotic nature of this evolution. Growth around lower mass stars is much more orderly. The lower panel shows the
water mass fractions for the Habitable Zone planets in this simulation, showing that the low mass stars, due to the low masses of the disks
around them, do not see significant inward scattering of water-rich bodies during planetary accretion, while inward scattering is occurs
more readily in the more massive disks (either the IC cases or higher mass stars).

Ciesla	  et	  al.	  (2015,	  ApJ)	  calculated	  the	  effect	  of	  different	  ice	  
content	  in	  the	  planet	  building	  blocks	  beyond	  the	  snow	  line:	  
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new	  stars	  formed	  
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The	  hypotheses	  



“LOCAL”:	  A	  nearby	  star	  or	  
supernova	  injected	  26Al	  into	  the	  
protosolar	  nebula	  or	  disk	  

Cameron	  &	  Truran	  1977	  …	  Hester	  et	  al.	  2004	  ...	  
Wasserburg	  et	  al.	  2006	  …	  Lugaro	  et	  al.	  2012	  …	  Pan	  et	  al.	  
2012	  …	  	  Gounelle	  2015	  ar?st	  impression	  

ar?st	  impression	  

“GLOBAL”:	  The	  molecular	  cloud	  
lived	  long	  enough	  that	  stellar	  

winds	  and	  supernovae	  polluted	  
with	  26Al	  the	  gas	  from	  which	  

new	  stars	  formed	  

Gaidos	  et	  al.	  2009	  …	  Vasileiadis	  et	  al.	  2013	  …	  Young	  2014,	  2016	  	  

The	  hypotheses	  



“LOCAL”:	  A	  nearby	  star	  or	  
supernova	  injected	  26Al	  into	  the	  
protosolar	  nebula	  or	  disk	  

Cameron	  &	  Truran	  1977	  …	  Hester	  et	  al.	  2004	  ...	  
Wasserburg	  et	  al.	  2006	  …	  Lugaro	  et	  al.	  2012	  …	  Pan	  et	  al.	  
2012	  …	  	  Gounelle	  2015	  ar?st	  impression	  

ar?st	  impression	  

“GLOBAL”:	  The	  molecular	  cloud	  
lived	  long	  enough	  that	  stellar	  

winds	  and	  supernovae	  polluted	  
with	  26Al	  the	  gas	  from	  which	  

new	  stars	  formed	  

Gaidos	  et	  al.	  2009	  …	  Vasileiadis	  et	  al.	  2013	  …	  Young	  2014,	  2016	  	  

The	  hypotheses	  

No consensus on a 40 year 
old question 



232Th	  (14	  Gyr)	  and	  238U	  (4.5	  Gyr)	  
make	  up	  30%–50%	  of	  the	  Earth’s	  energy	  budget.	  	  

	  	  	  	  	  	  

Would	  this	  be	  similar	  in	  extrasolar	  terrestrial	  planets?	  
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current BSE Th abundance from geoneutrino studies of 79 ppb
(Huang et al. 2013) by the maximum Th/ThSun in our data set,
we find a planet’s energy radioactive heat budget will be on
average ∼26 TW greater than the Earth over 12 Ga after
planetary formation (Figure 6).

3.2. Thermal Model

We adopt a single layer parameterized convection model
(McNamara & van Keken 2000) to determine the effects on a
planet’s dynamic state due to this change in a planet’s internal
energy budget. This model relies on the system’s Rayleigh
number as a measure of convective vigor. While a parameter-
ized convection model is not as accurate as a full, 3D
convection model, it allows us to explore the general dynamical
effects of incorporating a varying proportion of heat-producing
radionuclides into a planetary mantle and to guide further
investigation using more exact models. There is no mechanism
to induce or sustain plate tectonics without interior convection
and although plate tectonic-like regimes are a more complex
question of fault strength, surface gravity, and the presence of
liquid water (Valencia et al. 2007; Valencia & O’Connell 2009;
Crowley et al. 2011; van Heck & Tackley 2011; Tackley
et al. 2013), the Rayleigh number provides, to first order, a
measure of whether interior mantle convection, and thus the
possibility of tectonics will occur in these planets and be
potentially habitable.

The Rayleigh number (Ra) of a system as a function of time,
t, is:

t
g T t D C

k T
Ra( )

( )

( )
(1)

p0
2 3

0

ρ α
η=

Δ

where g is the acceleration due to gravity, 0ρ is the average
density of the mantle, α is the thermal expansivity of the
materials present, T t( )Δ is the change in temperature across the
convecting layer, D is the thickness of the convecting layer, Cp

is the specific heat of the system, k is the thermal conductivity
and 0η is an average viscosity. Above the critical Rayleigh
number of 103 (Schubert 1979; Schubert et al. 1980), mantle
interior heat will be more efficiently transported via convection,
with conduction dominating below the critical value.
A parameterized convection model relates the efficiency of

heat extraction from the planet to the vigor of convection,
which, in turn, is dependent upon the internal temperature. The
temperature change in a planetary body is quantified through
conservation of energy, such that:

M C
dT
dt

H t Q t( ) ( ) (2)m p = −

where H(t) is the amount of heat generated within the mantle,
and Q(t) is the heat extracted from the outer surface and Mm is
the mass of the mantle. Heat extraction at the surface is limited
by the thickness of the surface boundary layer, δ. We adopt the
relationship:

D
t

Ra
Ra( )

(3)critδ =
β⎛

⎝⎜
⎞
⎠⎟

where β is a scaling factor that relates the vigor of convection
to the surface heat flux, Q(t). The value of β for the Earth is a
matter of debate, but is general considered to be between 0 and
0.33 and we adopt a median value of 0.2 for this model.
Equation (3) may be rewritten in terms of the surface heat flow
in Watts as Q t πr k T( ) 4 *2 δ= Δ :

Q t πr
k T t

D
t

( ) 4
( ) Ra( )

Ra
(4)2

crit
= Δ β⎛

⎝⎜
⎞
⎠⎟

where r is the radius of the planet.

Figure 4. Stars with observed planets are shown as closed squares and without as unfilled squares. The Sun is shown for reference as a triangle. Left: abundance of Th
as a function of Fe. The solid line represents the best fit to those stars belonging to the high Fe, high Th group and the dashed represents a one-to-one relationship.
Center: abundance of Th as a function of average Si abundance adopting the same legend as in Th vs. Fe. Right: Th/Si as a function of average Si abundance.

Figure 5. Same as Figure 4(C) with Th abundances corrected to t = 0 Ga
(circles). Stars without planets are shown as open symbols, stars without as
closed, and the Sun as a triangle.
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First	  observa?ons	  
of	  Th	  abundances	  
in	  solar	  twins:	  	  
up	  to	  2.5	  Ames	  

higher	  than	  in	  the	  
Sun	  

(Unterborn	  et	  al.	  
2015,	  ApJ)	  	  



Combining Equations (1)–(4) yields:

M C
dT
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This captures the basic physics of the feedback loop between
temperature, internal viscosity, and surface heat loss, by which
the increased vigor of convection increases surface heat loss,
thereby reducing internal temperatures, increasing the viscos-
ity, and thus limiting internal convection (Christensen 1985).
This model assumes that any heat transported to the surface is
removed from the system with no insulating thermal boundary
layer at the top of the convection zone (i.e., continents). While
not strictly valid in the presence of an insulating atmosphere,
this assumption allows us to see the first-order effects of an
increase in overall thermal conductivity and viscosity profile of
a planet with increased Th and U abundance. It also does not
take into account any feedback from tectonic recycling of
cooler surface plates into the hot mantle, and this model is
therefore meant as a first order approximation of the thermal
history of a planet to determine the effects of composition on
bulk thermal transport.

We adopt Earth-like values for Cp, k, and α (Table 2). In the
high temperature limit, Cp is a constant, and α and k will vary
by less than an order of magnitude due to bulk mineralogical
differences and temperature effects, thus expressing very little
variability in Equation (5). In calculating T t( )Δ , we adopt

T t T t T( ) ( ) sΔ = − , where Ts is the temperature at the top of
the convecting layer. In our model we hold Ts, at a constant
temperature of 273 K.

The thermal evolution model is dependent upon an initial
average temperature of the planet’s interior (T0). This reflects

the formation history of the planet and is primarily dependent
upon two sources of heat: gravitational energy converted to
heat via both planetary accretion and the segregation of a
central core. Therefore we assert that varying T0 serves as a
proxy for the amount of latent primordial heat present via these
history-dependent mechanisms, with high T0 corresponding to
either planets that formed quickly (and thus retained much of
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Unterborn	  et	  al.	  (2015)	  also	  presented	  a	  thermal	  model	  to	  
evaluate	  the	  effect	  of	  different	  amounts	  of	  Th	  in	  extrasolar	  

terrestrial	  planets.	  	  

×	  
×	  

Planets	  with	  higher	  Th	  possess	  
larger	  energy	  budgets.	  	  
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1.  Mantle	  convec?on	  
starts	  earlier	  

2.  Increased	  likelihood	  
for	  carbon	  and	  water	  
cycling	  between	  the	  
surface	  crust	  and	  
planetary	  interior	  	  

3.  Broader	  range	  of	  
planets	  which	  may	  
support	  habitable	  
surfaces	  	  

Power	  produced	  by	  radiogenic	  sources	  (TW)	  



	  	  	  	  	  	  

Why	  such	  a	  spread	  in	  Th?	  

Galactic evolution of rapid neutron capture process abundances: the inhomogeneous approach 7

Figure 4. Evolution of Eu-abundances in GCE including both
Jet-SNe and NSM as r-process sites. Magenta stars represent
observations, whereas blue dots represent model stars. Model
(Jet+NSM:A) parameters are PNSM = 3.4 · 10−4, PJet−SN =
0.3%, tcoal = 1My.

Figure 5. Same as Figure 4, but with a different parameter set
(ModelJet+NSM:B). Magenta stars represent observations (with
observational errors; however, magenta stars at low metallicities
which carry only horizontal errors represent upper limits). Blue
dots represent model stars with PNSM = 3.8 · 10−4, PJet−SN =
0.1%, tcoal = 10My.

−1. We conclude that larger coalescence time scales and
larger probabilities are necessary regarding NSM, and lower
probability of Jet-SNe is necessary to flatten and lower the
modelled abundance curve.

(ii) PNSM = 3.8 · 10−4, PJet−SN = 0.1%, tcoal = 10My
(Model Jet+NSM:B). The results for the model Jet+NSM:B
in comparison with observations are shown in Figure 5. This
model explains the main features of the abundance curve
quite well: The spread at low metallicities, the first confine-
ment of the spread at [Fe/H]≈ − 2, the plateau between
[Fe/H]≈− 2 and [Fe/H]≈− 0.6, and the second confinement
of the spread at [Fe/H]≈ −0.2. However, there still seem
to be difficulties at [Fe/H]≈ − 2: the scatter in abundances
towards low [Fe/H] ratios seems to be a bit too broad. This
spread might be slightly reduced by additional mixing terms
(e.g., spiral arms mixing) or an additional source providing
ratios of [Eu/Fe]= −1, which we did not consider in this
work.

Considering Fig. 4 and Fig. 5: While the results from
both models Jet+NSM:A and Jet+NSM:B can reproduce

Figure 6. Enrichment history for models Jet+NSM:A and
Jet+NSM:B (cf. Figure 4 and 5 for evolution plots). Magenta
stars represent observations, whereas blue dots represent model
stars as per Figure 5 (Model Jet+NSM:B). Red dots representing
the enrichment history of the simulation as per Figure 4 (Model
Jet+NSM:A) do not suit the observational data.

the observed spread of [Eu/Fe] in the early galaxy, model
Jet+NSB:B seems to better fit the overall [Eu/Fe] vs. [Fe/H]
distribution. On the other hand, the evolution of the [Eu/Fe]
ratio at low metallicity depends on the r-process produc-
tion and on the Fe production in CCSNe (see Section 4
and discussion), In Fig. 6, we compare the results for the
enrichment history of europium in the galaxy according
to Jet+NSM:A and Jet+NSM:B models with observations.
While the [Eu/H] vs. [Fe/H] ratios predicted by model
Jet+NSM:B are in agreement with the observations, model
Jet+NSM:A seems to be ruled out.

4 THE IMPORTANCE OF

INHOMOGENEITIES

4.1 Inhomogeneities in GCE

From observations of [Eu/Fe] in the early galaxy, one of
the main features is a spread in the abundance ratios. Our
model is able to reproduce these spreads, mainly because
of the inhomogeneous pollution of matter. In Fig. 7, we try
to illustrate the effect of applying such an inhomogeneous
model. For this purpose, we perform a cut through the xy-
plane of the simulation volume for specific time steps. These
time steps are marked in the top panel of Fig. 7, in order
to provide the reader with a quick glance of the extent of
the inhomogeneous element distribution at the correspon-
dent metallicities. For each marker, we provide the complete
density field at this specific time step in the middle and
lower panels (cf. figure caption for details). We show the
extent of inhomogeneities in the middle left panel, for the
first marker in the upper panel of the Figure. At this time
step, we can see - by counting the ”bubble”-style patterns -
that at least three supernovae must have taken place before
the snapshot. Since such events give rise to nucleosynthesis,
the abundances of metals in such a supernova remnant bub-
ble are higher than outside such a remnant. A star being
born inside such a remnant will inherit more metals than
a star born outside. Therefore, in the early stages of galac-
tic evolution the stellar abundances are strongly affected by

Evolu?on	  of	  Eu	  abundances	  in	  an	  inhomogeneous	  model	  of	  galac?c	  
enrichment	  including	  both	  Jet_Supernovae	  and	  neutron	  star	  mergers	  
as	  r-‐process	  sites	  (Wehmeyer	  et	  al.	  2015)	  

A	  factor	  ~2.5	  

Th	  and	  U	  are	  produced	  by	  the	  r	  process:	  use	  Eu	  as	  a	  proxy	  
log(Eu/Fe)	  –	  log(Eu/Fe)solar	  

log(Fe/H)	  –	  log(Fe/H)solar	  



Conclusions	  
•  Opportuni?es	  are	  growing	  to	  use	  radionuclides	  
to	  inves?gate	  
–  the	  origin	  of	  the	  Solar	  System	  	  
–  the	  properAes	  of	  extrasolar	  planetary	  systems	  	  

•  Stellar	  nucleosynthesis	  is	  the	  core	  knowledge	  
on	  which	  all	  these	  applica?ons	  are	  based	  

•  Nuclear	  physics	  inputs	  are	  needed	  for	  accurate	  
model	  predic?ons:	  from	  half	  lives	  (e.g.,146Sm)	  to	  
n-‐captures	  (e.g.,	  107Pd,	  108Pd,	  26Al),	  p-‐captures	  
(e.g.,	  25Mg	  and	  26Al),	  etc.	  etc.	  


