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(Mercury, Messenger, NASA) 





Uncompressed densities of planets (Spohn 2001) 
 
•  Mercury:  5.3 g/cm3 

•  Earth:  4.4 g/cm3 

•  Mars:  3.8 g/cm3 

 
 
 
A trend but most explanations focus on Mercury 
 
•  Impact stripping of mantle proposed (Benz et al. 1988) 
•  High temperature evaporation of mantle (Cameron 1985) 
 



(Trieloff and Palme 2006) 

Radial trend continues in asteroid belt; Chondrites are iron poor 



(Wagner et al. 2011) 

Inner rocky extrasolar planets are Mercury-like 

Earth-like 

Mercury-like 



Evidence in planetary systems is 
 
•  inner part is metal rich 

•  outer part is metal poor (silicate rich) 

What is the underlying physical mechanism? 



Mercury‘s high density, a surprising revelation from MESSENGER 
 
 
•  Volatile element K is still highly abundant (Peplowski et al. 2011) 

•  This essentially rules out high temperature processes like 
giant impact or high temperature evaporation 

 



That leaves the high metal content unexplained. 
 
 

Is there another physical process  
which separates metals and silicates 
without need for high temperatures? 



At what time do planets form? 
 

•  Standard: sets off in optical thick disk 
(collisions, particle growth, instabilities, ...) 

 
But this cannot be the whole story. 
   



 
•  Asteroids:  

•  chondrules, form only 2-3 million years late 
•  evidence for rapid assembly afterwards 
•  evidence of irradiation effects prior to assembly (optical thin)  

•  solar flare tracks in carb. chondrite grains (Caffee 1987) 
•  Earth:  

•  solar wind implanted noble gases acquired by small 
precursor planetesimals (optical thin) 
(Trieloff et al. 2000, 2002) 

 



Courtesy NASA/JPL-Caltech / T. Pyle  

(D‘Alessio et al., 2005) 

Optical thin inner parts in disks with gas are known 
  Transition disks 

(Sicilia-Aguilar et al. 2008, Najita et al. 2007) 



Potential of photophoretic transport in general in protoplanetary disks 

(Krauss and Wurm 2005, Hermann and Krivov 2008, Mousis et al. 2007, Moudens et al. 2012) 

(Wurm and Haack 2009) 

(Kelling et al. 2011, de Beule et al. 2012) 



Photophoresis 

(Rohatschek 1985) 



(Teiser et al. and Loesche et al. in prep) 



•  Optical thin parts important (observation, meteorites, ...) 

•  Photophoresis works in these phases 

•  Can photophoresis separate metals and silicates? 



Photophoresis (Approximation for LOW pressure) 
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Thermal conductivities: 
 
•  Iron:    > 50  W/(m K) 
•  Silicates:   ~  1   W/(m K) 
•  Aggregates:  < 0.1 W/(m K) 

Photophoretic drift rates (10µm grains): 
 
•  Metal:   1 AU / 15 million years 
•  Silicates:   1 AU / 300.000     years 
•  Aggregates:  1 AU / 30.000       years 

Metals essentially stay where they are (no motion in experiments), 
while silicates might keep up with outward moving edge. 



Photophoresis is one possible physical mechanism with few assumptions 
to separate  

metals and silicates 
without relying on high temperatures 



side view 

top view 

In optical thin parts metals and silicates will be separated 
     (Wurm, Trieloff, and Rauer, submitted) 



C. Loesche and G. Wurm: Thermal and Photophoretic Properties of Dust Mantled Chondrules and Sorting in the Solar Nebula
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Fig. 10. Principles of sorting dust mantled chondrules by pho-
tophoresis

Particle sorting due to photophoresis might also take place at
the inner edge of the disk, which might move over the asteroid
belt (Haack & Wurm 2007). The idea is sketched in fig. 10. At
the inner edge of a disk which is optically thick the sorting might
work differently than described above. Per definition the optical
depth decreases further away from the edge. Particles are there-
fore pushed outward as long as the decreasing photophoretic out-
ward motion is more effective than any other inward directed ef-
fect like turbulent diffusion or any other remaining radial inward
drift and the particles pushed more vigorously by photophoresis
will move outward into the dark the furthest. Here, the sorting
distances are strongly disk dependent but the principle is inde-
pendent of the details.

Wurm & Krauss (2006) considered that particles with ther-
mal conductivities varying by a factor 2 could easily be concen-
trated at different positions in a solar nebula almost 1 AU apart
of each other. A rough linear scaling would imply that a differ-
ence in effective thermal conductivity on the order of 10%would
separate particles on the order of 0.1AU or 15 × 106 km. This is
certainly sufficient to separate particles far enough to be incor-
porated into different parent bodies, eventually.
Direct size sorting: As calculated above the effective ther-

mal conductivity does not change with total size. The pho-
tophoretic force has an intrinsic dependence on size though as r3
(eq. 19) with the correction factor z(3) included. For a homoge-
neous particle the gravitational pull by a star also depends on r3
and the ratio of both forces is essentially independent of the to-
tal size. Without correction factor photophoresis would not sort
by size directly. For the lowest thermal conductivities there is a
size dependence in the correction factor which varies the pho-
tophoretic force by 10% for the smallest and largest chondrule
(see fig. 5). In that case direct size sorting of dust mantled chon-
drules with plausible mantle thickness by photophoresis is pos-
sible. It might also be considered here that the dust mantle has a
different porosity as the core, which might vary by about a factor
of 3. Nevertheless, for a constant size ratio between mantle and
core a change in total size would not change the average density
of the particle and this is not important.
Mantle to core size ratio sorting: It is interesting to note

that for a constant dust mantle to core size ratio no sort-
ing due to the effective thermal conductivity would occur.
However, considering the growth of dust mantles by accre-
tion, Carballido (2011) shows that the size ratio between man-

tle and core changes with overall size. This introduces an abso-
lute size dependence of the effective thermal conductivities then:
κ (ddust (ρ)). Values estimated from fig. 9 in Carballido (2011)
are e.g. a 0.3mm core with a 0.2mmmantle (ddust = 0.6) but a
1mm core only has 0.4mm mantle (ddust = 0.4). Corresponding
effective thermal conductivities from our simulations assum-
ing the core to have, kcore = 1W/mK and the rim to have
kdust = 0.01W/mK are κ = 0.02W/mK and κ = 0.03W/mK,
respectively. This is a difference of a factor 1.5 which is certainly
sufficient to separate these particles by photophoresis. A thinner
mantle also corresponds to a slightly higher average mass den-
sity and gravitational attraction. This works in the same direction
as decreasing the strength of the photophoretic force.
Mantle thermal conductivity: The exact thermal conduc-

tivity of the mantle is unknown as it depends on many param-
eters. Assuming that the material properties of the dust are the
same on average, porosity of the dust rim is still a free parame-
ter. The work by Bland et al. (2011) suggests that mantle porosi-
ties are on the order of 0.7 or more. This is consistently on the
same order of porosities to be expected from dust experiments
(Teiser et al. 2011). For this porosity and micrometer size dust
Krause et al. (2011) find thermal conductivities on the order of
0.01W/mK and below. We assumed this value for dust mantles
above. Typically smaller particles collide with dust at lower ve-
locities than larger ones. The experiments by Teiser et al. (2011)
and Kothe et al. (2011) show that such differences in collision
velocities produce a difference in porosity. In that case the dust
mantle porosity would systematically change (decrease) with
total size. Typical differences are several percent. Assuming a
porosity variation e.g. of 0.05 would lead to a difference in
thermal conductivity on the order of 1.5 for the dust mantle
(Krause et al. 2011). Varying the dust mantle thermal conduc-
tivity by this factor, e.g. between 0.01W/mK and 0.015W/mK
for a core with 1W/mK changes the effective thermal conduc-
tivity by a similar factor of 1.54 (rcore = 1mm, ddust = 1) or 1.46
(rcore = 1mm, ddust = 0.5). This is on the order of the changes
induced by the different mantle to core size ratios discussed in
the section before. This provides the basis for a photophoretic
size sorting. The trend would go in the same direction as the size
ratio variations, i.e. larger particles have a lower effective ther-
mal conductivity and would be found closer to the sun.
Core thermal conductivity: The third parameter influenc-

ing the effective thermal conductivity is the thermal conductiv-
ity of the core. As it is plausible that dust mantles have rather
low thermal conductivity, the dependency on this parameter is
not strong. As found in the simulations effective thermal con-
ductivities for thin (20% of core radius) dust mantles vary by
10%. For more conductive rims of kdust = 0.1W/mK this might
be somewhat larger but compared to the dependency on the size
ratio between mantle and core the effect is small. We conclude
that for core-mantle particles the thermal conductivity of the core
will not be responsible for size sorting.

Wurm & Krauss (2006) estimate the drift velocity of chon-
drules due to photophoresis at 1 AU which would be on the or-
der of 0.1m/s. Separating the particles by 10 × 106 km would
require about 107 s or 1 year or 1 orbit then which is fast com-
pared to evolutionary time scales. If all mass is in chondrules
and if chondrules do not evolve e.g. by growing to larger bod-
ies then a maximum mass of separated chondrules can be esti-
mated by the number of chondrules which would make the disk
optically thick themselves. Assuming a disk height of 0.1AU
at 1AU distance to the star the area of the inner edge would
be 2π × 1AU × 0.1AU. Completely covered with chondrules
of 1mm diameter, the number of chondrules is 6.35 × 1027 and

7

(Loesche and Wurm 2012) 



Photophoresis separates silicates and metals 
by preferential outward transport of silicates 

inside the inner edge of a disk 
 
 


