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PRIMORDIAL PROTOPLANETARY DISK COMPOSITIONS

SLOWLY EVOLVING PHOTOSPHERES

treatment of microscopic diffusion in the Sun. The evolution
of the abundance of the minor isotopes of elements heavier
than carbon have been calculated explicitly. The Turcotte et
al. [1998] models have also been used by Bochsler [2000]
to investigate the effect of isotopic fractionation in the Sun
on solar wind abundances. He estimated the fractionation
based the basis of isotopic mass differences and the pub-
lished factors of depletion for the major isotope of each
element. In the current paper the full effect of the solar
evolution on the net isotopic fraction is taken into account,
and an approximate prescription for the effect of mixing
beyond the convection zone is also used. The net effect on
isotopic ratios is quite similar in the work of Bochsler
[2000] and here in the absence of mixing. While the
Turcotte et al. [1998] models do not include the effect of
mixing beneath the convection zone, we have approximated
how mixing affects the evolution of the photospheric
composition by reducing the changes in composition such
as to reflect the results of Brun et al. [2000], who include
mixing in the tachocline in addition to a standard treatment
of diffusion.
[20] Because of the assumptions on initial composition

inherent in the computation of solar models, the absolute
values of the abundances predicted by solar evolution
models cannot be used, only relative changes are mean-
ingful (with the notable exception of the helioseismic
measurements of the helium abundance). Here we assume
an initial composition as in the work of Grevesse and Noels
[1993] calibrated to reproduce a contemporary value of Z/X
of 0.245. This value of Z/X inferred from the observations is
thought to be accurate to 10% at best.
[21] The predicted surface composition at 4.6 Gyr is

illustrated in Figure 3, where the difference between the

composition at 4.6 Gyr and the original composition is
plotted as a function of the atomic number. The features
reflect mostly the effect of the differential radiative forces.
These effects are relatively small, however, as the spread in
the relative abundance variations spans 8.8% for Ar to 7.6%
for Ca. The mean variation in the detailed model is around
8.5%. The model including mixing has a lower relative
change, with an adopted value for all estimates done in this
work of 71.8% as high as that of the detailed diffusion-only
model.
[22] As a consequence of the evolution of the Sun itself,

reflected in the decreasing timescales shown in Figure 2, the
rate of abundance changes has increased sharply as the Sun
has aged. This is illustrated in Figure 4, where the elemental
abundance ratio of calcium to iron and the isotopic abun-
dance ratio of 12C and 13C are shown to increase exponen-
tially in the near past. One notices that the trends are the
same for the elemental and isotopic ratios even though
radiative forces are irrelevant in the latter case. One con-
sequence of this rapid recent evolution is that fossil records
of the solar wind at different epochs (lunar soils, for
example) may possibly contain evidence of the variations
of some abundance ratios.
[23] The predicted evolution of isotopic ratios for He, C,

N, O, Ne, Mg, Si, and Ar is presented in Table 1. Recalling
the discussion on diffusion processes (section 3), one can
infer that the only difference of note for isotopes in the
context of diffusion is their mass. It is assumed here that all
characteristics (i.e., ionization state, radiative forces) for the
major isotope were shared by the minor isotopes with the
exception of mass.

Figure 3. Relative change in the surface abundances
predicted by the detailed solar models with diffusion, the
lower one without mixing and the higher one with an
approximate effect of mixing at the base of the convection
zone.

Figure 4. Evolution of the calcium over iron and 12C/13C
abundance ratios in the solar convection zone over its
lifetime. The solid and dotted lines show Ca/Fe with and
without mixing, respectively, below the convection zone.
The dashed and dot-dashed lines show 12C/13C with and
without mixing.
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AVERAGE METALLICITY BY RADIUS
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1.1	A	REVIEW	OF	PLANET-METALLICITY	CORRELATIONS	

A correlation between host star metallicity and the formation of planets was noted after the first 
few planets were detected with the radial velocity technique (Gonzalez 1997, Santos et al. 2004, 
Fischer & Valenti 2005). Because the Doppler technique favors the detection of more massive 
planets in shorter period orbits, this planet-metallicity correlation is strictly only relevant for 
those types of planets. 

Two favored explanations for the gas giant planet-metallicity correlation have been debated: (1) 
the stars (and planets) formed in molecular clouds with high metallicity or (2) the metallicity of 
the stellar photosphere was enhanced by late-stage accretion of volatile-depleted material. In 
2005, Fischer & Valenti published a uniform spectroscopic analysis of 1000 FGK dwarfs. They 
quantified the planet-metallicity correlation (Figure 2) and concluded that initial condition of a 
high metallicity cloud was the most important underlying reason for the observed correlation.1 
Importantly, this analysis would not have been as definitive without a large sample of stars and a 
uniform analysis technique with good precision. 

The correlation between host star metallicity and planet formation was found to be weaker for 
the Neptune-sized planets discovered with the radial velocity technique (Udry et al 2006, Sousa 
et al. 2008, Sousa et al. 2011, Ghezzi et al. 2010), however, the number of lower mass planets 
was small and the Doppler technique yields Msini rather than the actual mass. With the large 
number of Kepler discoveries, it became possible to examine the planet metallicity correlation 
                                                
1	This explanation was supported because they did not see a trend toward higher metallicity for stars with 
shallower convective zones and they observed the same quantitative planet-metallicity correlation for 
subgiants (where the convective zone would have mixed with deeper layers in the star). 	

Figure	2.		The	correlation	between	stellar	
metallicity	and	gas	giant	planets	from	Fischer	&	
Valenti	(2005).	High	metallicity	stars	are	more	
likely	to	host	gas	giant	planets	with	orbital	
periods	shorter	than	4	years.	 

Figure 3. Buchhave et al. 2012 evaluated the 
planet-metallicity correlation for planets 
discovered with the Kepler mission. The red 
points represent the average metallicity of the 
host stars with planets of different radii. 

Buchhave et al 2012



MOST STARS HAVE PLANETS

SMALL PLANETS HARD TO DETECT
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for a wider range of planet sizes. Figure 3 is reproduced from Buchhave et al. (2012) and shows 
a qualitative trend in the average metallicity of Kepler host stars (red points): Jupiter-size planets 
are still preferentially found around high metallicity stars, while the Neptune and smaller radii 
planets form around lower metallicity stars. Wang & Fischer (2015) also found a weaker 
correlation between planet occurrence rate and metallicity for the smaller planets detected with 
Kepler; however, they found that high metallicity still provided a slight enhancement in planet 
occurrence, even for the smallest planets.  

A pervasive logical flaw in many studies of stellar metallicity is the idea that a sample of “known 
planet host stars” can be compared to a sample of “stars without planets.”  This approach is only 
valid for short period gas giant planets (e.g., Figure 2) because those planets are relatively 
uncommon; the erroneous inclusion of a few stars with missed hot Jupiters (e.g., missed because 
they were viewed in nearly pole-on orientations) in the large control sample will not skew the 
overall results. However, small planets may be ubiquitous. Based on Kepler statistics, the 
fraction of stars with small planets in orbits less than 50 days is roughly 30% (Howard et al. 
2012, Figure 4). Considering the longer-period parameter space where planets would not be 
detected by Kepler (Figure 5) both because the transit probability is decreasing and because the 
primary mission ended after 4 years. It is possible that all stars are “guilty” of hosting small 
planets. Therefore, we do not believe that a valid sample of “stars without small planets” can be 
established. 

 

 

 

 

 

 

However, there is one interesting example of two mutually exclusive samples. Based on 
empirical results (from both Doppler surveys and Kepler observations) and dynamical stability 
arguments, it is likely that stars with hot Jupiters do not host close-in rocky planets; the inverse is 
also true: stars with systems of compact multi-planets do not also host short-period Jupiters. The 

Figure	4.		Occurrence	rate	for	Kepler	planets	
from	Howard	et	al.	(2012).	The	smallest	radii	
planets	appear	to	be	nearly	ubiquitous,	
occurring	around	~30%	of	stars,	even	when	
only	considering	orbital	periods	<	50	days.	 

Figure	5.		The	collection	of	Kepler	planet	candidates.	
The	number	of	detections	drops	precipitously	for	
planets	with	radii	less	than	Neptune	and	orbital	
periods	longer	than	100d.	This	is	because	the	transit	
probability	is	decreasing	and	the	primary	mission	was	
terminated	after	4	years.	 

Howard et al 2012



HOT JUPITERS VS COMPACT SYSTEMS OF SMALL PLANETS

COMPLETE COMPARISON SAMPLES



1D, LTE, PLANE PARALLEL ATMOSPHERES
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ADDING THE CKS SAMPLE

SAME ABUNDANCES, MORE PLANETS

Brewer et al (in prep)



PACKED-MULTIS & HOT-JUPITERS IN KNOWN HOSTS

METALLICITY — [Fe/H]

Brewer & Fischer (in prep)



PACKED-MULTIS & HOT-JUPITERS IN KNOWN HOSTS

ROCKS — [Si/H]

Brewer & Fischer (in prep)



PACKED-MULTIS & HOT-JUPITERS IN KNOWN HOSTS

SILICATES vs METALS — Si/Fe

Brewer & Fischer (in prep)



BEYOND METALLICITY

CHEMICAL TRACERS OF PLANET FORMATION

▸ Comparing planetary system architectures 

▸ Expanded abundance catalog 

▸ Composition, not just mass important in formation 

▸ Si/Fe ratio may help identify systems with rocky planets

http://dotastro.org
John M. Brewer
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