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Summary

Can the Solar System exist?

Did the Sun come from M67?



Chemical constraints

Meteorites contain decay products of radioactive 
isotopes 26Al and 60Fe.

Lee et al. (1976)

Most likely source of 26Al and 60Fe is a supernova close 
to the Sun whilst it still has a planet-forming disc.

E.g. Chevalier (2000) 

The Sun should be between 0.1 and 0.3 pc away from 
the supernova.

Adams et al. (2010)

Tang & Dauphas (2012)

Recent results cast doubt on 60Fe abundance but still 
require a clustered formation environment.



Dynamical constraints

Dynamical encounters in planetary systems can be very 
dangerous to planetary systems:

Armitage (2000); Kobayashi & Ida (2001);  Adams et al. (2004, 2006); Theis, Kroupa & Theis (2005); 
Malmberg et al. (2007a, 2007b, 2011); Forgan & Rice (2009); Pfalzner (2013)

Close encounters of protoplanetary discs with 
cluster stars can truncate or evaporate the discs.

Remaining planets end up on eccentric, inclined 
orbits that may destabilise the planetary system.

The Sun is probably one of the ~15% of “singleton” stars 
that has always been single and never had an encounter

Close encounters can remove planets.



Star and cluster masses

Relationship between cluster mass and maximum 
stellar mass:

May have a physical origin i.e. low-mass clusters 
with high-mass stars are impossible!

         (Weidner & Kroupa 2006)

May have a statistical origin; i.e. low-mass clusters 
with high-mass stars are rare!

(Parker & Goodwin 2007; Maschberger & Clarke 2008)

We adopt a cluster model that is consistent with both 
approaches (2100 stars, one            star, 96 G-dwarfs).25M⊙



Dynamical evolution

Cluster expands, stars interact, mass segregation occurs

25M⊙ star

Other massive stars

Parker, RC, Davies & Meyer (2014) MNRAS 437 946
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Distances from supernova

Typically about 10% of G-dwarfs are enriched
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Dynamical effects

N

Simulation number

All enriched G-dwarfs

Enriched “singleton” G-dwarfs

Enriched “singleton” !
un-kicked G-dwarfs

Parker, RC, Davies & Meyer (2014) MNRAS 437 946



Spatial distribution
Young clusters are significantly sub-structured.

Sub-structure increases early dynamical activity.
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Effects of sub-structure

Smooth Sub-structured

Sub-structure reduces number of enriched, unperturbed stars 
(but not by much)



Effect of virial ratio

Q =
kinetic energy

potential energy

Q0 = 0.3 Q0 = 0.7

Virial ratio has a small effect on results



Summary

A typical 2000-star cluster contains a massive star 
suitable to enrich the Solar System.

On average a few G-dwarfs are close enough to be 
enriched.

In about a third of these clusters there is a G-dwarf 
that is both close enough and dynamically unperturbed.

Planetary systems enriched like the Solar System 
should be unusual, but common

Parker, RC, Davies & Meyer (2014) MNRAS 437 946



Did the Sun come from M67?



Solar twins and M67

Önehag et al. (2011) A&A 528 85

Trend for 
solar twins 
outside 
M67

A. Önehag et al.: M67-1194, an unusually Sun-like solar twin in M67

suggest that this value might rather be slightly underestimated
than overestimated.

The surface gravity is set by requiring lines of Fe !! to re-
turn the same di!erential abundance as lines of Fe ! (LTE ioniza-
tion equilibrium). As in the case of Fe !, we opted for a careful
selection of relatively few well-observed weakly blended lines.
Figure 5 demonstrates that the ionization equilibrium is estab-
lished at log g = 4.44. Given the 1! scatter among the log g-
sensitive Fe !! lines (0.013 dex), the value of the surface gravity
is uncertain at the 0.04 dex level. In this step, the microturbu-
lence is found to be "t = 0.95 km s!1 (cf. Fig. 5), i.e. the same
value as used in the analysis of the solar spectrum.

Further evidence as regards the solar-like surface gravity
is obtained from the analysis of the damping wings of the
Mg !b lines. The Mg abundance was derived from the Mg !
doublet lines at 6718.7 and 6319.2 Å which are on the linear
part of the curve of growth, as well as from the moderately
strong Mg ! 5711 Å line. These lines consistently give the result
[Mg/Fe] = 0.02 ± 0.01. There are no other suitable atomic Mg
lines in the spectral regions available to us. To get further con-
straints on the Mg abundance, we explored the wavelength re-
gion around 5134–5137Å with Q2(23), Q1(23) and R2(11) fea-
tures of the (0,0) bands of the A-X system of MgH. This re-
gion is severely a!ected also by lines from the C2 Swan bands.
The observed spectrum appears very similar but with about 8%
stronger MgH bands, as compared with the solar spectrum. Our
spectrum synthesis, assuming solar isotopic ratios, shows that
the observed MgH bands are consistent with our abundance es-
timate for Mg and the somewhat enhanced overall metallicity.
The adoption of a significantly lower Mg abundance (by 0.1 dex)
would, lead to too weak MgH features. Adopting [Mg/H]= 0.02,
the pressure-broadened red wing of Mg ! 5183 Å (the strongest
line of the Mg ! triplet with the largest log g sensitivity) indicates
a log g of 4.44 ± 0.05 (see Fig. 6). To this we add in quadrature
the uncertainty stemming from the Mg abundance. This yields
an error for log g of 0.06.

Combining the two independent methods (Fe !/!!, Mg !b), we
finally adopt 4.44 ± 0.035 as our current best estimate of the
surface gravity of M67-1194. The error is the combined error
from the two methods, propagated into the mean.

Abundances are determined using the line list of Meléndez
et al. (2009), which was chosen in order to make our results di-
rectly comparable to the twin results of that group. In the case
of carbon, we needed to depart from that list replacing lines not
available in our wavelength range with C2 lines. In the case of
oxygen, inspection of the wavelength regions around the [O !]
lines at 6300.3 and 6363.7 Å proved this region to be far too
noisy for an accurate oxygen abundance determination. Within
this noise, the spectrum does not depart significantly from the
solar spectrum, and fits of synthetic spectra suggest the oxygen
abundance ratio [O/Fe] to be solar with an estimated maximum
error of about 0.15 dex. The high excitation O ! 6158.1 line was
found to be more useful at this level of S/N, allowing an esti-
mated [O/Fe] = 0.07 ± 0.07. These errors are here to be seen as
maximum errors, and the uncertainties are mainly related to the
placement of the continuum. We note that this result is consistent
with the mean [O/Fe] = 0.01±0.03, as determined for ten some-
what brighter and hotter main-sequence stars in M67 by Randich
et al. (2006) using the 6300.3 Å line.

The resulting abundances are illustrated in Fig. 7 as di!er-
ences between the solar values and those of M67-1194, and com-
pared to the mean results for the solar twin sample of Meléndez
et al. (2009). We note that, given the similarity of the spectrum

Fig. 7. Abundance di!erence as a function of condensation tempera-
ture (according to Lodders 2003). Filled circles: this paper, plus signs:
Meléndez et al. (2009). Shaded area: this paper, dotted line: Meléndez
et al. (2009). The shaded area summarizes the result of this paper when
submitted to a linear-regression analysis (including the upper limit of
O), giving "[X/Fe] = a + mTcond. The area delineates the range of re-
gression lines due to the uncertainties in a and m. The elements in the
range 1300–1500 K not identified are (from left to right): Cr, Si, Co, Ni
and V. Error bars are discussed in detail in Sect. 3.2.

of M67-1194 to the solar one, uncertainties in line data e!ec-
tively cancel. Similarly, errors due to inadequacies in the model
atmospheres, e.g., in describing the formation of molecular lines
in the upper layers of the atmospheres, should cancel, provided
that the elemental abundances are practically the same, and no
other e!ects but those related to the fundamental stellar param-
eters characterize the atmospheres.

3.2. Abundance errors

There are several kinds of errors that could have an impact on our
abundance results. Despite the good data quality achieved for
this faint star, continuum placement is a non-negligible source
of error (see the case of oxygen above and lithium below).
However, it can be classified as a random error, given the sim-
ilarity between the solar and the stellar spectrum and the dif-
ferential nature of our analysis. Thus, these errors are reflected
in the line-to-line scatter in abundances. Errors stemming from
stellar-parameter uncertainties are also discussed below.

The error bars indicated in Fig. 7 are the sample standard de-
viation for the abundance of each element as determined from
the available lines, e.g. they represent internal errors. Given the
generally small number of lines, we adopt this more conservative
estimate over the standard deviation of the mean (as throughout
this study). If this error is found to be below 0.02 dex, we adopt
0.02 dex as a lower limit (indicated in the upper right corner
of Fig. 7 and representative of all points without error bars). In
the case of Na (two lines giving abundances in numerical agree-
ment) we adopted an estimate of the fitting error.
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The Sun’s orbit differs from M67’s

Pichardo et al. (2012) AJ 143 73



The Sun was not born in M67?

Pichardo et al. (2012) AJ 143 73



M67’s orbit has changed!

Star formation rate at M67's latitude today, from:

A-stars: ṅ ≤ 2× 10−4 pc−3 Gyr−1

B-stars: ṅ ≤ 10−4 pc−3 Gyr−1

To form at these lattitudes M67 requires a box 
1 kpc x 1 kpc x 100 pc x 1 Gyr

•There should be lower-mass counterparts

•The B-stars are probably mostly runaways

•Our assumptions were very optimistic



M = 3× 105 M⊙

b = 10pc

rh = 2pc

v∞ = 10 km s−1

∆E

E
� 0.25

Scattering 
off a giant 
molecular 

cloud



Survival of stellar clustersGustafsson et al.: The origin of M 67: the Galactic Disk and the Sun 15

Table 4. Model simulations: results. Dispersions in U, V and W veloc-
ities are given, as well as a mean of the radial migration at the end of
the simulation of the clusters from their starting points, and the disper-
sion of these migrations in the radial direction. Finallly, the fraction of
the test particles ending with a distance greater than 400 pc from the
Galactic Plane, and the probability of survival for those clusters, are
given

Model σU σV σW < r > σr Nz >400 pc f400
km/s km/s km/s kpc kpc %

A 19 8 7 <0.01
Asb 26 17 8 0.02
Ags 37 19 15 0.4
Agb 27 11 16 0.1
Agsb 44 26 16 0.17 1.20 0.5 0.40
Bgsb 40 23 14 0.04 1.03 0.25 0.75

0 100 200 300 400 500 600
0

20

40

60

80

100

120

z (pc)

N

Fig. 16. The |z| distribution of test particles after 4.6 Gyr, in a simulation
with 300,000 GMCs and a z potential following the Galactic Model 1
of Binney (2012)
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Fig. 17. The |z| distribution of test particles of the simulation illustrated
in Fig. 16, after subtraction of all particles that would have been dis-
rupted if they were assumed to represent clusters, accoring to the crite-
rion of Eq. (13).

the survival probability for the clusters that presently could be at
heights above |z| = 400 pc is significantly reduced (cf. Table 2,
last column). This reduction is, however, roughly compensated
for by a higher fraction of particles scattered to those heights, so
that, in the end, about 0.2% of all massive open clusters formed
are predicted to end with |z| > 400 pc, rather independently of
N(GMC) for the range 300, 000 < N(GMC) < 460, 000.

The survival of clusters at high latitudes turns out to be rela-
tively independent of whether we use the criterion of Eq. (5) or
the analysis based on N-body simulations described in Section
5.2. Fig. 19 shows the internal energy absorbed by all eight par-
ticles that are scattered up to |z| > 350 pc at 4.6 Gyr in model
simulation Agsb. In this particular calculation the clusters were
all considered to have an initial half-mass radius of 1 pc. Four of
these clusters undergo strong scatterings, which lead to vertical
lines in the plot. This causes them to become rapidly disrupted
thereafter, as can be seen by comparing the rate of loss of mass
from the same clusters in Fig. 20. Four of the clusters do not suf-
fer strong scatterings and hence survive until late times. One is
destroyed by a series of moderate-intensity encounters, but the
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Fig. 18. Fraction f of surviving M 67-like model clusters as a function
of their distance from the Galactic Plane after 4.6 Gyr for a sequence
of Bgsb models. The results are presented for three independent runs
with 1000 test particles in each run (blue lines) and the mean of these
is represented by the black line. The great amplitudes and variation be-
tween the curves are due to small-number statistics: just a handful of
clusters reach heights above 300 pc in each of these simulations. The
results indicate that massive clusters in orbits that may bring them to
heights above z = 300 pc would have a high probability to survive for
several Gyr.

other three survive to an age of 4.6 Gyr. Similar results are ob-
tained for larger initial half-mass radii.

The distribution of lifetimes of the 1000 clusters in our sim-
ulations, following the synthetic (N-body) cluster destruction
model, are shown in Fig. 21. The median lifetime decreases
with increasing initial half-mass radius, as the clusters are larger,
more heated by encounters with GMCs. The median life time for
rh,0 = 1 pc clusters is almost 2 Gyr which departs from the esti-
mate given by Wielen (1971) that only 2% of the open clusters
survive for more than 1 Gyr. The dominant reason for this is that
our model clusters are at least one order of magnitude more mas-
sive than typical Galactic open clusters. Only a small number of
clusters, however, survive until 4.6 Gyr (marked with a dashed
line on the plot). For an initial half-mass radius of 1 pc the num-
ber of surviving clusters is close to that found using Eq. (5).
In fact, all 36 clusters in the Agsb simulation that survived in
the approximate treatment also survive in the N-body approach;
the latter approach just adds one more cluster to this cathegory.
This agreement may seem astonishing, since the Agsb simula-
tion was carried out with the standard choice of a cluster radius
of 3 pc in Eq. (13) while the initial rh value in the N-body sim-
ulations is 1 pc. However, rh, representing the median radius, is
supposed to be smaller than the radius used in the derivation of
Eq. (5) and moreover, as is illustrated in Fig.8, rh varies in the N-
body simulations and is at all times greater than its initial value.
The principal difference between the two formalisms is that the
N-body treatment takes into account the variation of half-mass
radius over the lifetime of the cluster.
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Summary

M67 did not form on its current orbit.

We show that it could have survived being 
scattered from the disc into its present orbit by 
encounters with giant molecular clouds.

Careful abundance analysis suggests M67 is an 
interesting candidate for the birthplace of the 
Sun.

Gustafsson, RC, Davies & Rickman!
(submitted to A&A)



Conclusions

Meteoritic abundances suggest that the Sun 
probably formed in a stellar cluster.

Unperturbed G-dwarfs form in 2000-star 
clusters, but are relatively unusual.

The stars with the most solar-like 
abundances are in M67.

A solar origin in M67 is not ruled out by 
dynamical arguments.

Can the Solar System exist?

Did the Sun come from M67?


