
Supplementary Content for “Detecting the oldest geodynamo and attendant

shielding from the solar wind: Implications for habitability” by J.A. Tarduno, E.G.

Blackman and E.E. Mamajek

Reconstructing the Past Sun

We combine a theoretical stellar evolutionary track for a 1 M� star with observational con-

straints on the time-evolution of various stellar parameters for Sun-like stars to produce a recon-

struction of the Sun’s characteristics at geologically and astronomically relevant times (see following

table). The solar parameters are listed at the starts of various geological time periods, adopting

recent ages from the Geological Society of America (Walker et al., 2013). We adopt the 1 M� stellar

evolutionary track from Bressan et al. (2012), which employs the recent Caffau et al. (2011) mix-

ture for protosolar chemical composition. We make minor systematic shifts to the luminosity and

effective temperature of the evolutionary track at the ∼1% level in order to match the current Sun

at an adopted meteoritic age for the solar system (4568 Myr; Bouvier and Wadhwa, 2010; Amelin

et al., 2010). We adopt the revised stellar parameters compiled by Mamajek (2012): effective tem-

perature Teff = 5772 K, luminosity L = 3.827 × 1033 erg s−1, and radius R = 695660 km. Spectral

types were estimated through the new main sequence effective temperature scale of Mamajek and

Pecaut (2013) (although in practice spectral types for G-stars are rarely quoted to better than ±1

subtype precision). The X-ray luminosity evolution as a function of rotation was calibrated to the

data from Wright et al. (2011), but was adjusted to pass through the Sun’s current combination

of average X-ray luminosity and rotation period (parameterized via Rossby number; Mamajek and

Hillenbrand, 2008). We have included an estimate of the mean emission-measure-averaged coronal

temperature log T̃X as a function of the Sun’s age, based on a custom fit to the data of Telleschi

et al. (2005) and the modern Sun (Peres et al., 2000) as a function of mean X-ray luminosity in the

ROSAT X-ray bandpass (LX): log T̃X ' -1.54 + 0.282 log LX (LX in erg s−1).

We estimate the Sun’s current average solar wind mass loss as follows. Based on ∼15,000 daily

solar wind measurements in the OmniWeb database1 between 1963 and 2014, we estimate a mean

daily solar wind density of n = 6.94 cm−3 and mean solar wind velocity of VSW = 439 km s−1.

Extrapolating these values over 4π steradians, one would estimate the solar wind mass loss rate to

be 1.94×10−14 M� yr−1. Results from the Ulysses mission (Goldstein et al., 1996) show that at high

heliographic latitude (>20◦) the solar wind has a product of density and velocity approximately

half that at lower latitudes. We take this result into account and multiple our original estimate by

∼2/3, leading to a spherically-averaged mean solar mass loss via solar wind of Ṁ� = 1.3× 10−14

M� yr−1.

Three mass loss rates are listed in the table: ṀW is estimated following the observational trends

from Wood et al. (2014), ṀS is estimated following the simulations of Suzuki et al. (2013), and

ṀCME is the estimated mass loss due solely to coronal mass ejections from flares (Drake et al.,

1Goddard Space Flight Center Space Physics Data Facility: http://omniweb.gsfc.nasa.gov/.
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2013). Magnetopause radii are estimated following Tarduno et al. (2010), assuming Earth magnetic

field strengths equal to the current value (RS,1) and half (RS,1/2); these field strengths are similar to

bounds for the Archean discussed by Tarduno et al. (2010). Interplanetary magnetic field pressure

was assumed to be negligible at all periods compared to the dynamical ram pressure of the wind.

Several of the stellar parameters for the Sun and Sun-like stars (mostly related to magnetic

activity) are observationally well correlated with rotation period (e.g. Mamajek and Hillenbrand,

2008), so we made a careful reassessment of the Sun’s likely rotational evolution through study of

Sun-like main sequence stars of different ages. Based upon a literature review of measured rotation

rates of ∼1 M� (±10%) stars in ten young star clusters2 and older field stars3 we derive a revised

version of the Skumanich law (Skumanich, 1972): Prot = 25.5(t/t�)0.526± 0.022 day, where t is stellar

age, t� is the Sun’s age (4568 Myr), and the relation is empirically constrained between ∼0.1-7

Gyr. A fit of Sun-like stars in young clusters and (older) field stars omitting the Sun, yields a nearly

identical relation, predicting the modern Sun’s rotation period to be 25.4 day. We surmise that the

Sun is a normal rotator (within ±1 day) for its mass and age.

Has mass loss via the solar wind had an impact on the Sun’s luminosity evolution since reaching

the main sequence? An enhanced early solar wind has been proposed to be a potential solution

to the Faint Young Sun paradox (e.g. Sackmann and Boothroyd, 2003). We have surveyed the

recent literature for published mass loss estimates and trends for Sun-like stars, as a function of

age and/or X-ray luminosity, as well as theoretical predictions (e.g. Holzwarth and Jardine, 2007;

Cranmer and Saar, 2011; Drake et al., 2013; Suzuki et al., 2013; Wood et al., 2014). Thus far,

these recent studies are consistent with a total solar main sequence mass loss in the range ∼0.01-

0.4%. In the same period, the Sun has lost ∼0.03% of its mass due to radiative losses through

converting mass to energy (Sackmann and Boothroyd, 2003). The Bressan et al. (2012) stellar

evolutionary tracks are consistent with having zero-age main sequence luminosities of LZAMS '
0.70 (M/M�)4.535 L� for solar composition stars within 10% of a solar mass. After 4.6 Gyr, the

total predicted solar mass loss due to solar wind and radiative losses is in the range ∼0.04-0.4%, so

the Sun could have plausibly been negligibly more luminous (∼0.2-1.8%) early in its main sequence

phase. Hence, current observational and theoretical constraints on the mass loss history of the Sun

seem inconsistent with enhanced early stellar winds providing a parsimonious solution to the Faint

Young Sun paradox (e.g. Sackmann and Boothroyd, 2003).

2In age order: Pleiades, M50, M35, M34, M11, Coma Ber, M37, Praesepe, Hyades, and NGC 6811.
3In age order: 18 Sco, Sun, α Cen A & B (mean), 16 Cyg B.

2



T
a
b
le

1
:

S
ol

ar
P

ar
am

et
er

s:
Z

er
o-

A
ge

M
ai

n
S

eq
u

en
ce

to
P

re
se

n
t

τ
A
g
e

T
e
ff

S
p
ec
.

L
u
m
.

R
a
d
.

lo
g
R

X
lo
g
L
X

lo
g
T̃

X
Ṁ
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