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Habitability in the Context
of Stellar Activity

Sunspots. Coronal Mass Ejections (CMEs)
Sunspots are com paratively cool areas at Large portions of the corona, or outer atr

upt07,700°F and show thellocation of sphere of the Sun, can be explosively bloy
strong magnetic fields protruding; sending billions of ton

hat we would see as the Sun's . perheated gas, Earth's directi

arg

ge, complex sunspot groups: have their own magnetic field and can slam into

aie generally the source of significant 4 and interact with Earth’s magnetic field,

5 weal 5 resulting in geomagne rms, The fastest of - ~
3 Space weather refers to the variable conditions on the Sun and in the space environment that can influence the

performance and reliability of space-based and ground-based technological systems, as well as endanger life or

health. Just like weather on Earth, space weather has its seasons, with solar activity rising and falling over an

approximate 11 year cycle.

SolarWind

The solar wind is a constant outflow of electrons Sun’s Magnetic Field

and protons from the Sun, always present and Strong and ever-changing magnetic fields drive the life of the Sun and underlie:
bufeting Earth's magnetic field. sunspots, Th re the ene space weather
background solar wind flo and their twisting, shearing, and reconn

one million miles per hour!

Solar Radiation Storms
ticles, indluding ele o elerated b
jections and solar flares. These particles bounce and gyrate their wa
through space, roughly following the magnetic field lines and ultimately
bombarding Earth fr ction. The fastest of these particles can affect
Earth tens of minutes after a solar flae.
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Geomagnetic Storms

A geomagnetic storm isa temporary disturbance of Earth's magnetic field typically
sociate nhancementsin the solar wind, These storms are created when

the solar wind and its magnetic field interacts with Earth's magnetic field. The

primary stormsis CWiEs which stretch the magnetosphere

on the nightside causing it to release energy through magnetic reconnection.

Disturbances in the ionosphere (a region of Earth's u

usually associated with geomagnetic storms.
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Stellar lonizing Radiation
adversely impacts planets

e Sources: XUV, CME/
plasma, Wind/protons,
SPE/protons

e Planetary effects:
Atmospheric escape,
alterations in
atmospheric chemistry,
direct biological
damage from radiation




Atmospheric Escape:A
double edged sword

Protoatmospheres and secondary atmospheres
XUV-driven hydrodynamic escape
Energy-limited equation to estimate atmospheric loss

Comparing the long-term effect of flares and stellar
luminosity on planetary atmospheric escape
(Atri and Carberry Mogan, submitted)



Solar System Planets can
be useful

¢ Radiation Assessment Detector on the Martian
surface (Gale Crater). Great for calibration!

e Mars: ~22 g cm-? atmosphere, Earth: 1036 g cm-2.

e Numerical model: GEANT4 (for GEometry ANd
Tracking) is a platform for "the simulation of the
passage of particles through matter” (CERN).

e Atmospheric model: Mars Climate Database (MCD).

e Galactic Cosmic Rays and SPEs.
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We validate our method by computing the GCR-induced background radiation dose
at Gale Crater which has been measured by RAD. We used the BON10 model (O’Neill,
2010) to obtain the background GCR spectrum, with 87% protons, 12% alpha particles
and 1% Iron, as a substitute for heavier particles. Our simulations gave the equivalent
dose rate from background GCRs to be 0.59 mSv/day, which is consistent with RAD mea-
surement of 0.64 + 0.12 mSv/day (D. M. Hassler et al., 2014) within instrumental un-
certainties. We have also made comparison of our SEP results with similar work on SEPs

which is discussed in the next section.

e SPEs: satellite (PAMELA) + ground-based data (70
major SPEs (1956 - 2006).

e (Atri and Dobbs-Dixon, submitted)
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Exoplanets: Atmosphere
vs Magnetic shielding

Atmospheric depth is a major factor in determining radiation dose
on the planetary surface.

Radiation dose is reduced by three orders of magnitude
corresponding to an increase in the atmospheric depth by an order
of magnitude.

The planetary magnetic field is an important but a less significant
factor compared to atmospheric depth.

The dose is reduced by a factor of about thirty corresponding to an
increase in the magnetospheric strength by an order of magnitude.

Atri et al., Astrobiology, 13, 910 (2013)
D. Atri, MNRAS Letters, 465, L34 (2017)
D. Atri, MNRAS Letters 492, L28-L33 (2020)
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Radiation Dose on
Exoplanets
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Figure 2. Dose distribution on Proxima b with 30 gcm—2atm and no
magnetic field corresponding to 10'! (green), 10'3* (blue), and 10'* (red)
protons cm~? fluence (‘x’: linear extrapolation, not observation based).

 Radiation dose varies significantly
with charged particle spectra and
an event of a given fluence can
have a drastically different effect
depending on the spectrum.

e Our results show that radiation
dose can vary by several orders of
magnitude for a given fluence.

D. Atri, MNRAS Letters, 492, L28-L33 (2020)



Radiation dose
enhancement factor

Table 6. Enhancement factor over GCR background on potentially
habitable planets for a hard-spectrum event (1998 August 24) with
10! protons cm—2 fluence and the Earth’s magnetic field. Atmospheric

depth varies between 30 and 1000 g cm—2.

30 100 300 1000
TRAPPIST-1 e 1.35E+04 1.08E+04 1.03E+04 2.19E + 03
TRAPPIST-1f 781E+03 6.23E+03 5.97E+03 1.26E + 03
TRAPPIST-1 g 528E+03 422E+03 4.04E + 03 8.56E + 02
Proxima Cen b 457E+03 3.65E +03 3.49E +03 7.40E + 02
GJ667Cftb 441E+02 353E+02 337E+02 7.15E + 01
GJ667Ce 237TE+02 1.89E+02 1.81E+ 02 3.84E + 0l
Kepler-1229 b 1.19E +02 9.50E + 01 9.09E +01 1.93E + 01
Kepler-442 b 6.42E +01 S5.13E+01 491E+01 1.04E + 0l
Kepler-186 f 5.76E + 01 4.60E +01 4.40E +01 9.33E + 00
Kepler-62 f 2.08E+01 1.66E + 01 1.59E + 01 3.38E + 00

D. Atri, MNRAS Letters, 492, L28-L33 (2020)
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Future outlook

e Planetary habitability: A comprehensive approach
with better observations and analyzing all
mechanisms is needed.

e Fluence scaling relation (X-ray to pfu) from Herbst et
al. (2019)

o Atri, Grenfell, Herbst (in prep.), ETERNAL
collaboration
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