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• Is Earth a Unique Planet?
• Reconstructing Space Weather from Young 

Solar Analogs (observations and models)
• Impact of XUV flux and CMEs on 

exoplanetatry magnetospheres
• Impact of superflares on chemistry and climates 

of rocky planets: 775AD event as a proxy
• Chemical signatures of prebiotic planets in the 

era of JWST via laboratory experiments



How Can We Detect a Habitable Planet Out of the Zoo of  
>5500 exoplanets? Which Star is Hospitable? 

44th Jack Eddy Symposium, Oct 29- Nov 3, 2023
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Is Earth a Unique Planet?
Is Earth-Sun a Unique System?
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Is Earth a Unique Planet?
Is Earth-Sun  a Unique System?



We need to understand how habitability state evolved 
in the Solar System
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   Earth Through Time:  
 Which Version Are We Going To Search For?
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terrestrial sediments (Berner, 1982). This relatively slow
‘‘leak’’ of organic carbon into Earth’s upper crust represents
a net source of O2 to Earth’s atmosphere. In addition, a
fraction of photosynthetically produced organic matter that
escapes burial will be consumed by microbial sulfate re-
duction, which essentially transfers electrons from organic
matter to sedimentary pyrite (FeS2), the burial of which
similarly results in a net release of O2 to surface environ-
ments. These fluxes are augmented by the irreversible es-
cape of H to space, which scales with the total abundance of
H-bearing reduced gases at the homopause (e.g., CH4 and
H2; Hunten, 1973). Although this represents a very small
flux on the modern Earth, it is critical to consider as a
mechanism of secular oxidation on timescales of planetary
evolution (Catling et al., 2001). Input fluxes of O2 are ul-
timately balanced on long timescales by O2 consumption
during the uplift and oxidative weathering of reduced min-
eral phases in Earth’s crust (including previously buried
organic carbon and pyrite sulfur) and through reaction with
volcanic and metamorphic reductants (Kasting and Canfield,
2012).

Whether a planet develops a biogenic O2-rich atmosphere
will thus depend not only on the evolution of oxygenic
photosynthesis but also on the long-term balance between
sources and sinks of O2 at the surface (e.g., Gebauer et al.,
2017). The accumulation and stability of large biogenic O2

inventories in a planetary atmosphere will, in turn, depend
on how input/output fluxes scale with atmospheric O2 levels
(if at all) and on secular changes in planetary degassing,
differentiation, and atmospheric escape. An important con-
sequence of this is that the evolution of oxygenic photo-
synthesis cannot, on its own, be expected to yield a remotely

detectable oxidizing atmosphere. The planetary environ-
ment also plays a crucial role.

Earth’s history provides an instructive example. Con-
straints from stable isotopes and trace element proxies in-
dicate the evolution of oxygenic photosynthesis on Earth by
at least *3.0 Ga (Planavsky et al., 2014a) and perhaps
much earlier (Rosing and Frei, 2004). However, comple-
mentary isotopic constraints indicate that Earth’s atmo-
sphere was pervasively reducing until *2.5 Ga (Farquhar
et al., 2001; Pavlov and Kasting, 2002; Zahnle et al., 2006).
There thus appears to have been a very significant period on
Earth during which oxygenic photosynthesis was present
but large amounts of O2 did not accumulate in Earth’s
atmosphere. In addition, there is some evidence that after
the initial accumulation of O2 in Earth’s atmosphere at
*2.3 Ga, atmospheric O2 levels remained relatively low
for much of the subsequent *2 billion years (Planavsky
et al., 2014b; Cole et al., 2016; Tang et al., 2016), during
which biogenic O2, although clearly present, may have
been challenging to detect remotely given current tech-
nology (Reinhard et al., 2017).

In sum, the emergence of a biogenic O2-rich atmosphere
will depend on both the evolution of oxygenic photosyn-
thesis and geochemical dynamics at the planetary surface
that are favorable for the long-term accumulation of a large
atmospheric O2 inventory; if planetary conditions are not
favorable, then a false negative will occur. These dynamics
will, in turn, depend on a series of planetary factors that may
be challenging to constrain observationally or from first
principles. For example, heat flux from a planetary interior
(as constrained by radiogenic element inventory and planet
size), O2 fugacity of the planetary mantle (as constrained by

FIG. 1. Overview of the major processes controlling atmospheric O2 and CH4 levels (left panels). Red circles/arrows
denote net biogenic sources (e.g., after accounting for biological consumption), gray ovals/arrows denote potential abiotic
sources, and blue squares/arrows denote net sink fluxes. Schematic depiction of the evolution of atmospheric O2 and CH4

throughout Earth’s history (right panels). Using results from Reinhard et al. (2017), shaded boxes show ranges based on
geochemical proxy or model reconstructions, whereas red curves show possible temporal trajectories through time. (Credit:
Chris Reinhard)
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Strategy:
Study Evolution of Earth-Sun Systems via Space Weather 

to Filter Out Uninhabitable Worlds
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Review Airapetian+20, Int Journal of Astrobiology 2020

Flare
  XUV



Why Do We Need to Study Stellar CMEs ?

CME/SEP

Atmospheric heating/erosion

• CMEs can directly affect the exoplanetary environments via escape 
and chemistry, and thus “habitability”

[cf. Hazra & Vidotto+22; Airapetian+16]
• CMEs may affect the stellar mass/angular momentum evolution

Driven by the development in exoplanet research, 
finding stellar CMEs becomes more and more important

Space Weather Driven Prebiotic Chemistry 

N2, CO2, CH4, H2O

CO, CN, NH,  NOx, 
OH, NHO3

N+, O+, CO+, NO+, 
NO+, OH+

Nitrous Oxide, N2O
Hydrogen Cyanide, HCN

Acetonitrile, CH3CN
Formaldehyde, CH2O

Mars

Martian Ocean
Nitrates, Formamide, Complex Sugars,

Bio molecules of life

XUV
SEP event

IonizationDissociation

©NAOJ

©Airapetian

Chemistry change

Osten & Wolk 2015

Stellar mass & 
angular momentum 

evolution
CME mass loss
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Flares, CMEs & StEPs from Young Suns
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Sept 1, 2014 CME (STEREO Behind) 



XUV dimming

Dimming!!
Solar EUV dimming 
observed by SDO

• X-ray, EUV, NUV dimming (escape of coronal material) are highly related to 
the occurrence of CMEs,⇒ recently reported on active M/K-dwarfs [Veronig et 
al. 2021, Nat. Astron., Loyd et al. 2022].
- So far, only ~22 events are reported
- Advantage: high correlation between dimming and the occurrence of solar 

CMEs [Veronig et al. 2021]
- ⇒ Very strong indication of stellar CMEs (based on the solar obs.)
- Disadvantage: - May depend on the definition of quiescent stellar XUV level 

Note: may not necessarily indicate CME occurrence? (see, talk by Julián D. 
Alvarado-Gómez)

Sun-as-a-star 
EUV obs



Blue-shifted Balmer/XUV lines on M/K/giant stars
• Blue-shift emission of Balmer/UV lines on M/K-dwarfs are promising detections 

of “prominence eruption”[Houdebine+1990, Vida+16, 19, Leitzinger+14, 
Honda+18, Maehara+21, and more!!]
- Advantage: relatively easy to detect from ground-based observations (> 200 

candidates; Leitzinger et al.)
- Disadvantage: Only “emission” profile → sometimes difficult to distinguish 

from “flare” radiations (evaporations)
- Just a lower-part of CMEs & LOS velocity 
-  Can we infer CME occurrence only from H-alpha obs? → numerical 

work/solar obs. is necessary
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2022/4/10 event; Ebol~1.5e33 erg (i.e., a 
superflare)
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Corresponding flare & 
Prominence Eruption

X-ray flare

X-ray dimming
Namekata, Airapetian.. Notsu+23
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Figure 3: (Top panel) The input ZDI
magnetic map of k1 Ceti for epochs
2013.7 used to drive AWSoM model in
[31]. (Bottom panel) The same ZDI
magnetic map with bipolar active re-
gion insertion. The red and blue colors
represent positive and negative mag-
netic field with color range of -100 to
100 Gauss.

lower than those obtained from EUVE data, which is due to the lack of resolving the active region
structures. The bipolar active region insertion into the ZDI map is shown in the bottom panel of
Figure 3. The size of the bipolar active region is about 40 degrees. And the maximum field strength
is about 2000 Gauss. The total magnetic flux of this bipolar active region is 5.66⇥1023 Mx. The
new MHD simulation of the stellar corona is driven by the modified high-resolution magnetic
map. The simulated X-ray fluxes are ⇠ 8 times greater than those provided with ZDI maps and
are consistent with EUVE observations of the star. This model shows promising results to better
reproduce the XUV emissions in the stellar X-ray and EUV observations. For this project, we
will use the starspots observation (e.g., size, mean magnetic strength, location) to better constrain
the input ZDI magnetic map and use available XUV observations to validate the quiescent stellar
atmosphere solutions. Note that multiple starspots insertion can be implemented in our model, and
such modeling will be performed in the proposed study.

The simulations of realistic stellar coronal environments are critical prerequisites in modeling
flares and CMEs from the planned stars. In the AWSoM model, the coronal heating is driven
by the magnetic energy propagated from the stellar chromosphere and dissipated via a turbulent
cascade of Alfvén waves in both closed and open field regions. The plasma density and the Alfvén
wave amplitude required for calculation of the wave energy flux at the upper chromosphere of
target stars will be obtained directly from the Far UV Si IV and O IV emission lines following the
methodology outlined in [31] based on the results of the coordinated HST/COS data for the target.
The model will provide the 3D coronal density and temperature required to calculate the X-ray and
EUV stellar fluxes. Also, these fluxes will be validated by the empirical model developed in [46].
We will use the existing XMM-Newton X-ray and NICER data for the target stars to compare with
the outputs of the AWSoM model.

6

Bmax = 2 kG; 3% MHS 

ZDI magnetogram and  a bipolar AR
Twisted unstable magnetic flux, 2 x 1034 erg
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Velocity,                                            Density,

Jin, Hu, Airapetian in progress+23

• We use the AWSoM to model initiation & propagation of a stellar CME
• 6 hr CME simulation in the coronal region, 2013.9 epoch  
• Flux rope energy is ~2.7x1034 ergs, CME speed is ~5000 km/s at t=30 min
• CME shock data used as input for the particle acceleration model (iPATH)4th Jack Eddy Symposium, Oct 29- Nov 3, 2023
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Harvard University/ITC Seminar, 10/05/18 8

 iPATH:  improved Particle Acceleration and Transport in the Heliosphere 

 the PATH/iPATH Model

Model development:  Zank et al. 2000, 2007,   Rice et al. 2003,  Li et al. (2003, 

2005, 2009, 2012), Hu et al. 2017, 2018.

Event fitting: Li et al. (2004), Verkhoglyadova et al. (2009, 2010, 2012)

Output: compare to 

in-situ measurements

Input  from remote sensing 

measurements 

Modeling effort:  

acceleration +  

transport

2D MHD Zeus )wind+shock)+Onion shell module – DSA acceleration)
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 Airapetian et al. 2016, Nat Geoscience
Initial State                                           Final State 

4th Jack Eddy Symposium, Oct 29- Nov 3, 2023
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Solar Superflare of 775AD via Cosmogenic Isotopes 
as a Proxy of Stellar Superflares
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A signature of cosmic-ray increase in AD 774–775
from tree rings in Japan
Fusa Miyake1, Kentaro Nagaya1, Kimiaki Masuda1 & Toshio Nakamura2

Increases in 14C concentrations in tree rings could be attributed to
cosmic-ray events1–7, as have increases in 10Be and nitrate in ice
cores8,9. The record of the past 3,000 years in the IntCal09 data
set10, which is a time series at 5-year intervals describing the 14C
content of trees over a period of approximately 10,000 years, shows
three periods during which 14C increased at a rate greater than 3%
over 10 years. Two of these periods have been measured at high
time resolution, but neither showed increases on a timescale of
about 1 year (refs 11 and 12). Here we report 14C measurements
in annual rings of Japanese cedar trees from AD 750 to AD 820 (the
remaining period), with 1- and 2-year resolution. We find a rapid
increase of about 12% in the 14C content from AD 774 to 775, which
is about 20 times larger than the change attributed to ordinary solar
modulation. When averaged over 10 years, the data are consistent
with the decadal IntCal 14C data from North American and
European trees13. We argue that neither a solar flare nor a local
supernova is likely to have been responsible.

We used two individual Japanese cedar trees (tree A and tree B). We
collected two series of measurements of the 14C content (D14C, see
Fig. 1 legend) of tree A. The first consists of biennial measurements
from AD 750 to 820. The second consists of yearly measurements from
AD 774 to 780. The data for overlapping years match within measure-
ment errors, confirming that the two series of measurements are repro-
ducible. The measurements of 14C content in tree B were collected at
1-year resolution, from AD 770 to 779. The data from tree A and tree B

are consistent (reduced x2 5 1.3, degrees of freedom d.f. 5 10). These
data are presented in Supplementary Information.

Figure 1a shows the variation of 14C content of Tree-A (after the two
series of data were combined) and Tree-B for the period AD 750–820.
In our data, we observe an increase of 14C content of 12%within 1 year
(AD 774–775), followed by a decrease over several years. The signifi-
cance of this increase (AD 774–775) with respect to the measurement
errors is 7.2s.

In order to compare our results with IntCal98 (ref. 13), we averaged
the yearly data to obtain a series with decadal time resolution. The
result is shown in Fig. 1b. In the IntCal98 data, the 14C content
increased by about 7.2% over 10 years (AD 775–785). The two series
are consistent with each other within measurement errors. The event
causing the increased 14C content in AD 775 could not have been local,
because the IntCal data were obtained from North American and
European trees, whereas we used Japanese trees.

To have produced a large number of 14C nuclei in the atmosphere in
AD 775, the cosmic-ray intensity must have increased considerably.
The decadal record of another cosmogenic nuclide, 10Be, can be
obtained from the layers of ice or snow from Dome Fuji in
Antarctica. These data include the relevant period, and exhibit a sharp
peak in the 10Be flux around AD 775 (ref. 14). However, the dating of ice
core layers is more ambiguous than that of tree rings. The age of a layer
is determined by locating several well-known volcanic events, and
matching the production rate pattern of 10Be with the 14C production

1Solar-Terrestrial Environment Laboratory, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan. 2Center for Chronological Research, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan.
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Figure 1 | Measured radiocarbon content and comparison with IntCal98.
The concentration of 14C is expressed as D14C, which is the deviation (in %) of
the 14C/12C ratio of a sample with respect to modern carbon (standard sample),
after correcting for the age and isotopic fractionation30. a, D14C data for tree A
(filled triangles with error bars) and tree B (open circles with error bars) for the
period AD 750–820 with 1- or 2-year resolution. The typical precision of a single
measurement of D14C is 2.6%. Most data were obtained by multiple
measurements, yielding smaller errors. Error bars, 1 s.d. b, The decadal average
of our data (filled diamonds with error bars) compared with the IntCal98 data13

(open squares with error bars), which is a standard decadalD14C time series. Six
standard samples (NIST SRM4990C oxalic acid, the new NBS standard) were
measured in the same batch of samples. Because D14C is calculated as the
deviation of the 14C/12C ratio of a sample with respect to an average of 14C/12C
of the six standard samples, the errors are the resultant of error propagation. An
error for a sample is a statistical one from a Poisson distribution, and an error
for the standard sample is the greater of either averaged statistical error from a
Poisson distribution of D14C for the six standard samples or the s.d. of values of
14C/12C for six standard samples.
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SEP Energy Spectra of Solar and Stellar 
Superflares

20
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manuscript submitted to JGR: Space Physics

Figure 2. Integral spectral fluences of SEPs reconstructed here for the four ESPEs (solid

curves with shaded areas identical to those in Figure 1). Digital data for these curves are avail-

able in Table 3. Dashed curves denote integral fluences for three selected GLEs according to

Koldobskiy et al. (2021): the hard-spectrum GLE #5 (blue), soft-spectrum GLE #24 (orange)

and a ‘typical’ GLE #42–45 (green), as denoted in the legend.

–10–

Koldobskiy++23

Hu, Airapetian+23



3D GM + WACCM Model of 775AD CME&SEP Impact
Airapetian, Chen+23 
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A signature of cosmic-ray increase in AD 774–775
from tree rings in Japan
Fusa Miyake1, Kentaro Nagaya1, Kimiaki Masuda1 & Toshio Nakamura2

Increases in 14C concentrations in tree rings could be attributed to
cosmic-ray events1–7, as have increases in 10Be and nitrate in ice
cores8,9. The record of the past 3,000 years in the IntCal09 data
set10, which is a time series at 5-year intervals describing the 14C
content of trees over a period of approximately 10,000 years, shows
three periods during which 14C increased at a rate greater than 3%
over 10 years. Two of these periods have been measured at high
time resolution, but neither showed increases on a timescale of
about 1 year (refs 11 and 12). Here we report 14C measurements
in annual rings of Japanese cedar trees from AD 750 to AD 820 (the
remaining period), with 1- and 2-year resolution. We find a rapid
increase of about 12% in the 14C content from AD 774 to 775, which
is about 20 times larger than the change attributed to ordinary solar
modulation. When averaged over 10 years, the data are consistent
with the decadal IntCal 14C data from North American and
European trees13. We argue that neither a solar flare nor a local
supernova is likely to have been responsible.

We used two individual Japanese cedar trees (tree A and tree B). We
collected two series of measurements of the 14C content (D14C, see
Fig. 1 legend) of tree A. The first consists of biennial measurements
from AD 750 to 820. The second consists of yearly measurements from
AD 774 to 780. The data for overlapping years match within measure-
ment errors, confirming that the two series of measurements are repro-
ducible. The measurements of 14C content in tree B were collected at
1-year resolution, from AD 770 to 779. The data from tree A and tree B

are consistent (reduced x2 5 1.3, degrees of freedom d.f. 5 10). These
data are presented in Supplementary Information.

Figure 1a shows the variation of 14C content of Tree-A (after the two
series of data were combined) and Tree-B for the period AD 750–820.
In our data, we observe an increase of 14C content of 12%within 1 year
(AD 774–775), followed by a decrease over several years. The signifi-
cance of this increase (AD 774–775) with respect to the measurement
errors is 7.2s.

In order to compare our results with IntCal98 (ref. 13), we averaged
the yearly data to obtain a series with decadal time resolution. The
result is shown in Fig. 1b. In the IntCal98 data, the 14C content
increased by about 7.2% over 10 years (AD 775–785). The two series
are consistent with each other within measurement errors. The event
causing the increased 14C content in AD 775 could not have been local,
because the IntCal data were obtained from North American and
European trees, whereas we used Japanese trees.

To have produced a large number of 14C nuclei in the atmosphere in
AD 775, the cosmic-ray intensity must have increased considerably.
The decadal record of another cosmogenic nuclide, 10Be, can be
obtained from the layers of ice or snow from Dome Fuji in
Antarctica. These data include the relevant period, and exhibit a sharp
peak in the 10Be flux around AD 775 (ref. 14). However, the dating of ice
core layers is more ambiguous than that of tree rings. The age of a layer
is determined by locating several well-known volcanic events, and
matching the production rate pattern of 10Be with the 14C production
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Figure 1 | Measured radiocarbon content and comparison with IntCal98.
The concentration of 14C is expressed as D14C, which is the deviation (in %) of
the 14C/12C ratio of a sample with respect to modern carbon (standard sample),
after correcting for the age and isotopic fractionation30. a, D14C data for tree A
(filled triangles with error bars) and tree B (open circles with error bars) for the
period AD 750–820 with 1- or 2-year resolution. The typical precision of a single
measurement of D14C is 2.6%. Most data were obtained by multiple
measurements, yielding smaller errors. Error bars, 1 s.d. b, The decadal average
of our data (filled diamonds with error bars) compared with the IntCal98 data13

(open squares with error bars), which is a standard decadalD14C time series. Six
standard samples (NIST SRM4990C oxalic acid, the new NBS standard) were
measured in the same batch of samples. Because D14C is calculated as the
deviation of the 14C/12C ratio of a sample with respect to an average of 14C/12C
of the six standard samples, the errors are the resultant of error propagation. An
error for a sample is a statistical one from a Poisson distribution, and an error
for the standard sample is the greater of either averaged statistical error from a
Poisson distribution of D14C for the six standard samples or the s.d. of values of
14C/12C for six standard samples.
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• Use SEP energy spectrum as Input for WACCM code
• High Top (0-150 km) version of the Community Earth 
System Model v1.2 (NCAR, Neal+10; Marsh+15)
• Fluid dynamics and thermodynamics eqs with self-
consistent coupling of dynamics, chemistry,  radiation. 
• Horizontal resolutions of 1.9°x 2. 5°
• The vertical domain extends (145 km) with 66 levels. 
• The vertical resolution is between 0.5 and 2 km in the 
troposphere and stratosphere (~0.5 H above the stratosphere). 
• All simulations are integrated for at least 2 Earth years.
• Protons are injected at latitudes (>600) across longitudes, 
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SW Driven ChemistrySpace Weather Driven Prebiotic Chemistry 
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Destroyed O3 , Formed: N2O, NO2
Signatures of Photosynthetic Biosphere vis Superflares 

1 bar (0.7 N2 -0.2 O2 ) Airapetian, Chen+23 
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ARTICLES NATURE ASTRONOMY

the pre-flare baselines (Fig. 4a–d). For all scenarios, we find that 
flaring produces the largest magnitude alteration in nitrous oxide 
(N2O), a biosignature (Fig. 4; Methods). Both HNO3 and H2Ov 
mixing ratios are enhanced on average by two to three orders of 
magnitude and the enhancements are maintained with repeated 
flaring in the K- and M-star planet scenarios (Fig. 4b,c). In contrast, 
CH4 experiences stronger removal via reaction with ion-derived 
OH during flaring, leading to lower temporal-mean CH4 mixing 
ratios (not shown). These results suggest that although biosig-
natures such as CH4 are vulnerable to destruction during periods 
of strong flaring, bio-indicating ‘beacon of life’ species19 could be  
prominently highlighted.

Finally, we discuss flare-modulated atmospheric sensitivi-
ties of K dwarf planet non-modern-Earth-similar compositions, 
including O2-poor Proterozoic-like initial conditions and a moist 
greenhouse state (experiments 5 and 6 in Supplementary Table 1)— 
common hypothetical exoplanetary conditions. These simulations 
show important departures from the modern-Earth composition 
baseline (experiment 4 in Supplementary Table 1). Although the 
Proterozoic-like simulation contains orders of magnitude lower 
NO concentrations than that of the Earth-like baseline simulation 
during the pre-flare state, the flare peak NO concentration of the 
Proterozoic-like simulation approaches that of the latter (Fig. 5b). 
This indicates that flare-induced NO could serve as a potential 
proxy of an oxygenated atmosphere. It also suggests that the pres-
ence of certain chemical species (such as NO) could indicate the 
presence of constituents that are not directly detectable or challeng-
ing to observe (such as O2). Repeated flaring in the moist greenhouse 
(specific humidity QH2O>10!3

I
) simulation leads to greater OH 

production and more rapid ozone destruction due to higher humid-
ity than the Earth-like baseline simulation. In addition, in both the 
temperate and moist greenhouse simulations, the upper atmosphere 
is pushed into a classical moist greenhouse state52, despite the tem-
perate simulation having relatively dry surface conditions (Fig. 5c).  

This suggests that recurring flares via proton events could drive 
enhanced water loss through diffusion-limited escape even for 
planets that do not reside at the inner edge of the habitable zone. 
These putative non-Earth archetypes demonstrate that flare-driven 
accumulation of nitrogen and hydrogen oxides could be reliable 
indicators of atmospheres dominated by N2–O2–H2O.

Observational prospects and implications
Planetary transmission spectra, using our chemistry-climate model 
outputs, demonstrate that stellar flaring induces spectral features 
of habitability indicators and biosignatures (Fig. 6). Here we assess 
the detectability of nitrogen compounds for two endmember atmo-
spheric scenarios from our suite of CCM simulations. Specifically, 
we compare the transit signals of NO, N2O, NO2 and HNO3 on an 
O2-poor magnetized planet orbiting a Sun-like star against those on 
an O2-rich unmagnetized planet orbiting a K dwarf. We find peak 
absorption depths of 2, 4, 3 and 6 ppm for the respective species in 
the latter scenario (Fig. 6b). Despite transit depth shifts occurring 
above the cold trap and thus not being muted by clouds53,54, differ-
ences between pre-flare and flare peak features are less than the pre-
dicted noise floor of the James Webb Space Telescope (10–30 ppm; 
ref. 55). Moreover, partial overlap of NO and NO2 features with those 
of CO2 and H2Ov at 4.3 and 5.5 μm obscures their signals. As such, 
detecting flare-driven biosignature fingerprints on synchronously 
rotating nitrogen-dominated Earth-sized exoplanets should await 
the development of larger telescopes with greater observing power 
and better instrument noise floor control (that is, with the noise 
floor pushed to ~1–2 ppm).

Other simulated spectral features, such as OH and O2(1D), are 
probably only observable during or soon after a large flare, or in 
a system with a rapid succession of flares during transit measure-
ments. This is due to the species’ short chemical lifetimes, relaxation 
timescales and rapid zonal mixing on non-synchronously rotating 
G-star planets. Transmission features of biosignatures such as CH4 
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Fig. 6 | Simulated transmission spectra for two endmember planetary scenarios. a,b, Modelled transit depth as a function of wavelength for simulated 
atmospheres of a magnetized Earth-like planet around a quiescent G star without flare activity (a) and an unmagnetized synchronously rotating planet 
around an actively flaring K star (HD85512) (b). We find greater detectability prospects for flare-induced nitrogen oxides (for example, NO, N2O, NO2 and 
HNO3) on planets orbiting K stars compared to those orbiting G stars. This is primarily owing to the increased NOx lifetimes on K-star planets, stemming 
from the lower stellar UVB output of cooler stars and prevalence of noctournal chemistry over daytime chemistry on slowly and synchronously rotating 
planets. The red curves contain variable amounts of simulated nitrogen oxide species, whereas the blue and purple curves contain no nitrogen oxides.  
Each grey label indicates the species responsible for the spectral feature below it. B field stands for planetary magnetic field.
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Impact of SEPs on Young Volcanic Earth and 
rocky exoplanets

4th Jack Eddy Symposium, Oct 29- Nov 3, 2023 Observatoire de la Cote d'Azur, June 12, 2018

The SEP events and their spectra

SEP events

• Observed at Earth and
Planets. At the ground for
Mars

• The MeV particles
penetrate deep in the
atmosphere, lower than
EUV-XUV flux.

• The energy deposition of
SEP events ionize, excite,
and dissociate atmospheric
species
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Hydrogen cyanide and Formaldehyde in early Earth’s 
atmosphere 

1 bar (0.8 N2 , 0.2 CO2 ) Hayworth+2023 

Flux before SEP: ~1.2 x 102 mol/cm2/s
After SEP: ~6.2 x 108 mol/cm2/s

Flux Before SEP: ~7.4 x 107 mol/cm2/s 
After SEP: ~2.0 x 1011 molecules/cm2
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Amino Acid Formation from a Mixture of CO2, 
CH4, N2 and H2O

6

Gas Mixture (5Gas Mixture (50% N2 + 50% (CH4+CO2)) of 
various Gas Mixture (5Gas Mixture (50% N2 + 50%
(CH4+CO2)) of various mixing ratios* + H2O 5mL; 80% N2 + 
50% (CH4+CO2)) of various mixing ratios* + H2O 5mL

Spark Discharges 
(Thundering)

Proton Irradiation
(Cosmic rays)

Tandem Accelerator 
@Tokyo TechSpark Discharges 

w/ a Tesla coil

UV Irradiation
(Solar UV)

*r= pCH4/ (pCH4+ pCO + pN2)

D2 Lamp / Xe Lamp
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Formation of Glycine by protons, spark 
discharge and UV light

 15 

spark discharges was negligible. 
Figure 8 presents the total estimated formation rate of glycine on Earth, where the 

energy flux of thundering was 1.0 × 1024 eV m-2 yr-1 after the value by Miller and Urey 
[15]. The present flux of GCRs is estimated as  2.9 × 1021 eV m-2 yr-1  [16, 38], but this 
flux was 2 orders lower 4 Gyr ago as described in Introduction.  Here we used 3 × 1019 
eV m-2 yr-1 as the GCR flux.  On the other hand, the annual SEP particle flux at 4 – 4.4 
Ga was 5-6 orders of magnitude larger than the GCR flux [25]: the proton flux provided 
by SEPs from the young Sun during the early Hadean period is 1025 eV m-2 yr-1. This 
suggests the frequency of superflares (with energy of 1034 erg) observed on a young Sun’s 
analog is about 100 events per year with the flare energy of 1034 erg [22]. 

 

 
Figure 8. Estimated production rate of glycine from atmospheres consisted of CO2, CH4, 
N2 and H2O by thundering, galactic cosmic rays (GCRs) and solar energetic particles 
(SEPs).  Circle: SEPs, triangle: GCRs, square: thundering, open symbol: not calculated 
(less than 102 kg yr-1). 

 
If major carbon species in the early Earth atmosphere was CH4, then the estimated 

glycine production rate by thundering was more than that by GCRs and SEPs.  On the 
other hand, in the case that rCH4 < 0.3, glycine production by thundering was estimated 
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Laboratory Experiments at Tokyo Tech

Kobayashi, Airapetian+32
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Pyrex glass tube (400 mL)

Havar foil window
(6.47 µm thick)

Gas inlet

Screw valve

Proton beam

Fig.  Proton irradiation of gas mixture

Liquid water

Gas mixture

Accelerator

ExoPlanetary Particle Irradiation Chemistry (EPIC) 
                                  Lab at NASA GSFC
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� Need to understand the evolution of (exo)planetary 
habitable state  via star-planet interaction with SW 

� CME- & CIR-driven SEPs supply free energy to initiate a 
chain of reactive chemistry

� Photo-collisional chemistry produce pre-biosignatures - 
N2O, powerful GH gas, NO2 , HCN, CH2O, the precursors 
of RNA and DNA

� EPIC Project for Experimental Irradiation Facility to 
Study Pre-biosignatures of Young Rocky Exoplanets

  
  Thank You For Your Attention! 
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