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Introduction:   Next year, the launch of the James
Webb Space  Telescope (JWST)  will  provide  an  un-
precedented opportunity to assess small, nearby plan-
ets around M dwarfs for signs of habitability and life.
Although small M dwarf habitable zone (HZ) planets
are likely common, they may be desiccated from expe-
riencing  a  super-luminous  pre-main-sequence  phase,
which can result  in  hundreds of millions of years of
runaway greenhouse [1,2]. To inform characterization
attempts  with  upcoming  instruments,  we couple our
new 1D  VPL Climate  model  with  a  photochemical
model, to determine  possible climates for evolved O2

and  CO2-dominated  atmospheres  in  the  seven-planet
TRAPPIST-1 system [3–5]. We generate transmission
and direct imaging spectra of these planetary environ-
ments  to  predict  observational  discriminants.  These
discriminants may be used to distinguish evolutionary
histories  and  determine  current  habitable  conditions
planets in or near the habitable zones of M dwarfs.

Methods: To model the evolved atmospheres of M
dwarf HZ planets, we used the VPL Climate model for
O2- and CO2-dominated atmospheres. VPL Climate is
a  generalized,  terrestrial-based  1D radiative-convec-
tive-equilibrium  climate  model  using  SMART [7],  a
rigorous line-by-line radiative transfer code. The VPL
Climate model employs linear  flux Jacobians to effi-
ciently  timestep  the  radiative  fluxes,  and  mixing
length  theory for  convective heat  transport  [8].  The
VPL Climate code is now coupled to Atmos, a terres-
trial  photochemical model that  has been applied to a
variety of worlds [2,9,10]. 

We apply this coupled model to the potential  cli-
mates  of the  TRAPPIST-1 planets,  which  span  both
ends of the habitable zone [3–5].  We posit  O2-,  and
CO2-dominated climates, including moist, Venus-like,
and  severely desiccated  scenarios,  which  may result
from outgassing during the super-luminous pre-main-
sequence phase.

From  the  variety  of  possible  climatic  states,  we
generate  high-resolution  synthetic  transmission  and
direct imaging spectra using SMART [6,11]. We com-
pare these spectra to identify observational differences
between the  planets  driven  largely by their  distance
from the  parent  star.  We also  identify observational
discriminants for  each planet’s different potential en-

vironmental  states.   These spectra  and  discriminants
can be used in instrument simulators to determine de-
tectability  and  thereby inform  observation  programs
[12].

Results: We find  that  completely desiccated  O2-
dominated  atmospheres,  despite strong  absorption  of
stellar  radiation  from  O2-O2 collisional  induced  ab-
sorption  and  ozone,  provide  poor  surface  warming,
and result in globally-averaged temperatures well be-
low freezing within the habitable zone. However, even
a small amount of outgassed water and SO2 combined
with thick oxygen atmospheres can significantly heat
these planets, potentially raising the surface tempera-
ture  above  freezing.  Alternatively,  CO2-rich  atmos-
pheres  formed early on via strong  stellar  and  atmo-
spheric evolution, and maintained by the lack of a sur-
face ocean, can provide sufficient warming to elevate
surface temperatures in the HZ above 500K.

These atmospheres can be discriminated based on
their  water  content,  O2,  O3,  O2-O2,  CO2,  and  CO
bands. For TRAPPIST-1 habitable zone planets, trans-
mission features for CO2 may exceed 100 ppm, while
O3 can exceed 50 ppm. These features may be observ-
able with JWST [12].
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