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Transit transmission spectroscopy may provide the firstjggie at the atmosphere of an
Earth-like exoplanet, and therefore the first chance taotlatbitability markers and biosig-
natures, or signs of life. Within the next 10-15 years, theesaWebb Space Telescope
and large-aperture ground-based telescopes like the Eamdpxtremely Large Telescope
(E-ELT) will come on line. JWST and E-ELT will have much greatollecting areas than
existing space and ground-based telescopes, respecamdlyill therefore allow for lower
noise levels to be reached in transit transmission obsengatWith lower noise levels, it
could be possible to characterize the atmospheres of Bemhd; transiting planets orbiting
in their star’s habitable zones. Additionally, with thabsaincrease in precision, physical
effects that could previously be ignored may need to be densd in the near future. In
light of this, | propose that refraction and forward scattgmeed to be considered when
modeling transit transmission spectra, especially whenpasing models to observations
from future telescopes. | present the first model for trassian spectroscopy that includes
the physical effects of refraction and forward scatteriggg examine the effects of both
on in-transit spectra and transit light curves. The modeswasbackwards Monte Carlo ray

tracing module coupled with an existing radiative transi@del (SMART). | validate the



model against observations of the Earth from satellite dathlunar eclipse observations,
and against theoretical and empirical estimates of the &/spattering footprint. | find that
refraction can reduce the detectability of spectral alismmeatures by setting a maximum
tangent pressure that can be probed. This effect of refractismall for planets whose or-
bital diameter is less than 12 times the diameter of theestditk (R/a> 5°, i.e., close-in
planets). However, for Earth-like planets orbiting Sikelstars, refraction can severely
reduce the detectability of biosignatures and habitagtiliarkers. Refraction also leads to
changes in the transit light curve. | show that the waveleigipendence of these changes
can be used to obtain altitude-dependent spectra of exafglaim addition, a detection of
refracted light in the out-of-transit light curve would indte a lack of optically-thick hazes
above the 1 mbar pressure level because light is refractetl ahpressures greater than 1
mbar. Forward scattering increases the total flux seen imtti@nsit spectrum, relative
to models that include only extinction from aerosols. Thesyrbe an important effect for
modeling planets whose orbital diameter is less th@ntimes the diameter of the stellar
disk (R./a > 10, i.e., very close-in planets), such as hot Jupiters, butheilnegligible
for potentially habitable planets. Light can also be fomvacattered when the planet is
out-of-transit, and a detection of out-of-transit scatklight would be strongly suggestive
of aerosols in the exoplanet atmosphere. Furthermore, ati§oation of out-of-transit
scattered light would allow for upper limits to be placed be scattering asymmetry pa-
rameter, which in turn could be used to constrain the aeqauticle size distribution and

composition.

The model described above was used to simulate Earth-lkeeps to identify two
signals as potential habitability markers and biosigresturabsorption from ©dimer
molecules and transient sulfate aerosols. Dimer moleadakl be used to estimate at-

mospheric pressure, which is an important parameter f@roheing if liquid water could



be present on the surface of an exoplanet, a requiremenabatalility. Absorption from
dimer molecules is more strongly dependent on density (aecdttore pressure) than ab-
sorption from non-dimer molecules, and | show that comigirdhsorption strengths from
both types of features may allow limits to be placed on théaseror cloud-top pressure.
O, dimer molecules could also be biosignatures, and | showQhdimer features may be
the most detectableJeatures in transit transmission for Earth-like exoplandthe sec-
ond signal | propose as a habitability marker and biosigeatutransient sulfate aerosols.
On Earth, explosive volcanism injects S@to the stratosphere, where it forms$0,
aerosols with lifetimes from months to years. The rapid asd gradual decrease of
aerosols could be indicative of a volcanic eruption on arpmet. For Earth, volcanism,
and more broadly, geological activity, is important for trayin of life and for maintaining
habitability. Therefore, the detection of a transientat@faerosol signal would suggest a
geologically active planet, and increase the likelihoodhatt planet being habitable. Fur-
thermore, there exist some scenarios in whicha®d G can build up abiotically if vol-
canic outgassing rates are much lower than those on thenprésg Earth. Therefore, a
co-detection of @ or Oz with a transient aerosol signal may aid in resolving the guity
between biotic and abiotic{br Os.
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Diagram of transit transmission spectroscopy. In theobdransit spec-
trum (label 1), the planet has not yet eclipsed the star, dmd the stellar
flux is observed. At ingress (label 2), the star is eclipsedheysolid, or
opaque, portion of the planet, leading to a decrease in thereéd flux. For
wavelengths at which the planetary atmosphere is highlgratise, the at-
mosphere absorbs some of the star’s light, further decrgdlse observed
flux. The wavelength-dependent absorption is the trarggismission spec-
trum, and can be used to characterize the planetary atmasphe. . . . .

The log (base 10) of the ratio of transmitted to reflectghtIfor Earth,
Jupiter and Venus analog cases as a function of stellarsaBar each case,
the planetary radius and atmospheric scale height areéamiail he planet-
star distance for each stellar radius is the distance fraStm for each
planet multiplied by the square root of the stellar lumitgsivhich very
roughly accounts for the fact that smaller stars are fairgerany given
planet must be closer in to its host star to maintain a cet&irperature
(and therefore atmospheric scale height). For the EarthJapider cases,
transmission spectroscopy will always be more favoraltleugh the ad-
vantage diminishes for fainter stars. For the Venus caflected light will
have a stronger signal for stellar raiD.1 R,. This is because Venus has
a small scale height and a high albedo. For most scenarmsgith transit
transmission spectroscopy has a stronger signal thantesfleght, poten-
tially providing a more favorable technique for characieg exoplanets.

Rim of refracted light during the 2004 transit of VenugioPto second
contact (when the full disk of Venus is on the Sun), light ifaeted to
telescopes in orbit around the Earth. Similar signals cbeldeen for tran-
siting exoplanets, as discussed in further detail in Cha@and 4.
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Path lengths in the transit transmission geometry. ffhé;j, andhj,1

altitudes are the same altitudes as in Equation 2.1. Thigpatiais the sum

of the pj; values between each pair of altitudes in the model atmospher

The total path lengths and optical depths for a path in ttaresismission

are typically 1-2 orders of magnitude larger than the vattgath length
andopticaldepth. . . . . . . . ... L 23

Diagram of the refraction coordinate system. This islamnto the global
coordinate system in that the axis is a projection of th& andz plane
to one dimension. This coordinate system is necessary bedaweed to
convert the refraction angle (which is calculated in two @nsions) back
to the global coordinate system (in three dimensions) . . ... .. .. 28

Geometry for calculating transit light curves. At eadinp x along the
transit and at each point along the annulus of the planetanpsphere,

the trajectories calculated by the ray tracing model areettghrough at-
mosphere and to the host star, or off of the stellar disk fohgpéhat are
physically impossible. From the final positions relativahe stellar disk,

the total flux from each photon can be calculated. The totalifizhe tran-

sit light curve at poink is the integral over all photon trajectories at each
altitude layer in the atmosphere. . . . . . .. ... ... ... oL 35

Temperature profile and gas volume mixing ratios usecet@iate model
ATMOS spectra. The profiles are the averages of the ATMO $eveilis
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Average retrieved gas volume mixing ratios from ATMOBHNO3, NOo,
CFC-11 and CFC-12. These gases are predominantly fromogatenic
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Temperature and mixing ratio profiles from the US stashdammer north-
ern mid-latitudes model atmosphere. We used this modelsgthere to
generate lunar eclipse spectra and Earth-analog speceanot that for
the lunar eclipse spectra we scaled down th® ihixing ratio by a factor
Of 2. . . e 41

Altitude-dependent ATMOS spectra (red) and model spé€btue). Multi-
ple ATMOS spectra are shown for each wavelength band artiddsti The
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Lunar eclipse spectra (black) and our model spectrarngpoht various ge-
ometries denoted by the solar elevation anglan degrees. The shaded
region denotes wavelengths with low photon counts at whielhdiata flux

levels should be considered only upper limits. Our modetfiigsdata with

errors less than the intrinsic discrepancies in the datat@aemospheric

spatial and temporal variability and any observationadrstr We consider

the fits to the lunar eclipse data to be a validation of the hadpecially

the refraction portion. . . . . . . . . .. ... .. 47

Maximum transmitted flux at each altitude for the lundipse spectra at
different solar elevation angleg)( The results shown here are for the short-

est wavelengths, but the wavelength dependence of thentitied flux at

each altitude is small. For the lunar eclipse spectra nezatgst eclipse
(e=0.33), only the lowest 11 km of the atmosphere were probetiaathe

furthest point from greatest eclipse (e=0.51) altitudds/ben 3 and 18 km

were probed. . . ... 48

Maximum amount of transmitted flux at each altitude foilEanth analog
orbiting a Sun-like star and an Earth-analog orbiting an M. The max-
imum flux is set by refraction and is independent of atmosplagracity.

For the Earth-Sun case, the lowest altitudes cannot be @ik the max-
imum tangent pressure (defined as the pressure at which 5@% iix is
transmitted) is 0.3 bars. For the Earth-M5V case, almosilatudes can

be probed and the maximum tangent pressureis 0.9 bars. . ........ . 53

Comparison of transit transmission spectra for an Eamtiog orbiting a
Sun-like star (blue) and an Earth analog orbiting an M dwaedl), along
with an Earth analog with no refractive effects includeca@). They axis

is the effective absorbing radius of the atmosphere (in k&g).shown in
Figure 3.1, the maximum tangent pressure that can be prebe@ 3 bars
for the Earth-Sun analog and).9 bars for the Earth-M-dwarf system. This
limitis set by refraction and leads to differences in the pectra. Because
itis possible to probe higher pressures for the M-dwarf cdeeabsorption
features appear much stronger. Therefore, in generaleidambiting M
dwarfs should show stronger spectral signatures than {glanieiting more
MasSIVe Stars. . . . . . . . e 54
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Diagram showing which altitudes can be probed at diffetienes during a
transit for an Earth-Sun analog. The colored regions cpaed to regions
of the atmosphere where light is transmitted, and the whgens are por-
tions of the atmosphere that are opaque to a distant obsértercolors
correspond to the spectra colors in Figures 3.4 and 3.5.r Rrimgress,
only low altitudes in the atmosphere can be probed. As theeplaoves
from ingress to center of transit, more flux can be transohitteough pro-
gressively higher pressures (or lower altitudes) untilitfaximum tangent

pressureisreached. . . . . . . .. ... .. ... ...

Time-averaged spectra for the out-of-transit (top) emgtansit (bottom)
time periods illustrated in Figure 3.3 during a transit ofeaarth-Sun ana-
log. The spectra are shown in terms of ppm flux differences l[algest
variability (besides ingress) is seen between ingress aedlard of the
way to center-of-transit. The upper scale has been expaondsetter dis-
play the out-of-transitspectra. . . . . . . . ... ... .. ... .. ..

Altitude-dependent transmitted flux and spectra for amHlike planet or-

biting a Sun-like star. Left: altitude-dependent transacitflux from pre-

transit to center of transit as deviations from the dotted.liRight: The

purple spectrum is plotted as would be observed, and alf sffextra show
the spectrum of that stage with the previous stage’s spacsubtracted
from it, e.g., the cyan spectrum shows the difference beatilee spectrum
in the cyan and purple stages. The six stages correspond siadges and
colors shown in Figure 3.3. Taking the difference betweendgpectra at
each stage allows us to isolate a specific vertical regioheatmosphere,
permitting vertical sounding of the atmosphere.

Same as Figure 3.5, but for an Earth analog orbiting an MridwThe
differences in flux occur at higher pressures than for thehEaun case
because transit transmission can probe higher pressurdsef&arth-M-

dwarfcase. . . . . . . . .

Noise estimates (in ppm) for an Earth-Sun analog, arhEBd#V analog,
and a flat continuum source 06510~ 11W nm2 um~1. The exposure times

are 234,000 s for the Earth-Sun case and 1,000,000 s forlikesot . . . .
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4.1

4.2

4.3

Fractional increase in integration time required taeahthe same S/N for
absorption features in a refracted spectrum compared witimarefracted
spectrum versus the angular diameter of the star from thih Baalog’s
perspective. The stellar masses given on thexteis are the mass of
the star for a given angular diameter assuming the Eartlogmslorbiting
at a flux-equivalent distance, or the distance where the t@pnoosphere

incident flux is 1373 W mZ2. Molecules that are concentrated at the lowest
altitudes, such as 4#0 and dimer molecules, are the most affected by the

cutoff setby refraction. . . . . .. .. .. ... .. ... .. .. ...

Pre-transit light curve for a 300 K Saturn-analog onlgita Sun-like star
from half a transit length prior to ingress up until ingreBefraction leads
to an increase in flux prior to ingress (and subsequent tesedrg sym-
metry). This particular case gives the greatest peak bragstfor all cases
orbiting Sun-like stars. We define the signal of refractgtitlias the aver-
age flux level in stage 2 (just prior to ingress) minus the ayerflux level

instage 1. . . . . . . e

(a) JIWST integration time required to detect refradtgu for Ho-dominated
atmospheres. The results assume that observations areatnapen with
R=100, for a planet at a distance of 10 pc. The planets with tbst e-
tectable refracted light signal are those witly ¥ 600 K for solar-type stars
and< 400 K for M dwarfs. For many Jupiter and Saturn-analog cases,
fracted light could be detected withl 0 hours of JWST time. (b) E-ELT in-
tegration time required to detect refracted light foarahd H atmospheres,
assuming that 50 wavelength bins can be summed oRerl0. Refracted
light is most detectable for the non-hazy atmospheres, fmréfore could
be used to distinguish between hazy and non-hazy worlds.

Wavelength-dependent changes in the out-of-tragsit Gurve for a 2 R

Super-Earth with an Earth-like atmosphere, representdtieashange in
effective radius (km). The spectra shown are the differemeé¢he spectra
between Stage 2 and Stage 1 of the transit (see Figure 4.13.figare

shows that the refracted light signal could be detected aweide wave-
length range, and that it should be possible to bin over piel§pectral res-
olution elements to reduce the integration time needed tiectleefracted
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5.1 Decrease in effective absorbing radius (in terms ofesleaights) when in-
cluding forward scattering compared to treating scattgais extinction for
a) a planet with the Earth’s radius and a scale height of 50 kmkgral
planet with Jupiter’s radius and a scale height of 400 km. re0400 km
correspond to the atmospheric scale heights for a 100Q®-#bominated
atmosphere and a 1000 Kytominated atmosphere, respectively, both
with Earth-like surface gravities. For comparison, Wagpblhas a sur-
face gravity within 10% of Earth’s. These results were dalt@d assuming
a single scattering albedo of 1. We find similar results foplainetary radii
and scale heightstested. . . . .. ... ... ... ... ... .. ...,

5.2 Spectra of Wasp-12 b witdg Al,O3 andb) Fe,O3 aerosols included with
mean particle sizes ranging from Quin to 5.0um. The solid lines are
for spectra with forward scattering included, and the dddhmes are for
spectra with scattering treated as extinction, that ishavit the effect of
forward scattering. While the spectrum of Wasp-12 b is bestyfismall
(0.1 um) patrticles for which the effect of forward scattering ighgible,
forward scattering can lead to a decrease in the planetssdars ratio by
~0.002, which for Wasp-12 b corresponds to a flux difference®® ppm.
Therefore, if large aerosol particles are present in hotduatmospheres,
the effect of scattering may need to be considered to aadyrfitthe ob-
served SPeCctrum. . . . . . . .. e e e e

5.3 Forward scattering spectra of Venus around a young bdwvenf, a Venus
analog at the Roche limit of a 10 j\} brown dwarf, and a case without
the effect of forward scattering. Forward scattering caretam effect up to
0.5 scale heights for Venus-analog orbiting near the Raatiedf a brown

dwarf. . . . . e 90

5.4 Out-of-transit scattered flux for a given asymmetry peaater and stellar
angular radius from the planet’s perspective. The reshlbsva here are
for a) an Earth-radius planet with a scale height of 50 km bd Jupiter-
radius planet with a scale height of 400 km. For referencegrisD400 km
are roughly the scale heights for a 1000 K planet with a@+dominated
atmosphere and a 1000 K planet with aprdtbminated atmosphere, respec-
tively, assuming Earth’s surface gravity. The out-of-#iauscattered light
signal can be as great a€).4 scale heights. We find similar results for
other cases considered here. . . . . ... .. ... .. .. ... .. ... 2.
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5.5 Integration time required to detect out-of-transittsrad light fora) an
Earth-radius, HO-dominated planet with E-ELT anlg) a Jupiter-radius,
H>-dominated planet with JWST at 10 pc, assuming a scattegyigae-
try parameter of 0.8. For the E-ELT results, we've assumati3h spec-
tral resolution elements can be binned, while the JWST tesué for one
spectral resolution element. We show results here for twesdut we find
similar results for all planet types considered here. Soadilight could be
detected inc10 hrs for many planets with temperatureg00 K for plan-
ets orbiting M dwarfs and>-1500 K for planets orbiting Sun-like stars. A
detection of scattered light would strongly suggest thegmee of forward
scattering aerosols in the exoplanet atmosphere and ctadda used to
constrain aerosol particle sizes and composition. . . . . . .. ... .. 93

6.1 Wavelength-dependent albedos for a variety of commmedtial surface
types. The shaded regions correspond tont@nomer and dimer bands.
For any absorption band, as long as the albedo does not vdepywiithin
the band’s wavelength range, it should be possible to measuaccurate
equivalent width for each feature. The maximum surfacedabariation
within each band is no more than20%. Therefore we do not consider
surface albedo variations important for thiswork. . . . . .. .. .. .. 103

6.2 Pressure-temperature profiles and volume mixing rabéles for model
atmospheres with total pressures varying from 0.1 to 10 &aisOx PAL
O2. The black dashed lines represent the surface and top ofsptrece
pressures. We use the modern Earth temperature-altitotieepn all cases
and calculate the pressures assuming hydrostatic equihbhe remain-
der of the atmosphere is)Norallcases. . . . .. ... ... ... .... 105
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Transmission spectra of an Earth-like atmosphere ffgrent total atmo-
spheric pressurega) Difference in flux from the stellar flux(b) Percent
of stellar flux absorbed by the atmosphere. The Ju@6dimer feature is
strong only in the spectra corresponding to atmospheréssuitface pres-
sures greater thar0.5 bar. The spectra for atmospheres with pressure
bar are nearly identical except for an offset because tlsaadundamental
limit on which heights in an atmosphere can be probed usagsmission
spectroscopy. For an Earth-like atmosphere around the NE\ised here,
only the top 0.9 bars can be probed for all atmospheres ataaklngths.
For the temperature profiles assumed here, this pressussponds to an
altitude of~1 km above the surface for a 1 bar atmosphere, and 19 km
above the surface for a 10 bar atmosphere . . . . . . .. ... .. .. 111

Same as Figure 6.3 but for 10% of the present day levebofl@e dimer
features do not appear at all because the@hcentration is too low. . . . 112

Same as Figure 6.3 but for 50% of the present day levej ol e 1.06um
dimer feature is very weak, and is still weak for the highestase pressure
atmospheres. . . . .. 113

Same as Figure 6.3 but for 200% of the present day levepofi@e 1.06
pum dimer feature is very strong in every case except for thé@rlatmo-

Reflected spectra for Earth-like atmospheres with 108%®, but with

different total atmospheric pressures. In the reflectedtsp® there is

no fundamental limit to which pressures can be probed in mnosphere.
Assuming a cloud-free case, it is possible to probe the sarfayers of

the atmosphere. The 1.@6n dimer feature is fairly weak in the present

day Earth’s atmosphere, but it is a very strong feature iroaptheres with

greater pressures. The 1.@n feature is very strong in most of the spectra. 115

Same as Figure 6.7 but for an ©@oncentration of 10% PAL. For this
amount of Q, the 1.06um dimer feature is very weak. However, the 1.27

pm feature is still quite strong. . . . . . . ... L Lo 116
Same as Figure 6.7 but for an Gncentration of 50% PAL. The 1.@Q6n
dimer feature is strong at pressuege8 bars. . . .. ... ... ... ... 117

6.10 Same as Figure 6.7 but for an Gncentration of 200% PAL. The dimer

features are much stronger with more i@ the atmosphere, as expected. . . 118
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6.11 (a) Flux differences (in ppm) for transit transmission speatrd(b) equiv-
alent widths (in nm) for reflected spectra for the ®band and the 1.0gm
dimer feature at various pressures andooOncentrations. In transmission,
for the Earth-like planet orbiting an M5V star consideredghenly the top
0.9 bars can be probed, so that the dimer and A band equiveigthis are
roughly constant with pressure above 1.0 bars for a giveco@centration.
In the reflected spectra, the dimer equivalent widths aremely sensitive

fopressure. . . . . . . . e e e e

6.12 (a) O, partial pressure at maximum tangent pressure vs. the rhtieeo
dimer feature and ©A band flux difference ratio. The ratio can be used to
determine the @partial pressure(b) fO, (or O, mixing ratio) vs A band
flux difference. The A band flux difference is roughly constam a given
O2 mixing ratio. The combination of the {partial pressure and the,O

mixing ratio allows for the surface (or cloud-top) presstarbe estimated. 131

6.13 The total atmospheric,®s shown as a function of the ratio of the 1,06
dimer feature equivalent width to theo@ band equivalent width for the
reflected spectrum. There is a trend between this ratio atbtal amount
of Oy. This could be used as a way to estimate the pressure if artrssisn
spectrumis notavailable. . .. ... ... ... .. ... ... ...

6.14 Atmospheric pressure as a function of the dimer and Al lesuivalent
widths in the reflected spectrum for atmospheres with tatasgures be-
tween 0.1 and 10 bars. It will be possible to set a lower boumdhe
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(b) Reflected spectra for an Earth analog with 2.0x PAL(Rlue) and an
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of H20. The spectra have been artificially offset for ease of vigwiThe
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tothe 1.0xHO case. . . . . . . . . . . . . . .. e

6.18 The 1.06um dimer feature in the direct beam reflected spectra with-vary
ing amounts of HO for an Earth analog with a 1.0 bar, 2.0x PAL &mo-
sphere. There is an artificial offset for ease of viewing, thiecblack dashed
lines are spectra that do not include any @mer absorption. As in tran-
sit transmission, the S/N of the dimer feature varies by tleas 20% with
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cases should be less affected by changes{@ ebncentrations because of
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6.19 Transit transmission spectra for the 1.0 bar, 1.0x PAlc&e at various
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Chapter 1
INTRODUCTION

The discovery and characterization of exoplanets has haeeopfdhe most exciting and
rapidly advancing scientific endeavors over the past twadies. Since the discovery of the
first exoplanets in the early 1990’s (Wolszczan and Fra®2i dMayor and Queloz, 1995),
over 1500 confirmed planets have been discovered along wWiB0Planet candidatés
The first planets discovered were hot, close-in giant pareet these planets produced the
largest observational signal for detection. As technolmgy observational techniques have
improved, it is now possible to discover cooler and smallangts. Recently Earth-sized
planets have been discovered that are in their host stabisabée zone (Anglada-Escudé
et al, 2012; Boruckiet al,, 2013; Quintanat al., 2014), suggesting that they could have
liquid water on their surface, and perhaps life.

The discovery of exoplanets has been closely followed byhasacterization of exo-
planet atmospheres. This has typically been done for tragglanets in primary eclipse
(transit) or secondary eclipse. In primary eclipse, theg@las directly between the tele-
scope and the planet’s host star. During the eclipse, sortteeddtar’s light traverses the
limb (or edge) of the exoplanet atmosphere, and can be adxbortscattered by molecules
and patrticles in the planet’s atmosphere. The resultingtagpa (known as a transit trans-
mission spectrum) can be used to characterize the plangtssphere (Seager and Sas-
selov, 2000; Brown, 2001; Hubbaed al,, 2001). This technique has been used to identify
molecules in the atmospheres of hot600 K) Jupiter and Neptune-sized planets (Char-

bonneatet al, 2002; Vidal-Madjaret al,, 2003; Pongt al, 2008; Fraineet al., 2014), and

Lhttp://exoplanets.org



has also been used to infer the presence of high-altitudelsland hazes for some worlds
(Singet al, 2011, 2013; Kreidbergt al,, 2014; Knutsoret al, 2014a,b). In secondary
eclipse, the difference between the in-eclipse and owtebpse spectrum can reveal the
exoplanet’s reflected light and thermal emission spectexofdary eclipse observations
have been used in attempts to detect molecular absorptturés (Grillmairet al., 2008),
constrain carbon to oxygen ratios (Madhusudegal., 2011) and identify temperature in-
versions (Knutsoet al,, 2008), in which the atmosphere is hotter at higher altsutan at
lower altitudes. However, some of the these results have taéed into question recently,

and more work is needed to properly characterize thesetgl@neeet al, 2014).

Characterizing Earth-like planets is currently not polesitaith existing telescopes and
instruments, but should become more feasible with the dpweént of larger telescopes
and more advanced instrumentation. Multiple missions leen proposed for obtaining
reflected or thermally emitted spectra of exoplanets, inctvitine light from the planet is
isolated from the light of the host star. Examples of flagshigsions include NASA Ter-
restrial Planet Finder (TPF) coronagraph and interferem@es Maraist al, 2002), the
Advanced Technology Large Aperture Space Telescope (ASDAPostmaret al., 2008,
2012), and Darwin from the European Space Agency (ESA) I{ifrdi 2000; Cockelét al.,
2009). Smaller missions such as Exo-C (a corographic e3¢ Exo-S (which uses an
external occulter, or starshade), and the Wide Field la@t&urvey Telescope (WFIRST),
if launched, would most likely be able to characterize Naptand Jupiter-sized planets,
with possible characterization of Earth-sized planetseifywmearby targets can be found
(Spergelet al,, 2013). While the exact specifications are not yet in placegragraph
missions have been proposed for characterizing terrepteaets from the ultraviolet to
the near-infrared (Levinet al., 2009), and interferometer missions have been proposed for
characterizing the thermal emission spectra of planeta/¢baet al., 2009). Telescopes

that could spectroscopically characterize an Earth-taptanet would be largex{4 m, but



likely 8 m or larger) (Postmast al,, 2008). Given the cost and technological challenges
associated with developing such a telescope, missionsanabbtain a direct spectrum of

an Earth-like planet are still in planning stages and atlE@gyears away, and likely longer.

Transit transmission spectroscopy of potentially haliétgibanets may provide an op-
portunity to characterize atmospheres of Earth-like glaeeoner, perhaps within the next
10 years (Demingt al,, 2009; Raueet al, 2011; Hedelet al,, 2013; Rodler and Lopez-
Morales, 2014). Planets can be characterized more reaidiljransit transmission spec-
troscopy than via observations of reflected or thermal donisspectra because the light
from the star is not removed in transit transmission spsctipy, negating the need for
a sophisticated coronograph or interferometer. Howewer,drawbacks of transit trans-
mission spectroscopy are that it can only be used for tiagstianets, and that it only
reveals information about the atmosphere, not the surfaoeently, only planets that are
much hotter and much larger than Earth have been charadeanztransit transmission.
But with upcoming large-aperture ground and space-basesttepes, it will be possible to
obtain spectra with lower noise levels, allowing for theratéerization of the atmospheres
of transiting Earth-like exoplanets, perhaps within thetriecade. Gases such asCH
and CQ are predicted to be detectable with the upcoming James WeateSTelescope
(JWST, projected launch in 2018), and the biosignatureg@geO3; and CH, may also
be detectable with JWST if hundreds of hours of telescope anme devoted to a single
target (Deminget al, 2009; Kaltenegger and Traub, 2009; Belual, 2011). Prospects
for detectability are more promising with large grounddzhtelescopes such as the Euro-
pean Extremely Large Telescope (E-ELT, projected firstliglearly 2020’s), which could
detect Q in the atmosphere of an Earth-like planet orbiting an M dviiar-20 hours of

in-transit observing time (Rodler and Lopez-Morales,£201

As the expected data from transit transmission obsenatimrease in quality, so too

must models of transit transmission spectroscopy. Thesrdei®ls for current transit trans-



mission observations allow only the largest spectral festto be detected. However, future
ground and space-based telescopes will be able to achieee twise levels, allowing for
additional features to be detected. Furthermore, efféasdould be ignored for close-
in planets may need to be included in models for planetsiogbfturther from their host
stars, such as habitable zone planets. In light of this, p@se that two physical processes,
refraction and multiple forward scattering, have impottamplications for future transit
transmission observations. Refraction strongly affetdsgts orbiting further away from
their host stars than the planets being characterized t(#idis and Sari, 2010; Garcia
Mufoz et al, 2012), and the effect of forward scattering has been piediito be only
moderately strong for the most favorable cases (de Kok amh S2012). Because of their
limited applicability to current observations, refractiand forward scattering are ignored
by existing models for exoplanet transit transmission 8pscopy, with a few exceptions
(de Kok and Stam, 2012; Garcia Mufietzal., 2012; Bétrémieux and Kaltenegger, 2014).
However, | propose that refraction and forward scatteriigrasult in effects that could
be detectable with telescopes like JWST and E-ELT. In thievahg chapters | will de-
scribe the first model for transit transmission spectrogtbat includes the effects of both
refraction and multiple forward scattering. | examine tfeas of these two processes on
transit transmission spectra and calculate how they afifectietectability of spectral fea-
tures. | will also show that refracted and scattered ligatlleo increases in flux in transit
light curves that could be detectable with JWST or E-ELT.tlya$ will use the model to
simulate spectra of Earth-like exoplanet atmospheres awnelap new techniques to char-

acterize Earth-like exoplanets, particularly with regat@ habitability and biosignatures.

1.1 Transit Transmission Spectroscopy Background

As a planet transits its host star, the atmosphere is bakiitsome of the star’s light is

transmitted through the planetary atmosphere on trajest@imilar to the path of light



during sunrise and sunset. Light on these paths can be &s@dattered and refracted by
molecules and particles in the atmosphere, and the reg@pactrum of light is the tran-
sit transmission spectrum. Figure 1.1 shows a diagram aresitrevent. Prior to ingress
(start of transit) and after egress (end of transit), whenpllanet is not eclipsing the host
star, the observer detects all of the star’s flux. After isgrand before egress, the opaque
part of the planet blocks light at all wavelengths. For wawmgths at which the planetary
atmosphere is highly absorptive, the atmosphere blocks widhe star’s light, decreasing
the total amount of flux observed. The amount of absorptiomfthe atmosphere is typ-
ically quantified as the effective absorbing radius of theagphere, and is representative
of the projected size of the planet that is blocking the stight at a given wavelength.
Because the absorption from the planetary atmosphere dgrberinferred when com-
paring the in-transit and out-of-transit fluxes, transmisspectroscopy is considered an
indirect characterization technique, whereas directattarization techniques (employed
by TPF-style missions) block or null out the star’s light atigectly measure flux from the
planet. While it is normally assumed that the planet’s fluxagligible in the out-of-transit
(before ingress and after egress) spectrum, in Chapterd % awill show that refracted
and scattered light from the planet can be detected outobit.

One strength of transit transmission spectroscopy is thedration features in transit
transmission are typically more detectable than in seagnedipse observations of re-
flected light, and even in a thermal emission spectrum in szases. Given the absence of
flagship coronagraph or interferometer missions and tikeagth of atmospheric absorption
features in transit transmission, it is likely that the fggectrum of an Earth-like exoplanet
will be obtained via transit transmission spectroscopytrdnsit transmission, the magni-

tude of the observed absorption signal is:

(Rp+ Ratm)?
R2

whereRy, is the planetary radiufam is the effective absorbing radius of the atmosphere,

(1.1)
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Figure 1.1: Diagram of transit transmission spectroscdpythe out-of-transit spectrum
(label 1), the planet has not yet eclipsed the star, and alieo$tellar flux is observed. At
ingress (label 2), the star is eclipsed by the solid, or opagartion of the planet, leading
to a decrease in the observed flux. For wavelengths at whecpldnetary atmosphere is
highly absorptive, the atmosphere absorbs some of thes digint, further decreasing the
observed flux. The wavelength-dependent absorption ig&msit transmission spectrum,
and can be used to characterize the planetary atmosphere.



andRs is the stellar radius. Assumingp >> Ram, the fractional absorption from the

atmosphere (not counting absorption from the planet as eyl

2RpRatm
RS

For secondary eclipse, the total amount of light reflectechfthe planet is the product of

(1.2)

the stellar flux per unit area at the planet’s orbit, the afé¢heplanet intercepting the light,
and the albedo of the planet, which is the fraction of ligl#ttis reflected by the planet.
The stellar flux per unit area at the planet’s orbiﬂ%;, and the area of the planet receiving
the stellar flux isr[R%, so the total reflected flux is:
F= LﬁA (1.3)
412
whereF is the total flux reflected by the planétjs the stellar luminosityd is the planet-
star distance, and is the albedo. To convert this into a secondary eclipse Sigogation
1.3 needs to be divided by the total observable flux from tae(sipproximated here as a
blackbody):
Fs=TOT/RE=L/4 (1.4)

whereFs is the stellar fluxg is the Stefan-Boltzmann constaig,is the stellar temperature
andRs is the stellar radius. Dividing Equation 1.3 by Equation, Il¥e magnitude of a
secondary eclipse signal is:

F R

F_pDp
£ A (1.5)

Absorption features in transit transmission usually haweedical extent>1 atmo-
spheric scale height. The scale height of an atmosphere igtiical distance over which
an atmospheric quantity (typically pressure) decreasedégtor ofe, or roughly 2.7. Most
strong absorption features span no more than a few scalathdigcause as the pressure
decreases, the number of absorbers decreases and thetiabsiogm the atmosphere is

reduced. Assuming a relatively small absorption featurid &isignal of 1 scale height



(which is ~8 km for the Earth) foR;m, the transit transmission signal for an Earth-like
planet orbiting a Sun-like star is 0.2 ppm using Equation 1r2 contrast, assuming an
albedo of 0.3, the signal of the reflected spectrum is 0.0@06 pased on Equation 1.5,
roughly 2.5 orders of magnitude lower. The advantage ofsttaransmission is smaller
for planets orbiting M dwarf stars, but even for an Eartlelftanet orbiting near the inner
edge of the habitable zone for an M5 star the flux signals anend gnd 0.2 ppm for the
transmission spectrum and reflected spectrum, respegtiveich is a difference of a factor
of ~20. Figure 1.2 shows the ratio of the transmitted and reflesignals over a range of
stellar types for three test cases: Earth, Jupiter, ands/analogs. For planets with sub-
stantially larger radii, smaller scale heights, higheedls, or close orbits the advantage of
transit transmission spectroscopy can be reduced and éugnated in some cases. For
example, reflected light has a stronger signal for a Venuthismallest stars because of
its small scale height, large albedo, and close-in orbitiadathe small, faint stars. How-
ever, for most planets transit transmission spectroscalbyasult in a stronger observable
signal than a reflected secondary eclipse spectrum. Fig@rshbws that transmission
spectroscopy is more favorable for all cases for the EarthJampiter cases. Secondary
eclipse observations of thermally emitted light, while mmopomplicated to calculate, have
also been shown to be less favorable than transit transimisdiservations for most po-
tentially habitable planets (Belet al, 2011). This means that the first spectrum of an
Earth-like exoplanet is likely to be a transit transmisspectrum, highlighting the need to
have accurate models that can predict what exoplanetsowmkllike in transit transmission,

especially Earth-like exoplanets.

1.2 Refraction

As light travels through a planetary atmosphere, it's pathaiange in response to a gra-

dient in the index of refraction of the atmosphere. The inderefraction will decrease
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Figure 1.2: The log (base 10) of the ratio of transmitted fecged light for Earth, Jupiter
and Venus analog cases as a function of stellar radius. Ebraese, the planetary radius
and atmospheric scale height are invariant. The planetigtance for each stellar radius
is the distance from the Sun for each planet multiplied bydteare root of the stellar
luminosity, which very roughly accounts for the fact thatadler stars are fainter, so any
given planet must be closer in to its host star to maintaintaicetemperature (and therefore
atmospheric scale height). For the Earth and Jupiter cas@smission spectroscopy will
always be more favorable, though the advantage diminigitdaihter stars. For the Venus
case, reflected light will have a stronger signal for stelatii <0.1 R.. This is because
Venus has a small scale height and a high albedo. For mosarsagnthough, transit
transmission spectroscopy has a stronger signal thantezfleght, potentially providing a
more favorable technique for characterizing exoplanets.
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with altitude as the density decreases. Light is refraatedn atmosphere as a repeated
application of Snell's Law, which relates the angles of decice and refraction for light

traveling between two materials with different indices efraction:

SinB;
sinB,

=ny/m (1.6)

In a planetary atmosphere, there is no discrete boundadifferent indices of refraction,
but there is a continuous gradient. The index of refractioa planetary atmosphere can be

related to the density using the Gladstone-Dale Relatipnsh

n=1-+dop/pPo a.7)

wheren is the index of refractiorp is the number densitgg is the number density at some
reference level andg is the refractivity (index of refraction minus 1) of the atephere at
the reference level.

Refraction has been shown to be an important effect for wtaeding planets and
moons in the solar system in situations that are analogotimnsit transmission spec-
troscopy. In solar and stellar occultation measurement®nmeed in the solar system, a
planet’s atmosphere is backlit by the Sun or a star. Refmacets a limit on the altitudes
and pressures that can be probed in occultation measurgnaedtalso increases the path
lengths through the atmosphere (Baum and Code, 1953; SndtHanten, 1990; Elliot and
Olkin, 1996). A similar effect is seen in radio occultatiom®efraction limits the depth to
which a spacecraft’s radio beam can penetrate the plarnet@sphere, and yields informa-
tion about the atmospheric density and thermal structyde &t al., 1982). Ground-based
spectra of the moon during lunar eclipses are analogousugitrtransmission spectra in
that the Moon is illuminated by light that travels througk tbarth’s atmosphere. However,
for the light to reach the lunar surface it must be refractgthle Earth’s atmosphere, and
thus refraction is necessary for accurately modeling l@tdipse spectra (Garcia Mufoz

etal, 2012). Refraction is also a key process in planetary ttaonéthe Sun, and during the
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Figure 1.3: Rim of refracted light during the 2004 transivehus. Prior to second contact
(when the full disk of Venus is on the Sun), light is refractedelescopes in orbit around
the Earth. Similar signals could be seen for transiting &ugts, as discussed in further
detail in Chapters 3 and 4.

2004 transit of Venus, a rim of refracted light could be seethe trailing side of Venus be-
fore it crossed the solar limb, as shown in Figure 1.3 (Paxtehal., 2011). While many
of these observation types are currently only feasibleiwitne solar system, the principle

of refraction will still apply to exoplanet transit transssion observations.

For exoplanets in transit transmission, refraction wasailly assumed to have a negli-
gible effect on the altitudes and pressures that could begor(Seager and Sasselov, 2000;
Hubbardet al., 2001). These first calculations of refraction were donéHotr Jupiter plan-
ets, for which the small planet-star separation resultsimmal refractive effects. Garcia
Mufozet al. (2012) were the first to show that refraction can set a limiafbar for plan-
ets in the habitable zones of solar type stars, and thatdtisces the strength of absorption

features. | expand on their work by examining the effect dfaction on the pressures
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that can be probed over a range of planet and stellar typgsarticular, | will show that

refraction can severely limit the detectability of biosidure gases for Earth-like planets.

Refraction can also lead to changes in an exoplanet tragisitdurve because light can
be refracted through the planet's atmosphere to a dista@rebr even when the planet is
out-of-transit, as shown in Figure 1.3 for the 2004 Venusdita This effect was predicted
for exoplanets by Sidis and Sari (2010). However, their wimdused on hot, close-in
planets and also ignored opacity sources that would lineitciapths that could be probed
in transit transmission. In Chapter 4 | build on this initedploration by performing a
comprehensive study of the detectability of refractedtlighthe out-of-transit light curve

for a number of planet and stellar types with realistic ofydanits.

| will also show that refracted light in a transit light cureeuld be used to obtain
altitude-dependent spectra. Such spectra are reguladynell via solar and stellar occul-
tation measurements in the solar system and can be usedite dertical mixing ratio
profiles of atmospheric gases (Smith and Hunten, 1990;tEhd Olkin, 1996). However,
these types of observations will not be possible for exagikamecause they require the
projected size of the planetary atmosphere to be largertti@projected size of the star.
In solar and stellar occultations, the telescope is muckeclto the planetary atmosphere
than the Sun or background star, and this condition is mietyeidg for vertical resolution
on the order of a few km or less to be achieved. In exoplanesitis the exoplanet and
star are effectively at the same distance from observerfi@rtarth, and this condition
will not be met. Given the lack of existing techniques to abtdtitude-dependent spectra
of exoplanets, | propose that obtaining vertical profilegages in exoplanet atmospheres
through refraction would provide an additional, powerghnique to enhance our under-
standing of these atmospheres. For example, on the EatthCaaind HO are unevenly
distributed. Q@ is primarily concentrated in the stratosphere on Earth e is pho-

tochemically generated. Detecting @redominantly in the stratosphere of an exoplanet
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would strongly suggest that the planet had a temperatuegsion in the stratosphere. Ver-
tical profiles of @Q, or any photochemically produced gas, would increase sialeling of
the photochemistry in an exoplanet atmosphergO ki primarily found in Earth’s tropo-
sphere (altitudes 20 km), and would only reach higher regions of the atmosp{ti&esthe
stratosphere) for higher temperature planets, or for pdamedergoing a moist or runaway
greenhouse process, during which water escapes to spaegtaly making a planet unin-
habitable (Kasting, 1988). Therefore, a detection gOHat high altitudes in an exoplanet

atmosphere would suggest that the planet was not habitable.

1.3 Scattering from Clouds and Hazes

Scattering of light from particles, typically from cloudadihazes, is ubiquitous in solar
system atmospheres (e.g. Marktyal., 2013). Here | refer to ‘clouds’ as condensates and
‘hazes’ as photochemically produced particles. On Ear#tterclouds have a large impact
on our planet’s spectrum (e.g. Robinsetmal,, 2011). Furthermore, aerosols from a vari-
ety of sources, such as volcanism, can lead to increase®tormpbxtinction (e.g. Charlson
etal, 1992), especially along limb paths such as those inheseransit transmission spec-
troscopy. Venus has thick layers of planet-widgS, aerosols (Young, 1973). Mars has
thin H,O clouds (Kiefferet al., 1977), CQ clouds (Montmessiet al., 2006), and planet-
wide dust storms (Pollackt al,, 1979) that can vastly increase its aerosol optical depth, o
opacity. In the outer solar system, the giant planets hamedsl composed of N CHg,
and HO (Westet al., 1986; Lunine, 1993; Bainest al,, 2002) and photochemical hydro-
carbon hazes (Polladht al, 1987b). Saturn’s moon Titan also has a thick hydrocarbon
haze (Smitret al, 1981) and methane clouds (Brownal,, 2010).

Considering how pervasive clouds and hazes are in our sater, it is not surprising
that many exoplanets are thought to be cloudy or hazy. Theepoe of clouds or hazes

in an exoplanet atmosphere is inferred from very weak or rsoiion features in transit
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transmission. For example, HD 189733b shows much weakentl&gotassium absorp-
tion than predicted by cloud and haze-free model spectrg@ial., 2011). In extreme
cases, some spectra show no absorption features at alas&h1214b (Beaet al., 2010;
Kreidberget al,, 2014), GJ 436b (Knutsoet al, 2014a), and HD 97658b (Knutse al.,
2014b). Given their sizes, these worlds likely have extdndgrich atmospheres, so the
lack of detected absorption features strongly suggestsita-altitude clouds or hazes are
blocking out the deepest portions of the atmosphere at wthielatmosphere can absorb
the most light. However, the mechanisms for creating anchtaing such a high altitude

aerosol layer are currently unknown.

Despite the prevalence and recognized importance of clandshazes in exoplanet
atmospheres, one area that has received little attentitdreigffect of multiple forward
scattering from these types of particles in transit trassion. For particles that are larger
than the wavelength of light being scattered, the scatigrirase function (the distribution
of scattering angles) can be peaked in the forward directkonward scattered light could
be important in transit transmission spectroscopy becthigse is a small range of possible
scattering angles that will result in a photon staying inlitkam to a distant observer, and
forward scattered photons may be deflected by a small enougjle ¢hat they can still
be observed. Currently, most models of transit transmisspectroscopy work under the
assumption that any scattering from clouds and hazes care@ieed as extinction, such
that once the photon is scattered, it is assumed to leaveetim land will never reach a
distant observer (e.g., Fortney (2005); Howe and BurroWw& 22, Vahidiniaet al. (2014)).
This has shown to be appropriate for Rayleigh scatteringofidrdet al., 2001), which
applies only to small particles that are not highly forwacdtsering. However, for larger
particles that are highly forward scattering, photons aaadattered and still reach a distant
observer, even after being scattered multiple times. Tfesthas been explored by de Kok

and Stam (2012). They make a general prediction that forseattering could lead to a
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decrease in the model-generated effective absorbingsaéithe atmosphere by as much as
1 scale height, but they do not explore how this result dependhe planet’s atmospheric
composition or planet-star geometry. Thus, the effect ofiéwd scattering on exoplanets
that are smaller or cooler than Hot Jupiters has not yet begplored. Scattering in an
exoplanet light curve has also not been explored. In paaticlight can be scattered by
cloud and haze particles even when the planet is not in trd@ading to an increase in flux
prior to ingress and subsequent to egress. To explore thet eff forward scattering on
decreasing the in-transit effective absorbing radius daagt and the effect on transit light
curves, | have developed a Monte Carlo scattering modutetrawork in concert with an
existing radiative transfer code to generate transit trassion spectra of exoplanets with

forward scattering included.

1.4 Implicationsfor Astrobiology

Astrobiology is the study of the origin, evolution, disuiion, and future of life in the
universe. Two of the goals of astrobiology are to identifpiteble environments beyond
the Earth and to understand and ultimately observe sigemtir life, or biosignatures.
Transit transmission observations of Earth-like planeésy mrovide constraints on both
habitability and biosignatures, and may reveal spectralatures that are not detectable
in reflected or thermal emission spectra. This is due to thgdopath lengths inherent in
transit transmission observations enhancing the detiéittalf signals that are too weak in
reflected and thermal emission observations. Furthermasrdiscussed previously, the first
spectra of an Earth-like exoplanet will likely be transa@nsmission spectra, highlighting
the importance of studying habitability markers and binatgres in transit transmission

spectra.
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1.4.1 Habitability Determination

One of the goals of the 2008 NASA Astrobiology Roadmap is émtdy habitable environ-
ments beyond the Earth (Des Maratsl., 2008). For exoplanets, habitability has typically
been defined as the ability of the planet to maintain liquidewan its surface (Kasting
et al, 1993; Kopparapet al., 2013). Whether or not water is in the liquid phase depends
on the surface temperature and pressure. Surface temecatube constrained either by
climate modeling or by direct observations. Climate stadegeconstrain habitability have
been performed by a number of authors for exoplanets (Kagstial,, 1993; Selsi%t al.,
2007; Wordsworttet al,, 2010; Yanget al,, 2014), and for solar system planets, typically
with respect to the question of how to warm the Early Earth Bady Mars (Sagan and
Mullen, 1972; Pollaclket al, 1987a; Feulner, 2012). These works typically use radiativ
convective and/or general circulation models to deterrsuméace temperature given the
incident flux on the planet, the composition and structurthefplanetary atmosphere, and
the albedo. If the surface temperature is low enough to azaighaway greenhouse (in
which the oceans boil and a planet loses its water rapidlghvearm enough to prevent a
state of complete ice coverage, the planet is considereithhéh Surface temperature is
an atmospheric quantity that can be characterized fronmizlgr emitted radiation and is
in principle a measurable atmospheric quantity (Rodgé&g6), although in practice this
could be difficult. For example, while the 8-12n window is sufficiently transparent to
retrieve the Earth’s surface temperature, observatiokgds in this window would yield
information only on the cold (-33 cloud-tops which are indistinguishable from a cool,

ice-covered planet (Des Marasal., 2002).

Surface pressure, on the other hand, has proven much méceiltlifo constrain, de-
spite its importance for habitability. For example, thelgipoint of water is at a pressure
of 0.006 bars. At surface pressures below this, water istabtesin the liquid phase. For

greater pressures, the boiling point of water is sensitiy@éssure, with a value ef40°C
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at 0.1 bars and-175°C at 10 bars. Current methods for estimating pressure areatiyp
only applicable for solar system worlds with known compositor are dependent on hav-
ing a cloud and haze-free planet (see Chapter 6 for a morgetbtiiscussion). Because of
the importance of surface pressure and the paucity of egigtichniques for retrieving this
guantity from exoplanet observations, in Chapter 6, | esgpbpnew method to determine
atmospheric pressure on exoplanets using dimer moleddesduld be applicable to tran-
sit transmission observations of Earth-like exoplanetssdkption from dimer molecules is
more strongly dependent on atmospheric density (and threrefessure) than that of non-
dimer molecules, allowing for additional constraints topgb&ced on atmospheric pressure
from dimer absorption than from non-dimer absorption alobener absorption features
are weak in the reflected spectrum of the Earth (Robir$@h, 2011), but have been iden-
tified in lunar eclipse spectra (Pak# al, 2009), which are similar in geometry to transit

transmission spectra.

While temperature and pressure are essential for detargiiha planet can have lig-
uid water on its surface, geological activity may be impottfar the origin of life and for
maintaining a habitable environment over long periods.dxample, ale novogenesis of
life appears to be reliant on chemical potential and redaxlignts that were common in
volcanic and hydrothermal settings early in the Earth’sdnis(Sleepet al., 2011; Stueken
et al, 2013). Furthermore, at least some volcanic outgassinggisired to replenish the
drawdown of CQ by silicate weathering and prevent the onset of a snowlaiikEstate.
On Earth, the carbonate-silicate cycle, a product of pttonics, regulates the concentra-
tion of CO, over time to maintain a stable climate (Walletral,, 1981), and similar climate
regulation may be achieved in a stagnant lid regime (Pokaek., 1987a). Consequently,
a means to detect geological activity on a given planet weulghest a greater likelihood
of that planet being habitable. In Chapter 7, | explore tiemssulfate aerosol signals as an

indicator for geological activity. On Earth, subductiorduced volcanism can inject $O
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into the stratosphere, where it can react to forp®8y aerosols with lifetimes from months
to years. These explosive eruptions lead to transient @dey&rs, which would lead to an
increase in effective absorbing radius of the atmosphdramsit transmission, followed by
a gradual decrease. The effect of volcanic aerosol layemmn&l for the Earth’s reflected
spectrum, resulting in an increase of flux by 6% for the Pibateruption in 1991, which
led to the largest increase in stratospheric sulfate alrasdahe past 100 years (Minnis
et al, 1993). However, | will show that these aerosol layers carel@mmuch stronger

effect on the Earth’s transit transmission spectrum.

1.4.2 Directly Detecting Biosignatures in the Atmosphefdsarth-like Planets

With the launch of JWST and construction of upcoming largeugd-based telescopes,
atmospheric molecules, including biosignature gasedddoe detected on a nearby in-
habited, transiting, planets within the next decade. Z#\@oups have investigated the
detectability of molecules such as®, CO,, O,, O3 and CH, for Earth-like exoplanets
(Kaltenegger and Traub, 2009; Demiagal., 2009; Beluet al,, 2011; Raueet al,, 2011,
Hedeltet al,, 2013; Rodler and Lopez-Morales, 2014),Hand CQ are potential habit-
ability markers (Des Maraist al,, 2002), and @, O3 and CH, are possible biosignature
gases. In general, they find that these molecules could leetddtin the atmosphere of
an Earth-analog planet orbiting in the habitable zone of adwarf star in hundreds of
hours with JWST and tens of hours with E-ELT. However, thesek# have neglected the
effect of atmospheric refraction on transmission spe&edraction limits the detectability
of spectral absorption features, and therefore can inerdgsamount of integration time
required to detect molecules. | quantify the effect of refiien on the detectability of spec-
tral absorption features, including biosignatures, fortl=analog planets in Chapter 3. In
particular, | will show that refraction can greatly increabe required integration time to

detect molecular absorption features for Earth-like piaoebiting Sun-like stars.
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The longer path lengths inherent to transit transmissi@enfations should allow biosig-
nature gases to be detectable in transit transmission eeiriabsorption is too weak to be
detectable in direct beam reflected and thermally emittgd.liin Chapter 6, | investigate
the G-O, dimer absorption features at 1.06 and Ju#vas potential biosignature gases for
Earth-like exoplanets in transit transmission. Anothearegle of a potential biosignature
in transit transmission is transient sulfate aerosols,ndieserved in conjunction with O
and Q. While O, and 3 are considered biosignature gases, one scenario in whaglcém
form abiotically is if volcanic outgassing rates are low (étwal,, 2012; Domagal-Goldman
et al, 2014). Therefore, a co-detection of Or Oz with transient sulfate aerosols, which
are suggestive of active volcanism, would be a more robustigmature than ©or O3

alone.

1.5 Outline

In Chapter 2, I introduce the transit transmission modelthadefraction and scattering ray
tracing scheme. | provide a detailed description of theagfon and scattering components
(Section 2.1). | discuss the method for performing detelityloalculations (Section 2.2).

| validate the model against observations of the Earth, rd®ag the input model atmo-
spheres and showing a comparison against satellite obesrwvaf the Earth, lunar eclipse
spectra, and theoretical and empirical estimates of th@id/snattering footprint (Section
2.3).

Chapters 3, 4, and 5 cover the effects of refraction andesgagton transit transmission
spectroscopy. In Chapter 3, | apply the model to Earth-anakmplanets and examine the
effect of the maximum tangent pressure on the detectabilispectral absorption features.
| also describe a new technique to obtain altitude-depdnsjmctra of exoplanets from
variations in the wavelength-dependent transit light eurin Chapter 4, | examine this

further and show that a detection of out-of-transit refeddight would be indicative of a



20

haze-free atmosphere over a wide range of planet and diglles. | examine the effect of
forward scattering on transit transmission spectra amiréight curves in Chapter 5 and
show that forward scattering can increase the detectedriltixel in-transit spectrum and
can lead to detectable levels of out-of-transit scattagid.|

In Chapters 6 and 7, | apply the transit transmission modeatth-like exoplanets with
an emphasis on constraining habitability and detectingigi@tures. In Chapter 6, | exam-
ine the use of dimer molecules as a pressure gauge and thigyiafO > dimer molecules
as biosignatures. In Chapter 7, | explore the concept o$ieahsulfate aerosols as a tracer
for volcanism, as well as how a transient sulfate aerosoladigould be a biosignature with

a co-detection with @or Oz. Conclusions from all chapters are presented in Chapter 8.
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Chapter 2

MODEL DESCRIPTION AND VALIDATION

In this chapter | describe the transit transmission modgi am emphasis on the refrac-
tion and scattering components. The model combines a badkwionte Carlo ray tracing
scheme with an existing radiative transfer code to genératsit transmission spectra and
transit light curves. | then describe the method used fazaability calculations. Follow-
ing that, | validate the transit transmission model agaihstervations of the Earth from
the ATMOS mission, ground-based lunar eclipse spectrattaatetical and empirical es-
timates of the Venus scattering footprint. Portions of tapter were originally published
in collaboration with V. S. Meadows and D. Crisp in the 1 Segier 2014 issue of the
Astrophysical Journa{Misra, Meadows, and Crisp, 201ApJ Vol. 792, 61) and are re-

produced below with permission of the American Astronom&aciety.

2.1 Modd Description

| have developed a model for transit transmission speatmsthat includes refraction and
multiple, forward scattering. The model uses the normeidi@nce optical depths calcu-
lated by an existing radiative transfer code and combiramthith a Monte Carlo ray trac-
ing model to generate transit transmission spectra. Theshwath generate time-averaged
transit transmission spectra and wavelength-dependamitiight curves. The details of

the model are described below.
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2.1.1 Radiative Transfer Code

The work presented here builds on an existing radiativestearmodel, Spectral Mapping
Atmospheric Radiative Transfer (SMART) (Meadows and CGrl§96; Crisp, 1997; Robin-
sonet al, 2011). SMART is a spectrum resolving (line-by-line), nngliream, multiple
scattering radiative transfer model that has been usedaphinfior planetary atmospheres,
both for generating spectra and as a key component in cliozgdt¢elations (Catlingt al,,
2012). In this work, | use the spectral generation componESMART to model transit

transmission spectra.

The main inputs to SMART of consequence to the transit trésson model consist
of a model atmosphere, line-by-line absorption coeffigertd aerosol scattering proper-
ties. A model atmosphere typically consists of a tempeeapuessure profile and profiles
for the abundances of absorbing gases in the atmospherebEbeption coefficients used
here were calculated with the code Line-By-Line ABsorptinefficients (LBLABC, writ-
ten by Dave Crisp). LBLABC uses line lists and input from thedal atmosphere to cal-
culate the wavelength-dependent absorption coefficiemtedch gas at each layer in the
atmosphere. For this work, the line lists are from the HITR2008 and 2012 databases
(Rothmaret al,, 2009, 2013). The required aerosol properties are the @espscal depth
at each altitude layer at a reference wavelength, the sicattend extinction efficiencies
as a function of wavelength, and the scattering phase fumeti each wavelength and for
each altitude layer, either as a full phase function or patanzed as a Henyey-Greenstein
phase function. Given the optical depth at each altituderlaya reference wavelength, the
aerosol scattering and extinction optical depths at eactelenagth and each altitude can
be calculated by multiplying the reference wavelengthagbtilepth by the scattering and

extinction efficiencies, normalized to the efficiencieshat teference wavelength.

The transit transmission spectrum for each tangent adtjtod minimum altitude, can

be generated by combining the normal-incidence opticalhdegalculated by SMART and
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Figure 2.1: Path lengths in the transit transmission gegmeheh;, hj, andhj; altitudes
are the same altitudes as in Equation 2.1. The total patle sun of thep;j values between
each pair of altitudes in the model atmosphere. The tothllpagyths and optical depths for
a path in transit transmission are typically 1-2 orders ofnitaude larger than the vertical
path length and optical depth.

the path lengths through the atmosphere. The path lengtfebattwo adjacent layers of
the atmosphergandj + 1 for a pathp;j with a tangent altitude dfj is:

Figure 2.1 shows an example path segment between two aliitndhe atmosphere. The

path through one layerp(j) will generally be much larger than the vertical padin, in-
creasing the total optical depth along the path. Fortne@%28hows that the ratio of the

transmission optical depth to the vertical optical depth is

2TR,
Ve (2.2)

whereRy, is the planet radius anid is the pressure scale height in the atmosphere. From
this equation, the ratio of the transmission optical deptiié vertical optical depth is75
for Earth and~128 for Jupiter.

The flux through the atmosphere at a given tangent altitudebeacalculated via the

Beer-Lambert law, which relates the transmittance of liglhe optical depth in a material.
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The transmittancg (A); at a given wavelength and an altitude layairis:

® Tj*pij /(hj+1—hj)

FA\)i=e (2.3)

wheret| is the normal incidence (vertical path) optical depth irelayy pjj is the path length
given by Equation 2.1, anld; 1 — h; is the normal-incidence path length for layjerThe
total transmission spectrum is the weighted sum of the veaggh-dependent transmittance
at each tangent altitude, with the weight equal to the aréaecditmospheric annulus at each
layer. The area of the annulus depends on the altitude steuof the model atmosphere.

The area at each lay#y is:
A =T](hi11+Re)2— (h +Rp) (2.4)

whereR; is the radius of the planet. The percent of flux transmittedubh the entire

atmospherel (A), is:

IZFM * A
|
wherey A is the total projected area of the atmosphere. The flux throlig entire atmo-

|

F(A) (2.5)

sphere can be converted to an effective absorbing radibstétfollowing equation:

&H@%:¢m%+u—F@»*zm (2.6)

(1—F(A)) is the fraction of flux absorbed by the atmosphere, so the suhegrojected
area of the planet and the absorption area of the planetansghere is the total absorption
from the planet and it's atmosphere. The square root of thigevis the total effective
absorbing radius of the planet and atmosphere. To get thetiw absorbing radius of the

atmosphere only, the planetary radius must be subtracted.

2.1.2 Ray Tracing Geometry

The geometry is one of the primary factors in determiningéffects of refraction and

scattering. The physics of refraction and scattering anensgtric in time, such that the
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deflections due to refraction and scattering can be modeleithier a forward or backwards
ray tracing model. My model adopts a backwards ray tracihgise, in which light is sent
from the distant observer and traced through the atmospbeie host star. The main
advantage of a backwards ray tracing model is that only a margow subset of photon
trajectories can reach a distant observer from an exoplatguse a distant observer is
essentially a point source from the planet at distanceseortter of parsecs. In contrast, a
relatively large subset of trajectories can reach the plmom the star because the star has
an angular radius that is typically on the order of a degrémaSing the backwards model
greatly reduces the number of initial conditions by fixing #tarting point for the photons

in the model.

2.1.3 Coordinate Systems

The model tracks the photon position and trajectory in tloe@rdinate systems: a global
coordinate system, a photon coordinate system, and atieframordinate system. A sep-
arate photon coordinate system is helpful because theiregtrigjectory after a scattering
event depends on the photon’s initial trajectory, and floeeescattering angles can be cal-
culated from the orientation of the photon and convertealanglobal frame. The refraction
coordinate system is necessary because refraction is ditmensional effect in spherically
symmetric atmospheres because there is an index of reinagtadient in only one direc-
tion (relative to altitude). I've developed the followingetinodology to track the photon
path in each coordinate system and to convert between thdinate systems. The global
coordinate system is oriented so that the z axis points tswdre star, with the origin at
the center of the planet. The photon position and trajeabsach step along the path are
tracked relative to the global frame. The trajectory in thebgl frame is given by the two
angles in spherical coordinates, whhas the polar angle angl as the azimuthal angle.

Initially, O is setto 0.
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2.1.3.1 Photon Frame

The photon frame is used to transform new scattering anglgsetglobal reference frame.
The change in trajectory due to scattering is relative topth@ton’s initial trajectory. The
photon frame is defined so to that the z-coordinate is in trectdon of the photon’s initial
path. Mathematicallydp, the polar angle, is equal to 0 agg), the azimuthal angle, is set
to 0, although it can take any value whepnequals 0. After a scattering event, the photon
has a trajectory with anglet9, anddy,. The unit vector in the photon frame for the new

trajectory is:

np= (' sindBpcosdy, sindepsindy, cosde, )

The new trajectory can be transformed to the global frameutin two rotations, one

about the z-axis and one about the y-axis.

cosyy —sing O
Rz=1] sing cosp O
0 0 1
cosB O sinB
Ry= 0 1 0
—sin@ 0 coP

In the above equation8,andy are the initial trajectory of the photon in the global frame.
Applying R, andRy to np, yields the following dx, dy and dz coordinates in the global

frame:

dx = cosdypcospcosdsinddy — sindypsindBpsiny 4 cosdBpcosPsing (2.7)
dy = cosysindypsindB, -+ cosdypcosbsindBpsiny 4 cosdBpsinsing  (2.8)
dz = cosdB,cosd — cosdypsindB,sind (2.9)
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dx, dy and dz can be calculated directly beca@ysg, d6, anddy are all known. These
can be converted into the n@handy angles in the global frame using the typical spherical

coordinates transformations:

® = cosldz (2.10)
P = tan‘l%(/ (2.11)

2.1.3.2 Refraction Frame

| adopt the two-dimensional coordinate system used by vakeef (2008) for calculating
refraction. Because refraction is calculated in two dinmams and the global coordinate
system is in three dimensions, | need a framework to conwdrtdren the two coordinate
systems. | treat the refraction frame as a projection of tbbaj coordinate system, in
which they axis is the same, and tixez plane is projected into a new coordinate, which |
labelxz The angle of refraction in two dimensionsfs which can be thought of as the
local zenith angle. As refraction alters the photon p@thwill change, and | need a way to
convert changes iff; into changes i andy, the angles that determine the photon in the

global coordinate system. In the global coordinate systieelifferential position changes

are:
dx = sinBcosy (2.12)
dy = sin@siny (2.13)
dz = cosP (2.14)

Given these values, | can calculate the inifialgiven 8 and value (see Figure 2.2 for

reference).
dx2 +dZ

dy
As 6, changes due to refraction at each step along the path thtbeghtmosphere,

B, =tan ! (2.15)

the spherical coordinate angles need to be updated acgbyrdirassume that the relative
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Gr dxz

dy
XZ

Figure 2.2: Diagram of the refraction coordinate system.sT$ similar to the global
coordinate system in that thxz axis is a projection of th& andz plane to one dimension.
This coordinate system is necessary because | need to ttmeeefraction angle (which
is calculated in two dimensions) back to the global coor@iisgstem (in three dimensions)

ratio of dx and dz stays constant because there is no indefrattion gradient in the x-z
plane, and thus the relative trajectory in thendz directions should always be constant.
Mathematically, | let dxew/dx = dz,ew/dz = C, where C is a constant. To calculate the new

0 andy angles | start by calculating new values for dx, dy and dz:

Aoyt dYewt+dZew = 1 (2.16)
C%dX +dyZe, +C%dZ = 1 (2.17)
dyrew = |/1—C2(dx2+d2) (2.18)

dyhew = 1-C2(dx2) (2.19)

wheredxz= vdx2 +dZz,
From Equation 2.15, which defin®g in terms of dx, dy, and dz, | can now calculate

new values for dx, dy and dz.

VG
tang, — Y PewtdZew (2.20)

dynew

2
tand, — cd;sz? (2.21)
new
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C%dxZ
The last equation is equivalent to:
sing, = Cdxz (2.23)
sinB;
C = dxz (2.24)
(2.25)

6, dx, dz and dxz are all known, so | can now calcufatd=rom the definition o€, | can

calculate new values for g%, and dzew

dXew= CdXx (2.26)
dZew=Cdz (2.27)
(2.28)

Lastly, with C known, dyewiS:

dyhew = 1/1— (sinG;)? (2.30)
dYhew = COSH; (2.31)

With dXnew dynewand dzew, the newd andy values are:

0 = cos ldzew (2.32)
_1 d¥hew

= tam 1= 2.33

Y O (2.33)

2.1.4 Calculating Refraction

Following van der Werf (2008), four variables are solvedadtestep: the altituden), the

complement of the local zenith ang[&(the polar angle measured from the planet’s center
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(p), and the total deflection due to refractia).( The equations that describe these four

variables and their relation to each other are:

dh = sinf3ds (2.34)
cosp 1

dg = (Rp+h+F)ds (2.35)
cosp

do = Rp—i—hds (2.36)

de = dp—do= %ds (2.37)

wheredsis the path step lengtlR, is the planetary radius, ar%dis the curvature, which is

given by:
1 o 1ldn
ndh
nis the index of refraction, an% is the index of refraction gradient with respect to altitude

(2.38)

At each step on the path,andg—ﬂ are calculated by linearly interpolating between model
atmosphere layers. For a full derivation of the equatiormapsee Appendix A.

| solve the equations above at each step using a fourth-Buaege-Kutta method. | find
that for Earth-like atmospheres, path step sizes of 1-10rensafficient for an accuracy in
the final refraction angles of 99% or greater, when comparesinhulations with smaller
step sizes. For other planetary atmospheres, a step sizesfale height is typically small
enough to ensure accurate refraction angles, though smalie steps are required for the

scattering component of the model.

2.1.5 Scattering

Most models for transit transmission spectroscopy treateseng from particles as a form
of extinction, i.e., a scattered photon is assumed to bdHast the beam to a distant ob-
server. However, scattered photons can be scattered raultiges and still reach a distant

observer. To simulate the scattering of photons, I've imq@eted a Monte Carlo scatter-
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ing code in which the photon scattering locations and scatfé¢rajectories are randomly
sampled. At a given wavelength, a large number (typicall000) of photon paths are
traced for each altitude in the model atmosphere. While E@Qatrlo models often use 10’s
of thousands to millions of photons, a smaller number is gqate for simulating transit

transmission spectra because | find that only the forwartlesed trajectories need to be
resolved. Before the photon’s path begins, an optical diyaththat the photon is allowed

to travel is selected randomly:

Trand = —log(r) (2.39)

wherer is a random number sampled uniformly between 0 and 1. Thisdweork allows
the scattering location to be random, but constrains thiéesoey position so that within
the first optical depth along the path-E~ photons are scattered, and within the second
optical depth 1- e~2 photons are scattered, etc, which is what is predicted fraBeer-
Lambert law.

After T;anq is selected, two quantities are tracked along the photatls: i) the scat-
tering optical depth 'seen’ by the photon and 2) the deflecinothe trajectory due to re-
fraction. The scattering optical depth is calculated bytiplying the aerosol extinction
due to scattering in each layer by the path step size. Thespaphis set to 10° times the
maximum path length given in Equation 2.1 (when summed oNVenalues of j). This is
the largest step size that ensures that errors in phot@ttoay are less than 1% for all tan-
gent altitudes and over a wide range of planetary radii,esaights and scattering phase
functions. Additionally, the step size is1 km and<0.001 times the scale height for all
cases considered here. Note that the path step size is notfreeascattering path length,
instead, it is the length at which the photon’s path is sathple

At any step along the path, if the cumulative scatteringagptiepth seen by the photon
exceeddang, the photon’s path is stopped and a scattering event oc@imes.model lin-

early interpolates to find the best estimate for the posétamhich the optical depth seen by
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the photon equalsang. The new scattering angles are selected with respect tdihteps
trajectory. In the photon coordinaté=0 and the trajectory points in the direction of the
photon coordinate z axis. The change in the photon’s tr@jg¢in photon coordinates) are
selected randomly from the scattering phase functioml@rand selected from a uniform
distribution between 0 and@or dy,. More specificallydd, is chosen using inverse trans-
form sampling. First, the normalized cumulative phase tioncof P(cosd8p)d(cosBp) is
calculated, and then a random numb@rffom the uniform distribution between 0 and 1 is
generated. The angle chosen corresponds to the largestofdhe cumulative distribution
function that is<r. In essencer is a percentile, and the angle is picked such that it's
cumulative distribution function is at that percentile.€ltew angles in photon coordinates
aredBp anddyp. ThedB, anddyp, in the photon coordinates are then transformed into the

global coordinates, as described in Section 2.1.3

After a scattering event, the photon is again sent througtatmosphere, beginning at
the point of scattering and with the calculated scattenagettory. The process described
above is repeated until the photon either leaves the atneospieaches the planetary sur-
face (at which point it is assumed to be absorbed) or is sedtthe maximum number
of times, which has been tuned to 10. Increasing the numbstcaiferings does not lead
to discrepancies in the model results by more than 1% for & wadge of planet-star ge-
ometries, planetary atmosphere types and for phase fusciwith scattering asymmetry
parameters up to 0.95. Photons scattered more than 10 time@ery unlikely to reach a
distant observer because as the number of scatteringasasethe probability of being

scattered into the same direction as the initial trajectiegreases.

The transmitted flux for a photon can be calculated by comigithe path lengths
through the atmosphere (either from Equation 2.1 or caledl&tom the ray tracing mod-
ule) with the total absorption optical depth in each altéddyer. The scattering optical

depth is not included in the transmittance calculationsabse it is used to determine the



33

scattering events in the ray tracing module. This Monte €eal/ tracing method is re-
peated over a wide range of wavelengths. Because of the datignal time associated
with ray tracing, and because scattering optical propextey less with wavelength than
those of gas absorption, the ray tracing module is not erdcait all wavelengths in the
line-by-line model. Instead, ray tracing results at one elength are applied for all com-
parable wavelengths. | determine what constitutes a caabfewavelength as follows. For
the first wavelength for which optical properties are cated by SMART, the model au-
tomatically runs the ray tracing module, and the altituépehdent scattering and aerosol
extinction optical properties, and phase function asymynerameters are stored for ref-
erence. For subsequent wavelengths, if either the optioglepties of the aerosols or the
phase function asymmetry parameters vary by more than 18bttie reference value, the

ray tracing module is run again.

2.1.6 Generating Transit Light Curves

Refracted and scattered light from a planetary atmosplarée deflected into the path to
a distant observer, even when the planet is not in transit &ffect has been explored for
in-transit (Hui and Seager, 2002) and out-of-transit i&éd light (Sidis and Sari, 2010;
Garcia Muhozt al,, 2012; Garcia Muioz and Mills, 2012), but not for scattidight. In
this section | describe how to generate transit light cufgesefracted and scattered light
given the final trajectories from the ray tracing model.

For each photon, | trace the path back from the distant obsehrough the atmosphere,
and to the host star. | do this for all altitudes in the modet@dphere and along the
annulus of the planetary atmosphere that is backlit by #re Since | assume a spherically
symmetric atmosphere, the model calculations for one matdebsphere are applicable all
along the annulus of the planetary atmosphere. Figure 2®sthe geometry, projected

into two dimensions, used for tracing photon paths backecsthr. The transit is oriented
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so that the planet travels in thedirection and they coordinate is fixed ab, the impact
parameter. Note that this is the same as the global cooedipaesented in Section 2.1.3,
but with the globak direction pointing into the page in the projected coordisat_et the
angle along the annulus kg with @=0 at the x-axis in the diagram, though singes
integrated over, its reference point does not factor in &fthal result. The final photon
trajectory, as calculated by the ray tracing model, is glwef andi.

The total distance traveled in the projected fraRRe¢an be calculated from. In the
z coordinate, the photon will travel a distance@fwhich is the planet-star distance. The
magnitude of the distance traveled in the y plane isDtan®. It is useful to convert this

distance into units of the stellar radius,.R his leads to the following expression far

Dtan®
R— 2.4
= (2.40)
L (2.41)
tana

whereaq is the angular radius of the stap.is the azimuthal angle and, along wiphdeter-
mines the direction of the distan&e The geometry can be thought of in polar coordinates
with radial coordinatq‘% and polar angl€) + @.

To determine the initial position of the photon relative b tstellar disk, | need to

calculate thexandy coordinates for the photon. These are:

X = Xo+ Rcoq Y + @) (2.42)
y=b+Rsin(y+ ) (2.43)

; __ tan@
with R= Ao -

The total projected distance from the center of star is:

d? = X2+y? (2.44)

d® = x§—2xRcog Y+ @) +RPcog P+ @)+ b —
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tan6/sina

Figure 2.3: Geometry for calculating transit light curvés$.each pointx along the transit
and at each point along the annulus of the planetary atmospihe trajectories calculated
by the ray tracing model are traced through atmosphere atigethost star, or off of the
stellar disk for paths that are physically impossible. Fthmfinal positions relative to the
stellar disk, the total flux from each photon can be calcdlaféhe total flux in the transit
light curve at poini is the integral over all photon trajectories at each alétlayer in the
atmosphere.

2bRsin(Y + @) + R2sin(y + ¢)? (2.45)

If d > 1, then the path originated beyond the stellar disk, and xactin be transmitted
because the path was physically impossible and merely s&qaesace of the choice of a
backwards Monte Carlo ray tracing model. df< 1, the flux can be calculated using a
limb darkening law. If no limb darkening coefficients aregjiy the default is that 100% of
the flux is transmitted for any ray that originates on thelatelisk. The effect of ignoring
limb darkening varies based on the type of host star and thelegth observed at. For a
Sun-like star at 0.4um, | find that limb darkening can decrease the out-of-trastsserved
flux by up to 5% when averaged over a half-transit length ggongress or subsequent to
egress. The discrepancies are are large as 25% in the 1l/a08attransit length prior to
ingress or after egress. For longer wavelengths, the gianmes decrease, with just a 2%
difference at wavelengths1 pm averaged over half a transit length prior to ingress and
a ~10-15% difference in the 1/100th of a transit length jusbpto ingress. For a 3500

K M dwarf star, the out-of-transit flux discrepancies are emagas 7% at 0.im. The



36

discrepancies introduced by ignoring limb darkening atbege levels for wavelengths up
to ~1 um. For both the Sun-like star and the M dwarf, the in-tranisitiepancies ar€ 1%
when averaged over the entire transit, and can be as larg#@asdar ingress or egress.
The equations above are given under the assumption thatihet gize is much smaller
than the star size. If this is not the case, thandy terms can be revised to include
RpcosW + @) and Rysin(@+ W), respectively. However, even for planet size$/10"
the size of the star, the effect of includifRy in the calculations is minimal, with the net

result being a slight smoothing of the time-dependenceefltix signal.

2.2 Detectability Analysis

| performed detectability studies to determine the sigoaidise ratios (SNRs) obtainable
given a telescope and exposure time and to predict the szhjekposure time to detect
spectral features. To estimate the noise in transit tragson spectra and light curves
| used online exposure time calculators (ETCs) for JIWST ait(LE (For more details
on JWST, see Gardnet al. (2006), and for more details on E-ELT, see Gilmozzi and
Spyromilio (2007)). The ETCs estimate the signal-to-noae (SNRg) of the star’s
flux given a wavelength of observation and the total exposare. The noise level is, in
ppm relative to the stellar flux, #BNRya,. The calculations were performed for stellar
systems at a distance of 10 pc, except where otherwise neitdstars ranging from F5V
to M9V. The stellar parameters were obtained from Zombe®8RQ@) for the F, G and K stars
and Reid and Hawley (2005) for the M dwarfs. The stellar gjpeate Phoenix NextGen
spectra (Hauschildit al., 1999).

The JWST ETC includes background noise from sky, dark, themead-out and zodia-
cal light noise, though for all cases considered here th&erisidominated by photon noise.
The E-ELT ETC includes background noise from continuum {skghtness), emission

lines, atmospheric absorption and scattering, and theemésion from the atmosphere
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and telescope. As with the JWST noise estimates, photoe rsiise dominant component.
The ETCs do not include noise from detector intrapixel aotes (Deminget al., 2009),
but, in principle, calibration time could be devoted to miagghe pixels, as has been done
with Spitzer Space Telescope Infrared Array Camera (Carey, 2012). The assumption
of photon-limited noise is optimistic, but noise levels it ~20% of the photon noise
limit have been obtained for transit transmission specith ST in spatial scan mode,
wherein the target star is trailed during each exposure legdepe motion perpendicular
to the direction of dispersion (Demirgg al., 2013; Wakeforcet al., 2013). Therefore, the

detectability calculations performed here should be aw®red accurate to within20%.

The total signal is the change in flux, in ppm. For absorpti@mds, this is the change in
flux relative to the continuum. The continuum is assumed ty laearly with wavelength
across the band and is defined automatically by an algoritfatfinds the maximum flux
(minimum absorption) levels on either side of the band cenithin a user-input range of
possible wavelengths. For signals due to broadband festtire signal is the difference
between two spectra, which can be of different transits ecsp at different points within

a transit.

The final signal to noise ratio (SNR) at each wavelength isbs®rption signal divided
by the noise calculated from the ETC, divided #2. The total SNR is the square root of
the sum of the squares of the SNRs calculated at all wavélengte factor of/2 must
be included because the total noise will be the sum of thersquat the noise for the in-
transit and out-of-transit spectrum. We assume the irsitand out-of-transit noise levels
are equal, so the SNR must be dividedyg. In practice, the in-transit and out-of-transit
integration times do not need to be equal, so the calcuapenformed here would have to
be adjusted when applied to a specific observation. For Isiginat are only observable for
shorter amounts of time, the noise levels will increasevt%, wheret is the observation

time in terms of the total transit time.



38

2.3 Model Validation

2.3.1 Model Inputs

The model has been validated against observations in tlae sgpstem. Two validation
experiments were performed that required spectral simonigat The first used solar oc-
cultation spectra collected by the Atmospheric Trace MdieSpectroscopy (ATMOS)
Experiment (Gunsoet al, 1990). ATMOS was designed to determine the volume mix-
ing ratio profiles of minor and trace gases in the Earth’s afphere. This was done by
obtaining numerous solar occultation spectra throughithb bf the Earth’s atmosphere
at wavelengths between 2 and @M and by using a global retrieval algorithm to simulta-
neously retrieve volume mixing ratio profiles at all altiasdwithin each occultation (Irion
et al, 2002). The second validation source used is lunar eclipsergations (Pallet al.,
2009). During a lunar eclipse, the sunlight that reachegrtben’s surface traverses the
Earth’s atmosphere on limb trajectories and is refracteatjycing a spectrum similar to a

transit transmission spectrum.

The model atmospheres used for the validation experimests eustomized to simu-
late the conditions observed at the time the validation dat@ recorded. To simulate syn-
thetic spectra to match the ATMOS data, we used the ATMO&vetd altitude-dependent
gas mixing ratios and temperature profile (Figures 2.4 aBjl 2Ve used the average of
the retrieved abundances o$®, CO,, Oz, CO, NbO, CHy, Oz, NO, HNO3, CFC-11, and
CFC-12 for ATMOS occultations taken at latitudes betweer B N. We used N-N» and
N»-O, absorption cross sections to model absorption neapdh.8Lafferty et al. (1996);
Eddie Schwieterman, personal communication, 2013 MayigJ)rg 2.4 shows the volume
mixing ratio profiles for many of the gases included in the sladns as well the temper-
ature profile. Figure 2.5 shows the volume mixing ratio pesfilor NG, HNO3, CFC-11

and CFC-12, which are primarily anthropogenic. We gendraigh resolution spectra over
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Figure 2.4: Temperature profile and gas volume mixing raisexd to generate model AT-
MOS spectra. The profiles are the averages of the ATMOS vatsidetween 40-50N.

the entire wavelength range, then convolved them with agi@slit to a spectral resolving

power of R=1000 when comparing the model spectra to the ATM&S.

The model atmosphere developed for the lunar eclipse Validaas based on the mid-
latitude summer model atmosphere adopted for the Interaasgn of Radiation Codes in
Climate Models (ICRCCM) (McClatchesgt al,, 1972; Clougtet al, 1992). The tempera-
ture profile and volume mixing ratio profiles for this modehatsphere are shown in Figure
2.6. To produce an acceptable fit to the lunar eclipse speglrigh predominantly probe
latitudes greater than 30we decreased theJ@ mixing ratio by a factor of two from the
standard ICRCCM atmospheric profile to more accuratelyaépe expected O mixing
ratio profiles at those latitudes. Following the method ofd&aMuiiozet al. (2012), we
also assume any path with a tangent altitude of 6 km or legsaigue because of clouds. In
addition to the vibration-rotation transitions for the tpgses shown in Figure 2.6, we also
included the “interaction-induced absorption” assoclatéh collision-induced absorption

bands and dimers for£0, and Q-N». We used the @0, cross section from Greenblatt
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Figure 2.5: Average retrieved gas volume mixing ratios frAaiMOS for HNOs, NOy,
CFC-11 and CFC-12. These gases are predominantly fromognatpenic sources.

et al. (1990) and the &@N> cross section from Matét al. (1999) to model absorption at
1.06um and 1.274um. As with the ATMOS spectra, we initially generated highalation
spectra, and then we convolved them with a triangle slit tectméhe resolving power of
the lunar eclipse data (RLO0O).

We also included aerosol extinction in the lunar eclipse @hatimosphere by using data
from Sioriset al. (2010). They use the Atmospheric Chemistry Experiment (Aaltbard
Measurements of Aerosol Extinction in the Stratosphere Enogposphere Retrieved by
Occultation (MAESTRO) to determine the amount and sizeifigion of aerosol particles
in the atmosphere. We used their data from September, 2080d¢@! the lunar eclipse
data because by September, 2008, the aerosol levels hadtaralhy increased due to the
Kasatochi eruption in August, 2008. The lunar eclipse aexli® days after the eruption,
which was not enough time for volcanic aerosols to be debei@ourassat al., 2010).
We used a log-normal aerosol size distribution with a mea@.5fim and a variance of
0.28um?, which we found to provide the best fit to the data and are stersi with the

results from Sioriet al. (2010). However, we note that changing the mean tquth4r 0.6
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Figure 2.6: Temperature and mixing ratio profiles from thedtidard summer northern
mid-latitudes model atmosphere. We used this model atnewsfib generate lunar eclipse
spectra and Earth-analog spectra. We note that for the &otipse spectra we scaled down
the H,O mixing ratio by a factor of 2.

pum and letting the variance change by over an order of magatiidinot greatly increase
our model validation errors. Our aerosol cross sectiong waitculated using a python

version of the codéhni e (Bohren and Huffman, 19838)

2.3.2 ATMOS Validation

We used the ATMOS sunset spectra from the ATLAS 3 space shwitth latitudes between
40° and 50 taken between 1994 November 4-6The retrieved atmospheric properties
were taken from the ATMOS version 3 retrievals describedionlet al. (2002). The aver-
age signal to noise varies by spectral filter, with values4af 71 for Filter 3 (2.9-6.3um),
98+35 for Filter 4 (2.1-3.2um), 122+40 for Filter 9 (4.1-16.7m), and 255-36 for Filter
12 (7.1-16.7um). The spectra were measured with a spectral resolutienOod1 cnr?!

IRetrieved from Ray Pierrehumbert’s 'Principles of Planet@limate’ website

2Data available at http://remus.jpl.nasa.gov/atmos/athml
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(R~10° at 1.0um), but we applied a triangle filter to the spectra with a réisgl power
of 1000 when comparing the spectra to our model spectra terb&tow the systematic
broadband differences.

Figure 2.7 shows a comparison of the ATMOS data with our megdettra. ATMOS
data were taken over a wider range of altitudes than showey hed the model can pro-
duce spectra at any given altitude, however, these reseits shown for simplicity and
consistency with previous work (Kaltenegger and Traub 920Multiple data spectra are
shown for each altitude. Table 2.1 shows the discrepaneieeden the ATMOS data and
the model spectra. The listed errors are arithmetic meanallfspectra shown in Figure
2.7. To quantify the discrepancies between model and datdrspwne calculated root mean
square (RMS) errors. We define the absolute RMS error as th8 BiMhe difference
between the two spectra. We define the relative RMS errorea&MS of the difference
divided by the data. The average and relative RMS errors @edd 6% for altitudes

greater than 12 km, at which cloud and®ivariability become important.

2.3.3 Lunar Eclipse Validation

We used the August 2008 lunar eclipse observations by EBalé (2009) to validate our
model. The data were taken between 20:54 UT and 22:16 UT 08 20Qust 16 at the
observatory of El Roque de los Muchachos in La Palma Islamdjdke LIRIS instrument
on the William Herschel Telescope. The spectral resolutiott range were-1000 and
0.9-1.5um for the observations we used for validation. During a lue@ipse, the sunlight
that reaches the moon’s surface traverses the Earth’s phason limb trajectories and
is refracted, producing a spectrum similar to a transitgnaigssion spectrum. The data are
taken at different times throughout the transit with déferangles between the Sun, Earth
and Moon (the solar elevation angle) (Garcia Mu@bal. (2012), Enric Pallé, personal

communication, 2012 April 28). The solar elevation angler@after referred to as in
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Table 2.1: Absolute and relative RMS errors for the modeltfitthe ATMOS data. The
listed errors for each altitude are averaged over all tha sletis available for that altitude.
The data and model fit very well down to 12 km, at which pointudeand cloud variability
increase dramatically.

ATMOS Data Validation Errors
Height (km) RMS Error (%) | RMS Fractional Error (%
100 3.5 3.5
75 3.1 3.1
50 3.1 2.9
40 4.1 2.8
30 4.4 6.0
25 4.4 9.3
20 5.8 12.5
12 18.9 >100
Average & 20km) | 4.0 5.7
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Figure 2.7: Altitude-dependent ATMOS spectra (red) and ehsgectra (blue). Multiple

ATMOS spectra are shown for each wavelength band and adtitddhe model and data
agree very well except at altitudes of 12 km and below. Ateredstudes, clouds become
important and vary spatially and temporally, leading torgéaamount of variation in the
12 km ATMOS data.

degrees) is the geocentric angle between the directiorcmfant sunlight and the direction
of the moon from the Earth’s center. The amount of refractiecessary for light from the
Sun to reach the lunar surface is largest at greatest e¢lpsanicheis at a minimum) and
decreases as the Moon leaves greatest eclipgarfasases). The change in the necessary
angle of refraction leads to variations in the lunar eclgsectrum as the eclipse progresses,
with more flux from progressively greater altitudes in thetifa atmosphere asincreases.
Figure 2.8 shows a comparison of the Pa&lt&l. (2009) lunar eclipse spectra and our

model spectra. Table 2.2 shows the absolute and relative &kt8s between the model

and data. The data and model spectra typically agree torwitthD%. Figure 2.9 shows
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the altitudes that are probed at selected values(tfe angle between the Sun, Earth and
the Moon) for the lunar eclipse spectra. The lunar eclipgetsa typically probe altitudes
between 2 and 18 km, and only probe altitude between 1 and 1df kme atmosphere near

greatest eclipse.

6
i
3 _ . ) . o
™ €=0.47 Vi M
24 e poyn P i
5 e=0.41 YO \
foll A
> ) \
5
£ 3
5 =0.30~"
© - » e=0. = ') [y
ot WA A
£ of . -
om0 33N /U’mm / "A\r‘\\‘
‘4(‘
1 PN,
s e=0.32"" 4 P

. . . .
%.9 1.0 11 1.2 13 1.4
Wavelength (microns)

Figure 2.8: Lunar eclipse spectra (black) and our modeltspédcolors) at various ge-
ometries denoted by the solar elevation anglen degrees. The shaded region denotes
wavelengths with low photon counts at which the data flux Ieegdould be considered
only upper limits. Our model fits the data with errors lessthige intrinsic discrepancies
in the data due to atmospheric spatial and temporal vaitiahitd any observational errors.
We consider the fits to the lunar eclipse data to be a validatiehe model, especially the
refraction portion.

We compared our errors in modeling the lunar eclipse spezttee inherent variations
in the data. The lunar eclipse spectra vary due to changd®iadlar elevation angle,
For geometries with similag values, the spectra should be nearly equivalent for a gitren a
mospheric structure and composition. Therefore, in oraguiantify the inherent variance
in the lunar eclipse data, we calculated the absolute aatvelRMS differences between
spectra with close values. We compared the following cases0.32, 0.33, 0.34 and

e=0.47 and 0.42, and found that the average absolute and relative diffeenere 8.2%
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Table 2.2: Absolute and fractional errors for the model btshie Palléet al. (2009) lunar
eclipse observations. The intrinsic variability in thealabrresponds to an absolute and
fractional error of 8.3% and 14.4%, respectively. Our magbectra generally agree to the
data within these errors, and on average our errors arehasghe intrinsic variability.

Errors on Lunar Eclipse Fits

e RMS Error (%)| RMS Fractional Error (%
0.32 5.8 10.5

0.33 7.1 12.2

0.34 5.1 9.2

0.41 9.0 18.4

0.42 5.0 7.1

0.51 5.2 7.1

Average| 6.2 10.8

and 14.2%, respectively. These deviations are likely due ¢combination of spatial and
temporal variations in cloud coverage, aerosols, or gaggatios and any observational
errors. The lunar eclipse observations were taken at diftaimes during the eclipse, such
that different portions of the atmosphere were being prasethe Earth rotated and dif-
ferent cloud fields came into view. We used a single model sprnere, so any spatial
variations cannot be accounted for using our method. Thegealiscrepancies ef8 and
~14% are slightly larger than our errors from our model valmaof 7% and 11%, so we
consider our fit to the lunar eclipse spectra to a be a vatidaif the model, especially the

refraction portion.
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Figure 2.9: Maximum transmitted flux at each altitude for lingar eclipse spectra at dif-
ferent solar elevation angleg)( The results shown here are for the shortest wavelengths,
but the wavelength dependence of the transmitted flux at&étide is small. For the lu-
nar eclipse spectra near greatest ecligs®.33), only the lowest 11 km of the atmosphere
were probed, and at the furthest point from greatest ecligs@.51) altitudes between 3
and 18 km were probed.

2.3.4 \enus Scattering Footprint

To specifically validate the scattering portion of the moaed calculated the scattering
footprint of the Venusian atmosphere and compared it tordiemretical calculations and
the scattering footprint of Venus Express Visible and IrddaThermal Imaging Spectrom-
eter (VIRTIS) in the near infrared. In contrast to our otheatsering simulations, we mod-
eled upwelling flux rather than flux transmitted on limb tcgies and other model pre-
dictions. We allowed up to 1000 scattering events for eadtgrhfor the model validation
because photons can be scattered hundreds of times aresstijbe the atmosphere. We
used the Crisp (1986) scattering parameters for the Veousl dhyers.

We use the backwards Monte Carlo model to simulate the pbdlat would reach an
orbiting spacecraft or Earth-based observer. We find tlees¢hattering footprint for 1.0m

photons that escape through the clouds and hazes in the@taresrom the surface have
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a standard deviation of 73 km and a full width half maximum ki#l Within these limits,
70% and 95% of the energy is enclosed, respectively. Thighlguagrees with previous
theoretical estimates of 90 km (Hashimoto and Imamura, paad 50-100 km (Moroz,
2002) and an estimate of the Venus Express surface resglutioch is~100 km (Smrekar
et al, 2010). Within 100 km, we find that 85% of the energy is endoseiggesting that
our results are comparable to other estimates of the Veratsesag footprint. We find
that photons are scattere®40 (mean) and-200 (median) times. 15% of photons emitted
from the surface reach the top of the atmosphere, and theso#ine scattered back to
the surface or are absorbed, which agrees with previous@s from Hashimoto and
Imamura (2001).
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Chapter 3

THE EFFECTS OF REFRACTION ON TRANSIT TRANSMISSION
SPECTROSCOPY: APPLICATION TO EARTH-LIKE
EXOPLANETS

In this chapter | investigate the effects of refraction @nsit transmission spectra and
transit light curves using the model described in Chapter Z&rth-like atmospheres over
arange of stellar types. In particular, | show that ref@tgreatly limits the detectability of
spectral absorption features for Earth-like planets orpiBun-like stars, but has a relatively
small effect for Earth-like planets orbiting M dwarfs. Ration also leads to temporal
variations, or changes in the transit light curve. Belowdraine how differences in these
variations result in altitude-dependent spectra. | al$cutaie the detectability of spectral
absorption features in the in-transit spectrum with andheuit refraction to show potential
applicability to JWST. | find that absorption features in #itude-dependent spectra will
be difficult to detect with JWST, but that in-transit featsifeom HO, CO,, and possibly
even CH and O may be detectable if 100’s of hours of telescope time can betdé to a
single target. Portions of this chapter were originally lmsi®d in collaboration with V. S.
Meadows and D. Crisp in the 1 September 2014 issue cAst®physical JournalMisra,
Meadows, and Crisp, 201ApJ Vol. 792, 61) and are reproduced below with permission

of the American Astronomical Society.

3.1 Modd Input Parameters

We modeled the effects of refraction in the atmospheres ahHike planets for a range

of stellar types from G2V to M9V. For each star, we placed arttEanalog planet at the
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flux-equivalent distance, that is, the distance from the atavhich it receives the same
bolometric flux as the Earth does from the Sun today. We habkdid two test cases for
our analysis of the effects of refraction and detectabgitydies: the Earth analog planet
orbiting a Sun-like star and an M5V star. For the solar speactwe used a Kurucz model
atmosphere (Kurucz, 1979). The other stellar spectra aperith NextGen (Hauschildt
et al, 1999) model spectra, which include elemental and moledwas . In particular,
the M5V spectrum has a temperature of 2800 K, a log of surfaaéty of 5.0, and solar
metallicity.

The model atmosphere developed for simulating Earth-kaknets is the ICRCCM
model atmosphere, and includes absorption from the gasesish Figure 2.6 along with
02-02, 02-N2 and N-N» absorption. The exoplanet model atmosphere does not iclud
clouds or aerosol particles. We convolved our high resotusipectra to a resolving power
of R=100, applicable to th8WSTNIRSPEC (Near Infrared Spectrograph) instrument in
single prism mode (Kohlest al, 2005).

3.2 Results

3.2.1 Maximum Tangent Pressure for Exoplanets

Planetary atmospheres have index of refraction gradiehishwieads to the refraction, or
deflection, of light. This refraction angle depends on thegosition of the atmosphere,
the pressure-temperature profile and the radius of theplaoeportions of the atmosphere
with sufficiently large deflection angles, there will be ndfpariginating at the host star
that traverses the planetary atmosphere and can reaclaatdibserver, and these portions
of the atmosphere will not be able to be probed by transistrassion spectroscopy. We
define the maximum tangent pressure as the pressure at Wi#tlobthe flux is transmit-
ted, which is roughly when the deflection angle is greatan tha angular radius of the host

star as seen from the planet.
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Figure 3.1: Maximum amount of transmitted flux at each alét@ior an Earth analog or-
biting a Sun-like star and an Earth-analog orbiting an M5%f.sThe maximum flux is set
by refraction and is independent of atmospheric opacity.tk® Earth-Sun case, the low-
est altitudes cannot be probed and the maximum tangentupee@efined as the pressure
at which 50% of the flux is transmitted) is 0.3 bars. For thetl=845V case, almost all
altitudes can be probed and the maximum tangent pressui@ s .

We explored the effect of the angular size of the star (as Beemthe exoplanet) on
the maximum tangent pressure cutoff for transit transmisspectra by running three test
cases: an Earth analog orbiting a Sun-like star (angula &iz54), an Earth analog
orbiting an M5V star (angular size of 2.2neasured from the exoplanet), and an Earth
analog with no refraction (assuming a large enough angidar ich that all pressures
can be probed), with the resulting spectra shown in Figuite Bae maximum transmitted
flux at each altitude, which is set by refraction, is shown iguFe 3.1. In the M-dwarf
case, transit transmission spectroscopy can probe pessasrgreat as0.9 bars (with a
corresponding altitude of 1 km), while it can only probe upt0.3 bars (14 km altitude)
for the Sun-like star case. The difference in maximum tahgesssure for the two cases

produces absorption features that are much stronger foittiearf case.
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Figure 3.2: Comparison of transit transmission spectrafoEarth analog orbiting a Sun-
like star (blue) and an Earth analog orbiting an M dwarf (r@dhng with an Earth analog
with no refractive effects included (black). Tlyeaxis is the effective absorbing radius
of the atmosphere (in km). As shown in Figure 3.1, the maxintamgent pressure that
can be probed is-0.3 bars for the Earth-Sun analog an@.9 bars for the Earth-M-dwarf
system. This limit is set by refraction and leads to diffeesin the two spectra. Because
it is possible to probe higher pressures for the M-dwarf céseabsorption features appear
much stronger. Therefore, in general, planets orbiting Mardsvshould show stronger
spectral signatures than planets orbiting more massive sta
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3.2.2 Temporal Variations Results

Figures 3.3-3.5 show how differences in the portions of tkegpanet atmosphere that are
backlit (i.e., light is transmitted from the host star antbtigh the exoplanet atmosphere
to a distant observer) as a transit progresses can lead fmtahvariations in a transit
transmission spectrum of an exoplanet. These figures steosptrctra for an Earth-analog
planet orbiting a Sun-like star from half a transit lengttopto ingress to center of transit.
The colors in each figure correspond to a different stageeofrmsit. During the earliest
stage (purple), only a small portion on the trailing (lefgrfpon of the limb is backlit, as
shown in Figure 3.3. The planetis not in transit yet, so mbt@atmosphere is not backlit
and the portions that are backlit are at altitude-15 km) at which the deflection angle is
large enough that light from the far (right side) limb of thargs deflected into the beam
to a distant observer. Most of the atmosphere is opaque haneftre the flux transmitted
through the atmosphere is small, as shown in Figure 3.4. Titedes that are probed in
this stage (and all other stages) are shown in the left-hded$ Figure 3.5. In the next two
stages of the transit (cyan and yellow), the angle of defiaatequired for light to reach a
distant observer is smaller than in the first (purple) stagehe portions of the atmosphere

that are backlit are at progressively greater altitudes {7 km and 5-30 km, respectively).

After ingress (blue), all altitudes above7 km are at least partially backlit and more
flux is transmitted through the atmosphere. As shown in tfiehknd side of Figure 3.5,
the upper atmosphere is entirely backlit, but portions efithver atmosphere are deflecting
light out of the beam to a distant observer. As the planethremcenter of transit (green,
then red), more flux can be transmitted at altitudes betwBemi 25 km, and slightly less
flux is transmitted at altitudes between 10 and 15 km. Theasetir of these flux changes is
that more flux is transmitted through the atmosphere, assiowigure 3.4. We note that
at center of transit, no pressures greater than the maximngent pressure can be probed.

However, prior to ingress (and after egress), it is posdiblerobe pressures greater than
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the maximum tangent pressure, and, in fact all the flux tramtesthduring the first stage
(purple) is transmitted for paths with tangent pressureatgr than the maximum tangent

pressure.

The differences in the spectra as the planet moves throegstdlyes of its transit can be
used to obtain vertical sounding, or altitude-dependesttsp of the exoplanet. The right-
hand side of Figure 3.5 shows the successive differencéisgdectra at each stage of the
transit, except for the first (purple) spectrum which is f@dtas it would be observed, and
can be considered the difference between the spectrum firéhetage and the spectrum
well before the planet approaches ingress. We take theeliite of the spectra to isolate
a specific vertical region of the atmosphere. For exampksgectrum shown in yellow
for the third stage is the difference between the spectrurthéothird (yellow) and second
(cyan) stage of the transit and corresponds to flux transdit tangent altitudes between
15 and 25 km. By looking at the differences in the spectra betweach stage of the transit,
it could be possible to retrieve altitude-dependent mixatips for gases in the exoplanet

atmosphere.

It is possible to probe below the ‘maximum tangent presshiegore ingress and after
egress, but the pressures and altitudes that can be prolhéeé Vimited by the opacity and
by critical refraction. Probing greater pressures (andefioee densities) in the atmosphere
may be limited by Rayleigh scattering, gas absorption, tinetton from clouds and hazes.
Paths will also be limited by critical refraction, in whichray cannot leave the atmosphere
because the index of refraction gradient is too great. Thes fundamental limit to the
pressures can be probed, and often limits the depth that sgdéem radio occultations
can probe (e.g., Fjeldbo et al., 1971). For an Earth-likegtathe layer of critical refrac-
tion is at a density of-4 times standard temperature and pressure (STP), whictdvieul
11 km below the 1 bar level for a higher-pressure Earth-ltkecsphere. While the long

path lengths in transit transmission will likely limit thegssures that can be probed, criti-
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Center of
Transit

Figure 3.3: Diagram showing which altitudes can be probedifégrent times during a
transit for an Earth-Sun analog. The colored regions cpoed to regions of the atmo-
sphere where light is transmitted, and the white regionpargons of the atmosphere that
are opaque to a distant observer. The colors correspone &ptttra colors in Figures 3.4
and 3.5. Prior to ingress, only low altitudes in the atmosgploan be probed. As the planet
moves from ingress to center of transit, more flux can be tnéttesd through progressively
higher pressures (or lower altitudes) until the maximungéam pressure is reached.

cal refraction may be the limiting factor for close-in plééwhich typically have greater
maximum tangent pressures) with very low opacity atmosggher

Figure 3.6 shows the temporal variations for an Earth anaibging an M-dwarf. The
variations correlate to differences at lower altitudeshaue a greater overall signal. The
absorption features are much deeper than for the Earth-&an lmecause the flux differ-

ences correspond to lower altitudes or greater pressunes pebed.

3.2.3 Detectability of Spectral Features

We calculated the S/N of spectral absorption features thdtide achieved with th&NVST
NIRSPEC instrument, assuming all transits in the five-ydeatiine of JWSTcould be ob-
served. Figure 3.7 shows the noise levels for the Earth-8alog, Earth-M5V analog
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Figure 3.4: Time-averaged spectra for the out-of-tranigft)(and in-transit (bottom) time
periods illustrated in Figure 3.3 during a transit of an B&8tin analog. The spectra are
shown in terms of ppm flux differences. The largest varigb{besides ingress) is seen
between ingress and one third of the way to center-of-ttafi$ie upper scale has been
expanded to better display the out-of-transit spectra.

and a flat continuum source. The noise levels vary with wangle because the stellar
fluxes are wavelength-dependent and also because the NIRSHiSitivity is wavelength-
dependent. Table 3.1 shows the S/N and signal level for a auoflspectral features for
four test cases: the Earth-Sun analog and Earth-M5V anekg) with and without re-
fraction. Many of the spectral features identified in th@siaitransmission spectrum of an
Earth analog around an M5V star could be detected\W5Tat the 3 level or greater,
assuming all transits in the 5 year mission lifetime are dead Table 3.1 shows that there
are BHO and CQ features with S/N ratios greater than seven. Furthermoren@d CH,,
which together are considered a very strong biosignaturedllock, 1965), are detectable
with S/Ns of~3 for the 1.27um O, band and the 2.3 and 3u8n CH,; bands.

Our results generally agree with previous detectabilitieudations. Deminget al.
(2009) find S/Ns for the 4.8am CO, band and HO bands between 1.7 and 3uth were

near 50 for habitable super-Earths at a distance of 10 pcseTBéN values are a few
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Figure 3.5: Altitude-dependent transmitted flux and spefdr an Earth-like planet orbit-
ing a Sun-like star. Left: altitude-dependent transmifted from pre-transit to center of
transit as deviations from the dotted line. Right: The peigpectrum is plotted as would
be observed, and all other spectra show the spectrum ofttug with the previous stage’s
spectrum subtracted from it, e.g., the cyan spectrum shwewditference between the spec-
trum in the cyan and purple stages. The six stages correspdimelstages and colors shown
in Figure 3.3. Taking the difference between the spectraet stage allows us to isolate a
specific vertical region of the atmosphere, permittingieatisounding of the atmosphere.
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Figure 3.6: Same as Figure 3.5, but for an Earth analog ogo#h M dwarf. The differ-
ences in flux occur at higher pressures than for the Earthc&smbecause transit transmis-
sion can probe higher pressures for the Earth-M-dwarf case.
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Figure 3.7: Noise estimates (in ppm) for an Earth-Sun anaod=arth-M5V analog, and
a flat continuum source of 510" 11W m 2 um~1. The exposure times are 234,000 s for
the Earth-Sun case and 1,000,000 s for the others.

times higher than what we have found, but our calculationevwd®ne for an Earth-like
atmosphere, while theirs were done for super-Earths witardnt compositions, some of
which had greater amounts o8 and CQ than the Earth. Kaltenegger and Traub (2009)
find much higher S/N values for their Earth-analog calcataj but we note that they do
not include accurate noise estimates J&¢STand do not include a factor af2 in their
calculations for the noise added when differencing ingitaand out-of-transit observa-
tions. Beluet al. (2011) find an S/N of between 5 and 10 for the g8 CO, band for a

super-Earth, which is consistent with what we find for a traetiE analog.

Refraction limits the detectability of spectral absorptieatures for all cases examined
here, with a greater effect for Earth-like planets orbitBun-like stars. For the Earth-M5V
case, refraction leads to a decrease in the predicted S/N &yesage 0f-10% for all spec-
tral features and-15% for H,O features. However, for the Earth-Sun case, refractiaitslea
to an average decrease in the S/INW§0% for all features and-75% for HO features.

We have further quantified this effect in Figure 3.8, whicbwsh the fractional increase in
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Table 3.1: Signal levels (in ppm) and signal to noise ratidNjSor molecular absorption
features for four different test cases, for the Earth-Swalagnand the Earth-M5V analog,
each with and without refraction included. The calculasiovere done assuming that all
possible transits are observed in JWST'’s 5 year missictiniée

With Refraction No Refraction
Absorption Feature Earth-Sun| Earth-M5V | Earth-Sun| Earth-M5V
Molecule| A (um) | SIN| S SIN| S SIN| S SIN| S

02 0.69 010000 |11 |01]00|01 12
02 0.76 040104 |6.2 |07 03|05 6.7
02-02 1.06 000009 |20 |04 01|12 27
02 1.27 030129 |51 |09 02|33 |59
o3 4.70 02 06|16 (18503 |08 |17 |193

CO2 2.00 0703 |75 |19.7 | 2.1 |09 |87 | 228
CO2 2.70 1511 |75 33719 |14 |78 |349
CO2 4.30 1019 |74 584 13|24 |78 |61.0
CH4 2.30 020143 (120 |10 06|51 146
CH4 3.30 03 (0335|172 0.7 |08 |3.8 189
H20 0.90 0100|2062 |10 03|25 7.9

H20 1.10 0100|2652 |09 03|31 6.3

H20 1.40 06 [0.2 66 156 |25 0.7 |79 | 183
H20 1.90 04 02|66 |163 |20 |08 |80 |19.6
H20 2.70 040329 (12308 |05 |31 132
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Figure 3.8: Fractional increase in integration time regghito achieve the same S/N for
absorption features in a refracted spectrum compared witmarefracted spectrum versus
the angular diameter of the star from the Earth analog’'speet&ve. The stellar masses
given on the topx axis are the mass of the star for a given angular diametemasgu
the Earth analog is orbiting at a flux-equivalent distancehe distance where the top of
atmosphere incident flux is 1373 Wth Molecules that are concentrated at the lowest

altitudes, such as #0 and dimer molecules, are the most affected by the cutofbget
refraction.

integration time required to obtain the same S/N for speteetures in a refracted spec-
trum compared to a non-refracted spectrum as a functioreddnigular diameter of the star
from the planet’s perspective. We find that molecules thatcancentrated at the lowest
altitudes, such as 40 and Q dimer molecules, would require the greatest increase é int
gration time to be detected for the refracted model spe&vanly mixed molecules (like
CO, and @) and molecules concentrated in the stratosphegg ty@ically require lower
increases in integration time. For all molecules, plandtgting M-dwarf stars require the
smallest increases in integration time because almostitive @atmosphere can be probed.
In contrast, a factor of 16 increase in integration time wldug required to detect multiple
H>O absorption features in the spectrum of an Earth-like plangting a Sun-like star

because pressures greater thdh3 bars cannot be probed due to refraction.
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Observations witdWSTwill not have sufficiently low noise to obtain vertical sound
ings for an Earth-like planet. The S/Ns for even the strohfgzdures in any of the tem-
porally varying spectra are no greater thah.7 for the Earth-M5V case and far lower for
the Earth-Sun case. However, we find that by integrating allevavelengths, it may be
possible to detect broadband temporal variations due taatdn with S/Ns of 4.6 (out
of transit) and 8.1 (in transit) for the Earth-M5V case anfdl (but of transit) and 2.3 (in
transit) for the Earth-Sun case. The out-of-transit breadbrefracted light signal would
be an increase in flux just prior to ingress and subsequegtésein the transit light curve,
while the in-transit refracted light signal would be an g&se in flux from ingress to cen-
ter of transit, then a decrease from center of transit tossgré/hile detecting broadband
variations would not reveal anything about the verticalimgxatio profiles of atmospheric
gases, it could potentially be used to estimate the alt#ubat can be probed in transit

transmission. A more detailed exploration of this concegiresented in Chapter 4.

3.3 Discussion

As described in Section 3.2.1, the maximum tangent preskatean be probed is greater
for larger apparent angular stellar sizes. For the exofdamieose transit transmission spec-
tra have been recorded to date, the maximum tangent predsave been large (typically
> 10 bars) due to the small planet-star distances (and thyes égaparent stellar diameters).
At these pressures, all atmospheres should be opaque dakismn-induced absorption
or pressure broadening, suggesting that all opticallyphihs will be largely unaffected by
refraction. Therefore, the effect of refraction is smailrimost observations of very close-in
planets, such as hot Jupiters of hot Neptunes.

The maximum tangent pressure can influence how observaliesigature could be
for an exoplanet. As shown in Figure 3.2, Table 3.1 and Fi@ue absorption features

for a habitable planet orbiting an M dwarf are much strongantfor a habitable planet



63

orbiting a Sun-like star because most of the atmospheree@ndbed for an Earth analog
orbiting an M dwarf, while only pressures less than 0.3 bars lwe probed for an Earth
analog orbiting a Sun-like star. This also has implicatifmmgotentially habitable planets
orbiting white dwarfs. Planets in the habitable zones oftevkiwarfs could show very
strong transit transmission signals (Agol, 2011). Addigyy, white dwarfs have similar
temperatures to the Sun, and the angular diameter of the wiarf for a planet in the
habitable zone is roughly the angular diameter of the Sum filoe Earth’s perspective.
Loeb and Maoz (2013) find that five hoursSTintegration time are required to detect
the & A band on an Earth-like planet orbiting in the habitable zohe white dwarf, but
because of refraction we calculate that the integratioe tivill increase by as much as a

factor of six for detecting the £A band for Earth analogs orbiting white dwarfs.

We demonstrate how temporal variations in a transit trassiom spectrum can be used
to obtain vertical sounding in exoplanet atmospheres (gpeé¢s 3.3-3.5). Vertical sound-
ing in an exoplanet atmosphere can provide a wealth of irdition relevant to atmospheric
structure. Vertical profiles of gas mixing ratios can rewshkther or not a gas is evenly
mixed in an atmosphere. Unevenly mixed gases, such as Ok and HO in Earth’s
atmosphere, can provide information about surface fluxestgechemistry, UV shielding,
and the presence of a cold trap, or a layer in the atmosphereieth water condenses and
forms clouds.JWSTwill likely not be able to use the techniques described hermbtain
vertical sounding of an Earth-like exoplanet at 10 pc, asSitNs for these features are all
below two (see Section 3.2.3). Therefore, these types arghtgons will not be possible
until noise levels of a few times lower than those shown inuFeg3.7 can be achieved,

which would require a larger ground or space-based obseyvat

Starspots and other forms of stellar variability could progl temporal variations in a
transit transmission spectrum that could mimic the reivactignatures described in Sec-

tion 3.2.2. As a transiting exoplanet passes over a stars@atiotal amount of flux blocked
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from the planet decreases because starspots tend to be tt@widhe stellar photosphere.
This leads to a reduction in the occulted flux. Similarlyraefion leads to an increase in
flux, or decrease in absorption, as the planet nears centearsiit. For the out-of-transit

variations, a starspot setting on the stellar limb coulepbélly lead to an increase in flux
just prior to ingress or just subsequent to egress, whicHdwoumic the signal predicted

from our refraction model. For either the in-transit or @itransit variations, the wave-
length dependence of the variations could be used to disshgetween refraction and
stellar variability because variations due to refractiah exhibit spectral absorption fea-

tures from the planetary atmosphere (see Figures 3.4 alj.3rbcomparison, starspot
spectra are similar to blackbodies with effective tempees lower than that of the rest
of the stellar photosphere. Therefore, the wavelength rigrece of the temporal varia-
tions could be used to distinguish between stellar vaitsi@hd a signal due to refraction,

potentially even with observations in two broadband filiErecessary.

Refractive effects will also be more repeatable than thbostetiar variability. Starspots
have limited lifetimes and will rotate in and out of view. Thaation periods of planet-
hosting stars are on the order of days, and longer for M dwttQuillan et al, 2013;
Nielsenet al, 2013). For the cases considered here, the transit dungtion the order
of hours and the transit periods are typically tens of daygfanets orbiting M dwarfs
and hundreds of days for planets orbiting earlier-typesst@ecause the transit duration is
generally much shorter than the stellar rotation periog stlarspot pattern on a star will be
relatively static over the course of a transit and will ualikbe able to produce temporal
variations similar to out-of-transit variations due toreetion. Furthermore, the starspot
pattern on a star will be different for each transit, makinigiprobable that temporal vari-
ations due to stellar variability would be seen over mutiphnsits. On the other hand,
variations due to refraction should be constant betwearsitig such that the repeatabil-

ity of the variations could aid in distinguishing betweeallstr variability and refractive



effects.
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Chapter 4

DISCRIMINATING BETWEEN CLOUDY, HAZY AND CLEAR
SKY EXOPLANETSUSING REFRACTION

Planets with high-altitude clouds or hazes have been shoviae ttommon and very
difficult to characterize in transit transmission speatopsy. It is currently difficult to know
a priori whether or not a planet will be hazy or haze-free hstihat a significant amount
of telescope time must be devoted to a target planet befem @&vough determination can
be made concerning hazes. In this chapter, | present a wagttogliish between hazy
and haze-free (and potentially cloudy and cloud-free) giienising refraction. Refraction
leads to an increase in flux prior to ingress and subsequegtéss. | show that a detection
of refracted light in the out-of-transit light curve is iditive of a haze-free atmosphere.
| find that this effect could be detectable wittilO hr of JWST time for Jovian planets
and <10 hr of E-ELT time for Earth-sized planets for planetary iglquum temperatures
roughly between 200 and 500 K. This technique could provideaively rapid means to
characterize an exoplanet as hazy or haze-free and therdéottify targets most favorable
for extended follow-up observations. Portions of this ¢dbapvere originally published
in collaboration with V. S. Meadows in the 1 November 2014iéssf theAstrophysical
Journal Letters(Misra and Meadows, 2014pJL), Vol. 795, L14 and are reproduced

below with permission of the American Astronomical Society
4.1 Introduction

Hazy transiting planets have been shown to be difficult toaxttarize, even in extended

transit transmission observations (Kreidbetgal., 2014). Therefore, it would be benefi-
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cial to have a method to distinguish between hazy and haeeglianets before significant
amounts of telescope time are used to obtain a flat, featsrefgectrum. Benneke and Sea-
ger (2013) propose that measurements of absorption wirgséss, or a comparison of
the depths of multiple absorption bands, could be used tmdigssh between cloudy/hazy
and clear sky planets. Since both methods require relgtoketailed characterization of
absorption features, these techniques may not discrimimgtiveen a hazy and haze-free
planet before considerable amounts of telescope time &k Us contrast, the refractive
signal could be detected in the absence of absorption fsgtand the signal could be
binned over a wide range of wavelengths, increasing ddigitygaWhile refraction can set

a mid-transit maximum transit pressure (or minimum tangétitude) that can be probed
by transit transmission spectroscopy (Garcia Mugtad., 2012; Bétrémieux and Kalteneg-
ger, 2014) refraction provides the deepest probe of an gihewe pre- and post-transit (see
Chapter 3) when it also generates a refractive halo aroumexbplanet, increasing the
observed flux (Sidis and Sari, 2010; Garcia Muioal., 2012; Garcia Muiioz and Mills,
2012). Sidis and Sari (2010) derive analytic expressionshie halo brightness for both
transparent atmospheres and atmospheres with extinotionRayleigh scattering. Garcia
Mufozet al. (2012) and Garcia Muiioz and Mills (2012) examine the cphb@wther by
generating spectra of refracted light for the Earth and famis.

Here, | expand on previous work by showing that a detectiorefrhcted light in a
transit light curve pre-ingress and post-egress wouldlptdechazy atmospheres, because
hazes tend to obscure the layers of the atmosphere thattréffat to a distant observer.

I show that this signal could be more readily detectable spattral absorption features
in some cases and could be valuable for selecting targetsiéwe extended follow-up

observations.
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4.2 Methods

We quantified the signal of refracted light as the differendbe average value of the transit
light curve between two stages of the transit event. We caagerter of a transit length as
the time bin to maximize the signal-to-noise ratio (S/N)tfog majority of cases we exam-
ined. As can be seenin Figure 4.1, most of the refracted flseas in the quarter of a transit
prior to ingress, so dividing the transit into longer stagesild reduce the time-averaged
signal. Stages with shorter durations could increase the-tveraged signal, but would
have greater noise levels because of the shorter integitatie. Refracted light brightness
is more strongly peaked just outside of transit for planath wquilibrium temperatures
(Teq see Borucket al. (2011) for definition)>600 K, but we find that even for these cases
adopting a time bin of 5% of the transit length results in @o&@/N for Teq <600 K and an
increase in S/N by only a factor 62 for planets with greater temperatures

We used a suite of planetary atmospheres to calculate tteeted light signal. These
are shown in Table 4.1. We have selected a combination of sgéiem analogs as well
possible super-Earth and mini-Neptune atmospheres tor @wvéde range of potential
planetary atmospheres. We assumed thedéiminated atmospheres have a solar H/He
ratio (90% H, 10% He) for simplicity, but the small change Ine trefractive index for
different H/He ratios should have a negligible effect on sults. For the super-Earth and
mini-Neptune planets, we ran our models on four test casepdn the most likely bulk
atmospheric compositions: 100% Nsolar composition, 100% #D, and 100% C@)

Out-of-transit refracted light must be deflected by a langeugih angle to be directed
into the beam to a distant observer. The characteristiceanfgtieflection (in radians) is
~R,/d, (where R is the stellar radius and is the planet-star distance) which is also half
the angular size of the star, as seen by the planet. For egahgif a transit length prior to
ingress on the trailing side of the planet, light origingtat the near and far limbs of the star

would have to be refracted by.Rl and 3R/d respectively, to reach a distant observer. More
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Figure 4.1: Pre-transit light curve for a 300 K Saturn-agadobiting a Sun-like star from
half a transit length prior to ingress up until ingress. Refion leads to an increase in
flux prior to ingress (and subsequent to egress by symmetityls particular case gives
the greatest peak brightness for all cases orbiting Sundliirs. We define the signal of
refracted light as the average flux level in stage 2 (justrggangress) minus the average
flux level in stage 1.
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than half a transit length prior to ingress, the requiredactfon angles would increase, and

closer to ingress they would decrease.

Based on the qualitative description given above, the bmggs of the refracted light
signal depends on the angles of refraction at each altituda atmosphere and the planet-
star geometry. The deflection of light by a planetary atmespltan be calculated by
our model from the atmospheric scale height, the planetus (R,), and the index of
refraction of the atmosphere. For each test cageaml the refractive index are given.
The scale height is determined from the surface gravity,mmealecular weight of the
atmosphere, anded. Surface gravity is given for each test case, and the meaaauiar
weight is determined by the composition. We ran our modelufations over a grid of
isothermal atmospheres witlgfrom 100 to 1000 K, covering a wide range of atmospheric
scale heights. We chose to use isothermal atmospherespficty after testing other
temperature profiles with realistic tropospheric lapsesand stratospheric temperature
inversions and finding no significant difference in our resulThe planet-star geometry
is determined by R R;, the impact parameteb), andd. The impact parameter is the
sky-projected distance at conjunction, in units of stetidius (Winn, 2011). To cover
the full range of planet-star geometries, we ran our sinanatover a range of values for
b, planetary albedo, and stellar types from M9 to F5, consingithe stellar radius and

luminosity.

Because the model simulations presented in this chapteotdexplicitly calculate the
effect of cloud and aerosol opacity, we simulated the efééa cloud or haze layer by
truncating the depth of the measurable atmosphere at actbastic pressure layer. To
determine appropriate pressure cutoff layers for the timai® aerosol cases under consid-
eration, we used our modeling results and examples of clandsazes in our own solar
system to select pressure cutoffs at 1 bar (clear sky casefabds (cloudy case), and 1

mbar (hazy case). We chose 1 bar as our clear sky pressufebmdause at pressuresl
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Table 4.1: Planetary Atmosphere Test Cases

Planet Type Radius Composition Refractive Index SurfaciBr

(km) at STP (ms?)
Earth 6371 N 1.00029 9.8
Super-Earth 12742 N 1.00029 9.8
Mini-Neptune 12742 bl 1.00012 9.8
H,O Super-Earth 12742 10 1.00026 9.8
CO; Super-Earth 12742 GO 1.00044 9.8
Neptune 24622 [ 1.00012 11.1
Saturn 58232 bl 1.00012 10.44
Jupiter 69911 bl 1.00012 24.8

bar, our modeling indicates that atmospheres within thgeari compositions under con-
sideration are optically thick nearuin (the central wavelength for our transit simulations)
when only Rayleigh scattering is included. For the pressuteff for cloudy atmospheres
we chose 0.1 bars, which is a characteristic lower pressmie for the tropopause for
atmospheres of a range of different compositions (RobirmsahCatling, 2014), and the
majority of clouds are found within a planet’s troposphérastly, we chose 1 mbar as the
hazy pressure cutoff because hazes are typically genenatptiotochemistry in the upper
atmosphere at pressures near 1 mbar. For examplgrat\enus is optically thick1=1)

in transit transmission at 90 km-Q.1 mbar) (Ehrenreicht al, 2012) and Titan is optically
thick at~240 km (0.5 mbar) (Belluccet al., 2009). Because hazes form at pressurés
mbar in both a warm C®dominated atmosphere and a colgtlbminated atmosphere, we

chose 1 mbar as a reasonable cutoff for hazes over the paraspate we explore here.
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4.3 Results

Table 4.2 shows the ppm flux change, the required integrétioey the number of transits
and the total time (from first transit to last) for detectimdracted light for each test case
over the suite of parameters. The results shown here ara dbado of 0.15, but results for
other albedos are available onltn@ur results indicate that Saturn analog planets exhibit
the most detectable refracted light of any of the cases Isec&aturn has a radius close to
Jupiter’s radius and a lower surface gravity, which incesake atmospheric scale height
at a given temperature. The amplitude of the refracted bggral (as defined in Section
4.2) is no larger than half a scale height for all cases we bagtred here. The maximum
flux amplitude for planets orbiting Sun-like stars is 10 pmmd 300 K Saturn analog. The
other H cases have maximum amplitudes of 6, 4, and 2 ppm for the Juidiptune, and
Mini-Neptune cases, respectively. The greatest ppm sgaralfor planets orbiting around
MOV stars, for which the signals can increase by nearly twiters of magnitude to 950
ppm for a 200 K Saturn analog.

Figure 4.2(a) shows the JWST out-of-transit integratioretrequired to detect refracted
light for the four H-dominated atmospheres: Jupiter, Saturn, Neptune anaogsthe
“mini-Neptune”, all without clouds or hazes. For many of thaturn and Jupiter-analog
cases, refracted light could be detecteeit0 hr of JWST time. This integration time can
be achieved in 1 transit for Jupiter and Saturn-analog pdawéh Teq <600 K orbiting
F, G, and K stars, and ir5 transits for g <400 K orbiting M dwarfs. For cases in
which multiple transits are required, the total time fronstfiransit to last is<1 year, and
typically <6 months. Figure 4.2(a) shows our results for an impact patenp) of 0.0,
with observing times required increasing by 1% bx0.2, 10% forb=0.6, and 30% for
b=0.9.

Figure 4.2(b) shows the E-ELT integration time required étedt refracted light for

Ihttp://iopscience. i op. org/ 2041- 8205/ 795/ 1/ L14/ ful | t ext / apj | 502896t 2_nrt . t xt
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Figure 4.2: (a) JWST integration time required to deteataated light for H-dominated
atmospheres. The results assume that observations areanagen with R=100, for a
planet at a distance of 10 pc. The planets with the most ddtkectefracted light signal are
those with £q < 600 K for solar-type stars and 400 K for M dwarfs. For many Jupiter and
Saturn-analog cases, refracted light could be detectéduti® hours of JWST time. (b) E-
ELT integration time required to detect refracted lightfrand H atmospheres, assuming
that 50 wavelength bins can be summed ové®=t00. Refracted light is most detectable
for the non-hazy atmospheres, and therefore could be ushstitoguish between hazy and
non-hazy worlds.

super-Earth and mini-Neptune atmospheres With.0. We calculated the signal levels for
N2, H,O, COy, and H atmospheres, but only a comparison of &hd H atmospheres
is shown here. We find that refracted light could be deteetabk 10 hr of E-ELT time
for many of the clear sky atmospheres, and even some cloudysaheres. In contrast,
detecting refracted light for a hazy exoplanet would regf00 hr for all the planetary
atmospheres we considered. Here we have assumed that gsblgoto bin over at least
50 spectral resolution elements. The justification for tkifound in Figure 4.3, which
shows the wavelength-dependent refracted light signa2 fleg, planet with an Earth-like
atmosphere. A larger change in effective radius at a giverelgagth means a stronger flux

from refraction prior to ingress or after egress. Betweénabd 1.35um - shortward of a
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major HO absorption feature and where Rayleigh scattering opaatie small - there are
~50 spectral resolution elements that could be summed. Foh&aalog atmospheres,
there is a relatively large flux difference at all these wamgths. Therefore, we consider
binning over multiple spectral resolution elements to dase the integration time to be a
valid approach, at least for;Ndominated planets like Earth.

The greatest amplitude of refracted flux for the Sluper-Earth cases around a Sun-

like star is 0.12 ppm for a 400 K planet. For the cloudy case nlaximum amplitude is
0.06 ppm at 200 K. The cloudy#tases have amplitudes between 0.2 and 1.0 ppm, but
only for the very cold £200 K) cases. The amplitudes for the hazyddses are all below
0.025 ppm, and below 0.005 ppm fogqm>150 K. The number of transits required to detect
refracted light with E-ELT is 1 for clear sky NSuper-Earths witfTeq <800 K orbiting F,
G, and K stars, ane 3 for Teq <500 K for those orbiting M dwarfs. As with the Jupiter and
Saturn analogs, 3 transits is, from the first transit to lasich less than a year and typically
<3 months. Cloudy atmospheres wite;k250 K could exhibit detectable refracted light
signals, but hazy atmospheres have largely undetectdibéeted light signals except for

some very cold (§;~100 K) cases.

4.4 Discussion

The detection of refracted light is easier in haze-free apheres, where the transmit-
ted flux can penetrate to pressure levels where refractistrasiger (see Figure 4.2(b)).
However, discriminating between cloudy and hazy worlddadbe more challenging. For
example, for a 600 K b Super-Earth orbiting a Sun-like star (and for the majoritpa-

rameter space), a null detection of refracted light woulddesistent with either a cloudy
or hazy atmosphere, with no apparent way to differentiatesdéen the two. On the other
hand, for a 250 K N Super-Earth orbiting a Sun-like star, both the clear sky @oddy

cases are consistent with a detection of refracted lightldiafy these results, one would
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Figure 4.3: Wavelength-dependent changes in the outasir light curve for a 2 R
Super-Earth with an Earth-like atmosphere, representeédeashange in effective radius
(km). The spectra shown are the differences in the spectreekba Stage 2 and Stage 1
of the transit (see Figure 4.1). This figure shows that theacééd light signal could be
detected over a wide wavelength range, and that it shouldégilge to bin over multiple
spectral resolution elements to reduce the integratioa tiseded to detect refracted light.

need to quantify the refracted light, which would requirerenobserving time. Overall, a
detection of refracted light is indicative of a non-hazy asphere and, for some regions of
parameter space, quantifying the refracted light flux caiddin uniquely discriminating

between cloudy, hazy, and clear sky atmospheres.

The refracted light brightness is strongest for planeth Wig, < 400 K for planets or-
biting M dwarfs and< 600 K for planets orbiting F, G and K stars. We find that retdct
light is undetectable for very high temperature planets.neo, close-in planets, the planet-
star distanced) is small, such that the characteristic deflection angle & large, and that
large refraction angles are required to produce a stromgatefd light signal. For d;>800
K, angles this large would require probing pressures gréiaga 1 bar, where most atmo-
spheres should be opaque, meaning that atmospheric opasitlys in low refracted light

signals. For the coldest £§ <150 K) planetsd is large and the refraction angles for clear
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sky atmospheres are often much larger thafdRThis results in more refracted light be-
ing observed further away from ingress and egress, inergdlse average flux in Stage 1
relative to Stage 2 and reducing the overall detectab#ige (Figure 4.1).

In the near future, E-ELT could be used to identify non-haateptially habitable plan-
ets, which have 188T¢q <260 K (Kopparapwet al. (2013), Ravi Kopparapu, private com-
munication). As shown in Table 4.2 and Figure 4.2, refradigiot could be detectable
with one transit with E-ELT, ok5 hr of out-of-transit E-ELT time for potentially habit-
able N dominated Super-Earths orbiting F, G, and K stars. For péaombiting M dwarfs,
the required number of transits is typically less than twihw total integration time of
<5 hr. Hedeltet al. (2013) estimate that it could take up to 10 transits to dd#e@ and
CO, for Earth-like planets orbiting F, G, and K stars with E-EL3ing filter photometry,
and Rodler and Lopez-Morales (2014) find that it would tak0 hr of E-ELT time to
detect Q for Earth-like planets orbiting M dwarfs using high-resodn (R>10,000) spec-
troscopy. These estimates are larger than the amount affdtansit E-ELT time necessary
to detect refracted light for potentially habitable planétherefore, because refracted light
could be more detectable than spectral absorption featio@sng for refracted light to
distinguish between hazy and non-hazy exoplanets couldusefal tool in selecting exo-

planets for extended follow-up observations.
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Table 4.2: E-ELT results were calculated assuming 50 spleresolution elements could
be binned over. Results shown here are for most favorablescasbiting Sun-like

stars. Full table can be found alittp://i opsci ence. i op. org/ 2041- 8205/ 795/ 1/
L14/ful | text/apj|502896t2 nrt.txt

Planet g T Atm. Albedo Flux Int. E-ELT  Tot. Int. JWST  Tot.
Type (K) (K) Type (ppm) Time (h) Transits Time (yr) Time (h) afrsits Time (yr)
Earth 400 5780 clearsky 0.15 0.13 477 1.0 0.3 999.00 781.2 1.923
Super-Earth 450 5780 clearsky 0.15 0.29 091 1.0 0.2 999.0066.91 34.8
Mini-Neptune 250 5780 clearsky 0.15 1.98 0.02 1.0 1.2 2765 .0 2 24
H,O Super-Earth 400 5780 clearsky 0.15 0.41 045 1.0 0.3 640.783.9 21.9
CO;, Super-Earth 600 5780 clearsky 0.15 0.22 1.60 1.0 0.1 999.003.73 34.6
Neptune 250 5780 clearsky 0.15 3.79 0.01 1.0 1.2 7.58 1.0 1.2
Saturn 300 5780 clearsky 0.15 1098 0.01 1.0 0.7 0.90 1.0 0.7
Jupiter 350 5780 clearsky 0.15 6.39 0.01 1.0 0.4 2.66 1.0 0.4
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Chapter 5

THE EFFECTSOF MULTIPLE, DIRECTIONAL SCATTERING ON
TRANSIT TRANSMISSION SPECTROSCOPY

In this chapter, | examine the effects of forward scatteandransit transmission spec-
tra and transit light curves. Forward scattered light camease the observed flux in the
transmission spectrum, altering the scattering continutight can also be scattered before
ingress and after egress, and could be detectable in tt@gsicurves. A detection of out-
of-transit scattered light would suggest the presencegiflhiforward scattering aerosols
in the planet’s atmosphere, and could be a powerful diagntusil for characterizing exo-
planet atmospheres. Portions of this chapter will be subthibThe Astrophysical Journal

in collaboration with V. S. Meadows.

5.1 Introduction

Most transit transmission spectroscopy models includmetidn from clouds and hazes
(e.g., Fortney (2005); Howe and Burrows (2012); Vahidietaal. (2014)), but to date,
few have included the effects of multiple scattering. Telic scattering is treated only
as extinction; that is, when a photon is scattered it is assuto be removed from the
beam that would reach a distant observer. However, muligdétering concentrated in the
forward direction could be important, as photons that aredod scattered will not deviate
significantly from the initial trajectory and could stillaeh a distant observer. de Kok and
Stam (2012) look at multiple scattering in transit transios, examining case studies of
HD 189733b in transit transmission and Titan in occultatiasurements. Here we build

upon this previous work by exploring the general effectscatt®ring for exoplanets over a
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range of stellar types and planet-star distances.

We show that scattering increases the total flux observed the planet (when com-
pared to treating scattering as extinction), with greateraases in flux for planets orbiting
near to their parent star. We also explore the effect of egat on transit light curves.
Scattering has been proposed as an explanation for thecligihe of KIC 12557548Db, in
which there is an increase in flux prior to ingress (Rappagtat, 2012; Crollet al,, 2014).
Although KIC 12557548b is thought to be a disintegratingiptebecause of its proximity
to its host star, scattering could be detectable in the tightes of planets orbiting further
from their host stars. As discussed in Chapter 4, refrad@omalso lead to increases in flux
in out-of-transit light curves. We first present the effefdiooward scattering on transit light
curves. Then, at the end of this chapter, we compare thetefiéscattering and refraction

on transit light curves and show how to discriminate betweertwo.

5.2 Modd Atmospheres

We simulated spectra with and without the effect of forwasdttering for Wasp-12 b and
Venus. We ignore refraction at first to isolate the effeciooiiard scattering, and then com-
pare the relative effects of scattering and refraction ataihd of this chapter. Wasp-12 b
presents an ideal opportunity for making predictions fowfrd scattered light because it is
very close to its host star (resulting in a large scale heagldttherefore large transmission
signal) and there is evidence of possible aerosols in itogimere from its moderately
high albedo (Cowamet al, 2012), and spectral absorption features that are muchexeak
than what would be predicted for a cloud- and haze-freatrhosphere (Stevensenal,
2014). For simplicity, we generated spectra for Wasp-12 th wnly aerosol absorption
from Al,O3 and FeOgs, which are candidate condensates for high-temperatuneisléike
Wasp-12 b (Singt al, 2013). The scattering properties were calculated usingeasbatter-
ing code (Bohren and Huffman, 1983), with publicly avaiabptical constants for AD3
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(Koike et al,, 1995) and FgOs ! used in our spectral simulations.

Venus presents another good test case for forward scattieecause it has 5 aerosol
particle layers, many of which are highly forward scattgiimthe visible and near-infrared.
For Venus, accurate atmospheric data are available so veeajed a spectrum with gas ab-
sorption, Rayleigh scattering, and aerosol absorptionu¥eel temperature and gas mixing
ratio profiles from two sources, one for altitude85 km (Bezarcet al, 1990) and another
for greater altitudes. Including high-altitude atmospherformation is necessary because
previous studies have shown that the effective absorbidigisaof Venus can be as great
as~120 km in the 4.3am CQO, band (Garcia Mufioet al., 2012; Ehrenreiclet al., 2012),
which is greater than the extent of the Bezatdal. (1990) atmospheric sounding data.
Therefore, we included the temperature profile ang @1xing ratio profile from Gronoff
et al. (2008), which is applicable to the upper atmosphere. Akkogas mixing ratios were
assumed to be negligible above 95 km. The absorption festiiat require atmospheric in-
formation above 95 km are all due to @&o this assumption should not greatly affect the
spectrum. To model the aerosol opacity, single scattetivepa, and scattering phase func-
tion we adopted the cloud and haze parameterization frosp€ti986), which is based on
Pioneer Venus orbiter and entry probe data. The scattehaggfunctions were calculated
using optical constants for430, from Palmer and Williams (1975) and a Mie scattering
code (Bohren and Huffman, 1983).

We also modeled the effect of forward scattering on transimsspectra and transit
light curves over a grid of planetary radii, planetary atpteeric scale heights, angular
stellar sizes and asymmetry parameters. The angular raflite star (as seen by the
planet) determines the range of angles a photon can berschlig and still reach a dis-
tant observer, to first order. The asymmetry parameter wed wascalculate the Henyey-

Greenstein phase function (Henyey and Greenstein, 1941 HEnyey-Greenstein phase

Ihttp://www.astro.uni-jena.de/Laboratory/OCDB/oxktrhl
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function is an analytic phase function that depends on tieaeetry parameteg. While

a useful approximation when simulating a wide range of casedone here, we find that

these phase functions underestimate the forward scajtpeak of the phase function for

particles whose size is greater tha3 times the wavelength of incident light. When con-
straints can be placed on the aerosol composition, as aboVéasp-12 b and Venus, Mie

scattering would be a more accurate method for calculatiaiering phase functions. The
planet radius and scale height determine the average pajthketaken through the atmo-
sphere, and thus the optical depth in each layer. Additipriale scattered light signal is

proportional to the atmospheric scale height.

The model results were used to estimate the detectabiliscattered light for hypo-
thetical planets at 10 pc. For a given planetary equilibriemperature and stellar effective
temperature we determined the atmospheric scale heigén ¢ie planet’s surface gravity
and composition, which are specified for each test case (sapt€& 4 for details on test
cases). The scale heights of the atmospheres were cattalsgeming a fixed albedo of
0.3, which is appropriate for the Earth with clouds but wauded to be adjusted depending

on expected cloud or haze type.

The scale heights of the clouds and hazes in the isothermalsaheres were fixed to
the pressure scale height. The haze scale height is rougidy ® the pressure scale height
for H,SOy in the upper atmosphere of Venus (Crisp, 1986) and is sligitdater than the
pressure scale heightin Titan’s atmosphere (Bellatal.,, 2009). For clouds that condense
out, the haze scale height is often betwedh2 and 0.6 times the pressure scale height,
depending on the droplet sedimentation (Ackerman and Ma2@01). Therefore, while
we assume the aerosol scale height is equal to the pressieensight here for simplicity,
when applying the results shown below to observations ofeziip exoplanet multiple

scale heights would need to be considered.
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5.3 Results

5.3.1 Forward scattered light in transit transmission

We calculated the amount of forward scattered light for gtanwith planetary radii from
half an Earth radius to a Jupiter radius and for atmosphegatesheights from 1 km to
1000 km. This range of planetary radii and scale heightsrsogoplanets from 2000 K
Hot Jupiters to cold, Mars-sized objects. For each pair af@lary radii and scale height,
we ran our model with Henyey-Greenstein phase functions sdgattering asymmetry pa-
rameters from 0.1 to 0.95. We also ran models for stellar langadii (as seen from the
exoplanet) up to 20 degrees (ér>2.7), which is the largest angular radius for any known
exoplanet (Wrightet al,, 2011).Additionally, the Roche limit is 2.44R. (assuming equal
stellar and planetary densities) resulting in an angutiiusof 22.3 degrees, which is likely

the absolute upper limit for the angular radius of the star.

Figure 5.3.1 shows the results of our forward scatteringutations for two test cases:
an Earth-radius planet with a scale height of 50 km and aduggtlius planet with a scale
height of 400 km. These cases correspond to a 1000,K-g8bminated atmosphere and a
1000 K, H-dominated atmosphere, assuming Earth-like surfacetgrawle find that the
most favorable cases for showing the effect of forward scaty are for planets that are
very close to their host stars, which will tend to be hot ptan& he results show that for
highly forward scattering particles (larggwvalues), there can be a decrease in the effective
absorbing radius of the planetary atmosphere bfscale height, compared to models that
only include extinction from aerosols. While we show resuhly for two radius-scale

height pairs, we find similar results for all of parametercgpa

We examined the effect of forward scattering on the spectstithe hot Jupiter Wasp-
12 b. As previously noted, the lack of strong spectral alsmrfeatures and a high albedo

suggest that Wasp-12 b may have an optically thick aeroget,las investigated previously
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Figure 5.1: Decrease in effective absorbing radius (in $epfrscale heights) when includ-
ing forward scattering compared to treating scattering«éia@ion for a) a planet with the
Earth’s radius and a scale height of 50 km &e planet with Jupiter’s radius and a scale
height of 400 km. 50 and 400 km correspond to the atmospheaie $ieights for a 1000
K H>O-dominated atmosphere and a 1000 ¥kddminated atmosphere, respectively, both
with Earth-like surface gravities. For comparison, Wagdlhas a surface gravity within
10% of Earth’s. These results were calculated assumingéessoattering albedo of 1. We
find similar results for all planetary radii and scale hegjested.
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by Singet al. (2013). Furthermore, Wasp-12 b has the smau%sof any Jupiter-sized
planet, so forward scattering could have a larger effectherspectrum for this world than
for other hot Jupiters. Following the methodology of Setgal. (2013), we generated
spectra for atmospheres with283 and FeO3 aerosols, assuming spherical particles. We
ran our models with log-normal particle size distributiomish a range of mean particle
sizes from 0.1 to 5.um and variances from 0.01 to O8n?. A subset of the resulting
spectra are shown in Figure 5.2, along with the observed @&tall particle sizes<0.2
pm) provide the best fits to the data, consistent with findimgmfSinget al. (2013). The
effect of forward scattering is large for particle sizesum, for which the model fits tend
to be poorer. The maximum difference between the spectraamitl without the effect of
forward scattering is-0.002 in terms of radius ratio, which corresponds to a flubedtince

of ~50 ppm.

Forward scattering may have an effect on the transit trasson spectra of terrestrial
planets orbiting brown dwarfs. Brown dwarfs have been aereid as planet hosts and
potential targets for transit transmission spectroscdpgxoplanets (Belet al., 2013).
The habitable zone for brown dwarfs are expected to be veseeahn, and even within
the Roche limit for old, low-mass brown dwarfs (Andreeshcaied Scalo, 2004; Bolmont
etal, 2011). We chose to examine a Venus-analog because tidas®¥smre expected to be
common around brown dwarfs (Barnes and Heller, 2013), andus® Venus has forward-
scattering haze layers in its upper atmosphere. Figureh@®sspectra for Venus-analog
planets for two test cases and a case which did not includeffiaet of forward scattering.
The first was for a planet orbiting at 0.01 AU (near the innageedf the habitable zone
for a young, 40 Myp brown dwarf, angular primary size 6§2.5°). The second was for a
planet at the most optimistic Roche limit, assuming the égjipredicted terrestrial planet
density of 7.5% (Rogers, 2014; Weiss and Marcy, 2014) and a brown dwarf miass o

10 Mjyp, which is the lowest mass brown dwarf considered by multgsés/ious authors
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Figure 5.2: Spectra of Wasp-12 b wilAl,03 andb) Fe,O3 aerosols included with mean
particle sizes ranging from 0ym to 5.0um. The solid lines are for spectra with forward
scattering included, and the dashed lines are for spedinesaattering treated as extinction,
that is, without the effect of forward scattering. While gpectrum of Wasp-12 b is best fit
by small (0.1um) particles for which the effect of forward scattering ighgible, forward
scattering can lead to a decrease in the planet/star raatiagy ~0.002, which for Wasp-
12 b corresponds to a flux difference 50 ppm. Therefore, if large aerosol particles are
present in hot Jupiter atmospheres, the effect of scaftenay need to be considered to
accurately fit the observed spectrum.
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Figure 5.3: Forward scattering spectra of Venus around agdwown dwarf, a Venus
analog at the Roche limit of a 10 iy}, brown dwarf, and a case without the effect of forward
scattering. Forward scattering can have an effect up toda ieights for Venus-analog
orbiting near the Roche limit of a brown dwarf.

(Andreeshchev and Scalo, 2004; Bolmental, 2011). The angular radius of the brown
dwarf for the Roche limit case is20°. This corresponds to a distance from the brown
dwarf of ~0.0013 AU. This would be interior to the habitable zone fobatyg (age<Gyr)
brown dwarf but within the habitable zone of an older browradw Figure 5.3 shows
the results for these cases. The Roche-limit Venus analogssh decrease in effective
absorbing radius of 2 km, or half a scale height, at wavelexg0.9um, where the forward
scattering is largest. Therefore, accurately modelingctir@inuum aerosol slope in the
visible for a Venus-analog orbiting a brown dwarf could reguncluding the effect of

forward scattering in some cases.

5.3.2 Out-of-transit Scattered Light

Figure 5.4 shows the predicted out-of-transit flux signadd€rms of scale heights) for a

1000 K, Earth-radius planet with a pure® atmosphere (scale height of 50 km) and a 1000
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K, Jupiter-radius planet with a pureldtmosphere (scale height of 400 km), the same two
cases shown in Figure 5.3.1. The maximum out-of-transitflgral is~0.4 scale heights.
While results are only shown for two cases, we find similaultssover a wide range of

planetary radii and atmospheric scale heights.

We also quantified the detectability of out-of-transit sead light for a given planetary
equilibrium temperature, stellar effective temperaturd planet type for an exoplanet at
10 pc. The scattering model can generate scattering ligkiesun terms of ppm flux dif-
ferences, which, when combined with noise estimates fr@JWST and E-ELT ETC's,
allows us to estimate the required integration time to obta5/N>3. Figure 5.5 shows
results for the detectability of scattered light for Jupaealog exoplanets with JWST and
for HoO-dominated Earth-radius exoplanets with E-ELT. Follayvihe methodology pre-
sented in Chapter 4, we assumed that it was possible to bm5@vepectral resolution
elements for the Earth-radii cases, because for an E&slplanet there are’50 spectral
resolution elements between the Rayleigh scatteringrdilsérong HO features in which
the atmosphere is relatively transparent, potentiallgvahg for wavelength-binning. We
find that out-of-transit scattered light could be deteaahl<10 hours for planets with
equilibrium temperatures-700 K for planets orbiting M dwarfs and with temperatures

>1500 K for planets orbiting Sun-like stars.

We also calculated the detectability of scattered lighVfaisp-12 b assuming an aerosol
scale height of 765 km for a range of asymmetry parameters. gfatest ppm flux dif-
ference for the out-of-transit flux are 25 ppm for g=0.8 ancppé for g=0.9. While the
detection of a signal of this magnitude is currently not gmeswe find that a 25 ppm signal
could be detectable with 30 hrs of JWST time. For this specé#g®e, the data are consistent
with small particles that are not highly forward scatteribgt this technique could in prin-
ciple be used to provide evidence for clouds and hazes far @koplanet atmospheres.

For example, Wasp-18 b and Wasp-33 b are two other promiangets for detecting out-
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Figure 5.4: Out-of-transit scattered flux for a given asyrmgnparameter and stellar angu-
lar radius from the planet’s perspective. The results shiogre are fom) an Earth-radius
planet with a scale height of 50 km ahyla Jupiter-radius planet with a scale height of 400
km. For reference, 50 and 400 km are roughly the scale heights 1000 K planet with
an HbO-dominated atmosphere and a 1000 K planet with ardéininated atmosphere,
respectively, assuming Earth’s surface gravity. The ditamsit scattered light signal can
be as great as0.4 scale heights. We find similar results for other casesidered here.
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Figure 5.5: Integration time required to detect out-ofitiascattered light foa) an Earth-
radius, BO-dominated planet with E-ELT anlg) a Jupiter-radius, Btfdominated planet
with JWST at 10 pc, assuming a scattering asymmetry pararoe@®8. For the E-ELT
results, we've assumed that 50 spectral resolution elesamt be binned, while the JIWST
results are for one spectral resolution element. We showtsesere for two cases, but we
find similar results for all planet types considered hereatt®eced light could be detected
in <10 hrs for many planets with temperatureg00 K for planets orbiting M dwarfs and
>1500 K for planets orbiting Sun-like stars. A detection ddtsered light would strongly
suggest the presence of forward scattering aerosols irkthanet atmosphere and could
also be used to constrain aerosol particle sizes and cotigrosi



90

of-transit scattered light. These two planets hg}/e/alues of 3.57 and 3.81, respectively,
which corresponds to an angular radius-df5° for both cases. For this angular radius, the
out-of-transit flux would be equivalent to the flux throughh®scale heights fqg=0.8 and
0.25forg=0.9. The scale height on the terminator is unknown for thesexoplanets, but
assuming a scale height of 500 km, this corresponds to sigris-18 ppm ¢=0.8) and
~25-30 ppm ¢=0.9). For Wasp-33 b, the brighter of the two stars, this ddud detected
in ~13 hrs §=0.8) or~5 hrs g=0.9) with JWST.

5.4 Discussion

5.4.1 Discriminating Between Refracted and ScatteredtLigh

It should be possible to discriminate between the effectsfodiction and forward scattering
based on the stellar and planetary temperatures. In Ciapteishowed that the maximum
tangent pressure set by refraction limits the detectghilitspectral absorption features
more for Earth-like planets orbiting Sun-like star than Earth-like planets orbiting M
dwarfs. In general, this effect is strongest for planethwitaximum tangent pressures
<1 bars because most atmospheres should be opaque at pseskurar due to Rayleigh
scattering, gas absorption or aerosol opacity. We find thatimnum tangent pressures
are<1 bar for a/R > 11.5 (or angular radius of the star5° as seen by the exoplanet).
For an Earth-like atmosphere, the maximum tangent pressuael bar for a/R >50,
which corresponds to angular sizes~of° and greater. In contrast, the increase in flux
from scattered flux is greatest for a/R 6, or angular stellar radii-10°. Therefore, the
in-transit effects of refraction and scattering should to@artant only in their respective
spheres of parameter space: refraction for cooler planbtsny further away from their
stars and scattering for hot, close-in planets.

A similar delineation between refraction and scatteringuvglent in the out-of-transit

flux signals. In Chapter 4, we showed that refracted lightatbe detectable over a range
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of planet and star types, but only for relatively cool planith equilibrium temperatures
<400 K and<600 K for planets orbiting M dwarfs and Sun-like stars, respely. Scat-
tered light is most detectable for planets with temperat200 K for planets orbiting M
dwarfs and temperaturesl000-1500 K for planets orbiting F, G, and K stars. This rdugh
corresponds to refracted light being detectable for amguédlar sizes< 5° and scattered
light for angular sizes- 10°. Therefore, for a given stellar type and the estimated péape

temperature, either refraction or scattering are expdotee important, but not both.

The reason for this delineation between refraction andexag effects is because de-
flection angles due to refraction are dependent on the atmospdensities probed, while
deflection angles due to scattering are (to first order) iaddpnt of density and depend
only on the scattering phase function. We find that the otitasfsit flux signals are great-
est when the deflection angles (due either to refraction atteséng) are roughly equal to
or less than the angular size of the star, as seen by the @edpFor a given atmospheric
composition and atmospheric temperature profile, thectdraangles increase as greater
pressures or densities are probed. As the apparent anggdaofsthe star increases (as
the planet is placed close to the star), greater refractigtea would be needed to have a
large out-of-transit signal, and greater pressures woeddlrio be probed. At high enough
pressures, the atmosphere will be opaque and eventualbyritiwl refraction angle will
be reached. Therefore, there will be a cutoff in terms of d&iRwhich smaller a/Rvalues
(closer-in planets) will have greatly reduced refracteghtiisignals. This is seen in Figure
4.2 from Chapter 4. For scattering, the deflection angleslerermined by the scattering
phase function, which is dependent only on the aerosol ptiesen a given layer. There-
fore, the limit to the out-of-transit scattered light signall be the angular size of the star
as seen by the exoplanet. For large,a/Rlues (further out planets), there will be a narrow
range of scattering angles for which a photon can be defl¢otedistant observer, and the

scattering signal should be small. For smaller.a/Rlues (closer-in planets), there will be
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a larger range of angles that will result in a photon beingedédd to a distant observer,
and the out-of-transit scattered light signal should bgdarQualitatively, this matches the
results from this chapter and from Chapter 4, in that saattéght is only detectable for

hot, close-in planets, and refracted light is only detdetédr cooler planets.

5.4.2 Implications for Detecting Out-of-transit Scatigtaght

The detectability of out-of-transit scattered light isostgly dependent on the asymmetry
parameter, which is a measure of how forward-scatteringtagering phase function is.
For isotropic scatterers, scattered light should not beatigble for any combination stellar
and planetary temperature examined here. This matchesshks of Brown (2001), who
examined the detectability of Rayleigh scattering preesg and post-egress. Because
scattering from isotropic scatterers is negligible, a cie of scattered light would imply
some degree of forward scattering, which would likely b&fiome cloud or haze particles
in the atmosphere. Therefore, a detection of scatteretiwghld be indicative of clouds
and hazes in the atmosphere.

The wavelength-dependence of out-of-transit scattegdd tould also aid in setting
upper limits on the phase function asymmetry parametercit @avelength. Since parti-
cles with sizes much greater than the incident wavelengtiybf tend to be more highly
forward scattering (i.e., larger asymmetry parameteagfteoed light could place upper lim-
its on the particle sizes in an exoplanet atmosphere. Beagas absorption or extinction
associated with scattering could reduce the scatteretidighal, these measurements could
only provide upper limits on the forward scattering peakhs scattering phase function.
For the E-ELT results shown in Figure 5.5, a detection oftecadl light would likely only
be able to put a broad constraints on the degree of forwattesog (i.e., the asymmetry
parameter) over the wavelength range because the signeebasinned over 50 spectral

resolution elements. However, for the JWST results foraloylanets, which are calcu-
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lated at a single spectral resolution elemerfRat 00, it may be possible to retrieve upper
limits for the asymmetry parameter as a function of wavellenghich could be a powerful

tool in characterizing the aerosol particle sizes and caitipo.
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Chapter 6

BIOSIGNATURE AND HABITABILITY MARKERSIN TRANSIT
TRANSMISSION SPECTROSCOPY: USING DIMERSTO
MEASURE BIOSIGNATURES AND ATMOSPHERIC PRESSURE
FOR TERRESTRIAL EXOPLANETS

In this chapter, | describe a method to estimate atmosppeggsure in an exoplanet
atmosphere using absorption features from dimer molectdessing specifically on ©
dimer molecules in Earth-like atmospheres. Atmosphemrsgure is important for deter-
mining the phase state of surface water, and is thereforesmmgal parameter for determin-
ing habitability. Absorption features from dimer molecudge more strongly dependent on
density (and therefore pressure) than absorption feattoesnon-dimer molecules, and
| show that it is possible to constrain atmospheric pressute absorption strengths of
dimer and non-dimer absorption features can be quantifistingting pressure with dimer
molecules should be possible for non-@Qolecules, but @dimer absorption features have
the added benefit that they are biosignatures, and couldptg be the strongest biosig-
natures for an Earth-like planet in transit transmissiaotiBns of this chapter were origi-
nally published in collaboration with V. S. Meadows, M. C&aand D. Crisp in the February
2014 edition ofAstrobiology(Misra et. al. 2014Astrobiology Vol. 14, pp. 67-86(C)2014
Mary Ann Liebert, Inc. Reprinted with permission frofstrobiology 2014, published by
Mary Ann Liebert, Inc., New Rochelle, NY.
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6.1 Introduction

Atmospheric pressure is a fundamental parameter for ctesiiziog the environment and
habitability of an extrasolar planet. Water’s stability aplanetary surface as a liquid de-
pends on both the surface temperature and pressure. Wiil@#zing point of water is not
strongly dependent on pressure, pressure does affectsatéding and sublimation points.
Thus, a reliable estimate of the surface pressure is an tanggpart of the measurement
suite required to determine the habitability of an exoplane

Despite the importance of atmospheric pressure, curramosed methods for mea-
suring pressure using remote-sensing techniques thad beuhpplicable to exoplanet at-
mospheres are challenging. The existing techniques iachel use of Rayleigh scattering
(Kasting and Traub, 2010) or the widths of individual absionplines (Kaplaret al., 1964;
Gray, 1966) or absorption bands (Ignatieval, 2009; Chamberlairt al, 2006; Spiga
et al, 2007; Chamberlaiet al, 2013). The presence and location of a blue Rayleigh scat-
tering tail in a spectrum can provide information about thistence and pressure of an
atmosphere. However, strong blue absorbers in the atmasphg. Q, SO, NO, and
many others) or surface features can mask this tail (Grbal,, 2011). Furthermore, the
Rayleigh scattering tail is most prominent shortward ofi@rg below the short wavelength
cutoff of the James Webb Space Telescope (JWST) (Gaetradr 2006). Lastly, planets
around M dwarfs are likely to be the first to be characteriZzeenginget al., 2009), and
M dwarfs have relatively less visible-flux to Rayleigh seatthan solar-type stars. The
Rayleigh tail would be more difficult to detect and charaetefor planets orbiting stars of
this stellar class.

Itis also possible to use the widths of absorption featwestimate pressure. Pressure
increases the widths of vibration rotation lines of gasdss method has been successful
for the Earth using high-resolution spectra of the ® band (Barton and Scott, 1986;
Mitchell and O’Brien, 1987; Crisgt al, 2012), for Mars using C®features near am
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(Gray, 1966; Chamberlaiet al., 2006; Forgeet al., 2007; Spigaet al., 2007) and the cloud
tops of Venus using the 1j8m CO, band (Ignatiewet al,, 2009). This method provides
unambiguous results when the spectral resolution is seffiilgi high to resolve the profiles
of individual spectral lines. It can also be used at lowercjpé resolution, but requires
prior knowledge of the mixing ratio of the absorbing gas.

Here we explore the feasibility of a new method to directlyaswre the pressure of
an Earth-like atmosphere that combines the absorptionirfesiof dimers with those of
monomer vibration-rotation bands to yield estimates of dhmaospheric pressures even
when the mixing ratio of the monomer is uncertain. Previaesgure estimates using dimer
absorption have been made for the cloud tops of Earth, baetteehniques have required
prior knowledge of the gas mixing ratio profile (Acarretzal., 2004). Dimers are bound or
quasi-bound states between two molecules driven togetherdbecular interactions. For
example, the @0, or O4 dimer consists of two @molecules temporarily bound to each
other by Van der Waals forces. This dimer has its own rotatiand vibrational modes,
and produces spectral features distinct from its constit@ monomers. Additionally,
absorption from dimer molecules is more sensitive to presthan that of monomers. The
optical depth (how much absorption occurs) for dimers andaonters can be expressed by

the following equations:

dtgimer = kp2dl =kP?/T2dI (6.2)

wheredTtmonomer@anddtgimer are the monomer and dimer differential optical depthis,the
monomer cross sectiop,is the number density of the gdsis the dimer cross sectioR,is
the pressureTl is the temperature, ardl is the path length. While the monomer (e.g:) O
optical depth is directly proportional to pressure, theagddepth of the dimer (e.g. £0,)

is dependent on the square of the density (and hence squaeeessure). This difference

in pressure dependence allows for estimating atmosphersspre by comparing the dimer
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and monomer absorption features.

For an oxygen-rich, Earth-like atmosphere, the best coatigin of bands to use for
pressure determination at near infrared wavelengttsg um) would be the (@) A band
at 0.76um, and the 1.0um O4 dimer band. The 0.7m O, A band is the strongestO
feature in the visible-near-infrared spectral region, srfdund in a relatively clean region
of the spectrum between two water vapor bands. We have chioselimer feature at 1.06
um as the likely best option for detectability, due to its camation of band strength and
its location in a relatively uncluttered region of the plearg spectrum. Other £features
overlap with water features (dimer feature between 5.5 amu)/or O, vibration-rotation
bands (0.63um, 0.76um and 1.27um dimer features) or are weaker than the 106
dimer feature (0.47pm and 0.57um dimer features). Nevertheless, some other features,
in particular the strong 1.2im feature, could be used if the 1.p6 dimer feature is not
detectable.

In the proposed technique, the Q.76 um (monomer) band is used to provide an esti-
mate of the atmospheric concentration of @nd combined with the £1.06 um (dimer)
band to constrain the atmospheric pressure. This methodecased with either transmis-
sion spectroscopy, or directly-detected reflection or simisspectra, and serves as a com-
plement to pressure determination techniques such asiBlagleattering, which only work
in the visible. Although the proof of concept is shown heréhwvaixygen, this technique is
not limited to the oxygen dimer in an Earth-like atmospherthe visible to near-infrared.
The same technique is applicable to pairs of monomer andrdibs®rption features across

a wider range of planetary atmospheric composition andtsgiecavelength range.

6.2 Methods

The transit transmission spectra were generated using tigelndescribed in Chapter 2.

The effect of refraction was included for the spectra belmwt,the effect of forward scat-
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tering was not because the atmospheres used in this chaptet thclude clouds or hazes.
Additionally, as shown in Chapter 5, the effect of forwardtsering is expected to be neg-
ligible for planets in the habitable zone of any main seqaestar. Since this chapter deals
specifically with Earth-like exoplanet near the inner edg¢he habitable zone, forward

scattering should not have a significant effect.

6.2.1 Model Inputs
6.2.1.1 Direct Imaging (Reflected) Spectroscopy Model

The reflected spectra were generated using the standaidrvefsSMART, which can
include multiple scattering from clouds and aerosols. H@xeto maintain consistency
with the transmission spectrum model, clouds were not deduin this study. The re-
flected spectra were generated assuming a surface with tanbatbedo of 0.16, which
is the average albedo of the cloud-free Earth (PierrehuinBéd0). We also assumed
the surface is a Lambertian scatterer. Other surface typalsl hrave introduced an er-
ror into any quantitative estimates in this paper, unlegdi@iy included in a retrieval
attempt. Figure 6.1 shows the wavelength-dependence diietyaf surface types from
the ASTER (Advanced Spaceborne Thermal Emission and RefidRadiometer) spectral
library (Baldridgeet al., 2009) and the USGS (United States Geological Survey)aligit
spectral library (Clarlet al., 2007). Surface albedos are nearly constant in the bands con
sidered here, though, for example, snow fluctuates-B9% within the 1.06um dimer
band. We modeled a test case with SMART with the snow surfacetermine the error
different surfaces can introduce. We found a difference58b between the seawater and
snow cases when measuring the equivalent width (definedditio®8e5.2.2) of the 1.06m
dimer band. This difference was significantly less than ifferénce in measured equiv-
alent widths for the cases considered in this paper. Thexefee have considered any

discrepancies due to variations in surface albedo to bemairfor the present work.
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Figure 6.1: Wavelength-dependent albedos for a varietyoofimaon terrestrial surface
types. The shaded regions correspond tan@@nomer and dimer bands. For any absorp-
tion band, as long as the albedo does not vary widely witherbidind’s wavelength range,
it should be possible to measure an accurate equivalent fodeach feature. The maxi-
mum surface albedo variation within each band is no more #i20%. Therefore we do
not consider surface albedo variations important for troskw

6.2.1.2 Model Atmospheres

The cloud-free model atmospheres were generated by a arendional (altitude) photo-
chemical code with an extensive history in early Earth (Eeekt al., 2012), modern Earth
(Catlinget al,, 2010) and exoplanet (Domagal-Goldmetral, 2011) research. The plan-
etary radius and surface gravity used were the radius of #mthE6371 km) and surface
gravity of the Earth (9.87 m#. The vertical grid consists of 200 plane-parallel layéuet t
are each 0.5 km thick in altitude, in which radiative transémospheric transport, and
photochemical production and loss are solved simultang@iject to upper (stellar flux,
atmospheric escape) and lower (volcanos and biology) eynobnditions. The model
calculates the mixing ratios of each species in each layesabying the coupled mass-
continuity/flux equations with the reverse Euler methog(apriate for stiff systems) and

a variable time-stepping algorithm. Dimer concentratisrese computed using estima-
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tions from quantum mechanical calculations. First, we ft tdmperature dependence of

the equilibrium constant for &dimer formation using the following equations:

Kp= (p(02)2/(p02)?) /atm* (6.3)
Kp(T) = 2428« T(~3518 (6.4)

where p(Q)2 and pQ are the dimer and monomer partial pressures (in atm)Tarsdthe
temperature (Uhllet al, 1993). Note thaKp is in units of inverse pressure. The dimer

mixing ratio was then computed as:
P(O2)2 = Kp(T) * (pOy)* P (6.5)

whereP is the pressure in atmospheres. The choice of quantum ptmanie our fit of
equation 6.4 ensures that our calculation is a lower limihi dimer concentrations, an
assumption which matches modern atmospheric data weti(Blat al,, 1994).

The model atmospheres used in this study started with boyrededitions that re-
produce Earth’s modern atmospheric chemistry. We themaceplthe solar spectrum with
the M dwarf spectrum described in 6.2.1.3 and decreaseduiti@ce albedo to 0.16 to
account for cloud-free conditions. This “modified Earthuard an M dwarf” model was
then perturbed to examine changes to both total pressurexygén concentrations. Total
atmospheric pressures of 0.1, 0.5, 1.0, 3.0, 5.0 and 10.éa examined. At each of
these total pressures, lower boundary conditions gm@Xing ratios were set at 0.1, 0.5,
1.0 and 2.0 times Earths present level. This correspondsyigen mixing ratios from 2%
to 42%, which is roughly the range of oxygen concentratioqegenced throughout the
past 2.5 Gyr of Earths history (Kump, 2008). Boundary caadg for all other species
were held fixed at modern values. Figure 6.2 shows the pressarperature profile and
volume mixing ratio profiles for the 1.0 times the present@pheric level (PAL) @cases
for spectrally active gases in the wavelength region exathivere. Stable steady-state so-

lutions were analyzed in all but the three cases with thedsp@) surface partial pressures.
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For those three cases, we extrapolated from our convergatisat lower @ mixing ratios
by increasing @ concentrations, scaling the dimer concentrations witlstjuare of the @

mixing ratio, and keeping all other gas mixing ratios consta
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Figure 6.2: Pressure-temperature profiles and volume ginatio profiles for model atmo-
spheres with total pressures varying from 0.1 to 10 barLatRAL O,. The black dashed
lines represent the surface and top of atmosphere pressWesuse the modern Earth
temperature-altitude profile in all cases and calculateptiessures assuming hydrostatic
equilibrium. The remainder of the atmosphere isfbt all cases.

For all tests presented here, we assumed Earth-like tetnper@nd water vapor pro-
files, precluding the need for costly climate simulationsor® specifically, we took the
modern Earth temperature profile as a function of altitudd, @mputed the correspond-
ing pressure levels assuming hydrostatic equilibriumsBimplification provides a useful
baseline, but limits the range of validity of these resutimewhat because the gas ab-

sorption cross sections and number densities depend amdbreespheric properties. The
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impact of this assumption is assessed in Section 6.3.4. flésspre/temperature regions
corresponding to Earth’s mesosphere, we adopted a temaperait 180 K which likely
overestimates the temperature in these regions. Dimeratiso preferentially occurs in
higher pressure regions and so is insensitive to assumaitioors in the tenuous upper
atmosphere. Our model grid was capped at 100 km altituderiegsoptically thin con-
ditions for nearly all species, and made allowances fop @ N> photolysis above the
upper boundary. We used the modern measured eddy-diffgsadite to simulate con-
vective motion for all atmospheres regardless of pressttele this simplification would
affect the prediction of trace gas concentrations, all igseanalyzed here are either well-
mixed (CQ, O2, N») or short-lived (dimers) so are not sensitive to changesiibuient

mixing.

6.2.1.3 Stellar Properties

In this chapter we have assumed that the planet orbits an iy @& an M dwarf with
stellar radius of 0.20 R and a luminosity of 0.0022 4. (Reid and Hawley, 2005). The
planet was placed at a distance of 0.047 AU, so that the totadjiated incoming stellar
flux was equal to the total flux the Earth receives from the Sday. An M5 dwarf was
chosen for these tests because there is a high probabdityte terrestrial planets which
will be the most easily characterized in the near future balorbiting this class of star
(Deminget al., 2009). Additionally, transit transmission spectroscopy probe pressures
up to the~1 bar level in an atmosphere for an Earth analog around an Mfaviele for
the Earth around the Sun, it can only probe pressures asage#&t3 bars (see Chapter 3
for details). At these pressures and lower, the Ju®6dimer feature is very weak, even at
200% PAL Q. Thus, using Earth-like atmospheres around an M dwarf &asté around

the Sun provides a better demonstration of the pressurendepce of dimer features.

To simulate the spectrum of the star, we used a Phoenix Nexsg@sthetic spectrum
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(Hauschildtet al., 1999) for all wavelengths greater thar300 nm. For the shorter wave-
lengths we used the UV spectrum of AD Leo (Segetral,, 2005). The Phoenix spectrum
was normalized so that the total integrated flux was equaB®B W/n?, which is the in-
tegrated flux the Earth receives from the Sun. The AD Leo specfrom Seguraet al.
(2005) was left unchanged, as it was already normalized t@aleipe amount of flux a

planet near the inner edge of the habitable zone would receiv

6.2.1.4 Spectral Resolution

| have used a spectral resolving power of 100 to provide agle® to the James Webb
Space Telescope (JWST), which will provide new opportesifor characterizing the at-

mospheres of transiting exoplanets (Lafrenier@l, 2013). Once the JWST is launched,
the Near-Infrared Spectrograph (NIRSPEC) will providecspgewith a spectral resolving

power (R=A)‘—)\) of ~100 between 0.6 and 50n in single prism mode (Kohleat al., 2005).

We examine the effect of varying the spectral resolutionaatt®ns 6.3.6 and 6.4.3.

6.2.2 Absorption Strength Measurements

To make a quantitative estimate of absorption strengths wasored equivalent widths
for the reflected spectra and measured parts per million gjiiferences in flux for the
transmission spectra. The equivalent width is the widthunits of wavelength, of a rect-
angle measured from the continuum to the level of zero fluk tie same total area as the

spectral band. Equivalent widths were calculated usindgat@wving equation:

W:/(l—F;\/Fo)d)\ (6.6)

whereW is the equivalent width, JFis the flux at each wavelengly and F is the contin-
uum flux at each wavelength. To obtain the equivalent widtlesfirst measured the area of

the spectral band below the continuum. For each absorpéind,lwe define the continuum
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by hand. For the @A band, the continuum was assumed to be linear with waveheagt
for the 1.06um feature the continuum was assumed to be constant with eraytl because
in several of the cases the continuum at the longer wavdiengas difficult to define due

to H,O absorption.

6.2.3 Detectability Calculations

In addition to the detectability studies for the transinsmission spectra (described in
detail in Chapter 2), we performed detectability studiastfe direct imaging reflected
spectra that could be relevant to proposed direct imagiaggtidetection and characteriza-
tion missions. For these calculations, we did not use amumstnt simulator because the
exact specifications for these missions are not currenfipeld For each absorption band,
we calculated two S/Ns, one for detecting the spectral feq®N>) and one for measur-
ing the flux at the center of the band to a precision®f{S3/Np). We calculated two S/Ns
because obtaining information about pressure from a sgidetture requires more than
detection; it also requires a quantitative estimate of trength of that spectral feature. To
calculate S/N, we divided the reflected flux by the stellar flux, defined a icnntm and
calculated the signal as the difference between the camtirand the normalized reflected
flux. We assumed the noise is constant over the entire alimoipand, and then calculated
the noise level required to detect the spectral feature aviiiN,5nq Of 3 in the absorption
band. The final S/N is the mean of the continuum reflected flux level divided bydaleu-
lated noise. To calculate SNwe selected the wavelength within the band with the lowest
radiance. We set the value of a second noise level as thetleagkance divided by 3. S/N

is the continuum flux level divided by the noise required ttaoba S/N of 3 at the lowest

radiance in the absorption band.
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6.3 Results

6.3.1 Transit Transmission Spectra

| have generated transit transmission spectra and diregiig spectra for atmospheres
with O, concentrations of 10%, 50%, 100% and 200% of the PAL and pressf 0.1,
0.5, 1, 3, 5 and 10 bars. Figure 6.3 shows the resulting tr&nasismission spectra for
100% PAL Q. Transmission spectra of atmospheres with pressufedar are nearly
identical for a given @ concentration because refraction limits the depth of patieh to
<1 bar. The dimer feature is weak for pressures of 0.1 and 05 ba

Figures 6.4, 6.5, and 6.6 show the resulting transit trassiom spectra for ©con-
centrations of 10%, 50% and 200% PAL. The 1186 dimer feature is very weak at all
pressures for @concentrations at 10% PAL and weak for 50% PAL, @hile it is very

strong for pressures above 0.1 bars at 200% PAL O

6.3.2 Reflected Spectra

Figure 6.7 shows the reflected spectra for modeymixing ratios in atmospheres with a
range of total pressure from 0.1 to 10 bars. The 0.5 and 5.0dsa@s are omitted from the
plots to increase clarity, but are still included in the egilent width and S/N calculations.
The 1.06um dimer feature is extremely weak for the present-day atimergp but in con-
trast to its behavior in the transmission spectra, it is  pyeominent feature for the 3, 5
and 10 bar atmospheres.

Figures 6.8, 6.9 and 6.10 show the reflected spectra at pesskatween 0.1 and 10
bars for 10%, 50%, and 200% PAL ob{respectively. In the 10% PAL case, the @mer
feature at 1.06um is very weak because the total amount ofi©very low, even for a 10
bar atmosphere. The 1.@n dimer feature is stronger in the 3, 5 and 10 bar cases for
atmospheres with 50% PALAOFinally for the 200% @ atmospheres, the 1.@6n dimer
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feature is one of the strongest spectral features, everih bar atmosphere.
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Figure 6.3: Transmission spectra of an Earth-like atmasphath different total atmo-
spheric pressureqa) Difference in flux from the stellar flux(b) Percent of stellar flux
absorbed by the atmosphere. The L@6dimer feature is strong only in the spectra cor-
responding to atmospheres with surface pressures gréater0.5 bar. The spectra for
atmospheres with pressurdl bar are nearly identical except for an offset because there
a fundamental limit on which heights in an atmosphere canrbbqa using transmission
spectroscopy. For an Earth-like atmosphere around the M&\Vused here, only the top
0.9 bars can be probed for all atmospheres at all wavelengtinghe temperature profiles
assumed here, this pressure corresponds to an altitudé ki above the surface fora 1
bar atmosphere, and 19 km above the surface for a 10 bar dteresp
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Figure 6.4: Same as Figure 6.3 but for 10% of the present dey ¢ O,. The dimer
features do not appear at all because the@ncentration is too low.
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Figure 6.5: Same as Figure 6.3 but for 50% of the present day ¢& O,. The 1.06um
dimer feature is very weak, and is still weak for the highestee pressure atmospheres.
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Figure 6.6: Same as Figure 6.3 but for 200% of the presentaday bf G. The 1.06um
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111

0.20 T T T
0.63 ym — 0.1 bar
dimer 1 bar
0.69 um —
0, 0,A 1.06 pm 127 ym| — 3 bar
band dimer feature

0.15}
()
©
(]
Q
<
2 0.10
8
(]
C
©
[a

0.05} M

1 " " 1 " " A 1 . =~
0'0%.6 0.8 1.0 1.2

Wavelength (microns)

Figure 6.7: Reflected spectra for Earth-like atmospherés #W0% PAL G but with dif-
ferent total atmospheric pressures. In the reflected spadtrere is no fundamental limit
to which pressures can be probed in an atmosphere. Assurologdfree case, itis possi-
ble to probe the surface layers of the atmosphere. ThepytrOdimer feature is fairly weak
in the present day Earth’s atmosphere, but it is a very stfeatire in atmospheres with
greater pressures. The 1.@n feature is very strong in most of the spectra.
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Figure 6.8: Same as Figure 6.7 but for ap@ncentration of 10% PAL. For this amount
of Oy, the 1.06um dimer feature is very weak. However, the 127 feature is still quite
strong.
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Figure 6.9: Same as Figure 6.7 but for ap €éncentration of 50% PAL. The 1.0én
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6.3.3 Quantitative Absorption Measurements

Figure 6.11 shows the flux change for the transmission specid equivalent widths for
reflected spectra at different pressures andc@ncentrations for the A band and the
1.06 um dimer feature. For a givenLxoncentration the transit transmission flux differ-
ences for the @A band are roughly constant for pressukek bar due to refraction. The
1.06um dimer feature flux differences increase slightly with grge but are also constant
for pressures>1 bar for a given @ concentration. The dimer feature does not appear in

transmission for cases with 10% PALO
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Figure 6.11:(a) Flux differences (in ppm) for transit transmission speatrd(b) equivalent
widths (in nm) for reflected spectra for the @ band and the 1.06m dimer feature at
various pressures anc©oncentrations. In transmission, for the Earth-like ptanbiting
an M5V star considered here, only the top 0.9 bars can be gy@oethat the dimer and
A band equivalent widths are roughly constant with presabmse 1.0 bars for a given,O
concentration. In the reflected spectra, the dimer equivalelths are extremely sensitive
to pressure.

For the direct imaging (reflected) spectra, both taéd®and and 1.0eum dimer feature
equivalent widths increase with pressure and increasedo@centrations. However, the

dimer feature equivalent widths are much more sensitivegeure. At higher pressures
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the dimer feature is strong except for cases with 10% PALi®which the 1.06um dimer
feature is too weak to quantify.

Figures 6.12-6.14 show the relationships between the gativet absorption measure-
ments described above and atmospheric quantities ingutlien Q@ mixing ratio and the
O, partial pressure at the surface. The ppm flux difference aredsn transit transmission
for the @ A band could be used to constrain the @ixing ratio, as shown in Figure 6.12b.
The G partial pressure at the surface can be estimated usingttbéesween the 1.0gm
dimer and @ A band absorption measurements. These ratios are showguneF6.12a
using ppm flux differences, and in Figure 6.13 using equiMatgdths. The @ mixing
ratio and Q partial pressure at the surface can be combined to provideae estimate of
the surface pressure of the planet. A more detailed desuript the pressure measurement

technique is given in Section 6.4.1.

6.3.4 Sensitivity Tests

To quantify the errors introduced by assuming the moderntdmperature profile, we
generated spectra to test the sensitivity of our modelsaogés in the temperature profile
and in changes to the water vapor profiles. We compared ourat,d.0x PAL Q spectra
to a spectrum generated using the same volume mixing raifdgs but with an isothermal
atmosphere at 250 K. We also compared our 1.0 bar, 1.0x PALra@dsit transmission
spectrum to spectra generated with atmospheres with 0.1.@f8dtimes the KO levels.
We perform a similar comparison for the 1.0 bar, 2.0x PALr€flected spectrum.

Figure 6.15 shows the sensitivity of the spectra to the teatpee profile, with our
Earth-like profile and an isothermal approximation proféenpared. Both the transit trans-
mission and reflected spectra show little sensitivity totdmperature profile. The 1.Q6én
dimer band also shows little sensitivity to the temperafudile, despite the dependence

of the dimer optical depth on the square of the temperatwause the isothermal temper-
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ature profile approximates the average temperature ofdpesphere, where the majority
of dimer absorption occurs.

Figures 6.16, 6.17 and 6.18 show the results for th® ldensitivity tests. The OA
band equivalent widths and ppm flux differences are not gtyoaffected by changes in
the HO profiles. However, changes in the® mixing ratios affect the continuum flux in
the wings of the 1.06 micron dimer feature, complicating sue@ments of the equivalent
width of this feature. For the transit transmission spedtra change in the total ppm flux
difference (across the entire band) is less than 20% bettheed.1 and 10.0x yD cases.
For the reflected spectra, the change in the equivalent widtie 1.06um dimer feature is
less than 20%. For the reflected spectra, the equivalenthisvidtn be much greater than that
for the 1.0 bar, 2.0x @case. For these greater equivalent widths, the effect oéasing
or decreasing bD levels will diminish as the difference from the continuuoxf(affected

by H,O) and the flux within the absorption band will increase.

6.3.5 Detectability of Spectral Features

Table 6.1 shows the S/Ns for observations by JWST for thé®and, 1.06um feature
and the 1.27m feature for the range of pressures andoOncentrations considered here
for an Earth analog at a distance of 5 pc. The S/N are calclidéetguming that every transit
of an Earth analog orbiting an M5V star is observed over JWSTyear mission lifetime.

In transit transmission, the LA band S/Ns are no greater than 1.1. The fuf&limer
feature is detectable at a S/N of3 for many of the 2.0x PAL @ cases. The 1.2@m
feature is the most detectable @ature in this wavelength range, with S/Ns greater than 5
for many of the 1.0x PAL @ cases and greater than 7 for many of the 2.0x PAlc@ses.
JWST will not be able to detect{3pecies for Earth-like exoplanets in secondary eclipse
in the visible and near-infrared, as shown by the seconddigse S/N levels. Even for the

highest pressure cases, the S/Ns are no greatertbzn
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Table 6.2 shows the S/Ns necessary to detect and charadieeif) A band, 1.06um
band and the 1.2{dm feature for the range of pressures ando®ncentrations considered
here for the direct imaging reflected spectra at R=100. This 81 Table 6.2 would be
relevant to a direct imaging characterization mission. [/tinese S/Ns were calculated for
an Earth analog orbiting an M5V star, the results should dependent of stellar spectral
type because we divided out the stellar flux in our calcutetioThe @ A band, 1.06
pum dimer feature and 1.2dm feature are detectable at an averagepSéN14, 9 and 14,
respectively, for the cases when the features are stronggéno identify in the model
spectra. The average required SAd use the features for pressure estimation are 11, 31
and 34.

6.3.6 Effect of Spectral Resolving Power

| examined the effect of spectral resolving power on the ddet®lity of spectral features
by generating transit transmission spectra for the 1.0lb@xr PAL O, case with spectral
resolving powers of 500, 200, 100, 80, 60, 40, 30 and 20. Ei§ut9 shows the spectra
for each of these cases. We also measured the S/N of eactefaaach resolving power.
The S/Ns were calculated assuming a noise profile equiviedené JWST NIRSPEC noise
profile, but with the noise level at each wavelength dividedI®0/RY, so that the noise at
each wavelength decreased as the resolving power decrdéagede 6.20 shows how the
total S/N in each absorption band changes with resolvinggpolw general, the S/Ns drop
off rapidly as resolving power decreases for.60.

| also generated direct imaging reflected spectra for thébdr02.0x PAL Q case at
resolving powers of 500, 200, 100, 80, 60, 40, 30 and 20, asrshoFigure 6.21. Figures
6.22 and 6.23 show how the S/N for detection and precision wath resolving power
for the O A band, 1.06um dimer feature and the 1.3¥n feature. The S/N required to

detect each feature increases as resolving power decreAsd®=20, the S/Ns are not
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shown because no spectral features could be identified, talRd3® only the @ A band
was identified. The S/N required to quantify the flux at theteenf each spectral feature
decreases as resolving power decreases, because therasaste level increases as the

spectral resolving power decreases.

6.4 Discussion

The 1.06um dimer feature is prominent in transit transmission for@pheres with>50%
PAL O, and surface pressure$.5 bars. Itis a prominent feature in the reflected spectra fo
atmospheres with-50% PAL G and surface pressure3 bars. For the reflected spectra,
the dimer feature equivalent width is highly dependent afese pressure when compared
to the @ A band and therefore the dimer feature can be used to camgtireésure. Here

we discuss how to do this for the cases investigated here.

6.4.1 Pressure Measurement Technique

Figure 6.11 confirms that dimer absorption features are siboagly dependent on pres-
sure than monomer features. Therefore dimer features caorbbined with monomer
features to determine pressure, even if the mixing ratilvefabsorbing gas is not known.
With only transit transmission spectroscopy, it is impbkesto probe pressures ovef bar
for the cases examined here, but it may be possible to cams$itra O mixing ratio and
set a lower bound for pressure. In reflected spectra, it isiplesto determine the surface
partial pressure of ©and set a lower bound for pressure using the w6imer feature
as an on/off pressure gauge. With both a transit transnmisgiectrum and a reflected spec-
trum, it should be possible to determine total atmospheiri@se pressure for an Earth-like

exoplanet.
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6.4.1.1 Transmission Spectra Pressure Measurement

Transmission spectroscopy provides only a lower bound eratmospheric pressure be-
cause refraction provides a fundamental limit to which puess can be probed using this
technique. For the spectra presented here, a lower limitlobar can be set for the high
pressure atmospheres. For a givercOncentration a unique estimate of the pressure can be
retrieved from the ratio between the ppm flux differenceeft.06um dimer feature and
the O A band. Figure 6.12a shows the relationship between thsaad the total amount
of O, above 0.9 bars, which is the highest pressure that can begbnolhis particular case.
There is a clear trend between this ratio and the amountah®@he atmosphere. When
combined with an @mixing ratio this relationship can provide a quantitatigtimate of a
lower level of the surface or cloud-top pressure.

The @ mixing ratio can be estimated from the flux difference of theAOband in
transmission. Figure 6.12b shows the relationship betweei® mixing ratio (which is
constant throughout the atmosphere) and théd®and flux difference. For pressured.1
bars the @ flux difference is roughly constant for a given ©oncentration, meaning that

a measurement of thex@ band flux difference should correlate with the @ixing ratio.

6.4.1.2 Reflected Spectra Pressure Measurement

Reflected spectra alone can provide an estimate of the supfatial pressure of by
examination of the ratio of the 1.Q6n dimer equivalent width and the;@G\ band equiv-
alent width. Figure 6.13 shows the relationship betwees rhiio and the surface partial
pressure of @ The strength of the 1.06m dimer feature could also be used as an on/off
gauge to set a lower bound for pressure. Determining tatabspheric pressure with only
a reflected spectrum is difficult due to degeneracies betivee@ concentration and total
atmospheric pressure, as shown in Figure 6.14. For largeagont widths of the dimer

feature, the pressure will certainly be above 1 bar. Howetwes difficult to differentiate
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between atmospheres with the samed0rface partial pressure. Nevertheless, it appears
that it is possible to set a lower limit on pressure by measgutine 1.06um dimer feature
equivalent width. For example, a 1.061 dimer feature equivalent width greater thahO

nm would imply a surface pressur€l bar.

6.4.1.3 Pressure Measurement with both transit transimisand reflected spectra

If both a transit transmission spectrum and a reflected gpacare available, it should

be possible to directly measure the total atmospheric seifigessure in the absence of
clouds. Transit transmission spectroscopy can providstimate of the @ mixing ratio as
described previously. A reflected spectrum can theorétipabbe to the reflecting surface
and therefore can be used to constrain the@rtial pressure at the surface. By combining
the @ mixing ratio and Q partial pressure we can determine the total pressure at the
reflecting surface, which could either be a reflective clayet or the physical surface of

the planet.

6.4.2 Relevance to Planet Characterization

The methods described here could be used in the near futtine BYWST NIRSPEC instru-
ment, which will potentially be able to characterize tréingi planets between 0.6 and 5.0
um. The Q A band will likely not be detectable for a nearby Earth-agalth JWST. Al-
though this feature is strong in the spectrum, the sensinfiNIRSPEC is poor at shorter
wavelengths. The 1.0 dimer feature is detectable at the [@vel in transit transmission
for cases with 2.0x PAL @and high surface pressures. Thus, the detection of theuin06
dimer feature would imply a surface or cloud-top pressueatgr than or equal to 1.0 bars.
For cases in which the 1.Q6n dimer feature is not detectable, the 1|2 feature could
be used to constrain the pressure. This feature is not agbirdependent on pressure as

the 1.06um dimer feature, but it is more detectable in all cases erplbere.
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TPF or a similar direct imaging mission will be required taddcterize the reflected
spectra of nearby Earth analogs in the visible and neaaned. The S/N values for sec-
ondary eclipse using JWST are all less than 1, so JWST wilbaable to characterize the
reflected spectra of Earth-analogs in secondary eclipsde a2 shows the necessary S/Ns
to detect and characterize spectral features for a direagiimg planet characterization mis-
sion. While the S/Ns were calculated for an Earth analog¢iiadban M5V star, the results
should be largely independent of spectral type because wedigided the reflected flux
by the stellar flux in our calculations. The required S/N ealguggest that a S/N of10
would be necessary to detect and quantify theAband, 1.06um dimer feature and 1.27
um feature for a true Earth analog. However, because contirrightness changes with
pressure, a different S/N criteria would be necessary fghdr pressure atmospheres. For
example, the continuum brightness near theA®and is three times lower for the 10.0 bar
cases than itis for the 0.1 bar cases. For most cases, a S/Rwbuld likely be sufficient

to set a lower limit on the surface pressure using the luf@imer feature.

Clouds and aerosols will also affect the detectability afabtion features. In transit
transmission, clouds can effectively mask the highestpires of the atmospheres at which
dimer absorption is most prominent. However, in partialpudy atmospheres some of the
paths will probe pressures as high as the maximum tangesgymes and thus the planetary
transmission spectrum could show evidence of dimer absorpEurthermore, absorption
in the 1.27um dimer band can be detected with S/Nin even some 0.1 bar cases, mean-
ing that there could be a detectable dimer absorption sigmnaven a completely cloud-
covered planet if the cloud deck pressure wdks1 bars. For reflected spectra, clouds will
truncate paths before they reach the surface and limit therdabsorption for those paths.
However, for partially cloudy atmospheres, dimer absorptould be detectable in the
paths that do reach the surface. Additionally, becausedcidibedos are typically greater

than surface albedos, the presence of clouds will incrdesedntinuum brightness levels
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and the brightness in the center of absorption bands. Thiease in brightness has been
shown to decrease the required S/N to detect and charac@rimonomer absorption in
cloudy atmospheres when compared to cloud-free cases gevah, 2011), though the
effect of cloud albedo on the detectability of dimer absorpteatures has not been hereto-
fore examined. Therefore, while clouds will impact the dability of dimer features,
using dimers to determine pressure and as biosignaturesstitidye feasible for cloudy

atmospheres.

6.4.3 Detectability at Different Resolving Powers

Figures 6.20 shows the S/Ns for spectral features at vangsglving powers for transit
transmission spectra of a 1.0 bar, 1.0x PAL @mosphere. The S/Ns for each band are
greatest at the highest resolving powers, and then graddedlrease until R60 or 80,

at which the S/Ns decrease strongly. This dramatic decwakeesolving power occurs
because at the lowest resolving powers, the absorptionsbamdindistinguishable from
the continuum. Additionally, the highest flux levels in thentinuum cannot be resolved at
lower spectral resolving powers, decreasing the totalagighhis effect can be seen most
easily for the spectra with R=20, in which no absorptiondeas can be identified.

Figures 6.22 and 6.23 show the S/Ns for the direct imagingatfti spectra. In con-
trast to Figure 6.20, these two figures show the required &fietect and characterize an
absorption band, not the S/N that could be obtained with JIW8&& required S/N to detect
spectral features increases as resolving power decrddgesgyver, this effect would be mit-
igated because the expected noise at each wavelength stesuhse as resolving power
decreases. The S/N required to quantify each absorptiahdeareases as resolving power
decreases because the lowest radiance level increases.4®; Rowever, spectral features
are very difficult to identify, making these resolving powemsuitable for detecting and

characterizing @related absorption features.
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6.4.4 O Dimer Biosignatures

In addition to their utility as pressure probes, the Ju@6dimer feature and 1.2(im fea-
ture could potentially be detectable biosignatures forime&arth-like planets. The LA
band has long been considered the most viabl®i@signature, but it is unlikely to be the
most detectable biosignature for an Earth-like planetangit transmission. As initially
described in (Pallet al,, 2009), lunar eclipse observations show that the iri&nd 1.27
um dimer features are more detectable tham@@nomer features like the A band, which is
corroborated by our model spectra and detectability catmrs. The 1.27um O, feature
has been examined as a potential biosignature for grousedbizlescopes by Kawahara
et al. (2012), but to our knowledge detectability studies of reitthe 1.06um dimer fea-
ture nor the 1.27um feature have been undertaken for JWST. Our results shavihba
1.27um feature would be detectable with a S/N of 5 for a cloud-fragtzanalog at 5 pc.
Therefore, we conclude thab@eatures, especially the 1.061 dimer feature and the 1.27

pm feature, could be detectable biosignatures for oxygemtgsynthesis with JWST.

6.4.5 Challenges to Observations

Clouds and aerosols will make estimating pressure usingdfeatures more difficult.

A direct imaging observation of a partially cloud-coverddnet will be able to probe to

the surface for a fraction of the paths, such that the dimatufe will be weaker than

for a cloud-free planet. Cloud and aerosol extinction cao &dle wavelength dependent,
which may complicate using equivalent widths or ppm fluxefi#éinces to determine pres-
sure. Nevertheless dimer features can still provide a Id®@and for pressure if clouds and
aerosols cannot be explicitly included in the retrieval imoeft

Higher HO or CQ, abundances in an atmosphere could also make this method more

challenging. Higher KO abundances will make it more difficult to define a continumm f

the 1.06um dimer feature, as shown in Figures 6.17 and 6.18. Howesealiszussed in
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Section 6.3.4, the magnitude of this error should typichéiyless than 20% for most cases
in which the 1.06um dimer feature could be detectable. £@s an absorption feature near
1.06um (Seguraet al., 2007), which could make using the 1. dimer feature difficult.
This could be overcome by modeling out absorption frop®tand CQ or by using other
dimer features to supplement information from the Ju@6dimer feature, such as the 1.27
um dimer feature.

Lastly, not knowing the mixing ratio of £&will make estimating pressure difficult when
only a reflected spectrum is available. This is similar toghablem in using the absorption
widths of rotation-vibration features to constrain pressuHowever, the 1.0fm dimer
feature is more sensitive to pressure than a monomer featnidetherefore can provide a
better estimate of pressure than a monomer feature alomgneFimore, monomer features

cannot be used as an on/off pressure gauge, while dimerésatan.
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Figure 6.13: The total atmospherie @ shown as a function of the ratio of the 1.0&
dimer feature equivalent width to the @ band equivalent width for the reflected spectrum.
There is a trend between this ratio and the total amountofl@is could be used as a way

to estimate the pressure if a transmission spectrum is adbhle.
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Figure 6.14: Atmospheric pressure as a function of the dandrA band equivalent widths
in the reflected spectrum for atmospheres with total pressietween 0.1 and 10 bars. It
will be possible to set a lower bound on the pressure with tdmdyQ, A band equivalent
width and the 1.0¢um dimer equivalent width.
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Figure 6.15: §) Transit transmission spectra for the Earth (blue) and athémal atmo-
sphere at 250 K with the same pressure-composition progleen). b) Reflected spectra
for an Earth analog with 2.0x PAL L(blue) and an isothermal atmosphere at 250K with
the same pressure-composition profiles (green). In boescse spectra for the calculated
temperature-pressure profile and the isothermal profilesang similar, showing that the
spectra are not strongly dependent on the temperaturegorofil
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Figure 6.16: Transit transmission spectra of a 1.0 bar, RX1xO, Earth analog with KO
concentrations varying from 0.1 to 10.0x PAL®. While H,O absorbs near the wings
of the @ A band the ppm flux difference and the S/N do not change greatithe HO
concentration changes. The continuum near the fin@@imer feature is strongly affected
by the increases in #D. However, the magnitude of the change in the ppm flux diffeee
over the entire band and the S/N is less than 20% when congpiienl.Ox PAL HO case
to either the 0.1 or 10.0x #D cases.
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Figure 6.17: The 1.06m dimer feature in transit transmission with different amisuof
H2>O. The spectra have been artificially offset for ease of vigwiThe black dashed lines
are spectra that do not include any @mer absorption and are included to help show the
continuum flux level. The total ppm flux difference and S/Ntfoe dimer band vary by less
than 20% with respect to the 1.0x8 case.
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Figure 6.18: The 1.06m dimer feature in the direct beam reflected spectra withingry
amounts of HO for an Earth analog with a 1.0 bar, 2.0x PAL, @mosphere. There is
an artificial offset for ease of viewing, and the black daslmes are spectra that do not
include any Q dimer absorption. As in transit transmission, the S/N ofdmeer feature
varies by less than 20% with respect to the 1.00Hase. Additionally, the S/Ns for higher
pressure cases should be less affected by change€iéhcentrations because of greater
absorption within the dimer band.
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Figure 6.19: Transit transmission spectra for the 1.0 b&xx PAL O, case at various
spectral resolving powers. The wavelengths for theAband, the 1.0um dimer band,
and the 1.27um band are highlighted. An artificial offset has been addetieéspectra for
ease of viewing. At the lowest resolving powers, it is diffi¢a identify spectral features.
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Figure 6.20: S/N ratios of absorption features for the spestiown in Figure 6.19. The
S/Ns decrease as resolving power decreases because thaiabhdmands can no longer be
resolved from the continuum. For R=30 and R=20 it is very clifti to identify any of the

O, spectral features.
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Figure 6.21: Direct imaging reflected spectra generategeitgal resolving powers from
500 to 20. The y-axis is the planetary albedo with an arbjitcdfset added for ease of
viewing. The Q A band, 1.06um dimer feature and 1.2im feature are highlighted. At
resolving powers of R=30 and R=20 it is difficult to identifynaO, absorption features.
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Figure 6.22: S/N ratios needed to detect theddand, 1.06um dimer feature and the 1.27

um feature for direct imaging reflected spectra. As resolypioger decreases, the required
S/N to detect each feature increases because the contiraweindiecreases, resulting in

a lower overall signal in the absorption band. Furthermatehe lowest resolutions the

absorption bands cannot be resolved. Thus, this decrdesestisurable signal even more,
leading to an increase in the required S/N.
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Figure 6.23: S/N ratios required to quantify the flux withmi8 the center of the absorption
band (defined as the lowest flux level) for the ®band, 1.06um dimer feature and the

1.27um feature. The S/N required for this level of precision dases as resolving power
decreases because the flux is averaged over fewer wavelangtieading to an increase
in the lowest flux. This decrease in required resolving paveeurs for all three absorption

features, though the trend is most apparent for theACband, as it has the narrowest
spectral shape of the three features considered here.
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Table 6.1: S/N ratios for the £A band, the 1.0um dimer feature and the 1.2im feature
for all the cases considered in both transit transmissiansacondary eclipse. The calcu-
lations were done for an Earth analog orbiting an M5V stardistance of 5 pc. The total
integration time was assumed to bé4,0equal to the total amount of time spent in transit
for this case over JWST’s 5 year mission lifetime. The Ju@6dimer feature and the 1.27
pm feature could be detectable, allowing a lower limit for agpheric pressure to be set.

Pressure fO» Transit Transmission Secondary Eclipse

Bars PAL | Oo Aband| 02-O2 1.06pum | O2 1.27pum | O2 A band| O-O 1.06pum | O 1.27um
0.1 0.1 | 0.2 0.0 0.0 5.2e-04 | 0.0e+00 2.7e-03
0.1 05 |05 0.0 0.9 1.2e-03 0.0e+00 3.4e-03
0.1 1.0 0.6 0.0 1.2 1.7e-03 0.0e+00 4.2e-03
0.1 20 |08 0.0 15 2.4e-03 0.0e+00 5.5e-03
0.5 0.1 |05 0.0 1.1 2.3e-03 | 0.0e+00 5.5e-03
0.5 05 | 0.8 0.0 2.5 5.0e-03 | 0.0e+00 1.2e-02
0.5 10 |11 1.2 3.7 6.7e-03 0.0e+00 1.8e-02
0.5 20 |11 2.3 51 8.5e-03 | 1.2e-02 2.7e-02
1.0 0.1 |05 0.0 1.6 4.1e-03 0.0e+00 9.5e-03
1.0 05 | 0.8 0.5 3.9 7.8e-03 0.0e+00 2.6e-02
1.0 10 |11 1.5 5.2 9.4e-03 | 1.3e-02 3.9e-02
1.0 20 |11 3.4 7.5 1.1e-02 | 3.5e-02 6.3e-02
3.0 0.1 |05 0.0 1.2 7.3e-03 0.0e+00 3.2e-02
3.0 05 | 0.8 0.6 3.5 1.0e-02 2.1e-02 8.4e-02
3.0 1.0 |11 1.5 5.0 1.1e-02 | 6.2e-02 9.9e-02
3.0 20 |11 3.5 7.2 1.2e-02 1.5e-01 1.2e-01
5.0 0.1 |05 0.0 11 7.5e-03 0.0e+00 5.8e-02
5.0 05 | 038 0.6 3.3 9.6e-03 | 4.3e-02 1.1e-01
5.0 10 |11 1.4 4.9 1.1e-02 1.2e-01 9.4e-02
5.0 20 |11 3.3 7.2 1.2e-02 2.1e-01 1.1e-01
10.0 0.1 |05 0.0 11 5.9e-03 0.0e+00 9.2e-02
10.0 0.5 | 0.8 0.7 3.4 7.8e-03 | 9.3e-02 6.1e-02
10.0 10 |11 1.4 5.0 8.6e-03 1.7e-01 6.1e-02
10.0 20 |11 3.4 7.4 9.0e-03 2.1e-01 5.0e-02
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Table 6.2: S/N ratios for detection (S§iNand to obtain precision ofdin the center of
the band (S/N) for the & A band, the 1.06um dimer feature and the 1.2im feature at
pressures ranging from 0.1 to 10.0 bars and@ncentrations ranging from 0.1 to 2.0 times
PAL O, for direct imaging reflected spectra.

Pressurg fO» O2 Aband | 1.06pum dimer| 1.27pum feature
Bars PAL | S/INp | S/INp | SINp | SINe | SIND | SINp
0.1 0.1 | >100|3.1 |- - - -
0.1 0.5 |50.0 |32 |- - >100| 3.0
0.1 10 | 350 |54 |- - >100| 5.1
0.1 20 |244 |34 |- - 89.8 | 3.1
0.5 0.1 | 251 |34 |- - >100| 3.1
0.5 05 (114 |39 |- - 38.8 | 3.2
0.5 10 |86 |73 |- - 23.8 | 5.6
0.5 20 |68 |50 |309 |32 14.3 | 3.7
1.0 0.1 |134 |38 |- - 62.0 | 3.1
1.0 05 |71 48 |- - 16.4 | 3.6
1.0 1.0 |58 91 |29.0 |54 9.9 6.9
1.0 20 |50 6.1 |9.6 3.7 5.9 54
3.0 0.1 |6.2 53 |- - 12.8 | 3.8
3.0 05 |44 6.9 16.5 | 34 4.3 7.2
3.0 1.0 | 3.9 13.2 | 4.9 8.1 2.9 26.7
3.0 2.0 |35 94 | 1.9 18.9 1.7 >100
5.0 0.1 |50 6.3 |- - 6.5 5.0
5.0 05 (38 |86 |68 |41 2.7 |20.9
5.0 10 (34 17.7 | 2.3 18.1 19 >100
5.0 2.0 | 3.0 15.2 | 1.3 >100 | 1.3 >100
10.0 01 (41 |81 |- - 3.0 |137
10.0 0.5 | 3.0 15.2 | 2.3 104 1.8 >100
10.0 10 (27 |449 |14 |>100 |1.2 |>100
10.0 20 |24 |616 |10 |>100 |1.0 |>100
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Chapter 7

BIOSIGNATURE AND HABITABILITY MARKERSIN TRANSIT
TRANSMISSION SPECTROSCOPY: DETECTING VOLCANISM
ON EXOPLANETSUSING TRANSIENT SULFATE AEROSOLS

Volcanism is an important process for a habitable worldsexisting methods to char-
acterize volcanism in an exoplanet atmosphere focus oolsesfor gases that are difficult
to detect. In this chapter, | present a new method for detgatdlcanic eruption on exo-
planets using transient sulfate aerosol signals. On thi Eexplosive volcanic eruptions
can inject SQ into the stratosphere, where it can photochemically reaébrim H,SOy
aerosols, which gradually fall out over time. This resuitarelatively rapid increase in the
effective absorbing radius of the planet across a broaderahgvavelengths, followed by
a gradual decrease in effective absorbing radius. Herentdyahis effect for Earth-like
atmospheres and show that this could be detectable forynetabets orbiting M dwarfs
with JWST or E-ELT. | also examine potential false positivée possible connection be-
tween transient sulfate aerosols and plate tectonics, @andildetection of transient sulfate
aerosols can strengthen the case for biotic oxygen. Psrtibthis chapter have been sub-
mitted to Astrobiologyin collaboration with J. Krissansen-Totton, M. Koehler adF.
Sholes.

7.1 Introduction

Geologically active worlds are more favorable environmedot the emergence and per-
sistence of life than geologically dead worlds. On Earthglggical activity was likely

important for both the genesis of life and its long-term n@mance. Ade novogenesis
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of life appears to be reliant on chemical potential and regiadients that were common
in volcanic and hydrothermal settings during the Hadeaneaaty Archean (Sleept al,
2011; Stuekeret al, 2013). Subaqueous hydrothermal vents powered by senpenti
tion of oceanic crust generated broad pH gradients for seawater to 9-11 for venting
fluids) providing geochemically free energy for nascerd bh early Earth (Sleeet al,
2011). Serpentinization also creates organic carbon mt@sdhrough Fischer-Tropsch-
like reactions that may have been necessary for incipiechigmistry (Holm and Charlou,
2001; Stuekemet al, 2013). Furthermore, modern life uses coupled redox pairsléctro-
chemical energy, and relies on “ion-tight” membranes anthbrane enzymes to maintain
disequilibrium (Mulkidjaniaret al., 2012). As the earliest organisms could not have had
these complex membranes, it is thought that environmeediaix gradients, such as those
that can be found in hydrothermal systems, could have stggbprotocells (Mulkidjanian
et al, 2012; Stuekeret al, 2013). Additionally, the overwhelming majority of eleair
donors and acceptors involved in early Earth ecosystenddjlkaaty the origin of life, were
sourced from subaerial and subagueous volcanoes as weltlesttiermal systems (Can-

field et al, 2006) that may have been commonly associated with platedzoies.

Geological activity may also help maintain long-term hability by replenishing bioessen-
tial elements and by controlling climate stability. Nislked Sleep (2001) point out that if
it were not for the perpetual supply of erodible rocks an@dyentroduction of volcanic
cations, life would have slowly diminished due to a lack afdssential elements. The long-
term carbonate-silicate cycle, a product of plate tecgrhias regulated the concentration
of COy in Earth’s atmosphere throughout geologic time (Wakkesl,, 1981). Climate sta-
bility may also potentially be maintained in a stagnant édime (Pollacket al, 1987b),
but crucially, at least some volcanic outgassing is reguicereplenish the drawdown of

CO, by silicate weathering and prevent the onset of a snowball.

Given the importance of geological activity for the origindapersistence of life, ob-
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servational techniques capable of detecting volcaniwiicttould inform the habitability
of terrestrial exoplanets. Geological activity may not Ipeadsolute requirement for life
in the same way that free energy and a liquid solvent are redjuior instance, it is con-
ceivable that the subsurface oceans of icy-moons sustaifrdéim surface oxidants alone
(McKay et al., 2008). However extrasolar astrobiology is primarily feed on habitable
environments that can be observed and characterized (Desddaal., 2002), and realis-
tically only large-biomass, high metabolism surface biwsps that persist for geologically
significant timescales will be detectable on exoplanet®ldggcal activity is necessary for
the genesis and maintenance of such biospheres. We préad$eansient sulfate aerosols
could be suggestive of volcanic activity. Thus the detectb transient sulfate aerosols
would help inform habitability evaluations and identifyopmising candidates for follow-up

observations.

Currently, there is limited understanding of how we mightedine whether exoplan-
ets have active volcanism. Identifying volcanically prodd gases is one proposed method
to infer active volcanism on an exoplanet. Volcanic gas siois are primarily composed
of H,0O, Hp, CO,, CO, SQ, and KS. Of these, only SPand HS are known to be found
in large concentrations almost exclusively as the resuwbtdanic activity. Jacksoet al.
(2008) suggested that highly tidally heated planets coale lsulfur-rich atmospheres. This
is similar to what is seen in the solar system, in which Juitaoon lo is tidally heated
and erupts sulfur-bearing gases. For these planets, teetidet of sulfur species (such
as SQ) could be indicative of active volcanism. Kalteneggeral. (2010) used S@as
an atmospheric proxy for detecting moderate to high amooingxplosive volcanism on
exoplanets. They found that $@bsorption from eruptions 100x larger than the 1991
Pinatubo eruption could be detectable (signal to noise,r&iN, >3) in primary (transit)
or secondary eclipse with JWST for an exoplanet closer thap@ Their results indicate

that SQ will only be detectable as tracer for volcanism for very &ripfrequent (once ev-
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ery >10,000 years) eruptions and only for planets orbiting thi8est stars, so the utility
of SO, as a practical tracer for volcanism is limited. Furthermdta et al. (2013) have
examined the photochemistry of volcanically-producedegasrer a range of atmospheric
compositions and found that large surface fluxes g& ldnd SQ lead to the formation of
sulfur-based aerosols rather than larger mixing ratiogitbier gas. Thus, it is unlikely that
either S or SQ would serve as a detectable proxy for volcanism.

We present a new method that relates the detection of tednyanations in strato-
spheric sulfate aerosols to active volcanism. On Earthlosige volcanic eruptions (typ-
ically with a Volcanic Explosivity Index (VEB-4) can inject S@ directly into the strato-
sphere, where it photochemically reacts with water to foutfusic acid aerosols with life-
times ranging from months to years. Stratospheric aerossidting from volcanism have
been studied extensively in the Earth’s atmosphere, tilpieath regards to their effect
on climate forcing (Laci®t al, 1992; Satcet al, 1993), but here we examine their spec-
tral effects. In the results section we show that these sgdezffects would be detectable
through observation of transiting terrestrial exoplandtsis work only demonstrates the
feasibility this technique using Earth as a case study; wealktoansit transmission spectra
for an exoplanet with the same mass, radius, bulk compaosiéitmospheric composition
and time-averaged insolation as Earth. However, the tgaenshould be applicable to a
broad range of terrestrial planets and host stars (see &iry. The Discussion section
also considers the possible connections between trarstr@bbspheric aerosols and plate

tectonics.

7.2 Methods

We generated transit transmission spectra of the Eartlstdite detectability of transient
stratospheric sulfate aerosols as a sign of active volcanWe used the model described

in Chapter 2, but ignored the effect of forward scatteringawse this is predicted to have
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a small effect for planets in the habitable zone of any magusace star (see Chapter 5).
However, refraction was included in our calculations. Weuased Earth-like bulk com-
position, radius, mass and atmospheric composition. Weepléhe Earth-analog planets
around a Sun-like star and an M5 star at the flux equivalenanig, which is the dis-
tance from the host star that the planet would receive the $arfometric flux as the Earth
receives from the Sun. As sulfate aerosol abundance iresetise atmosphere becomes
more opaque in transit transmission, resulting in hightercéif’e absorbing radii. We used
a radiative transfer model with standard pressure-tenymerarofiles and gas mixing ratio
profiles, along with aerosol data retrieved from Earth-olisg satellites, to generate the
spectra. We also adopted different cloud schemes to covemngerof possible exoplanet
cloud fractions and cloud altitudes. The effect of refractivas included for the spectra
generated in this chapter, though the effect of forwardtegag was not. As shown in
Chapter 5, forward scattering in transit transmission hasgligible effect for planets in
the habitable zone. Therefore, not including forward seatg in the models should not
greatly impact the results presented below. Our model andeimaputs are described

below in greater detail.

We modeled the Earth using the tropical, mid-latitude angbsttic reference mod-
els at different seasons from McClatchetyal. (1972). We used the prescribed pressure-
temperature profile, $O, and Q mixing ratio profiles and assumed that £®,0, CO,
CH4, and Q are evenly mixed in all cases. We used the tropical atmospiedel for
latitudes -238 < | < 23°, the mid-latitudes atmosphere for 6@ | < -23° and 23 < | <
60°, and the subarctic atmosphere for2901 < -60° and 60 < | < 90°.

We used data from the Stratospheric Aerosol and Gas Expetri(8AGE) Il (Mc-
Cormick, 1987) and Optical Spectrograph and Infrared Im§gstem (OSIRIS) (Llewellyn
et al, 2004) to model the aerosol optical depth over time. For gamknd aerosol levels,

we used an aerosol profile from McCormiek al. (1996) from 1979, which followed a
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period of low levels of volcanic activity and is thereforeeasonable approximation for
background aerosol levels. We confirmed that this extingiiwfile matches background
aerosol extinction profiles measured by SAGE Il and OSIRIS. dmall eruptions (total
aerosol optical depth (AOD)-< 10x background levels), the extinction profile roughly
scales by the aerosol optical depth without any change islihpe of the vertical profile.
Therefore, we assumed the same vertical aerosol profilesistttosphere but scaled the
extinction up by the factor of increase in AOD. For largenzions with AOD> 10x back-
ground levels, we use the average aerosol vertical proéltegved by SAGE Il and Osiris

for each month and each latitude bin.

To model the extinction from aerosol particles we used thier8o and Huffman (1983)
Mie scattering code to calculate wavelength-dependewirptisn and scattering. For small
eruptions, we assumed the stratospheric aerosols were 5@ hkparticles with a lognor-
mal size distribution with an effective radius of Quéh (from SAGE data) and an effective
variance of 0.0m? (Hansen and Travis, 1974), though we find our results aretrastgly
dependent on the effective variance. We used the Palmer dharig (1975) optical con-
stants for 75% HSQO, solutions to generate the Mie scattering output. We alsegded
wavelength-dependent optical properties for larger &ffegadii, which are applicable to
large eruptions like Pinatubo. Larger eruptions lead tgdaparticle sizes (Englisét al,,

2013), and for the Pinatubo eruption the maximum mean pagize is 0.6um.

For each month in the dataset, we generated a transmisgotnam for each of the six
latitude bins. We averaged the aerosol optical depth owpective latitudinal bins (e.qg.
northern tropical latitudes) and generated a monthly specover each bin using (a) the
reference model atmosphere, (b) the retrieved aerosolatxtn profile from SAGE Il, and
(c) an assumed cloud structure. We considered three clagscél) no clouds, so that it is
possible to probe to the surface, (2) realistic clouds witbpaque cloud deck at 6 km with

100% cloud coverage, and an opaque cirrus cloud deck at 10itn2&26 cloud coverage,
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and (3) complete cloud coverage at the tropopause or at 1vkiohever was greater. We
include cases 1 and 3 to demonstrate the maximum possikelet eff variations in cloud
coverage on variations in the transit spectrum for an Héthatmosphere. For the realistic
cloud coverage case, we adopted 100% cloud coverage at 6 ¢amdeeeven clouds that
are considered optically thin in direct beam can be opiiddlick in transit transmission
due to the increased path length in limb geometries. Otlbgospheric aerosols, such as
dust, pollution and products of biomass burning also cbate to tropospheric opacity and

will generally be optically thick below 6 km (Winkeat al, 2013).

7.3 Results

We generated spectra for the Earth over time with realiftectcoverage and aerosol load-
ing as an analog for future exoplanet observations. Figuresifows spectra of the Earth
for three different aerosol loadings: background aerasadls, and levels corresponding to
peak aerosol optical depth following the 1991 Mt. Pinatutupg&on and the 2009 Sarychev
eruption with realistic clouds included for an Earth-amggitanet orbiting an M5V star. De-
tails about the eruptions can be found in Table 7.1. We chasgBev to represent a small
eruption and Pinatubo to represent a large eruption bedheas8arychev is one of the
largest ‘small’ eruptions (with AOR10x background levels at all latitudes) and Pinatubo
is the large eruption best studied by Earth-observinglgatel These spectra show that the
effects of volcanic eruptions on the Earth’s spectrum ageiicant. The Sarychev eruption
leads to changes in the spectra predominantly between 0.4.26um, while the Pinatubo
eruption leads to changes at all wavelengths. The differamthe wavelengths affected is
because the average aerosol particle size wagrd for the Pinatubo eruption, as opposed
to 0.2um for the Sarychev eruption. The Pinatubo eruption alsodddrger changes in
the spectrum because of the increased aerosol loading.

Figure 7.2 shows the mean effective absorbing radius oner tor the periods of the
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Figure 7.1: Spectra (in effective absorbing radius of theasphere) of the Earth dur-
ing different amounts of aerosol loading: with backgrouedoaol levels, after the 2009
Sarychev eruption and after the eruption of Mt. Pinatubo981l The spectra are shown
for the period after the eruption when the aerosol loading gr@atest. While the effect
of increased aerosol loading on the Earth’s spectrum isl$orahe Sarychev eruption, it
is large (20 km) for the Pinatubo eruption. The wavelength cutoffs@G#demicrons (at
which noise levels increase for ground-based observatams5.0 microns (the longward
cutoff for JIWST NIRSPEC). If multiple transits can be binreer, we find that it may be
possible to detect (SMN3) a Pinatubo-sized eruption with JWST or a Sarychev-siragg-e
tion with E-ELT for an Earth-analog planet orbiting an M5rst& Pinatubo-sized eruption
should be detectable with E-ELT with SAN for both the Sun-like and M5V case, even
without multiple transits binned over.
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Table 7.1: Eruption Parameters

Eruption Date VEI SO (Tg) Plume Height (km)

Krakatoa Aug 1883 6 2.9 (Devineet al, 1984) | >40 km (Self and Rampino, 1982)

Agung Feb 1963 5 | 2.5-7 (Self and King, 1996) >20 km (Self and King, 1996)
El Chichbon| Mar-Apr 1982, 5 8 (Thomaset al,, 1983) ~17 km (Varekampet al.,, 1984)
Pinatubo Jun 1991 6 20 (Bluthet al,, 1992) >40 km (Oswaltet al., 1996)
Sarychev Jun 2009 4 | 1.2 (Haywoockt al.,, 2010) ~14 km (SVER®)

Pinatubo eruption and for all eruptions post-2000 for thedHdifferent cloud schemes we
modeled. This figure shows that the mean effective radiuseoftmosphere (measured as
the mean spectral value between 0.685 and i¥por over the andj bands) increases
as the aerosol optical depth (normalized to backgrounddguscreases. This is because
for higher aerosol optical depths, the atmosphere beconses apaque and is absorbing
a great quantity of light. Figure 7.2 also shows the diffeeem effective absorbing radius
between the different cloud schemes. The difference it absorbing radius from the
realistic cloud case is 1.5-2 km for the two more extremesasecontrast, the changes in
absorption for the Sarychev and Pinatubo eruptions arenti3.@ km, respectively. While
the change due to the Sarychev eruption is similar to a thieatehange in cloud coverage,
it is unlikely that the global cloud coverage would changdB0%. The Pinatubo eruption
is of sufficient magnitude to preclude any confusion withraes in cloud coverage, cloud

height (up to the 10-15 km levels tested), or both.

Finally, we note that there is observational evidence tgettpur model results. In-
creased aerosol loading in Earth’s atmosphere leads t@idarid redder lunar eclipses
(Keen, 1983). Transit transmission spectra of exoplametsgpgeometries similar to those
seen in lunar eclipse; the passage of sunlight through Bdirttb (and subsequent reflec-

tion from the moon) is analogous to the passage of light gjinan exoplanet’s limb during



145

30 1 F 17
28 a — No Clouds
o 16
— Realistic Clouds
26

— Tropopause Clouds

[ =
w B
Effective Absorbing Radius (km)

Effective Absorbing Radius (km)
N
N

1.0

Normalized AOD
= N w B w (=)
o © o6 o o o
7
=) - N N W
o 0 o U o
Normalized AOD

0 { F 0
1991 1992 1993 1994 1995 2000 2002 2004 2006 2008 2010 2012

Date

Figure 7.2: a) Mean effective radius for different cloudagmnd b) aerosol optical depth
(normalized to background aerosol levels in early 2000v@rdime. Note the different
y-axis scales for the left and right hand sides. The meawtaféeradius of the atmosphere
increases as aerosol optical depth increases. This figaoeshbws that the change in
effective radius between different cloud schemes is smiddéa the change due to volcanic
eruptions for a large eruption like Pinatubo. The changetdaeSarychev-type eruption is
roughly equal to 100% changes in cloud coverage betweeretistic case and either of
the end-member cases.

transit (Palléet al,, 2009). Thus, increases in stratospheric aerosol coratemtrdue to

volcanism should lead to changes in the transit transmisgpectrum of an exoplanet.

7.4 Observing Eruptions

7.4.1 Required Time Resolution

The lifetime of stratospheric aerosols in the Earth’s aphese is on the order of months to

years. For smaller eruptions, the spectral effect of thesads will only last a few months,
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meaning that detecting an eruption would require time rggwi on the order of months. In
transit transmission we can only observe the spectrum @fraepbnce every exoplanet year.
This means that Earth-like planets orbiting Sun-like stalidikely not be good candidates

for observing smaller eruptions. The best candidates wilpbtentially habitable planets
orbiting smaller M dwarf stars, which can have periods that<al month. For larger
eruptions, longer timescales could be appropriate. Theeedff the Pinatubo eruption on
the Earth’s spectrum lasted fer4 years. This means that detecting large eruptions should

be possible for habitable planets orbiting Sun-like or $enaitars.

7.4.2 Prospects for Detectability

We used the JWST and E-ELT ETC’s to estimate the detectalfittransient sulfate
aerosols, following the methodology described in Chaptai@ calculated the noise level
obtainable with one transit for the case of a small (an an8kgchev) eruption and a large
(analog Pinatubo) eruption orbiting Sun-like stars and Méats at a distance of 10 pc.
To estimate detectability of Earth-analog planets orgiun-like stars, we used the given
model stellar spectra (G2V Phoenix or Pickles models) andhabized the star’s flux to
have a V magnitude of 4.83. For estimating detectabilityHarth-analog planets orbiting
M5 stars, we used a Phoenix stellar model (Hauschkiidl., 1999) with an effective tem-
perature of 2800 K, a surface gravity of’lén s 2, and a solar metallicity. We normalized
the flux of the M5V star to 5.22E-14 erg/s/éngstrom at Jum, which is equivalent to a
flux of 174 mJy. The V magnitude of the M5 star is 14.4. The E-HIIC does not have
an option for user-input spectra, so we calculated the astidinoise at each wavelength
by converting the model stellar flux to mJy and running the Eir@Gulation. We assumed
a transit duration of 13 hr and an orbital period of 1 year lher $un-like case, and a transit
duration of 1.58 hr and an orbital period of 11.5 days for tH&/\ase.

Small, Sarychev-sized eruptions may be at the thresholdetEctability for E-ELT,
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but will not be detectable with JWST. The signal levels aii (with refraction included)
for a small eruption for an Earth-like planet around a Ske-ktar and an M5 star are
0.02 ppm and 0.74 ppm, respectively. However, the signah fetratospheric aerosols
covers a very wide wavelength range. In Figure 7.2 we'veayenl the change in effective
radius over a wide wavelength range. For E-ELT, we seledieda¥elength bins between
0.68 and 1.3&m in which atmospheric transmission is fairly large, allogifor high-
precision ground-based observations. Shortward of é8M dwarfs have very low flux
levels (and therefore large noise levels), and longwardbB5um, there is a strong water
absorption band that severely limits ground-based obsensm For JWST, we selected
all wavelength bins between Opn and 5.0um, which covers the full wavelength range
of the NIRSPEC instrument in single prism mode. Assuming@mdimited noise (which
should be appropriate for the bright stars that are likefgdts for transit transmission
spectroscopy), integrating the S/N over multiple wavelbaghould be possible. Roughly,
if N wavelength bins are integrated over, the noise will éase by a factor of/N if the
noise is photon-limited. The overall S/N for a small erupti®much less than 1 with JWST.
The S/N is 1.3 for the Earth-Sun case and 0.9 for the Earth-#88 ¢or observations with
E-ELT. For the M dwarf planet, because the orbital perioalatively short (11.5 days), it
could be possible to average over 9 transits (a total of 3.@5ths of time) to get to a S/N
of ~3, which could be enough for a detection. Nevertheless, gketsoscopic effects of
the 2009 Sarychev eruption would be at the threshold of thdidity of E-ELT.

A Pinatubo-style eruption should be detectable for an Elédeéhplanet at a distance of
10 pc, perhaps even with JWST. The S/N at the height of thedinaruption would be 2.1
and 1.8 with JWST and 12.1 and 7.1 with E-ELT for the Sun-like BI5 case, respectively,
even without any transits co-added. The effect of a Pinatuahgnitude eruption lasts for
~4 years, so increasing S/N by co-adding transits shoulddmlfie. For example, for an

Earth-analog orbiting a Sun-like star, if the peak of thepinn was observed, the S/N for
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that 1 transit with JWST would be 2.1 If a second transit wdrgeoved one year later, the
S/N for the second transit would be 1.2. The third and fougthgit would have S/Ns of 0.7
and 0.4, respectively. Integrating over all transits wouédd a best case S/N of 2.6. For a
‘worst case’ scenario, in which the peak is not observedidted S/N for the Earth-analog
orbiting a Sun-like star would be2.0. For an Earth-analog orbiting an M dwarf, multiple
transits could potentially be observed each month, greatiseasing the S/N. There are
over 130 potential transits for the M dwarf case over a 4 yeaiod, and by integrating
over all possible transit the total S/N with JWST for an Eattalog orbiting an M5 star
would be 11.8. Even if only one transit per month could be olesk the total S/N would
be 7.3 with JWST. Similar binning over transits could be duiiid E-ELT observations
as well. Therefore, if we observe an Earth-like exoplanat ik undergoing a Pinatubo-
magnitude eruption we could detect the effects of that eoptith E-ELT and possibly
JWST.

While JWST and E-ELT may be able to detect transient sulfatesmls for planets
within 10 pc, larger telescopes would be required to detdstdffect for planets further
away. There are 67 stars within 5 pc, of which 50 are M dwartsdhare F, G, and K stars
(Cantrellet al, 2013). An Earth-analog orbiting a Sun-like star has@5% probability
of transiting, and an Earth-analog orbiting an M dwarf has2&o probability of transiting,
meaning there is likely only 1 potentially habitable trdimg planet within 5 pc, if every
star hosts a potentially habitable planet. Kopparetal. (2013) estimates a habitable zone
(HZ) planet occurrence rater of near 0.5, which would rasudh average of 0.5 potentially
habitable planets within 5 pc. There are 322 main sequeiace stit to 10 pc, of which
248 are M dwarfs (Henrgt al., 2006), increasing the number of potential transiting ptan
out to 10 pc to~8 (or 4 assuming 0.5 HZ planets per star). Thus, the applitabf the
technique described here to JWST and E-ELT will likely beitigd to a small number of

targets. However, this method would be applicable to manes shan the Kaltenegget al.
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(2010) method, which, as previously stated, only workslier@ closest stars (within 2.45
pc) for transit transmission observations, among whicletle a very low probability of
having even one transiting, potentially habitable plaretthermore, the Kalteneggetal.
(2010) calculations assume that it is possible for a largeusrhof SGQ to build up in an
Earth-like atmosphere, which has been shown to be impleusibHu et al. (2013). They
show that large abundances of S&hd HS lead to aerosol formation, and therefore these
gases are not predicted to build up to detectable levels.ederythe presence of an aerosol
layer alone is not predictive of volcanism on an exoplandtis Teaves transient sulfate
aerosols as the most detectable signature of exovolcanism.

This method will likely be more applicable to the next getieraof ground and space-
based telescopes after JWST and E-ELT. Within 30 pc, thergdnmoe ~100 (4x3, ac-
counting for increase in volume) potentially habitablg&s, greatly increasing the likeli-
hood of a detection of transient sulfate aerosols. Howeveetection at a distance of 30 pc
is most likely not feasible with JWST or E-ELT, meaning tHasttechnique may be most
applicable to future large aperture space and ground-tiektopes. Given that observa-
tions of a star at 30 pc collect 1/9th the light of a star at 10detecting transient sulfate
aerosols for a planet at 30 pc would require a telescope \edinlyran order of magnitude

greater collecting area than the next generation of spackg@und-based telescopes.

7.5 Discussion

Our results show that explosive volcanic eruptions can teadhanges in the transit trans-
mission spectrum of the Earth, and that these changes ceuligtectable on exoplanets
with E-ELT, and potentially JWST. From what is seen in solstem observations, the
most likely explanation for transient aerosol loadingsafcanism. There are processes
both inside and outside the Solar system that can potgntraihic a transient rise in sul-

fate aerosols as observed in transit transmission spddtaw we address potential false
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positives and false negatives. The connections betwedons@ eruption and both large
transient sulfate aerosol loading in the stratosphere &td poundaries on Earth are also
discussed below. We also address the feasibility of usiegelaerosol signals in the pres-

ence of oxygen as an oxygenic biosignature.

7.5.1 Potential False Positives and False Negatives

Martian dust storms exhibit similar patterns of sharp iases in aerosol levels, followed
by a gradual decrease with timescales ranging from montysars (Pollaclet al., 1979).
Dust storms could thus cause a potential false positivedtaaling changes in stratospheric
sulfate aerosols. Silicate absorption features near 973atum could be used to distin-
guish between a dust storm and an increase in sulfate ag@ahko and Duley, 2002).
Additionally, on Earth, dust storms do not reach the styatese at the level that sulfate
aerosols do, so it may be that large planet-wide dust stokashose we see on Mars
require a thin, low pressure atmosphere.

If silicate absorption features will be used to distinguistween dust storms and ex-
plosive eruptions, then silica ash ejected into the atmexsgtiuring eruptions must be ruled
out as a false negative. Generally, volcanic ash rapidlyhfwidays) falls out of the atmo-
sphere, and does not become as geographically disperdeel @ssbciated 50, aerosols
(Prata and Kerkmann, 2007; Karagulietral., 2010; Schneidest al, 2012). Therefore, the
effect of ash on the spectrum should be minimal and shaetiland will not significantly
alter the results. Even in the unlikely scenario of an oleéa being made immediately
following an eruption, when ash levels are high, and evehefash cloud were on the
planet’s terminator (a requirement for having an effect loa transit transmission spec-
trum), the geographical extent would be small, extending tew degrees in latitude and
longitude at most, meaning that its effect on the spectrumavoe very small.

However, this rapid fallout does not include particles tir@tsmaller than im (Schnei-
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deret al, 2012). On Earth, these smaller particles (a very smallgrerof the total ejected
ash) can accompany S@nto the stratosphere and have residence times that depend o
particle size, shape, and density, as well as medium viscasd turbulence (Fuchs, 1989).
It is conceivable that an exoplanet with a different atmesptand mineralogy than Earth
could host an explosive eruption that causes optical anthicla¢ changes in the strato-
sphere from both sulfate aerosols and volcanic ash, givabaarmally large amount of
very small ash particles. If this is the case, it might stlgissible to distinguish between
dust storms and ash-laden explosive eruptions. A dust staahd exhibit roughly equal
aerosol absorption and dust absorption, whereas a voleamtion will emit ash and S£)
the latter of which will eventually form p50O,. Therefore, the volcanic eruption should
show a proportionally larger aerosols signal than dustrbem signal. Differentiating be-
tween the two would likely require spectral modeling of dstsirms and high-ash volcanic

eruptions over a suite of aerosol and dust particle sizesygdnces and injection altitudes.

Bolides can explode in an atmosphere or impact a planetaigcg) and generate strato-
spheric sulfate aerosol signals that can mimic those adgtexplosive volcanic eruptions.
For example, Gorkavygt al. (2013) detected and traced an aerosol excess belt in the-stra
sphere following the Chelyabinsk meteor (18m diameter)actin early 2013. This event
was small in terms of changes in stratospheric aerosoldegthe aerosol belt was thin,
and aerosols returned to background levels within a few hworringet al. (1996) demon-
strate that carbonaceous chondrites containing up to 6fr$y weight, with diameters
greater than 300 m, will generate vapor plumes that depositiats of sulfur in the strato-
sphere analogous to the 1883 Krakatau, 1963 Agung, and 1I98Ri&hon eruptions (see
Table 7.1 for details of each eruption). On Earth, these ¢tgpare estimated to occur
once every 10,000 years (Sigurdsson, 1990; Kahgl., 1996). To estimate the relative
frequency of such impacts and how they would compare to thguirncy of explosive

eruptions, it would require knowing parameters such as gleech the system, system dy-
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namics, and initial reservoir of debris. Modeling of thesegmeters would be necessary
to determine whether a transient aerosol signal is likelysed by an explosive volcanic

eruption.

Planets for which sulfur-bearing species were injectechadlatude below optically-
thick aerosol layers would likely be false negatives usimg method. For example, ex-
plosive volcanism on Venus or Titan, if such existed, wouldstrikely not significantly
affect the global cloud and haze layers by a sufficient amaunkdss the sulfate aerosols
were being produced high above the existing cloud and hgmeda Venus is optically
thick in transit transmission to 90 km (Ehrenregthal,, 2012; Garcia Mufoet al.,, 2012),
SO a transient aerosols signal would require an injectiosutftir more than 90 km above
the surface. Titan is optically thick above 100 km in tratisihsmission (Robinsoet al.,
2014), and would face a similar problem as Venus. Overalhdient sulfate aerosols will
likely only be detectable for eruptions for which the pluneaght is greater than both the
tropopause height and the height of an optically thick cliayér. On Earth, eruptions with
plume heights greater than 10-15 km should lead to tranainuisols signals. The plume
height for the Pinatubo eruption was 40 km, so Pinatubodikgptions could be detectable

for planets with tropopause heights and cloud heights less40 km.

Venus may also present a false positive because there aporanvariations in the
aerosol extinction whose cause is currently unknown. Thbajly-averaged extinction in
solar and stellar occultations at an altitude of 80 km vapgdearly an order of magnitude
in the optical and near infrared in between 2006 and 20109\t al., 2012). A change
in extinction of an order of magnitude would imply an increas the vertical extent of
the haze by 2.3 scale heights, which for the upper Venus aiineos would be-10 km.
Additionally, the cloud base altitude can vary by several &nhigh latitudes (Ignatiev
et al, 2009). The results from Ignatiet al. (2009) and Wilqueet al. (2012) imply that the

vertical extent of the clouds and hazes in Venus’ atmosphasevary by an amount similar
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to the difference between the two extreme cloud cases cenesidhere: case 1 (no clouds)
and case 3 (complete cloud coverage at the tropopause or l@kichever is greater).
Variations in cloud and haze extents at level0 km will produce spectral variations less
than the~20 km differences seen in the Earth’s spectrum followingRheatubo eruption
from Figure 7.1. Future spectral modeling of Venus’ tratrsihsmission spectrum could
show if the transient sulfate aerosols in Venus’ atmospivengd be detectable by future

ground and space-based telescopes.

The stellar UV flux incident on the planet can lead to a falsgatiee for UV quiet
stars and a potential false positive for active, flaringsst&he formation of sulfate aerosols
requires OH or @, which are typically formed via the photolysis ob@& and CQ, re-
spectively, in the absence of biology. Photochemical sathahs of aerosol formation for
planets orbiting UV quiet stars show that aerosol formatian be decreased by orders of
magnitude (Hiet al,, 2013). Thus, transient sulfate aerosols may be difficutigerve for
planets orbiting stars with very low levels of UV flux. In coaut, it is possible that stellar
flares or other events that temporarily increase the steNaflux can lead to a transient
increase in aerosol optical depth. This would require amdance of either b5 or SQ
in the planetary atmosphere, which would react with phaeaubkally produced OH or ©
after the flare to form sulfate aerosols. In this scenarie,siar would have to have low
levels of UV flux prior to the flare. To rule out such a case, oneld look for evidence
of a flare, which affect wavelengths beyond the UV (Kowakstkal., 2013). Furthermore,
a transient sulfate aerosol signal that was triggered byra Wauld still provide evidence
for a flux of sulfur compounds into the atmosphere, presuynftbm volcanism. Photo-
chemical modeling of sulfate aerosol formation for diffetrstellar types and different UV
fluxes, while beyond the scope of this present work, should determine if changes in
the incident UV radiation on a planet can lead to transietitt®iaerosol events that are

not caused by volcanism.
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Stellar activity could be another potential false positi@8&arspots are cooler and fainter
than the rest of the stellar disk, and can therefore affeststiellar flux. Starspots can
also vary between transits, creating the inter-transi@tian that would be seen during a
transient sulfate aerosols event. Unocculted starspalisl dacrease the measured transit
depth, and occulted starspots could decrease it. To avaiflision with stellar activity
such as starspots, a detection of transient sulfate asrasaild likely need to occur over
multiple transits. The starspot pattern on a star typidats to changes in the light curve
that are sinusoidal (Quel@ al,, 2009), and would most likely not lead to the characteristic
rapid rise and gradual decline in effective radius that weefee transient sulfate aerosols.
Furthermore, if all wavelengths are not binned over, it maybssible to detect a decrease
in spectral absorption features. As shown in Figure 7.1om®n features can become
considerably weaker during a transient sulfate aerosaltevihe detectability of spectral
absorption features may be less sensitive to stellar acthén a broadband flux difference,

which could allow for discriminating between stellar adinand a transient aerosol event.

7.5.2 Aerosol Formation in Anoxic Atmospheres

While our calculations have been done for oxygen-rich, liehke atmospheres, sulfate
aerosols form in anoxic atmospheres as well. défwal. (2013) modeled bSO, and §
aerosol formation in anoxic 4 CO, and N>-dominated atmospheres over a range g H
and SQ volcanic fluxes. They found thatdand CQ-dominated atmospheres preferen-
tially form Sg and SO, aerosols, respectively, across al$and SQ flux levels. N-
dominated atmospheres form$0, if the ratio of 'S to SGQ gases emitted via volcanism

is lower than three times the present day ratio. For atmasplveith even trace amounts of
O, (pO» > 10°° present atmospheric level) B0, preferentially forms over $(Pavlov

and Kasting, 2002; Zahnlet al, 2006). Regardless, for any atmosphere with a surface

sulfur flux, sulfur aerosols (eitherd30, or Sg) are expected to form photochemically and
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fall out over an extended period of time, though more dedgileotochemical modeling is
needed to quantify the detectability and duration of voilc@vents under different redox
regimes. Therefore, this method should be applicable wiped and reduced atmospheres,

as well as the oxic Earth-like atmospheres we have examieed h

7.5.3 Connection to plate tectonics

Transient sulfate aerosols in the lower stratosphere aiieedefrom explosive volcanic
eruptions that advect sulfur material through the tropesphavoiding rapid fallout. On
Earth, these explosive volcanic eruptions are normallyrdsellt of plate tectonics. The
explosivity of an eruption is largely dependent on the ailind volatile (primarily HO
and CQ) content of the magma. On Earth, silicate and volatile-n@gmas are typically
generated in subduction zones under continental and islemdettings and therefore the
resulting stratovolcanism is highly explosive. In contrasuptions not associated with sub-
duction zones, such as hot spot volcanism, are typicaltydgplosive due to the low silica
and volatile content of the magma. Consequently, almosballosive volcanic eruptions
large enough to markedly increase stratospheric aerosicebdepth occur in subduction
zone settings (as illustrated in Figure 7.3). Thereforsdheansient aerosol events may
also be indicative of an active tectonic regime.

There have been numerous discussions of the planetaryrgesp@amely observables
such as mass and radius, required to initiate and sustam fgletonics (Valenciat al.,
2007a,b; Valencia and O’'Connell, 2009; O’Neill and Leney@007). However, Lenardic
and Crowley (2012) show that the ability for a planet to ety a tectonic regime depends
primarily on the geological history of the planet. Multipteodes of tectonic regimes (e.g.
mobile plates, stagnant lid, and episodic tectonics) canmgethe same parameter space
making it difficult to predict whether these extrasolar gnwill be favorable for plate

tectonics if only the bulk physical properties are knowrg(emass, radius, composition,



156

©
=
©

Krakatau Pinatubo

o
=
()]

Hokkaido-Komagatake

El Chichon

o
iy
S

Santa Maria Agung

o
=
N

o
=
o

Tarawera

Kelud and Manam

o
o
©

Fernandina

Novarupta Fuego

o
o
>

Makian Multiple
Puyehue-Cordon
Caulle

Stratospheric Aerosol Optical Depth

udach Hokkaido-Komagatake
Mayon

o
=3
s

Michoacan-Guanajuato

Askja

Sarychev

e
o
N

0.0Q
1840 1860 1880 1900 1920 1940 1960 1980 2000

Year

Figure 7.3: Globally averaged stratospheric aerosol aptiepth for the last 160 years is
plotted in black. Selected explosive eruptions (VEI of 4,r%5pare denoted by arrows
together with the optical depth excursions with which theincide. Most of the named
eruptions occurred at subduction zone settings; the thxaspéions are highlighted in red.
The 1886 Tarawera eruption was a rare basaltic Plinian ierugtValker et al., 1984),
albeit associated with a back-arc basin (Lau-Harve-Tauplog¢ 1968 Fernandina eruption
was associated with the Galapagos hotspot, although thentecsetting is complicated
by the intersection of the Nazca, Coscos and Pacific platedaries. The 1875 Askja
eruption in Iceland also occurred at a complex tectonigrep{iGeigeret al, 2010). In
general, we see that increased stratospheric aerosohbgéipth is caused by eruptions in
subduction zone settings, and even the few exceptions arenticely disconnected from
tectonic activity. Volcanic eruptions were obtained frdme Smithsonian Institute Global
Volcanism Program database (http://www.volcano.si)ednd stratospheric optical depth
was obtained from NASA GISS (http://data.giss.nasa.godgtforce/strataer/).
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etc.). Therefore, it is helpful to have an additional caaistiron the probability of a planet

having plate tectonics.

It is conceivable, however, that terrestrial exoplanet wiffering bulk compositions
or with large initial volatile reservoirs, could produceppsive volcanic eruptions that are
not associated with plate tectonics. For instance therengpelling evidence for explosive
volcanism on Mars despite there being no evidence for gcheeth-like plate tectonics
(Mouginis-Mark et al,, 1982; Wilson and Head, 1994; Kerbet al, 2012). On Mars,
basaltic explosive eruptions are relatively common for teasons. Firstly, Mars’ lower
gravity and low atmospheric pressure enhance gas exsolatid the fragmentation of
magma during ascent to the surface, thereby leading to mxptestve eruptions (Wilson
and Head, 1994). Secondly, the interaction between swdzsawiater and magma increases
magma volatile content and therefore eruption explosiMtjison and Head, 1994) . For
exoplanets, surface gravity and atmospheric pressureGbapter 6) can potentially be
constrained by remote observations. This could help tamfie likelihood that observed
explosive volcanism is associated with plate tectonicsthalgh there is no way of re-
motely observing subsurface water content, it has beeredrthat on Mars there was a
transition from explosive to effusive volcanism around @& attributed to declining sub-

surface water content (Robbiasal., 2011).

Evidently, more work needs to be done on the influences ofpday composition and
evolution on eruption explosivity. The future detectionti@nsient sulfate aerosols in an
exoplanet atmosphere must be carefully considered in theexbof other observations
before any tentative inference to plate tectonics can beemiddvertheless, a detection of

transient sulfate aerosols may be suggestive of platertiestéor an Earth-sized exoplanet.
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7.5.4 Sulfate-aerosols and oxygenic biosignatures

It has long been argued that the remote detection of atmaspBgor Oz in a terrestrial
exoplanet’s atmosphere would constitute a promising gragure (Lippincotet al,, 1967;
Walker, 1977; Angeét al,, 1986). In the absence of photosynthesis, Earth’s stetady-&
column abundance would be orders of magnitude smaller thesept atmospheric levels
and likely not detectable remotely (Kasting, 1997). Howemeither Q or Oz are an un-
ambiguous biosignature, as there are scenarios wheretycatsxygen could readily build
up to detectable levels on Earth-like planets (étual, 2012; Domagal-Goldmaat al,
2014; Tianet al,, 2014; Wordsworth and Pierrehumbert, 2014). Some of theseasios
rely on low rates of volcanic outgassing. lual. (2012) demonstrate that for very high
CO, (1 bar) atmospheres, abiotic oxygen can only accumulatetecthble levels if there
is an order of magnitude less volcanic outgassing than oprésent-day Earth. Domagal-
Goldmaret al.(2014) show that for a wide variety of stellar types and,&®undances, the
column abundance of abiotic oxygen/ozone drops dramBtiaalthe volcanic outgassing
rate is increased. Because low levels of volcanic outggssin aid in the formation of abi-
otic O, or Og, the detection of transient sulfate aerosols could helplvegshe ambiguity
between biotic and abiotic sources of oxygen. A transielfatiaerosol signal presumably
implies a source flux of reduced volcanic gases into the obdegxoplanet’s atmosphere
(exempting unlikely scenarios involving oxidizing voléaigases, the outgassing of redox-
neutral species such as Sé&nd HO will always be accompanied by outgassing of reduced
species such asjd and b). For any given exoplanet, photochemical modeling of st
sphere, stellar spectrum observations and careful caagiole of stellar and orbital history
will be required to evaluate how well the inference to biglag strengthened. Unfortu-
nately it is unclear whether the oxygen source flux could kentjfied by such modeling;
the observation of a single episode of volcanism would nostrain the time integrated

flux or redox-state of the planet’s volcanic outgassinghBes if the planet were observed
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continuously for several years and multiple volcanic egesowere detected this would put
a lower bound on volcanic outgassing rates, and by extemasioner bound on the oxygen

source flux.
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Chapter 8
CONCLUSIONS

In the coming decades, transit transmission spectrosc@yyhb®a used to characterize
Earth-like exoplanet atmospheres, providing the first ojpypaty to detect biosignatures
and habitability markers on an exoplanet. Additionallyg increased precision required for
characterizing Earth-sized planets will allow for moreadled characterization of larger
planets. With the increases in observational capabilitiesing in the near future, accurate
models and an understanding of which physical effects wiltlbtectable will be essential
for guiding future observations and understanding thetspend light curves that will be
obtained.

In this work | have described the first model for transit trarssion spectroscopy that
includes the physical effects of both atmospheric refoactind forward scattering. The
model uses a backwards Monte Carlo ray tracing module, edupith an existing ra-
diative transfer code (SMART), to generate exoplanet trassion spectra and simulate
wavelength-dependent transit light curves. The model kas lvalidated against satellite
Earth-observing data from the ATMOS mission, ground-badesgrvations of lunar eclipse
spectra, and empirical and theoretical estimates of thed/soattering footprint.

Refraction is an important effect that needs to be consiterdransit transmission
spectroscopy because it sets a maximum tangent pressticathle probed, independent
of atmospheric opacity (Misrat al,, 2014; Bétrémieux and Kaltenegger, 2014). The ex-
act value of the maximum tangent pressure depends on thdaargige of the host star
(as seen by the exoplanet), the radius of the planet, anctheerature profile and com-

position of the planetary atmosphere. For an Earth-anatbiig a Sun-like star, the
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maximum tangent pressure is 0.3 bars, which can limit theasigf spectral absorption
features (compared to a cloud- and haze-free atmosphdrewvitefraction) by an average
of 60%. Consequently, thesGA band would require a factor of 6 greater integration time
to be detectable, and detecting multipleGHbands in the near infrared would require a
factor of 16 increase in integration time. However, for amtE@nalog orbiting an M5V
star or later, the maximum tangent pressure is near 1.0&eaming that almost the entire
atmosphere could be probed. For these cases, the signpksobfad absorption features are
reduced by only 10%, on average. This results in a minimakgse in integration time
to detect spectral features, providing one reason why gatlrhabitable planets orbiting
M dwarfs may be better targets for detecting absorptiorufeatwith transit transmission

than for planets orbiting Sun-like stars.

Forward scattering can increase the flux observed in tremasismission spectroscopy,
relative to models that treat scattering as extinction. énegal, | find that the effect of
forward scattering is strong for close-in planets/gR or angular size of the star as seen
by the exoplanet;> 10°) and weaker for planets further away from their host star. In
fact, for most cases, including potentially habitable plarorbiting main sequence stars,
the effect of forward scattering is insignificant, and mad#lat include only extinction
from aerosols are appropriate for generating transit tnésson spectra. However, forward
scattering may need to be considered for future obsenstbhot Jupiters and terrestrial
planets orbiting near the Roche limit of brown dwarfs. | exaad the cases of the hot
Jupiter Wasp-12 b and a Venus-analog orbiting near the Roulteof an old brown dwarf
and found that the maximum decrease in effective absorl@dms was roughly half a
scale height. For Wasp-12 b, the data are best fit with smalicfgasizes that are not
strongly forward scattering, but for particles with size4 um, the difference between
the models with and without forward scattering can be astg@ea50 ppm. The noise

associated with current observations is too high to pergtéations of signals less than 50
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ppm, but for observations with future large-aperture spaoé ground-based telescopes,
including forward scattering may be important for accugsataodeling scattering slopes
and for retrieving atmospheric parameters of hot Jupitéislwmay have strongly forward

scattering aerosols.

Refraction and forward scattering can also lead to chang#éeitransit light curves of
exoplanets. Before ingress and after egress, light canflextisl into the beam to a distant
observer by either of these processes, resulting in anasera flux in the out-of-transit
light curve. | calculated the detectability of refracteddastattered out-of-transit light.
Refracted light is most detectable for clear sky (cloud- laazk-free) planets orbiting F, G,
and K stars with equilibrium temperature$00 K and for planets orbiting M dwarfs with
equilibrium temperatures400 K. This corresponds to values of/R (the angular size of
the star as seen by the exoplaneth°. In contrast, scattered light is most detectable for
planets with highly forward scattering aerosaisX 0.8) present in their atmospheres and
with temperatures-1000 K for planets orbiting F, G, and K stars, an@d00 K for planets
orbiting M dwarfs (R/a > 10°). This means that scattered light is most likely detectable
for very close-in planets, such as hot Jupiters, and refddaght would be more detectable
for planets orbiting further away from their host stars, evhincludes potentially habitable
planets. Out-of-transit light could be detected<iaO hr of JWST time for Jupiter-sized
planets and<10 hr of E-ELT time for Super-Earth/Mini-Neptune planetsel&r activity
could be a potential false positive for these signals, bakileg for a repeatable signal
that is seen both before and after the transit would aid iorishignating between stellar
activity and refracted or scattered light. | find that a detecof refracted light would be
indicative of a planet free of high-altitude clouds and fsdzecause out-of-transit refracted
light is deflected at pressures greater than those at whgthdititude clouds and hazes
typically form. Because refracted light can, in some cabesgetectable with less than

a few hours of out-of-transit observing time, this methodldde an economical way of
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determining if an exoplanet is haze-free and therefore a ¢grget for extended follow-up
observations. On the other hand, scattered light is onlgatighle for planets with highly
forward scattering aerosols. Consequently, a detecticstattered light would strongly
suggest that an exoplanet had aerosols in its atmospherger@tions of out-of-transit
scattered light could also be used to set an upper limit oaslyenmetry parameter of the
aerosols at a particular wavelength. This type of obseymatould allow constraints to be

made on aerosol particle size and composition.

In addition to its utility as a diagnostic of haze-free atpioares, refraction can be used
to obtain altitude-dependent spectra of a transiting exwgtl because refraction results in
different vertical regions of the atmosphere being samatatifferent times during a tran-
sit (Misraet al,, 2014). Therefore, by differencing spectra over diffetame bins during
the transit event, it is possible to isolate flux transmitfeugh specific altitudes in the
atmosphere. Observations of altitude-dependent specthe isolar system are used to re-
trieve vertical profiles for gas mixing ratios in exoplanghaspheres (Smith and Hunten,
1990; Elliot and Olkin, 1996). For exoplanets, such obg@ma could help identify gases
that are concentrated in only one vertical region of the aphere. For example, on Earth,
H>0 is primarily found in the troposphere due to the presenca obld trap, at which
H>O condenses before reaching the stratosphere. A detedtabuadant HO vapor in
the stratosphere of an exoplanet would imply the planet dichave a cold trap, suggest-
ing the planet is less likely to be habitable. Another agtlan of this technique could
be to confirm a biotic source of O In some scenarios in which abiotico @ produced,
photochemically-formed ®is predicted to be found predominantly in the stratosphere,
with low concentrations in the troposphere (Domagal-Galdet al., 2014). A detection
of evenly-mixed @ may therefore aid in discriminating between a bioitic anchhioitic
source of @. Obtaining altitude-dependent spectra of an Earth-likepianet at 10 pc

would be challenging, but would provide information abdw planet that cannot be ob-



164

tained from a time-averaged transit transmission specaiome.

| also explored two signatures in transit transmission toatd be novel biosignatures
and habitability markers: spectral absorption featuresifdimer molecules and transient
sulfate aerosols. Both of these signatures are very wedieiiarth’s reflected spectrum,
but the longer transit transmission path lengths couldetlieese signatures to be detectable
with either JWST or E-ELT for an Earth-analog planet orlgtam M dwarf at a distance
of 10 pc. Spectral absorption features from dimer molecuiag provide a way to gauge
atmospheric pressure on an exoplanet because absorpminmefe from dimer molecules
are more sensitive to density (and therefore pressure) @baorption from non-dimer
molecules. | found that spectrally resolved observatidn®podimer absorption can be
combined with observations of the absorption by \Wibration-rotation bands to provide
independent constraints on the €oncentration and the surface or cloud-top pressure in
oxygenated atmospheres for planets around M dwarfs, amdawvitlevels of CQ. Even if
a precise estimate for the pressure is not possible, themqresof dimer absorption is in-
dicative of pressures greater thaf.5 bars in transmission spectroscopy, and greater than
~1 bars in reflected spectra. | showed that this method istflegisi the absence of clouds
for oxygenated atmospheres, though in principle it couldgg@icable over a wide-range of
atmospheric types because most molecules have dimer @bsdigatures or other forms

of interaction-induced absorption features (Richetrdl., 2012).

Transient sulfate aerosol loading in terrestrial exoplatratospheres may be detectable
in transit transmission spectra using telescopes such & ANd E-ELT. A detection of
transient sulfate aerosols may suggest a geologicallyeaetioplanet, since the transient
signal requires explosive volcanism that can inject stiiearing species into the strato-
sphere, where they can react to form aerosols with lifetioi@sonths to years. In certain
circumstances, the detection of volcanism on an exoplanatdymake that planet a more

promising candidate for follow-up observations since gguaal activity is important for
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the origin and maintenance of life (Sleepal,, 2011; Mulkidjaniaret al., 2012; Stueken
et al, 2013). Transient sulfate aerosols in the presence of gineoE abundant @or Os
would also constitute a more robust biosignature tharofOO3 alone. In the absence of
surface fluxes of reduced gases,&d G can potentially build up in an atmosphere even
without the presence of life, making them ambiguous bicstigres. Therefore, the detec-
tion of volcanism would strongly suggest a source of oxygensuming reduced gases and

would thus strengthen the case for biogenic oxygen.

The next steps in modeling transit transmission spectrilikdly be to incorporate
these features into a Monte Carlo Markov Chain retrieval ehaas has been done by other
groups for exoplanet studies (Madhusudleaal. 2011; Benneke and Seager, 2012; Line
et al, 2013). While many of these models exist today, none to dafedes the effects of
forward scattering and refraction. The in-transit effedteefraction and scattering could be
implemented directly into the radiative transfer modeks @re included in these retrieval
codes. The refraction component of the model runs quickli; knin), so adding it into a
retrieval code would not greatly increase the computatibmee required. The scattering
model is more computationally expensive, but considehiagjthe range of parameter space
in which scattering is expected to be important is relagiwhall (only for very close-in
planets) it should only need to be included for a small faactwf planets. The effects
of refraction and scattering on transit light curves, inldhg obtaining altitude-dependent
spectra, could be more complicated. However, transit Bghte analysis is routinely being
done, especially with Kepler data (Tingley, 2003; Moutdial., 2005). Similar analyses
could be done to identify refracted or scattered light inaasit light curve or to obtain
vertical sounding of an exoplanet atmosphere (Drake Denpirigate communication). In
addition to including the effects of refraction and scarttgradding dimer absorption into
any retrieval model should be straightforward considetivegavailability of cross sectional

data on dimer absorption and other forms of interactionredl absorption (Richaet al,,
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2012).

Following more detailed modeling efforts, the next sted b to try to detect the ef-
fects of refraction, forward scattering, and the predic&phals of dimer absorption and
transient sulfate aerosols. These signals are most lil@lgetectable with current obser-
vational capabilities, but | find that they could be detelgab the near future with JIWST
and E-ELT. Before first light for these telescopes, the TitangsExoplanet Survey Satellite
(TESS) will survey the brightest and nearest stars andylifeetl favorable targets for char-
acterization (Rickeet al,, 2014). TESS is expected to find 1000’s of sub-Neptune-sized
planets, including 100’s of Super-Earth sized planets gntbulO’s of Earth-sized plan-
ets in the habitable zones of M dwarfs (Demigtgal,, 2009; Rickeret al, 2014). For the
planets that are Neptune-sized or larger, scattered aratted light should be detectable
in the out-of-transit light curves with JWST. The detectadmefracted light could provide
a way to quickly identify planets that are promising targetsfollow-up observations, or
could be used to confirm information regarding the preserice togh-altitude cloud or
haze layer retrieved from the in-transit spectrum. SiryiJar detection and quantification
of the amount of out-of-transit scattered light could canfthe presence of aerosols in an
exoplanet atmosphere and be used as an additional coh$traretrieving particle sizes
and compositions. Future work on dimer molecule absorgtam H, or other molecules
present in H-dominated atmospheres may allow pressure estimates t@abe far these

planets.

The majority of this work has focused on Earth-like planats it is possible that an
Earth-sized planet in the habitable zone of a star could laeackerized with JWST or
E-ELT. As discussed in Chapters 3 and 6, JWST may be able ¢ztd@blecular absorp-
tion features, including dimer absorption features, ingbectra of Earth-analog exoplanet
within 10 pc over the 5-year mission lifetime of JWST. E-ELduéd be able to detect ab-

sorption features in the atmospheres of Earth-analogs’sofi®ours around F, G, and K
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stars (Hedelet al,, 2013) and detect £in >20 hrs (over a span a#2 years) for Earth-
analogs orbiting M dwarfs at a distance-of0 pc (Rodler and Lépez-Morales, 2014). |
also show that E-ELT could be used to detect refracted arttesed light for Earth-sized
planets in<10 hrs for a planet within 10 pc, and transient sulfate adsosould also be
detectable at a S/IN10. Therefore, if there are Earth-sized, habitable zonegtéawithin
10 pc, the techniques described in this work could be usduBvELT and perhaps JWST

to characterize the planet.

As discussed in Chapter 7, there will likely be at least 1-#ptally habitable planets
within 10 pc, and no more than 4 if all stars host a habitabiezadanet. Either JWST or
E-ELT could be able to obtain a transit transmission speatiofithese worlds, providing
the first opportunity to spectroscopically characterizeoteptially Earth-like planet. Be-
yond 10 pc, the number of targets will increase, with up to A@@@ntially habitable targets
out 30 pc. The difficulty in characterizing planets at a dist&aof 30 pc is the reduced
stellar flux— a star at 30 pc is only 11% as bright as a star at 10 pc. JWST veddst
certainly not be able to characterize Earth-like planetea@@0 pc, though E-ELT may be
able to with 100-200 hours of observing time devoted to alsiteyget, based on simple
scaling relationships and previous results. Because of i impact of this work will be
considerably broadened when the generation of telescdges)®ST and E-ELT is able
to characterize planets out to 30 pc. To characterize aairpianet at a distance of 30
pc vs 10 pc, one would needed to have a collecting area ne@rtyrikes greater. Com-
pared to JWST and E-ELT, this would require a space telesaathpea diameter of 20 m
and a ground-based telescope with a diameter over 100 me @hecurrently no plans for
telescopes this large, but so-called flux collector telpsspin which image quality is sacri-
ficed for large collecting area and thus higher S/N, couldigea solution (Snelleet al,,
2013). Once potentially habitable targets have been ifiethtithe techniques described

here could be used to first identify the most promising tardet extended observations,



168

and then provide a very detailed characterization of th@kxetary atmosphere. ldentify-
ing the best targets could be done by looking for out-ofditarefracted light and transient
sulfate aerosols. A detection of refracted light would sgjly suggest a cloud- and haze-
free atmosphere in which molecular absorption feature&ldoei more easily detected. A
transient sulfate aerosol signal would suggest a geolthgiaative planet, which is im-
portant for the origin of life and maintaining a habitablezieonment. Once a promising
target has been identified, the target could be observedasvextended period of time,
in which molecular absorption features, including dimextéees, could be identified. The
inclusion of refraction (and potentially scattering) waballlow for a more accurate char-
acterization of the molecular abundances in the atmospbeneer features could provide
constraints on the atmospheric pressure, which is anatiegwrfthat influences the habit-
ability of an exoplanet. Lastly, the spectrum could revaasignatures, such as,(Os,
O2 dimer absorption, or CH In addition, transient sulfate aerosols could providiog-s
porting evidence for biogenic£br O3 since volcanism typically emits oxygen-consuming
reduced gases into an atmosphere. Refraction-inducedalesbunding could be used to
obtain altitude-dependent spectra of the atmosphere hwwvigile challenging, would pro-
vide information about the exoplanet that could not be aeguin any other way. Thus, the
suite of techniques I've developed here could provide a detgiled view of a potentially

habitable exoplanet atmosphere.
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Appendix A
REFRACTION DERIVATION

Refraction is a consequence of Fermat’s principle, whiakestthat the path taken be-
tween two points by a ray of light is the path that can be tiss@iin the minimum time.
Application of Fermat'’s principle results in Snell’s Lawpim which the physics of atmo-
spheric refraction can be derived. Snell’s Law states thatghoton passes from a material
with an index of refractiom, to another material with index of refraction, the two re-

spective angles of incidenég and6y are related by the following equation:
Na SiNB3 = Ny SinBy (A.1)

Figure A.1 shows an example of how Fermat’s principle leadSrell's Law. Let a
photon travel from point A to B via point P, which is a point dretboundary between two
materials with different indices of refraction. Let pointb® defined aga;,ay) and point
B as(by,by). Let P be atx,0). Because P is somewhere on the boundary between the two
materials, its y value is fixed at 0 and we want to solve foxglue. Points A and B are
in materials with indices of refractiom, andny, respectively. The total time it takes for the

photon to travel from A to B is:

t="2\/(x—aq)2+a8+ 2 /(b —x)2+53 (A2)

The path the photon takes will minimize so | can solve for the path by taking the

derivative oft with respect tok and setting it equal to O:

X C,/(x—a1)2+a§ C\/(bl—x)2+b§
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Figure A.1: Diagram of a ray traveling between two pointg tigain materials with indices
of refractionny andny. According to Fermat’s principle, the photon will take thregipthat
minimzes the travel time. Solving for the minimum travel éimeveals Snell’s Law, which
states thah, sinB; = np SinBp,.

From Figure A.1, siB, and sirby, are:

sind, — X— & (A.4)

(x—a1)2+a3
sing, — by — X (A.5)
(b1 —x)2+ b3

The sine terms match two of the terms of the time derivatiwaégn, which now simplifies
to:

Nz SiNB; = NpSiNBy (A.6)

which is Snell's Law.

Snell's Law can be used to demonstrate the existence of tfeetige invariant, which
is required for the refraction portion of the ray tracing mbdrirst, consider a path through
an atmosphere that does not include refraction, as showigurd=A.2. At some point P,
the photon has an apparent zenith arggl&@he minimum tangent altitude the photon will

reach isrsinz, wherer is the distance of the photon from the center of the planeis Th



191

Source

~

Figure A.2: Ray tracing without refraction. For a photorvaiing from some source with
a tangent point T, at every point P the tangent altitude caexpeessed bysinz, wherer
is the distance from P to the center of the planetaisdhe local zenith angle.

relationship holds for all values ofandz along the path, so thasinz=C, where C is a
constant.

Now consider an atmosphere with a finite number of layers diffierent indices of
refraction. As the photon travels through the atmosphé&sepath will be refracted as it
reaches the boundaries between atmospheric layers. Lebthts at which the photon
crosses the boundaries bg P, ..., at distances from the planetary cemtgrr,, ... and
with indices of refraction in the layers below the boundabeingni, ny, .... The index of
refraction outside of the atmosphere is equal to 1 for a vacliet the zenith angles above
and below the boundaries be1zz12, 221, Zp2.... This scenario is illustrated in Figure A.3.
At boundary point P1, when the photon first reaches the athespapplying Snell’s Law
gives us:

SinZ]_]_ = n]_SinZ]_z (A.?)

Multiplying by r:

r1SiNzi1 = riN1Sinzi» (A.8)
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Figure A.3: Ray tracing with refraction. In an atmospherthwiree layers with indices of
refractionny, nz, andng, there are 3 refractions as the photon passes through tottwarb
layer of the atmosphere. After each refractionsinz is constant. This quantity is known
as the refractive invariant.

risinzy; is equal to a constafl, as shown above. So we're left with
rin1Sinz;o=C (A.9)

At boundary point P2, a similar application of Snell’s Lawdanultiplying byr» results

N1SiNZ>1 = N2 SiNZyo (A.10)

rong SiNzo1 = raNp Sinzo) (A.11)
Based on the principle thasinz is constant along any straight line path,
r»SiNzp1 = r1Sinz;2 (A.12)
Substituting this back into Equation A.11:

rin1sinz;o = roN2Sinzyo (A.13)

C = rynesinzys =ri1n1Sinzi» (A.14)



193

This shows that the quantityn;sinz » is constant for any layeirfor each refractive
path. Hence it is called the refractive invariant. The patshown above for two applica-
tions of Snell’s Law can be repeated ad infinitum to show thest telationship holds for
the entire path.

Knowing thatrnsinzis constant | can now derive the equations that govern rafrac
in a planetary atmosphere. The geometry of the path is showigure A.4. The calcu-
lation of refractive paths is done as a path integral, asdh@ce of parameter removes
any singularities in the calculation (van der Werf, 2008hevariables of interest are the
altitudeh, the zenith angle and its complemerg, the polar angle, and the path lengt
which is the integration variable. From the geometry déscdtiin Figure A.4, using basic

trigonometry the differential change imassuming a smatl@is:
dh=sinfds= coszds (A.15)

To determine the change @ start with sirdg:

Vdg —dk
“Roth (A.16)
sv/1— sinB2

dsy’1—sin” R1()+Sh'nﬁ (A.17)
dscos  dssinz

Ro+h Ryo+h

sindgp=
sindp=

sindp= (A.18)

For an infinitesimally small change in path lenglip,is small and under the small angle

approximation for sine:

cosP sinz
= ds= ds A.19
Ro+h Ro+h (A.19)

The last equation needed is for In the absence of refraction, the slope of the photon

do

path with respect to the planetary center would be constathegual to tafr/2 - z - @),
or tan3 - @). For a constant slopéf = dg. However, refraction will change the slope of

the photon path by introducing a curvature term in the equdir d3. Mathematically,
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L

Figure A.4: Ray segment along a refractive path with physjoantities labeled. The polar
angle isp, Rp is the planetary radius is the altitude above the surfaaas the local zenith
angle and3 is it complement. At each step in the ray tracing model, | @alie changes in
@, h, andp as the path is refracted.
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curvature is the change in the slope of the tangent line ohee¢and is written a%. The
complete expression faf3 is then:

cosp 1
dB = <R0+h+F) ds (A.20)

Lastly, it is useful to track an additional variab& which isd3 — dg and is the cumulative
effect of refraction on the ray’s path.

de=dp—do= %ds (A.21)

The curvature term can be derived from the refractive iawdrinrsinz, or n(Ry +
h) cos3 when written in terms oRy, h and3. The derivative of the refractive invariant

with respect to the path length can be used to find an exprefsithe curvature:

dgs(n(RoJrh)cosB) =0 (A.22)
dn dh _dp
d—S(RoJrh)cos{3+nd—scosﬁ—n(RoJrh)sde—S =0 (A.23)

dn can be written in terms o times N, of which the latter is known. The derivati\%é

is also known, so Equation A.23 now becomes:

dn . . . cosB 1
%smB(Ro-l—h)cosB-l—nschosB—n(Ro—l-h)smB(m-l—F)—O (A.24)

E—EsinB(Ro+ h) cos + nsinBcosB — nsinBcosp = n(Ry+ h)%sinB (A.25)
@sinB(Rm- h)cosB = n(Ry + h)%sinB (A.26)

dh
L_1dnos  (a27)

r~nan<®



