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Abstract

This thesis uses planetary albedo models to investigate variations in visible wavelength
phase curves of exoplanets. We improve upon existing exoplanet giant planet albedo
models and incorporate exoplanet general circulation models to analyze the composition
and occurrence of clouds on tidally locked exoplanets. We confirm that non-uniform
cloud coverage on the dayside of tidally locked exoplanets will affect the magnitude and
location of the maximum of the phase curve. We then apply the models to the exoplanet
Kepler-7b and consider the effect of varying cloud species, sedimentation efficiency,
particle size, and cloud altitude. In the context of Kepler Space Telescope observations,
we show that the cloud compositions and spatial distributions can be constrained. We
also investigate exoplanet HD18973 3b, modeling its clouds, albedo and phase curves. We
create 3D maps of cloud formation and analyze how cloud composition, spatial
distribution, and temperature dependence affects albedo spectra for HD189733b. We use
the modeled cloud patterns of spatially-varying composition and temperature to
determine the observable albedo spectra and phase curves for HDI89733b by fitting to

the observations of Berdyugina et al. (2011), Evans el al. (2013), and Wiktorowicz et al.

(2015). We show that these integrated albedo and general circulation models enable us to

model non-uniform reflectivity due to exoplanet clouds, and to better interpret
observations.

Advisor: Prof. Kerri Cahoy
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1. Introduction

1.1 Motivation

In New Worlds, New Horizons in Astronomy and Astrophysics (NRC, 2010), the

Committee for a Decadal Survey stresses:

"The ultimate goal is to image rocky planets that lie in the habitable zone-at a

distance from their central star where water can exist in liquid form-and to

characterize their atmospheres. To prepare for this endeavor, the committee

recommends a program to lay the technical and scientific foundations for a future

space imaging and spectroscopy mission."

NASA missions such as the Hubble Space Telescope and the Kepler Space Telescope

have produced a wealth of exoplanet data. To properly characterize these observations, as

well as prepare for the next generation of missions (e.g., TESS, JWST, and the potential

WFIRST-AFTA, Exo-C, or Exo-S missions), we need to evolve our theories and

modeling tools to meet future needs. Planetary science is being pushed forward at a rapid

pace by the discovery of diverse exoplanet systems. We must not only meet the needs of
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current observations (where we often obtain more from data than we thought possible, as

in the case of the reflected light exoplanet phase curves) but also prepare our teams and

tools to model and map the surfaces, interiors, and atmospheres that the next generation

of telescopes can find. In this thesis we focus on developing new modeling capability that

allows us to better interpret exoplanet observations. In particular, we focus on

improvement to models of exoplanet atmospheric reflectivity (albedo) and cloud

formation. The work in this thesis enables us to move beyond first-order characterization

and to begin to resolve non-uniform features.

1.2 Contributions

The contributions in this thesis focus on improving and extending the capability of

exoplanet atmosphere models of albedo spectra and clouds. First, we develop a model

based on I -D pressure-temperature profiles to model non-uniform cloud coverage. This

non-uniform cloud-cover model is used to investigate and constrain the clouds for a case

study of Kepler-7b. Next, GCM ouputs from MITgcm are integrated with the improved

albedo and cloud models to create a three dimensional rendering capability, as

summarized by Figure 25 in Section 5, a flow diagram that captures the modeling and

analysis. To demonstrate that our new tools are generally useful, we also apply them to

the study of HDl89733b. We can differentiate between conflicting observations of the

exoplanet and again constrain cloud formation properties. We also tie back to a solar

system example by using a modified version of our non-uniform cloud coverage model to

improve the previously published albedo spectrum of Jupiter.
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CONTRIBUTIONS:

1. Developed new non-uniform cloud coverage and albedo model to understand the

shifting of visible wavelength phase curve maximum for exoplanets

2. Created an integrated 3D GCM, cloud formation, and albedo model to make

global exoplanet maps of cloud properties and albedo

3. Constrained cloud composition and distribution on Kepler-7b and HDI 89733b by

comparison to observed (or predictions of) albedo spectra and phase curves

4. Modified the new modeling suite to include latitude bands and improved the

albedo spectra model of Jupiter

2. Background

2.1 Exoplanet Observations

Several types of exoplanet observations, or detection methods, have contributed to

the boom in exoplanet data in recent years. Directly imaging an exoplanet orbiting its

parent star is the most obvious and intuitive method of observation. However, due to the

high contrast between the star and planet, direct imaging is very difficult and has yielded

few planets to date. The coronagraphic direct imaging technique requires a coronagraph

system to suppress the starlight and allow enough exposure time to image the planet. This
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technique typically favors discovering large planets with long orbital periods, or young

warm planets with debris disks. It is difficult to constraint the mass of the planet in this

scenario.

Doppler Spectroscopy, or the Radial Velocity (RV) method, is the best method to

measure the mass of an exoplanet. In this case, the planet is not observed directly. The

spectrum of the host star is monitored for periodic Doppler shifts due to the gravitational

influence of the planet. The mass of the planet can be determined from the magnitude of

the Doppler shift. Therefore, these detections are biased toward more massive planets.

The RV technique has been on of the most productive in discovering exoplanets, second

only to transit photometry.

Transit photometry watches the light curve of an star in hopes of detecting small

drops in flux as the planet passes between target and observer and blocks some of the

light. The radius of the planet is proportional to this measured drop, or transit depth.

Because of this, large planets with close in orbits are preferentially detected by transit

photometry. If Doppler spectroscopy and a transit are measure for the same planet, we

have indirectly measured the density. If we observe the light curve of a transiting planet

through its entire orbit, we can measure the change in flux from different reflectivity

phases of the planet (like the familiar phases of the moon, see Figure 1). This type of

measurement is called a phase curve, and will be a main feature of this thesis. As the

planet orbits, there will be a second drop in light as the planet passes behind the star,

called the secondary eclipse. This is an important moment because right before and after
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the eclipse the planet will be at full phase. Therefore the drop in light tells us the full-

phase brightness of the planet. Depending on the wavelength of observations, the transit

depth, secondary eclipse, and phase curve will have varying magnitudes and shapes.

1.00005-

1.00000-

0.99995-

0.99990 _

0.0 0.2 0.4 0.6 0.8 1.C

Figure 1: Illustrates the relationship between the reflected light phases of a planetary

body and a simple phase curve with secondary eclipse (top panel credit: Demory et al.

2011)

2.2 Wavelength dependence

The focus in thesis is observation and modeling of exoplanets in the visible

wavelengths. Particularly, we investigate the effects of reflected stellar light from the

planet in the observed phase curve. The assumption made is that the intensity of reflected

visible-light is the major contribution to the changing brightness. In other words, the

thermal emission from the planet itself is negligible compared to the reflected stellar
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light. Figure 2 shows the contrast calculation for the two planet-star systems investigated

here. This is estimated from ratio of the blackbody spectrum of each body in the system.

The reflected stellar flux is weighted by the square of ratio between the planet radius and

the orbital semi-major axis. We see that even for these "hot" Jupiters the contribution

from thermal flux several orders of magnitude below the reflected light for visible

wavelengths. At the worst, Kepler-7b thermal emission is still below 10% in the deep red.

Therefore, similar to the assumption of Demory et al. (2011,2013), we will consider

thermal emission negligible for these systems at visible wavelengths.

Thermal Emission/Reflected Light
0

-HD 189733 System
-1 -- Kepler 7 System

-2-

-3-

a -4 --
4- -
C

0-5
0

-6-
0
-J -7-

-8-

-9-

-10-
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Wavelength [pm]

Figure 2: Thermal Emission vs. Reflected Light contrast for the HD189773 system (red)
and the Kepler 7 system (blue)

2.3 Exoplanet Characterization
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Observations of exoplanet systems at both infrared and visible wavelengths have

revealed the presence of variations in the system flux that can be linked to the orbital

phase of the planet (e.g. Knutson et al. 2007, Harrington et al. 2006, Snellen et al. 2009,

Demory et al. 2011). Most of the exoplanet systems that show phase variations are host to

Jupiter-sized planets that orbit within 0.1 AU of their host stars, so-called 'hot Jupiters'.

Due to their close-in orbits, hot Jupiters are generally assumed to be tidally locked to

their host stars much like the moon is tidally locked to the Earth. If heat is not transported

efficiently away from the substellar point, the peak thermal emission from a tidally-

locked exoplanet on a circular orbit should occur when the substellar point aligns directly

with the observer (in this work, we designate this alignment as phase angle a = 00). For

exoplanets that transit their host star as seen from Earth, so-called transiting exoplanets,

this maximum emission would align with the secondary eclipse (Barman et al. 2005). The

exoplanet infrared phase curves observed to date have shown a great diversity in both the

amplitude of the phase variations and the location of the peak in the planetary flux with

respect to orbital phase (e.g., Harrington et al. 2006, Knutson et al. 2007, Cowan et al.

2007, Crossfield et al. 2010, Cowan et al. 2012, Knutson et al. 2012, Lewis et al. 2013,

Maxted et al. 2013, Zellem et al. 2014). At thermal wavelengths, a shift away from a =

0' in the phase curve peak of the planetary flux can be a sign of asynchronous rotation. If

the planet is gaseous, circulation and asynchronous rotation correspond to a similar

situation. A shift would also occur for an asynchronous planet with no atmosphere, due to

the thermal inertia of the surface (e.g. Selsis et al. 2013, Samuel et al. 2014). However, if

synchronous rotation due to tidal locking is assumed, shifts at infrared wavelengths can
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be attributed to the presence of winds circulating heat away from the substellar point

(e.g., Knutson et al. 2007, Rauscher et al. 2008, Showman et al. 2009).

3. Methods

To investigate the thermal and chemical properties of the atmospheres of

exoplanets we improve upon a model that has been widely applied to the atmospheres of

solar system planets (McKay et al. 1989, Marley & McKay 1999), brown dwarfs (Marley

et al. 1996, 2010), and exoplanets (Fortney et al. 2005, 2008). The atmosphere model is

one dimensional (ID), plane-parallel, and converges to radiative-convective equilibrium

temperature structures. Atmospheric opacities (Freedman et al. 2008, 2014) are tabulated

using the correlated-k method (Goody et al. 1989). Chemical equilibrium abundances

(Lodders & Fegley, 2002, 2006; Lodders 2009) are calculated at solar abundances

(Lodders 2003).

3.1 Radiative Transfer modeling

First, the 1D radiative-convective model computes atmospheric profiles for

Jupiter at 2.0 AU and Kepler-7b. The pressure-temperature profiles and cloud profiles

from the radiative-convective solutions are used by the albedo model to produce albedo

spectra at visible wavelengths based on parameters that include planet-star separation,

gravity, metallicity, and source-observer geometry. The albedo model inputs a one

dimensional 70-layer pressure-temperature profile for Jupiter, and a 60-layer pressure-

temperature profile for Kepler-7b (Figure 3). For detailed description of the radiative-
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transfer and scattering methods used in the albedo spectra model see Cahoy et al. (2010),

which shows the phase-dependence of Jupiter and Neptune-like models with varying

planet-star separation and metallicity. Cahoy et al. also make coarse-resolution spectra

and color-color predictions for direct imaging of exoplanets.

3.2 Cloud formation

In this section we discuss the cloud formation model adapted from Ackerman &

Marley (2001) that is used throughout this thesis. We go into detail on the condensation

curve inputs and how they affect the model and also discuss key parameters in the model,

including sedimentation efficiency (Fsed) and the Eddy Diffusion Coefficient (Kzz).

3.2.1 Condensation curve/cloud species

The albedo model uses the cloud opacity profiles from Freedman et al., which

vary with pressure and wavelength, from the I D radiative-convective model for Kepler-

7b and Jupiter at 2.0 AU. Clouds are predicted based on the condensation curves of the

species compared to the pressure profile of the atmosphere (H20 or NH 3 curves for

Jupiter-like models and MgSiO 3, Mg2SiO4, and Fe curves for Kepler-7b). Albedo spectra

can be computed with or without clouds.

13



-

H20

NH- .

500 1000 1500
Temperature [*K]

2000 2500

Figure 3: One-dimensional model pressure-temperature profiles derived from radiative-

convective equilibrium simulations for a hypothetical Jupiter at 2.0 AU (green) and

Kepler-7b (magenta), see Cahoy et al. 2010 and Demory et al. 2013. Condensation

curves for ammonia (NH3 ), water (120), forsterite (Mg 2SiO 4 ), enstatite (MgSiO 3) and

iron (Fe) are shown to give the approximate vertical location of the cloud decks in each

case. The albedo spectra model takes these pressure-temperature profiles as inputs to

determine the opacity of an atmospheric layer.

3.2.2 Sedimentation efficiency

Our one-dimensional cloud model was developed in Ackerman & Marley (2001),

and treats the balance of sedimentation of particles against updrafts of particles and

condensable vapor. A key parameter of the model isfsed, the sedimentation efficiency

parameter, which is often adjusted to best fit observations. Recall, the sedimentation

14

71"I iI

It

--- Kepler 7b

- Jupiter 2.0 AU

Fe
MgSio3 A2% 4

-5

-4

L-3

.2

0

1 -



efficiency is used in the cloud model to balance upward turbulent mixing with downward

condensation:

-Kzzj fsedw~ q = 0

Where Kz = eddy diffusion coefficient, qt = total mixing ratio, qc = condensate

mixing ratio, w = convective velocity scale. Asfsed increases, particle size increases.

Large values of fscd correspond to efficient sedimentation, large cloud particles, and

vertically compact clouds with relatively small vertical extents and optical depths. Small

values Offsed lead to small particles, and vertically taller clouds with larger optical depths.

Cloud optical depths are calculated using Mie theory. For L-type brown dwarfs

dominated by silicate and iron clouds,.fsed values from 1-3 are typically found (Saumon &

Marley, 2008; Marley et al. 2010), while for the cooler T-type dwarfs where sulfide and

salt clouds may be present,fse~d 5 appears to best fit observations (Morley et al. 2012,

Leggett et al. 2013). At conditions relevant for the atmospheres of hot Jupiters, there are

not yet strong constraints onfsd. The evidence for high clouds of very small particles in

the transmission spectrum of HD 189733b (Evans et al. 2013, Sing et al. 2011, Pont et al.

2008, Lecavelier des Etangs et al. 2008) may suggest much lower values Of fsed for hot

Jupiters. The observations of super-Earth GJ 1214b were also matched with a lowfsed=

0.1 model with 50x solar-abundance atmosphere. (Morley et al. 2013).

3.2.3 Profile shifts

15



In order to vary the cloud altitude, we shifted the pressure-temperature profile by

100 K and 200 K as a proxy. For example, Figure 14 shows the resulting albedo

spectra for a fixed cloud species and sedimentation efficiency. The +200K spectrum is

identical to the cloudless spectra because the pressure-temperature profile is now

significantly hotter than the condensation curve on MgSiO 3 for the entire atmosphere and

no clouds form. As illustrated by Figure 4, shifting the pressure-temperature profile will

change the condensation pressure for the cloud model. The resulting albedo increases

with cloud altitude up until the point where the atmosphere is too hot and the clouds

would evaporate.

-6-
+200K

+100

-100
N-4 - 200K -
.0

E -3-

MgSIO e4 F4
I1 .4 F

1000 1200 1400 1600 1800 2000 2200 2400
Temperature [K]

Figure 4: The intersections of the condensation curves with pressure-temperature profile
determine the altitude of cloud formation. Shifting the pressure-temperature profile is
used in this study to simulate the effect of varying cloud altitude on the albedo spectra.

3.3 Albedo

This section will describe the albedo model adapted from Cahoy et al. (2010) and several

key parts that this study takes advantage of or improves to study cloud coverage and

compostion on exoplanets including phase dependence, the model geometry at each
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point, and the disk integration method. This section also presents a test model of a

Jupiter-like planet at 2.0 AU to demonstrate our approach.

3.3.1 Phase Dependence

Figure 5 shows the case where half the dayside is cloud-covered (red) and half

the dayside is cloudless (blue). This is the 90' offset case; clouds are offset by 900 into

the dayside. As the phase angle changes (i.e. the planet orbits), the incident and reflected

light angles change. In Figure 4 the observer does not see the shaded-out portions of the

disk at these wavelengths. Smaller sections of the dayside are reflecting light toward the

observer as the phase angle moves away from zero.
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1500 1600 170* 1800

Figure 5: The disk integration and phase angle calculation uses Tchebyshev -Gauss
integration similar to Cahoy et al. 2010, only with 100 Gaussian Angles and 10
Tchebyshev Angles. A selection of phase increments is shown here with the planet
divided into cloudy (red) and cloudless (blue) hemispheres. Grey regions represent the
nightside of the planet.

3.3.2 Model Geometry

In the context of Figure 5, each point on the disk relates an individual albedo

spectrum to corresponding weights for a Tchebyshev-Gauss integration of the full disk.

The allows us to model the unique source-observer geometry at each location and how it

changes with phase. The ability to place individual spectra that are unique to each

location allows us to simulate non-uniform cloud coverage. Tchebyshev-Gauss

quadrature was used to integrate over the planetary disk with 10 points in the Tchebyshev
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dimension (ten points in latitude south to north) and 100 points in the Gaussian

dimension across longitude (Horak 1950, Horak and Little 1965, Davis and Rabinowitz

1956). A spectrum is computed for each point depending on the specific cloud coverage

and source-observer geometry for that location. The source-observer geometry with angle

of incidence and emergence (po , p1) in shown in Figure 6.

Out R"

Direct in
(-po, $o)

Top of Atmosphere

Diffuse

Boundary

Figure 6: The plane-parallel geometry used at each location in the abledo model grid. go
is the angle of incidence and g is the angle of emergence or reflection. Cahoy et al. 2010

3.3.3 Tchebyshev-Gauss Integration

The Gaussian Angles, OGi, and Gaussian weights, WGi, are based on the ith root of

the Gth Legendre Polynomials. The Tchebyshev Angle T1i, and Tchebyshev weights, WTi

are found from:
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r
Ori = cos(T +)

W T+1 T+1sin2(T

The angle of incidence, to, and emergent angle , [, from each atmospheric section and

phase angle, a, are calculated from:

V= o1Sa 1 )[cos a +1]
2 cosa +1

po = sin[cos- 1(T)]cos(v - a)

I = sin[cos-1(T)]cos(v)

The resulting albedo spectrum, A(A, a), as a function of phase is derived from the sum of

each point's intensity, Ij(,a), with weight based on the position on the planetary disk:

G T

A(A, a) = -(cos a + 1) WGi WrIi (A, a)
i=1 j=1

For a = 00, A is the geometric albedo (i.e. relative to a Lambertian disk). The spectra at

all subsequent phase angles represent the albedo relative to the a = 0 Lambertian disk.

By integrating the albedo spectra over a desired wavelength bandpass at each phase

angle, we can find the relative reflected-light intensity for an observer as a function of

phase. For this analysis, we use a general "top-hat" bandpass from 350-850 nm. The

maxima of the phase curves are derived from fitting a sine function to a 60' range of
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points around the phase-curve peak. Error-bars are based on the 95% confidence intervals

of the fit parameters (Webber et al. 2015).

3.4 Jupiter at 2.0 AU Example

Theoretical phase curves are presented in this section for different planet models

(Jupiter at 2.0 AU and Kepler 7b) where each is normalized to the curve with the highest

albedo for comparison (relative albedo). While only the 300 and 90' cloud offset cases

are shown in Figure 8 and 10 for each planet, our model can compute the phase curve for

the range of clouds offset onto the dayside between 00 and 1800. For clarity, we use the

term "offset" to refer to the degree of cloud coverage on the dayside of the planet with

respect to the western terminator, and the term "shift" to refer to the deviation of the

phase curve peak as a function of phase angle. As expected, the non-uniform cloud

coverage causes an asymmetry of the phase curve and a shift in the peak brightness. The

phase curves will increase in brightness as more clouds are added to the dayside (e.g. the

300 cloud offset will have a higher relative albedo than the 90' cloud offset).

The test case for our non-uniform cloud coverage model is the pressure-

temperature profile of Jupiter at 2.0 AU from a solar-type star (Cahoy et al. 2010). We

note that a Jupiter-like planet at 2.0 AU from a solar-type star will not be tidally locked

and will not exhibit the same strong day-night temperature gradient seen in hot-Jupiter

atmospheres. In fact, Karkoschka (1992) observed no longitudinal or diurnal asymmetry

for Jupiter in its true orbit. We simply use the Jupiter at 2.0 AU test case to benchmark

against the Cahoy et al. (2010) albedo models and to explore the albedo spectra of water
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that may form in the atmospheres of planets close-in to less luminous M and K-dwarfs

(Kasting et al. 1993).

Cloudy and cloudless albedo spectra were computed for each of the 1000 points

in the Tchebyshev-Gauss grid. The resulting spectra for a 90' offset, integrated over the

planetary disk and scaled by the Tchebyshev-Gauss weights, are shown in Figure 7 for a

range of phase angles. Figure 7 is used to illustrate the spectral differences that lead to

changes in the phase curve. Note, several intermediate spectra (a = 6' to 30') increase

above the a = 0 spectrum after ~550 nm, causing the shift in the phase curve (there is a

similar effect in Figure 9).

Figure 8 shows four phase curves for Jupiter at 2.0 AU: a) the dayside fully

covered with clouds, b) the dayside half covered with clouds (90' offset), c) 30' offset of

cloud coverage into the dayside, and d) a cloudless dayside. The shift of the phase curve

maximum past eclipse (and away from the uniform cases) for the 30' cloud offset is 2.0

0.4' and for the 90' offset is 10.1 0.8'.

The Section 4 will extend this approach of non-uniform cloud coverage modeling

to the exoplanet Kepler 7b. By varying the amount of cloud offset, cloud type, and

several other variables we can create thousands of model albedo spectra and phase curves

to compare to observations. Specifically, we will compare our results to the phase curve

data of Demory et al. 2013 from the Kepler Space Telescope.
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Figure 7 : Albedo spectra of Jupiter at 2.0 AU with a 900 cloud offset for a range of phase

angles from 0' (black) to 90' (green). The dominant absorber for the Jupiter model is

CH4. The first few initial a = 0' to 6' spectra (black) are clearly below the subsequent

spectra (red-pink) at longer wavelengths. This leads to a phase curve maximum at a other

than 0'.
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Figure 8 Reflected light phase curves of Jupiter at 2.0 AU for clear, cloudy, and two

different shifted cloud coverage cases, 300 and 90'. Each phase curve is normalized to

the full cloudy case. The phase curves that have non-uniform cloud coverage in the

longitudinal direction (30', 90' cloud offsets) have a maximum shifted away from

secondary eclipse (a = 00).

4. 1-D Case: Mapping Kepler-7b clouds from Phase curve

4.1 Kepler 7-b Introduction

Our approach is repeated using a theoretical pressure-temperature profile for

Kepler-7b (Demory et al. 2013). As discussed previously in Section 2, a strong eastward

equatorial jet is expected to form in the atmospheres of hot Jupiters like Kepler-7b (e.g.,

Showman et al. 2009). Although a thermal phase-curve hasn't yet been measured for

Kepler-7b, given the Spitzer observations that confirm the presence and strength of this

equatorial jet (Knutson et al. 2007), the same predicted wind and thermal patterns may
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lead to clouds whose properties vary strongly with longitude on the dayside on Kepler-

7b.

Here, we consider clouds with a log-normal particle size distribution with a mode

of 0.5 ptm (see Demory et al. 2013). Figure 10 shows four phase curves for Kepler-7b: a)

the dayside fully covered with clouds, b) the dayside half covered with clouds (90'

offset), c) 30' offset of cloud coverage into the dayside, and d) a cloudless dayside. For

the 300 cloud offset, the phase peak shifted 9.8 1.7. For the 90' cloud offset example,

the peak shift was 17.8 2.0'.
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Figure 9: Albedo spectra of Kepler-7b with a 90' cloud offset for range of phase angles

from 0- (black) to 1800 (green). The dominant absorbers for Kepler-7b are neutral alkalis

(e.g. NaOH, KOH) . The first few initial a = 00, a = 60, and a = 120 spectra (black) are

clearly below the subsequent spectra (red-pink) at longer wavelengths. This leads to a

phase curve maximum at a other than at 00.
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Figure 10: Reflected light phase curves of Kepler-7b for clear, cloudy, and 2 different

shifted cloud coverage cases, 300 and 90'. Each phase curve is normalized to the cloudy

case. The phase curves that have non-uniform cloud coverage in the longitudinal

direction (30', 90' cloud offsets) have a maximum shifted away from secondary eclipse

(ct=0').

For observations of a transiting exoplanet with a uniform disk, the phase curve

maximum and secondary eclipse will occur at a phase angle of 0'. When there is non-

uniform cloud coverage, the maximum of the phase curve will shift with increasing

amounts of longitudinally varying clouds. From the observed phase shift, estimates of the

cloud properties such as coverage, average particle size, and composition, can be made.

These cloud properties can then be linked to the global scale wind and thermal patterns

required for their formation.

4.1.1 Findings of Demory et al. 2013 Observations
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Kipping & Bakos (2011) and Demory et al. (2011) concluded that there was a

realtively high average geometric albedo (~ 0.3) for Kepler-7b from secondary eclipse

observations, at visible wavelengths, possibly due to Rayleigh scattering combined with

clouds or haze, but could not entirely rule out the possibility that the deep eclipse was due

to thermal emission. Secondary eclipse observations of the Kepler-7 system at infrared

wavelengths with the Spitzer space telescope show that Kepler-7b exhibits very little

thermal emission, further strengthening the case for optically thick clouds in Kepler-7b's

atmosphere (Demory et al. 2013). Given temperature profile expected for Kepler-7b

(Figure 3), a wide array of equilibrium cloud species are expected to form near

photospheric pressures (see Morley et al. 2012 for condensation curves). Demory et al.

suggest a bright hemisphere, offset by 86 12 . (Figure 11)
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Figure 11: (Demory et al. 2013) showed that a shift in the Kepler-7b phase curve (top)

can produce longitudinal brightness maps attributed to non-uniform clouds (single albedo

band (left) or multi-band(right)) but a detailed model of the clouds and their properties

was still needed. In this work, we provide the necessary model of clouds and their

properties to better inform the analysis of Kepler-7b (Webber et al 2015).

4.1.2 Non-uniform cloud coverage

We saw in section 3 that in each case the phase curve maximum increases with

the increasing cloud coverage offset. Also, for the 90' cloud offset cases, we see that the

phase curves agree with the full cloudy or cloudless models before and after +900 on the

phase curve when the visible crescent appears uniform to the observer. This is also true

but less obvious at -30' and +150* for the 300 offset cases. This overlap of the phase
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curves agrees with the source-observer geometries where the partial cloudy/cloudless

regions would no longer be visible.

For thermal profiles and cloud properties considered in this study (Figure 3, Table

1), the most reflective case is the completely cloudy planet and the least reflective case is

the cloudless planet (Marley et al. 1999, Sudarsky et al. 2000, and Cahoy et al. 2010).

Sudarsky et al. (2005) notes that the maximum and shape of the phase curve will inform

the presence of clouds. As the distribution of dayside cloud coverage changes, the total

relative brightness of the planet increases as does the shift of the phase curve maximum.

The shift of the phase curve maximum will be largest for the 900 offset cases (i.e. the

half-and-half hemisphere case). For cloud offsets more than 90', the shift of the phase

curve maximum will decrease and the phase curve will look more and more like

completely cloud covered cases (red curves in Figures 8 and 10). Note that if the cloudy

hemisphere is instead assumed to be east of the substellar longitude, the shift of the

maximum of the phase curve would be negative and occur before secondary eclipse.

The largest possible shifts of the phase-curve maxima for the two atmospheric

models considered here are shown in Figure 8 and 10. The Kepler-7b model showed

larger shifts (9.8 1.7' and 17.8 2.0' for 30' and 90' offsets respectively) while the

Jupiter 2.0 AU test case showed smaller shifts (2.0 0.4' and 10.1 0.8' for 30' and 90'

offsets respectively). The amount of shifting depends on the difference between a cloudy

and cloudless spectrum as well as the optical properties of the cloud species considered in

each case.
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Figure 12 shows the spectra of cloudy vs. cloudless planets at a = 00. The clouds for

Jupiter at 2.0 AU are H20 condensates. The input model used in this study for the hot

Jupiter Kepler-7b was previously presented in Demory et al. (2013) and includes the

opacity of gaseous forsterite (Mg 2SiO4 ), a representative silicate. Recall in Figure 3 that

the condensation curve of forsterite crosses the pressure-temperature profile of Kepler-7b

and identifies the altitude of the cloud layers. In order to increase the planet's albedo,

given the observations of Demory et al. (201 3 ),tsed= 0.1 was used in this particular

model to compute a number density and particle size distribution for the clouds'

structure. The clouds were forced to have a lognormal size distribution, but otherwise the

cloud properties were allowed to develop consistently with the thermal profile. This

cloud method (Ackerman & Marley 2001) does not include mass conservation of the

prescribed atmospheric abundances but is instructive in demonstrating the effect of high,

thick clouds. These clouds are appropriate for the regions of strong updraft seen in the

general circulation models (GCM) (Parmentier et al. 2013) where formation isn't limited

by the local gas concentrations. For the Jupiter at 2.0 AU modelfsed= 6 was used. For

each case, when clouds are added, the difference in reflectivity of the planet increases

with wavelength. The effect of Rayleigh scattering is washed out by the onset of clouds

with higher albedo in the red wavelengths. The Jupiter case has a slower decrease in

albedo as wavelength increases for the cloudless spectra so the addition of clouds results

in a smaller shift of the phase curve maximum compared to the Kepler-7b case. Figure 12

shows that contributions from cloudy vs. clear spectra to phase curve measurements
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depend on the particular planet as well as factors such as cloud coverage and observation

filters.
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Figure 12 Albedo spectra of the full cloudy (red) and cloudless (blue) planets at a = 00.

A) Jupiter at 2.0 AU; these spectra have the smallest overall difference of the two cases

and therefore the smallest shift of the phase curve maxima (10.1 0.80). B) Kepler-7b

has a larger difference between cloudy and cloudless spectra and therefore larger shift

(17.8 2.00).
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4.2 Comparison of Phase Curve Models to Kepler-7b Observations

To build upon the work of Demory et al. (2013) who presented a single

reasonably well-fitting model, we perform a parameter exploration of: 1) cloud

composition, 2) sedimentation efficiency, 3) cloud-base altitude, and 4) cloud longitude

offset. We can use our results to compute a planet-star flux ratio vs. phase angle for a

range of cloud offsets and compare with the observed visible wavelength phase curve of

Kepler-7b presented in Demory et al (2013). A model stellar spectrum of Kepler-7, using

a NextGen PHOENIX stellar atmospheres model (Hauschildt et al. 1999), is weighted to

the Kepler transmission function and integrated to compute an observed stellar flux. Our

model stellar spectrum is interpolated from the grid of similar NextGen models' to match

a set of assumed parameters. For the stellar parameters of Kepler-7 we assume: M/H

0.0, effective temperature = 5933 K, mass = 1.36 Msoiar, radius = 2.02 Rsolar, surface

gravity log(g*) [cgs] = 3.96 (Demory et al. 2011). To compute the planet flux, the stellar

spectrum is also weighted by the planetary albedo spectrum at each phase angle. This

spectrum can be integrated and multiplied by the square of the ratio of the planet radius

(RP 1.63 R.) to the semi-major axis (a = 0.06246 AU) to find the planet flux.

In addition to varying the dayside cloud offset longitude (in 150 increments), we

computed a large parameter space of cloud cases to test against the Kepler-7b data set by

varying the cloud species,fsed, and cloud altitude. For simplicity in comparing this grid of

1 http://phoenix.ens-lyon.fr/Grids/NextGen/
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models, a single pressure-temperature profile (Figure 3) is used to determine the cloud

structure for each case without iterating a new profile in radiative-convective equilibrium.

The average planetary albedo can vary between 0.1 - 0.6 depending on the cloud

conditions. An automated pipeline was created to compute albedo spectra vs. phase angle

for each case at a range of longitudinal cloud offsets and test their fit to the Demory et al.

(2013) phase curve. Overall, 1300 cloud conditions were investigated. The four cloud

species used were: MgSiO 3, Mg 2 SiO4 , Fe, and a mixed Mg2SiO 4 + Fe. Figure 13 shows

five cases (at a = 0') with varying species wherefsed is held constant. Forfsed= 0.1,

MgSiO 3 shows the most reflectivity. We repeated this computation for each cloud case

with fsed =0.03, 0.1, 0.3, 1.0, and 3.0.

Figure 14 shows the effect of varying sedimentation efficiency for a fixed cloud

species. For Figure 14, the effective particle sizes at the layer with the maximum

condensate concentration for each case are about 5, 15, 40, 100, and 220 pim forfied

0.03, 0.1, 0.3, 1.0, 3.0 respectively. With largefedvalues, or large particles, the planet

will appear dark. Bright albedos are produced only by using a smallfsed (< 0.1) in the

cloud formation model.
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Figure 13 :Variable Species, fsed = 0.1. The albedo spectra for varying cloud species are

shown for a fixed fsed = 0.1. MgSiO 3 clouds show the most reflectivity for this condition.

The strong absorption from the Fe clouds makes the Fe and Mg2SiO 4 + Fe cases look

identical for this scenario.

35



0.6 -No clouds
- Feed = 0.03
- Fsed = 0.1

0.5- --- Fsed =0.3
- sed = 1.0

0.4 - -Fsed = 3.0

0.3

0.2--

0.14-

0.4 0.5 0.6 0.7 0.8 0.9 1
Wavelength [urn]

Figure 14: MgSiO 3 clouds, variable fsed. The albedo spectra for MgSiO 3 clouds are shown

at varying sedimentation efficiencies,fsed. A lowerfsed value suppresses sedimentation

and increases the optical thickness of the cloud layer. Asfsed increases, particle size

increases. The effective particle sizes at the maximum concentration for each case are

about 5, 15, 40, 100, and 220 pm respectively.
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Figure 15: MgSiO 3 clouds, fsed = 0.1, shifted pressure-temperature profiles. The pressure-

temperature profile for Kepler-7b is shifted in temperature to simulate cloud formation at

different altitudes (pressures). The resulting spectra are shown here for MgSiO 3, atfsed =

0.1. With a + 200 K shift, we see that clouds no longer form for this case.
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Figure 16: The intersections of the condensation curves with pressure-temperature

profiles determine the altitude of cloud formation. Shifting the pressure-temperature

profile is used in this study to simulate the effect of varying cloud altitude on the albedo

spectra.
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Each case from the parameter space shows a different peak, magnitude, and

asymmetry when the full phase curve is plotted. To quantify the most plausible scenario

from our chosen parameter space, the root-mean-square (RMS) error vs. the Demory et

al. data was computed for each case and plotted in Figures 17 to 21. Figure 17 shows all

the results for the non-temperature shifted models and Figures 18-21 separate the

temperature-shifted models by cloud species. For a well-fit model, a clear, non-trivial,

minimum will be present that come close to the RMS error of the observational data

(inside 95% confidence interval).

34.
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Figure 17: Goodness of Fit: Species vs. fsed. The root mean square error (RMSE) is

shown here vs. the cloud offset angle for the non-temperature shifted cases. The line

pattern distinguishes the cloud species and color distinguishes the sedimentation

efficiency. Minima in these curves represent well-fit cases as the come close to the RMS

error of the observational data (inside 95% confidence interval).
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Figure 18: Goodness of Fit: Mg2 SiO4 VS. fsed vs. temperature shift. The RMSE is shown

here vs. the cloud offset angle for the temperature-shifted Mg2SiO4 cases. The line pattern

distinguishes the temperature shift and color distinguishes the sedimentation efficiency.

Minima in these curves represent well-fit cases as the come close to the RMS error of the

observational data (inside 95% confidence interval).
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Figure 19 :Goodness of Fit: MgSiO 3 VS. fsed vs. temperature shift. The RMSE is shown

here vs. the cloud offset angle for the temperature-shifted MgSiO 3 cases. The line pattern

distinguishes the temperature shift and color distinguishes the sedimentation efficiency.

Minima in these curves represent well-fit cases.
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Figure 20: Goodness of Fit: Fe clouds vs. fsed vs. temperature shift. The RMSE is shown

here vs. the cloud offset angle for the temperature-shifted Fe cases. The line pattern

distinguishes the temperature shift and color distinguishes the sedimentation efficiency.

Minima in these curves represent well-fit cases.
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Figure 21: Goodness of Fit: Mg2 SiO4 + Fe vs. fed vs. temperature shift. The RMSE is

shown here vs. the cloud offset angle for the temperature-shifted Mg2SiO 4 + Fe cases. The

line pattern distinguishes the temperature shift and color distinguishes the sedimentation

efficiency. Minima in these curves represent well-fit cases.

4.3 Best fit cases

The best-fit models are listed in Table 1. The standard deviation of the Kepler-7b

observations is -18.5 ppm with standard error, SEc-~ 0.4 ppm (e.g. fits above 19.3 ppm

RMS error are outside the 95% confidence interval). Our RMS fit metric approaches 18.5

ppm for our best-fit case (18.8 ppm) with only longitudinal variation and uniform clouds.

To improve any further could require latitude variation, different species, or additional

features such as a gradient in cloud thickness vs. longitude. Overall, MgSiO 3 models with

a small fsed and a dayside cloud offset of 90' present the best-fit scenarios (RMS error

within 1 -a of the standard deviation of the data), and Fe dominated clouds should be

ruled out. Demory et al. suggest a bright hemisphere offset by 86 120. The phase curve
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maximum of the data is at 39.6 10.80. Figure 22 shows planet-star flux ratio of the best-

fit model plotted over the Demory el al. data for the full range of cloud offsets. The

brown curve in Figure 22 shows the 90' offset case. Figure 23 shows our predicted disk-

integrated albedo spectrum for this case at a few points in the orbit to illustrate how this

type of prediction would aid direct imaging observations that don't require full phase.
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Table 1: A list of the 16 best-fit cloud cases (from 1300 cases) to the Demory et al.

(2013) phase curve. Cases are ranked by their RMS error. Silicate clouds, with a low fsed,

are clearly favored with a cloud offset near 90'. The dotted lines denoted the 1 -SE", 2-

SEC, and 3-SE., difference between for the fit error and the standard deviation of the

observation.

Table 1: Best-Fit Cloud Cases to Demory et al. (2013)
Species RMS minimum (ppm) fied Cloud Offset Temp. Shift
MgSiO3
MgSiO3
MgSiO3

ISE Mg2SiO4
M2SiO4

2SE Mg2SiO4 + Fe

MgSiO3
3SE MgSiO3

MgSiO3
Mg2SiO4

Mg2SiO4 + Fe
Mg2SiO4
Mg2SiO4
Mg2SiO4
Mg2SiO4

Fe

18.8 0.1 900 100 K
18.9 0.03 900 0 K
18.9 0.03 900 -100 K
19.0 0.03 750 0 K
19.0 0.03 750 -100.K
19.4 0.03 750 200 K
19.7 0.1 105. .OK
21.0 0.1 1200 -100 K
21.2 0.1 1200 -100 K
21.4 0.1 1350 200 K
21.4 0.1 135* 200 K
22.7 0.1 1350 100 K
22.8 0.1 1350 -100 K
22.8 0.1 1350 0 K
22.8 0.1 1350 -200 K
25.2 0.03 1500 0 K
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Figure 22: The best-fit cloud condition for a range of offset angles is plotted over the
planet-star flux ratio measured by Demory et al. (2013). The brown curve shows the
overall best-fit (MgSiO 3 ,fsed = 0.1, 90* offset). Our albedo spectra are multiplied by the
stellar spectrum, along with the Kepler transmission function, then scaled by the square
of the ratio between the planet radius and semi-major axis.
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Figure 23 : The disk-integrated, best-fit Kepler-7b albedo spectrum (MgSiO 3, fsed = 0.1)

is shown for a range of orbital phase angles.

45

1

Kepler-7b
Dernory et al. (2013)

-Full Clouds
-1650
-1500
-1350
-1200

-900
-750

-600
-450

-300
-150

-No Clouds

. .

80 -

60 -

40 F
20I-

0

is
0.

0.

200

a~ = 12*

1

2n

-20

-401



4.4 Chapter Summary

Previous studies (Knutson et al. 2001, Showman et al. 2009) have shown that the

tidally-locked conditions of a hot Jupiter create stark temperature contrasts between the

dayside and nightside of the planet. The large thermal gradients will drive strong winds in

these atmospheres that will in some cases cause global temperature distributions to be

misaligned from what would have been expected based purely on incident energy

considerations. This misalignment manifests as a shift in the maximum of the thermal

emission phase curve of the planet. Here, we have shown that this temperature

misalignment can produce a similar shift for reflected-light phase curves if offsets in the

temperature map lead to partial (longitudinally-varying) cloud formation on the dayside

of the planet. This study investigates how contributions from different albedo spectra at

different geographic locations on the exoplanet would affect the planetary phase curve in

the visible wavelengths (in this case, the differences in the spectra are due to clouds). The

increased albedo from the presence of the clouds (e.g. NH 3 clouds, MgSiO 3) considered

here greatly changes the visible light spectrum of the planet. We showed the maximum of

the phase curve increase up to 5x in magnitude and shift up to 18' in phase angle by

adding clouds.

We have considered two cases at a range of source-observer geometries

(functions of the planet's orbital phase). We observed that the shift in the visible phase

curve maximum increases as the cloud offset increases. For a hot Jupiter cloud offset of

~30-1000, observers may see phase curve shifts on the order of -10-30' in phase angle
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(~0.05 fractional orbital phase). For cooler targets, like the Jupiter at 2.0 AU case, clouds

may have a small effect on the alignment of the visible phase curve (~2-10'). Finally, we

created a pipeline for computing and testing the albedo spectra of different cloud

conditions against a phase curve data set. For the published Kepler-7b phase curve

(Demory et al. 2013), this approach suggests a cloud offset of ~90' in the dayside

hemisphere with MgSiO 3 clouds and a small sedimentation efficiency (i.e. thick, small

particle clouds). Hypothesized Fe dominated clouds are ruled out by this method due to

poor quality fits.

To expand the method of non-uniform albedo modeling, Section 5 demonstrates

the use of varying the pressure-temperature profile and cloud formation at each location

of the planetary grid. GCM ouputs from MITgcm are integrated with the improved

albedo and cloud models to create a three dimensional rendering capability. From these

albedo models, albedo spectra are produced to compare to observations of HD189733b

and predict the phase curve.

5. 3-D Case: Mapping HD189733b Albedo from MIT GCM
and Albedo Spectra

5.1 Introduction to HD189733b

Knutson et al. (2007) produced the first thermal map of an exoplanet for HD 189733b

from infrared emission measurements shown in Figure 24. These results showed that HD

189733b had strong equatorial jets, with wind speeds on the order of 1 km/s, due to the

contrast between the dayside and nightside temperatures. 1ID 189733b has become a case

47



study for these hot Jupiter bodies, which are unlike anything in our solar system and

appear to even be rare in exoplanetary systems, found in only -1.2% of solar-type

systems (Wright et al. 2012). Knutson et al. showed there is significant thermal variation

across the planetary disk. However, the blackbody emission spectrum for this planet has

little contribution in the visible wavelengths. Any observation conducted below

wavelengths of ~1 pm can be interpreted as reflected starlight and compared with the

visible albedo spectrum of the planet. For example, at 400 nm, the contrast for

HD 189733b between the planet's blackbody thermal emission and reflected stellar light

is about 10-8.

a 1.01

1.00

~0.99

0.98

b 0.97

1.001

0. 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Orbital phase

Figure 24: (Knutson et al. 2007) showed that tidally locked hot Jupiters will develop

strong equatorial winds from the temperature contrast between the dayside and nightside

evidenced by the strong variation in the infrared phase curve, and a shift of the maximum

away from secondary eclipse.

In this section, we apply a new approach integrating a GCM model of HD189733b.

HD189733b is an excellent case study for our phase-dependent model because of

observations that suggest longitudinal variation in the reflectivity and temperature maps.
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(Knutson et al. 2007, Berdyugina el al. 2011, Evans el al. 2013). Berdyugina et al.

(2011) and Evans et al. (2013) observed the geometric albedo spectrum of HD 189733b

in the visible wavelengths. Berdyugina el al. measured a spectrum systematically more

reflective than Evans et al. Berdyugina et al. determined that Rayleigh scattering

dominated the geometric albedo spectrum and that HD 189733b should appear to have a

Neptune-like blue color. The Evans et al. measurements suggest a deeper, dark blue

"quite distinct from the atmosphere colors seen in our solar system." Their albedo

observations were systematically 2o lower than those of Berdyugina el al. using the 2.5-

m Nordic Optical Telescope. Wiktorowicz el al. 2015 determined a B band albedo upper

limit of 0.40 by assuming a Rayleigh scattering model. We explore cloud reflectivity as a

possible cause for the discrepancy in the geometric albedo spectra measured by

Berdyugina et al. and Evans et al.

5.2 3D Integrated Model

The approach in Webber el al. 2015 of investigating longitudinal variability held promise

for first-order characterization of atmospheric and cloud properties on an exoplanet.

However, a single pressure-temperature profile and uniform reflectivity are not sufficient

to explain observed albedo measurements and visible wavelength phase curves,

particularly looking toward the future as photometric precision improves and dedicated

direct imaging missions launch. Therefore, to advance our previous work and create

detailed albedo and cloud maps, we have incorporated general circulation models (GCM)
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with our cloud formation and albedo models (Ackerman & Marley 2001, Cahoy et al.

2010, Showman el al. 2009).

We developed our geometric albedo model based on the work of Marley and McKay

(1999), McKay et al. (1989), Toon et al. (1989), and Ackerman & Marley (2001). The

model was first implemented in Cahoy et al. 2010 to show the phase-dependence of

Jupiter and Neptune-like planets with varying planet-star separation and metallicity.

Cahoy et al. (2010) also makes coarse-resolution spectra and color-color predictions for

direct imaging of exoplanets. Here, and in Webber et al. 2015, we have extended the

Cahoy et al. model to study "hot-Jupiter" by treating the planet as a non-uniform object

and incorporating a 3D input structure to map cloud formation and the resulting non-

uniform planetary albedo. This approach allows us to provides more complex and

realistic exoplanet albedo spectra and phase curves.

In order to create high resolution albedo and cloud maps of exoplanets we incorporate

three atmospheric models: 1) a MITgcm model (Showman et al. 2009) for temperature,

pressure, and dynamics 2) an albedo and phase variation model (Cahoy et al. 2010,

Webber et al. 2015) and 3) a cloud formation model (Ackerman & Marley 2001). A

schematic illustration is shown in Figure 25.
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General Circulation
Model (GCM):

Showman et at. (2009)

Previous Work
New Additions

Webber et al. 2017

Cloud Formation Albedo Model: - 3D Albedo Maps
Model: Ackerman & (p ;) Cahoy et at. (2010) (, ) - 3D Cloud Maps

Marley (2001) L......v/? Ct at (2015) - Albedo Spectra
Webber et al. (2015) - Phase Curves

Figure 25: Flow chart of integrated GCM, cloud, and albedo models and results where p

is pressure, T is temperature, X is wavelength, a is phase angle, and Kz is the Eddy

Diffusion Coefficient

5.2.1 General Circulation Model

For this study we use a resolution of 100 longitude points x 10 latitude points per

hemisphere. At each point, we extract a vertical pressure-temperature profile from a

GCM model of HD189733b as well as Eddy Diffusion Coefficients for each point and

layer. For the present case study we use a 53 layer model. Figure 26 shows one pressure

level slice of the dayside temperature profile sampled at the 1000 grid points. Figure 26

also shows a zonally averaged view of the planet's temperature profile.
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Figure 26: (left) 1000 dayside Pressure-Temperature profiles sampled from the GCM

model and input into the cloud and albedo model. (right) Zonally averaged temperature

contours from the GCM input. The hotspot of the planet is offset in longitude from the

substellar point.

5.2.2 Cloud model

The unique PT-profile at each location is input into the cloud formation model

and albedo code to determine the local reflectivity. The cloud model takes as input the

pressure-temperature information with the Eddy Diffusion coefficients and compares the

profiles to the condensation curves (shown in Figure 27) of various cloud species used in

our model previously: Fe, MgSiO 3, Mg2 SiO4 (Webber et al. 2015) and also adds KCl and

Na2S that could form in the temperature range of HD189733b's upper atmosphere

(Morley et al. 2013). The cloud properties are determined from the correlation of the

species condensation curves with the pressure-temperature profile. Currently, particle

scattering is based on a two-term Henyey-Greenstein phase function. The layered cloud

opacity results are passed to the albedo code where the total reflectivity and phase
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dependence of each point is calculated. Hemisphere-averaged albedo spectra, integrated

using the Tchebyshev-Gauss method (Horak 1950, Horak & Little 1965, Davis &

Rabinowitz 1956), are then produced that can be compared to observations.

The cloud model used is discussed previously in Webber et al. 2015 and Cahoy et

al. 2010. This one-dimensional cloud model was developed by Ackerman & Marley

(2001), and treats the balance of sedimentation of particles against updrafts of particles

and condensable vapor. A key parameter of the model isfied, the sedimentation efficiency

parameter. Large values offsed correspond to efficient rain-out, large cloud particles, and

vertically thin clouds with relatively small optical depths. Small values Offsed lead to

small particles, and vertically taller clouds with greater optical depths. At the conditions

relevant for hot Jupiters, there are not yet strong constraints onfsed. The evidence for

high clouds of tiny particles in the transmission spectrum of HD 189733b (Evans et al.

2013, Sing et al. 2011) appear to suggest much lower values offsed in hot Jupiters.
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Figure 27: The 1000 dayside pressure-temperature profiles (red) and 1000 nightside

profiles (black) sampled from the GCM model that are input into the cloud and albedo

models. The condensation curves for species in the cloud model are also shown.

5.2.3 Albedo model

The calculated albedo, previously described in Cahoy et al. 2010, is based on the

molecular opacities and scattering properties of the atmosphere (e.g., Rayleigh and Mie

scattering). The model also includes independent source-observer angle geometry to

show the spectral evolution as the source-observer geometry changes through the

exoplanet's orbit (the geometric phase function, not to be confused with particle

scattering phase function).

5.3 Comparison to Observations

To test the HD189733b model we run a parameter space of 30 scenarios that
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cover the cloud species: Enstatite (MgSiO 3 ), Forsterite (Mg 2 SiO4 ), Iron (Fe), Potassium

Chloride (KCl), and Sodium Sulfide (Na2 S) across a sedimentation efficiency (Fsed) grid:

0.01, 0.03, 0.1, 0.3, 1.0, 3.0. The resulting albedo spectra for each are compared to the

albedo observations of Evans et al. 2013, Berdyugina et al. 2011, and Wiktorowicz et al.

2015. There is disagreement between these sets of observations that may point to a

dynamic atmosphere and variable albedo. The best Z- fit scenarios are selected to

produce full-phase curve predictions for HD1 89733b that would help discriminate

between different cloud features on the planet.

5.3.1 Observations

The observation data sets (shown later in Figure 29) of Evans et al. and

Berdyugina el al. show some disagreement, particularly between 400 nm and 500 nm. In

this range, the Wiktorowicz et al. observation sets an albedo upper limit that agrees with

Evans et al. by applying the scattering model of Kopparla et al. (2016). The time period

of the Evans et al. and Wiktorowicz et al. observations also agree. Table 2 summarizes

the observations.

55



Table 2: Observational Data Used

Paper Berdyugina et al. Evans et al. 2013 Wiktorowicz
2011 et al. 2015

Telescope 2.5m Nordic Hubble Space 3m Lick

Optical Telescope Telescope Observatory
Instrument TurPol UBVRI STIS POLISH2

Polarimeter Polarimeter
Nights 15 1 50
Dates Apr 18-24, Aug Dec 20 2012 Aug 11 2011 -

2-9 2008 July121
Band Pass U 325,368,416,459,502, B

547nm(A45-50nm)
Science Time/Night 1-3 hrs 4 hrs 3-4 hrs

5.3.2 Chi Squared fit

We fit the resulting albedo spectra from each cloud case to the Beryyugina et al.

and Evans et al. data sets separately while adding the Wiktorowicz et al. datum to Evans

et al. set because of their stated agreement with this set. Both Evans et al. and

Wiktorowicz et al. claim a systematic overestimation by Beryugina et al. The 2- fit heat

maps are shown in Figure 28. The best-fit case for the Evans et al. + Wiktorowicz et al.

observations is KCl formation with fsed = 0.03. The best-fit case for Berdyugina et al. is

MgSiO 3 formation with fsed = 0.1. Overall, we see a lower 2 statistic for the Evans +

Wiktorowicz data set and the Berydugina et al. data is generally not as well fit by our

models. The corresponding albedo spectra for the best-fit cases are shown in Figure 29

with the observational data.
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Figure 28: x2- fit heat maps of model generated albedo spectra to Evans et al. +

Wiktorowicz et al. (top) and Berdyugina et al. observations (bottom) for varying cloud

species and sedimentation efficiencies (fsed). The best-fit case is marked with an X in both

panels with minimum x2 values of 3.3 and 3.6 respectively.

5.3.3 Resulting Spectra
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Figure 29: The best x2 fit albedo spectra of HD189733b. The spectrum with KCl clouds

(black line) is the best-fit case for the Evan et al. + Wiktorowicz et al. (black and red

points). The spectrum with MgSiO 3 (blue line) is best-fit to the higher reflectivity

observations of Berdyugina et al. (blue points).

5.4 Results

For phase curve and secondary eclipse observations, only dayside clouds will affect

the reflected light. Figure 30 shows the resulting cloud maps for each best-fit case. In the

KCl clouds case, we see dayside clouds forming only around the terminators with a

higher density in the east but larger particles in the west. In the MgSiO 3 case, a much

larger cloud mass forms in the dayside, skewed to the east similar to the planet's

temperature distribution. A full phase curve observation of HD189733b in the visible
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wavelengths would help clear up the differences between these albedo measurements as

well as provide a dayside brightness map to compare to the present models.
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Figure 30: Cloud maps for the best fit cases showing the number density, mean radius,

and temperature (K) at the 3.3 x 10-5 bar pressure level where the hot spot is evident and

shown in Figure 26. Distinctive features include and a large day-side cloud mass for

MgSiO 3 clouds (top) and small cloud bands near the terminators for the KCl clouds

(bottom)

Both best-fit cloud scenarios (MgSiO 3 with fsed= 0.1 and KCl with fsed= 0.03)

presented here are in agreement with transmission spectroscopy measurements of HD

189733b that show evidence of clouds in the terminators (Sing et al. 2011, Pont et al.

2013). (Figure 31) Transmission spectra of HD 189733b show strong Rayleigh scattering

in the visible wavelengths that washes out atomic alkali absorption features that would be

expected in a cloudless atmosphere. Both results in this study show clouds forming in the

terminators, where KCl forms small particle, higher density bands and MgSiO 3 forms

with lower density and particles roughly 2x larger. This is in good agreement with the

observed transmission spectra since these observations only probe the limbs of the planet.
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In reality, cloud formation on HD1 89733b is more likely a mixture of these two scenarios

and the cloud coverage changing in a dynamic atmosphere.

0.15g .. . . . . . . .. .. . .. . . . . . .
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from Sing et al. 2008 (left) and Pont et

Lee et al. (2015) used a 2-model approach to investigate cloud formation by sampling

the Dobbs-Dixon & Agol (2013) 3D radiation-hydrodynamic atmosphere model of

HD189733b (Helling et al. 2016). They used temperature and vertical velocity profiles

from 8 points per hemisphere as input to the cloud formation model (Helling & Fomins

2013). Lee et al. estimates their local Kzz values from the product of the local vertical

velocities and scale height at the 16 sample points. The resulting global cloud density and

particle size maps are interpolated between these samples. In contrast, we now input the

local Kzz values from the GCM model, along with the temperature profile at 1000 sample

points per hemisphere, and plot cloud maps without interpolating. By sampling at a high

spatial frequency we see more structure and granularity in the resulting cloud maps

(Figure 30). This comes from the complexity and asymmetry of the Kzz values input from
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the GCM. For example, the logarithm of the Kz magnitudes, at the same pressure level

shown in Figure 29, and at the initial resolution of the GCM model (128x64), are shown

in Figure 32. Some noticeable features that manifest themselves in the cloud formations

include: i) the large magnitudes and complexity around the west terminator (forming

bands for both KCl and MgSiO 3) and ii) the smoother dayside plume resulting in the

dayside MgSiO 3 cloud mass. The Lee et al. model results in silicate clouds high in the

atmosphere with grain sizes up to 0.1 jim.

West East Terminator 11

1 10.5

10

0.5
9. 5

0. 0

8.5

2.2

-1.5

Longitude [rad]

Figure 32: The Kzz magnitudes for the 3.3 x 10~5 bar pressure level of HD189733b plotted

at the GCM resolution (128x64). Complex structure around the western terminator results

in patchy and banded clouds. A larger smooth plume in the dayside forms a bright

MgSiO 3 cloud mass.

5.5 Phase Curve prediction

Next, we compute full phase curve predictions for the best-fit cases shown in

Figure 33. The planet-star flux ratio is calculated assuming a planet radius of 1.138 Rj
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(Torres et al. 2008), and a semi-major axis of 0.031 AU (Southworth 2010). The flux

ratio for reflected light is given by:

F(A, a) = Ag (A) (R) 2 CP(A, a)
FO (A) d

where Ag is the geometric albedo spectrum, Rp is the radius of the planet, d is the orbital

semi-major axis, A is the wavelength, a is the phase angle, and (D is the phase function.

The phase curves shown integrate over all wavelengths from 350-1000 nm. A large

magnitude difference is clearly present, caused by the brightness difference of the albedo

spectra. At secondary eclipse, there is a >4 fold difference in magnitude. There is also

slight asymmetry, or shifting of the phase curve maxima, in both cases. However, the

phase curves shift in opposite directions. By fitting a Gaussian to each phase curve, we

find the maximum for the MgSiO 3 case shifts by +2.8 2.00 in phase angle and the KCl

case maximum shifts -13.1 4.8'. Figure 30 shows the cloud particle maps that help

explain the shapes of the phase curves.
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Figure 33: Full Phase curve predictions for HD 189733b integrated from 350 nm to 1000

nm for each best-fit spectrum from Figure 29. The maximum of the phase curve with KCl

clouds (blue) is skewed slightly left while the phase curve from MgSiO 3 (red) is skewed

slightly right.

Previous thermal emission measurements, combined with atmospheric models, have

shown tidally locked hot Jupiters develop rapid global equatorial winds (Showman et al.

2009, Showman and Polvani 2011) that could also shift clouds into the dayside, or create

cloud-forming conditions, and alter the overall albedo spectrum. In reality, the albedo

spectrum may vary between these extremes, indicating a turbulent atmosphere and

variable cloud patterns. The observations of Evans et al. (2013) can be explained with the

formation of small terminator bands of KCl clouds to the atmosphere. This supports the

idea that HD 189733 b appears as a darker, deeper blue than Neptune. The observations

of Berdyugina et al. (2011) best match the formation of MgSiO 3 clouds on the dayside to

explain the large albedo values from their observations. We compute a visible

wavelength phase curve for both the KCl and MgSiO3 spectra. The MgSiO 3 phase curve

agreeing with the Berdyugina et al. data has a maximum at -64 ppm and shifts ~ 3
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degrees right of secondary eclipse while the KCl phase curve that agrees with Evans et al.

has a maximum at ~ 15 ppm and a negative shift of ~13 degrees. Further transmission

and secondary eclipse spectroscopy, as well as full phase photometry, will help to

differentiate between these cases and better understand cloud formation in the

atmosphere of HD18973 3b.

In the previous two chapters we demonstrated that some information, such as cloud

distribution and composition that can come from visible light in the reflected dayside

portion of the phase curve. Next, we discuss the feasibility of detecting artificial visible

light in the nightside component. In section 6 the reflected dayside light of an exoplanet

is regarded as the background obstacle to detecting artificial nightside radiation.

6. Detectability of Artificial Light on the Night-side of
Exoplanets from Phase Curves

6.1 Background

While the search for extraterrestrial intelligence has been ongoing for decades

(Tarter, 2001; Garrett, 2015) most efforts to date have focused on received radio

frequency signals. In this work, inspired by the findings of Kepler (Youdin, 2011; Silburt,

2015) that exoplanetary systems are common, we present tools and analyses that can be

used to assess the likelihood of detecting artificial light from an exoplanet. In 2012, Loeb

and Turner (Loeb, 2012) concluded that a single terrestrial city could be detected at the

edge of our Solar System in the Kuiper Belt using most modern telescopes. The authors

state that artificial light from a Kuiper Belt object will decrease according to an inverse

square law as the distance between the object and Earth increases; natural light will

64



decrease with the inverse fourth power as the object moves away because of the

"combination of the inverse square dependence of the solar flux that illuminates it

combined with the inverse square dependence of the scattered component of that incident

flux that reaches an observer on Earth." Therefore, a measurement of the slope of a

photometric measurement vs. distance can differentiate artificial flux from natural flux.

Loeb and Turner also stress the importance of spectroscopic follow-up to confirm the

source of the light.

For exoplanets, this motivates examination of phase curve observations (i.e. a

measurement of the intensity of light from the system vs. a full orbit) to look for changes

that do not fit a natural model. Loeb and Turner proposed the use of narrowband filters

to search for specific light sources or search for civilizations whose light sensitivity and

utilization may not follow the spectrum of the host star. If a civilization uses a light

source of a significantly different spectrum from its star, the signal from their cities can

be more easily differentiated from the background natural light. While in general we

would expect that the sensitivity of species' vision would most likely evolve with their

vision peaked at the same wavelength as their host star, Loeb and Turner speculate that

perhaps there are scenarios where this is not the case or where the stellar spectrum has

changed substantially over the period of time that life has persisted on the planet and

evolution has not adjusted as quickly. Other possible ways to detect life that have been

researched in detail include looking for atmospheric biosignature gases (Seager, 2012),

infrared waste energy (Wright, 2014), industrial pollutants (Lin, 2014), and altered

albedo spectra (Arnold, 2008).

65



In this chapter, we investigate whether light from an intelligent civilization is detectable

on the night-side of exoplanets. To do this, we consider the detectability of artificial light

vs. natural light on an exoplanet. We will consider the visible and Near-Infrared (NIR)

wavelengths where the contribution from natural light is only reflected stellar light with

no thermal emission from the planet. Our approach is to consider the effects of orbital

distance, phase angle, stellar type, and artificial light type for an Earth-like planet while

constructing an adaptable model to use for other types of systems and scenarios. This

model can be useful in interpreting exoplanet observations from transit measurements,

phase curves, or direct imaging. By defining an artificial light detectability limit, we can

start to compare an artificial light detectable zone to the commonly referenced habitable

zone of an exoplanet system (Fogg, 1992; Spiegel, 2010).

6.2 Method

For this study we define a parameter called detectability, D, as the ratio of

artificial flux, F, to natural flux, Fa, where each is integrated vs. wavelength, A:

A) f Fa(Aa)dA
D(2,a) = (1)

f|| Fn(Aajd A

Here we set a benchmark of I part in 1000 detectability to find a civilization. The

Transiting- Exoplanel-Survey-Sa/ellite (TESS) has set a their goal for photometric

precision at 200 ppm (Ricker, 2014). The natural flux is derived from standard flux ratio

equations for exoplanets (Seager S. , 2010) and is a function of the flux at the stellar

surface, Fs, the albedo spectrum of the planet, AE, the stellar radius, Rs , and the semi-

major axis, a, multiplied by the instrument transmission function, T, and the dayside
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phase function, Od.

Fn(A, a) = Fs(A)AE 2(A)'P,(a) (2)

Od (a) = sin(a)+(-a)cos(a) (3)

The artificial flux is defined as the energy spectrum of the lighting source, U, multiplied

by a gain factor, G, and divided over the surface of the planet (a function of the planet

radius, Rp). This is also weighted by the transmission function and the nightside phase

function, k, , which is 180 degrees out of phase with the dayside phase function.

Fa (A, a) = GWU(t) T(A On(a) (4)

On (a) = sin(a)+acos (a) (5)
7r

The gain factor is a function of the number of urban areas, Ncty, and the average area of

a city, A city:

G(t) = NcityAcity (6)

Our benchmark for a city on Earth, for this study, is an urban area with a population

above 1 million people. The illumination energy, U, (per city per km 2) is given by the

product of the normalized lighting spectrum, S(A), the energy consumption, E, the

percent of energy used for lighting, p, and the efficiency of the lighting technology, E.

U(A) = pEES(A)
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To create the baseline example of current Earth, we needed to estimate the energy

consumption. The energy use in the U.S. in all sectors is 3940 W per capita, the average

population density of all U.S. urban areas over 1 million people is ~1200 km 2, and the

percent of energy used for lighting is 17% (U.S. Energy Information Administration,

2015). The efficiency of incandescent light bulbs is -5% and fluorescent lights are close

to twice as efficient (Khan, 2011). In this analysis, we estimate the lighting spectrum as a

normalized Gaussian function with a variable mean and standard deviation. The Gaussian

function provides a good approximation of LED lighting that can be easily tuned through

the whole visible spectrum.

For the stellar flux input we use Planck's law for the radiation of a blackbody

with the Sun approximated by an effective temperature of 5800 K. The albedo spectrum

of present-day Earth is represented by the Earthshine spectrum measured by Turnbull et

al. as a relative reflectivity spectrum (Turnbull, 2006). Figure 34 shows the observed

albedo spectrum by Turnbull et al. weighted for our study so that the average albedo

matches the accepted global bond albedo of ~0.3 (DePater, 2010). Using these inputs for

present-day Earth we see contrast of -5 x 105 between the dayside and nightside flux

which agrees well with the current dayside-nightside contrast of Earth at ~6 x 105 (Loeb,

2012).

This model considers observing an "edge-on" exoplanetary system where a

variability of a reflected-light phase curve is applicable. A "face-on" system would have

no phase variation and be comparable to the constant phase angle of a = 900 case in this

model (assuming the civilization in question does not preferentially live near their
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equator or poles). For all cases we assume the transmission of the Kepler Telescope (Van

Cleve, 2009).

6.3 Results

By varying the semi-major axis of our Earth-analog example, we can define a

"Detectable Zone" above which the detectability is higher than the detectability

threshold. For this study we define a detectability threshold of 1 part in 1000. Figure 35

shows that, for an Earth-like planet and civilization, urban light would not be detectable

inside an orbital semi-major axis of 48 AU. This is far outside a Habitable Zone for a

Sun-like star (recall, 1 AU is the average distance between the Earth and Sun). If we

leave Earth at I AU, and increase the number of cities, and keep the per capita power use

the same, we can estimate the population size that would be detectable. Figure 36 shows

that we would need roughly 2500 times more cities (each with a population of 1 Million

people) to be detectable. To this point, we have held the phase angle constant at a = 900

and list the other things also held constant. Figure 37 shows the effect of varying the

phase angle. a = 00 is the case where the full dayside faces the observer (like a full

moon) and a = 1800 has the full night-side facing the observer (like a new moon).

We also need to consider the effect of wavelength and spectral range, of the

stellar host and lighting source, on detectability. For the current model, we use a

blackbody approximation of the stellar flux spectrum. Figure 38 shows the change in

detectability when we vary the host star's blackbody temperature. If we fix the stellar

blackbody temperature back to that of the Sun, we can investigate the effect of changing

the characteristics of the artificial lighting source. In Figure 39, we plot detectability vs.
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the Gaussian mean wavelength across the visible spectrum and changes in the spectral

range by varying the Gaussian standard deviation from 15-120 nm. A broader range is

similar to incandescent lighting and a narrow range is more LED-like. For the example in

Figure 39, we fix our Earth-like planet at 10 AU with 100 times our present-day number

of cities.
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Figure 34: The relative albedo spectrum of Earth measured by Turnbull et al. 2006

obtained by the Earthshine method that measures light reflected off the Earth and then off

the darkside of the moon and back to Earth. The Earthshine method gives us a disk-

integrated average spectrum.
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Figure 35: The detectability of an Earth-like planet and present-day artificial light levels

vs. semi-major axis compared to the Solar System habitable zone. For reference, Jupiter

is at ~5 AU, Saturn is at ~10 AU, and Pluto at ~ 40 AU.
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Figure 36: The detectability of an Earth-Sun like system at 1 AU separation vs. the

relative number of cities on present-day Earth (population over 1 Million).
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Figure 37: Detectability vs. semimajor axis is plotted for a range of phase angles for a

present-day Earth analog. The green shading shows the Habitable Zone limits. For

example, an Earth-like planet becomes detectable in a Saturn-like orbit (~- 10 AU) for

large phase angles (> 1400)
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Figure 38: The logarithm of detectability of an Earth-like planet vs. the stellar blackbody

temperature and semi-major axis. Cooler stars have better detectability of Earth-like

planets and Earth-like light sources, and cooler stars will have a decreased habitable zone

vs. semi-major axis. We start to see detectable cases for K and M type stars (i.e.

temperatures ranging 3700 to 5200K and 2400 to 3700K respectively). This plot ignores

changes in stellar radius, which could increase detectability another factor of 2.
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Figure 39: The detectability of Earth at 10 AU with 100 times the current cities vs. the

Gaussian mean wavelength and the Gaussian standard deviation.
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6.4 Discussion

The examples presented here are a small subset of the scenarios our model can

use to consider the detectability of artificial light on exoplanets in the context of future

observations and instrumentation. The most significant effect that could detract from

detection of a civilization is the bright, reflected light from the dayside for habitable zone

planets. From Figure 37, we see that, as a smaller crescent of the dayside light is visible,

the detectability ratio improves. This will be advantageous for transit light curve

measurements (like TESS), and the resulting exoplanet phase curve measurements where

the slope and magnitude of the phase curve will differ as the night-side crescent comes

into view if artificial light from a civilization is truly detectable.

For direct imaging applications there will be a trade off between phase angle,

detectability, and the angular separation between the host star and planet. Direct imaging

instruments need to block the light from the host star, and have an "inner working angle"

where they can no longer observe the planet (i.e. objects near the center are behind the

occulter, which is selected such that it typically extends beyond the diffraction limit of

the telescope) (Seager 2012, Belikov 2011).

The albedo spectra of different planet types, or changing planets, can also be input

into the model. The Earthshine spectrum we used here is just a snapshot of the

instantaneous vegetation, season, clouds, and visible continents or oceans. A varying

albedo spectrum could be incorporated that has a periodic signal from the land/ocean

contrast (the same period as the planet's revolution). Figure 40 illustrates how the
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lighting from a land-based civilization would have the same periodic signal that

increases, rather than decays, as phase angle increases (i.e. as the night-side lights rotate

into view).

1.2

1

C.0.8

0.6

E0.4

0.21

20 40 60 80 100
Phase Angle (deg.)

120 140 160 180

Figure 40: A schematic illustration of planetary phase curve that includes a periodic

daily signal corresponding to land/ocean contrast. Land-based artificial light may be

detectable with the same period if present on the night-side. The natural periodic signal

would decay with phase angle while the artificial light increases with phase angle. Here

the rotational period is 3%of the orbital period.

It is also important to consider wavelength dependent effects of artificial light on

an exoplanet. On Earth we have evolved with maximum vision sensitivity close to the

peak of the Sun's spectrum. Therefore we preferentially choose lighting sources in the

same range. If we imagine, like in Figure 39, a change to the spectrum of our Sun or a

species genetic mutation or a species migrating to a different type of star system, we can
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compute the detectability of an Earth-like planet vs. the stellar blackbody temperature. In

Figure 38, we start to see detectable cases for K and M type stars (i.e. temperatures

ranging 3700 to 5200K and 2400 to 3700K respectively). These types of stars are the

most frequent stars in our galaxy, making up a combined 88% of all stars. Small

terrestrial exoplanets are also more easily detected around cooler K and M stars with the

transit and radial velocity methods.

We see in Figure 39 that detectability increases as more energy is concentrated in

a narrower bandwidth. There will be a maximum detectability vs. mean wavelength that

depends on the telescope transmission function and stellar spectrum. The future of

detecting artificial light would benefit from narrowband tunable filters to search for

specific wavelengths of light. A similar concept is being developed for deep-space laser

communications (Chen, 2013).

This investigation into detectability of civilizations on other planets also raises the

question of the energy sources, utilization, and population growth of a civilization and

their effect on detectability. For context, if we consider the number of cities in Figure 36

to be proportional to population, at our current rate of population increase, Earth would

be detectable in Year 2800. This increase is most certainly unsustainable without a

radical change in our use of energy. Will a detectable society be short-lived? Outside of

energy use, how do factors such as deforestation, changing land use, climate change,

widespread solar panels, or changing ice and cloud cover affect detectability?
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7. New Jupiter Albedo Spectra from 3D Banded Albedo
Maps

In this Chapter, we use Jupiter as a Solar System example to validate the models

in this thesis. Jupiter is an outstanding example of non-uniform cloud coverage on

planets. The visible brightness of the planet is characterized by distinct bands parallel to

the equator. These bands have been put categorized by planetary scientists into zones and

belts (shown in Figure 41). Zones are the defined as the lighter, white colored bands.

Zones have a higher density of ammonia, forming thicker high altitude clouds. Recall,

this corresponds to a small sedimentation efficiency, fsed, in our models. The belts are

defined as the bands of a darker orange color. These are thought to be lower altitude

clouds and possibly water ice. The equator is surrounded by a larger zone of white

clouds. Outside the Equatorial Zone are the North and South Equatorial Belts, followed

by the alternating North and South Tropical Zones, Temperate Belts, Temperate Zones,

etc. The visible wavelength albedo spectrum of Jupiter was measured by Karkoschka

(1998) along with the other Jovian planets and Titan. Cahoy et al. (2010) produced an

albedo spectrum of Jupiter that is commonly compared to the Karkoschka observation.

Cahoy et al. (2010) used a single uniform cloud model. We apply our new model of non-

uniform cloud coverage to extend the Cahoy et al. (2010) model by prescribing varying

cloud types to each zone or belt.
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Figure 41: The familiar bands of Jupiter are separated into two categories: zones and

belts. These bands run parallel to the equator and alternate with latitude. Zones are the

white colored bands, characteristic of high altitude ammonia ice clouds while the belts

are darker in color, indicating a deeper cloud layer. (Image credit: Pear Tree Observatory)
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7.1 Model Set-up

In the previous exoplanet examples presented in this thesis, the longitude

resolution was most important given the nature of phase curve observations. In the case

of Jupiter, the latitude resolution becomes the important dimension. A new grid of

Tschebychev-Gauss points is generated to have 100 points in the latitude (or

Tschebychev angles) direction and 10 points in longitude (Gauss angles). This allows the

atmosphere to be divided into the major zones and belts more accurately. Figure 42

shows the new grid and the prescribed belts and zones. For computational speed, the

bands were put into four groups: (1) the Equatorial Zone, (2) the Equatorial Belts, (3) all

other tropical and temperate zones, and (4) all other tropical and temperate belts and

polar regions. The boundaries (or transitions) between each band are defined by thin jets

of high velocity winds. The latitudes used to assign the bands are from Garcia-Melendo

& Sdnchez-Lavega (2001) and collected Table 3.

79



Table 3: The latitudes of the jets defining the north (N) and South (S) edges of each

equatorial belt (EB), temperate belt (TB) and polar region (PR) from Garcia-Melendo &

Sanchez-Lavega (2001).
Jet

NPR south
NNTB north
NNTB south
NTB north
NTB south
NEB north
NEB south
SEB north
SEB south
STB north
STB south

SSTB north
SSTB south
SPR north

Latitude (0)

42.3
39

34.7
30.7
23.5
16.6

8
-7.2
-19

-26.4
-32.3
-36.3
-42.9
-52.4
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Figure 42: The grid of Tschebychev-Gauss points used in the Jupiter model. The bands

are put into four groups: : (blue) the Equatorial Zone, (red) the Equatorial Belts,

(magneta) all other tropical and temperate zones, and (green) all other tropical and

temperate belts and polar regions.

To model cloud opacities, we produced NH3 and H20 cloud cases for fsed = 0.01,

0.03, 0.1, 0.3, 1.0, 3.0, 10, 30 for a total of 16 model scenarios. Then, albedo spectra are

generating by running permutations of each cloud case for each group of bands for a total

of 164 = 65,536 spectra. The best-fit spectra are determined by minimizing the absolute

value percent error with the Karkoschka (1998) albedo spectrum.

7.2 Best fit cases
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The 50 best-fit cases are shown in Figure 43 where the cloud case for each band is

counted. Two clear peaks are present in the histogram. There is a clear division between

high ammonia clouds in the Equitorial/Tropical/Temperate Zones and deeper water ice

clouds in the Belts. The best-fit cases yield NH 3 clouds centered at fsed = 1 for the Zones,

and H20 clouds at fsed = 10 for the Belts. Future work will include extending the number

of groups, n, and cloud cases, C, at the computational cost on the order of ~C".

Best Fit Band Properties
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Trop/Temp Belts
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Figure 43: Histogram counting the resulting cloud cases for each band from the 50 best

fit albedo spectra. The best-fit cases yield NH 3 clouds centered at fsed = 1 for the Zones,

and H20 at fsed = 10 for the Belts.

7.3 Comparison to Karloschka et al.

The overall best-fit albedo spectrum is shown in Figure 44 along with the

Karkoschka data and the Cahoy (2010) model. In general, we improved the albedo
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spectrum in the blue wavelengths where there is no longer a distinct rise below 400 nm

from Rayleigh scattering. There is also a noticeable improvement in the depth of the

methane bands at 780 nm, 910 nm and 990 nm. We underestimate the water features

around 830 nm and 940 nm, probably indicating the H2 0 and NH3 cloud mix in the Belts

is still not well represented. efforts using this approach will include mixed cloud cases.

Overall, we present an updated albedo model for Jupiter that takes into account the non-

uniform brightness of the Zone and Belt structure.
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Figure 44: Comparison of the best-fit banded albedo model (blue) to the Karkoscka

(1998) data (red) and the previous uniform model from Cahoy et al. (2010) (gold).

8. Conclusion

The contributions in this thesis focus on improving and extending the capability of

exoplanet atmosphere models of albedo spectra and clouds. First, we developed a model

based in 1-D pressure-temperature profiles to model non-uniform cloud coverage. This
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non-uniform cloud-cover model is used to investigate and constrain the clouds for a case

study of Kepler-7b. Next, GCM ouputs from MITgcm are integrated with the improved

albedo and cloud models to create a three dimensional rendering capability, as

summarized by Figure 25 in Section 5, a flow diagram that captures the modeling and

analysis. To demonstrate that our new tools are generally useful, we also apply them to

the study of HD189733b. We can differentiate between conflicting observations of the

exoplanet and again constrain cloud formation properties. We also tie back to a solar

system example by using a modified version of our non-uniform cloud coverage model to

improve the previously published albedo spectrum of Jupiter.

8.1 Model Contributions

1. Developed new non-uniform cloud coverage and albedo model to understand the

shifting of visible wavelength phase curve maximum for exoplanets

2. Created an integrated 3D GCM, cloud formation, and albedo model to make

global exoplanet maps of cloud properties and albedo

3. Constrained cloud composition and distribution on Kepler-7b and HD189733b by

comparison to observed (or predictions of) albedo spectra and phase curves

4. Modified the new modeling suite to include latitude bands and improved the

albedo spectra model of Jupiter
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General Circulation
Model (GCM):

Showman et al. (2009)

Webber et al. 2017

Cloud Formation Albedo Model:
Model: Ackerman & (P, T,) Cahoy et al. (2010)

Marley (2001) Webber et al. (2015)

Previous Work
New Additions

( , a)
- 3D Albedo Maps
- 3D Cloud Maps
- Albedo Spectra
- Phase Curves

8.2 Summary of Results

In chapter 3, thermal and cloud properties for a hypothetical Jupiter 2.0 and for

Kepler 7-b are derived using one-dimensional radiative-convective and cloud

simulations. The presence of clouds on these exoplanets significantly alters their

planetary albedo spectra. We first investigate a test case of our model using a Jupiter-like

planet, at temperatures consistent to 2.0 AU insolation from a solar type star, to consider

the effect of H20 clouds. We show that, depending on the observational filter, the largest

possible shift of the phase curve maximum will be between 20 and 100 for a Jupiter-like

planet, and up to ~30* (~0.08 in fractional orbital phase) for hot-Jupiter exoplanets at

visible wavelengths as a function of dayside cloud distribution with a uniformly averaged

thermal profile. The models presented in this work can be adapted for a variety of

planetary cases at visible wavelengths to include variations in planet-star separation,

gravity, metallicity, and source-observer geometry. Finally, we tailor our model for

comparison with, and confirmation of, the recent visible phase-curve observations of
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Kepler-7b with the Kepler space telescope. The average planetary albedo can vary

between 0.1 and 0.6 for the 1300 cloud scenarios that we compared to the observations.

Most of these cases cannot produce a high enough albedo to match the observations. We

observe that smaller particle size and increasing cloud altitude have a strong effect on

increasing albedo. In particular, we show that a set of models where Kepler-7b has

roughly half of its dayside covered in small-particle clouds high in the atmosphere, made

of bright minerals like MgSiO 3 and Mg2 SiO4 , provide the best fits to the observed offset

and magnitude of the phase-curve, whereas Fe clouds are found to have too dark to fit the

observations.

To create 3D global albedo and cloud maps we use an albedo model that: (i) calculates

albedo spectra for each profile location across a grid in longitude and latitude on the

planetary disk, (ii) uses the appropriate angles for the source-observer geometry for each

location, and then (iii) weights and integrates these spectra using the Tschebychev-Gauss

integration method.

This approach supports detailed 3D modeling of an illuminated planetary disk and

computation of disk-integrated phase curves which can be used to help guide observers

on which measurements to make to discriminate between possible atmospheric

compositions and cloud species. Different high-density pressure-temperature-velocity

maps for each grid location from global dynamic radiative-transfer models are coupled

with a cloud formation model. Cloud formation is determined from the correlation of the

species' condensation curves with the pressure-temperature-velocity profiles from the
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MITgcm. We compared our model to the albedo observations of HDI 89733b. We find

that a larger day-side mass of MgSiO 3 clouds is best-fit to the Berdyugina data, while

small bands of KCl clouds near the terminators best-fit the Evans + Wiktorowicz data.

Finally, full phase curve predictions are made for each of these best-fit cases. Both phase

curves show slight asymmetry or skewedness.

8.3 Future Work

In this thesis we showed how non-uniform models of exoplanet reflectivity and

clouds help to understand and constrain the atmospheric properties and their distributions

from phase curves and albedo spectra. With planet-specific models to aid observation,

reflected-light phase curves complement infrared observations in determining spatially

resolved atmospheric properties. In future work, we will explore the extent to which this

model can make phase curve predictions and interpret observations for exoplanets. We

will investigate the effect of varying pressure-temperature profiles across the planet,

cloud formations, atmospheric dynamics, and filter specifications. We will also explore

how varying factors such as particle size, cloud deck thickness, altitude, and species can

affect the shape of the phase curve. This approach can be extended to direct imaging

candidates and can be combined with other reflected-light phase curve effects (e.g. rings,

land/water mass, ellipsoidal variation), to characterize exoplanetary systems. With more

computation time we can improve the parameter space coverage and precision, or as in

the banded-Jupiter case in Section 7, loosen some computational constraints. As

observations continue to improve we will be able to use our approach and models for

better precision observations. One example of this is eclipse mapping (Figure 45).
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Figure 45: Deviations in eclipse ingress/egress induced by the brightness distribution of

an exoplanet (reproduced from de Wit et al., 2012). A planet with no offset and hence a

uniformly bright disk (black curve) will produce equal deviations in ingress/egress.

However, a planet with an appreciable offset and hence a non-uniformly bright disk (red

curve) will produce different deviations at ingress/egress, that are unlike those from an

exoplanet that is oblate (yellow curve)

In the next decade, exoplanet science plans to attempt direct imaging of stars

close to Earth where the spectra from their exoplanets can be isolated and studied

extensively (e.g. WFIRST). Molecular signatures in the atmosphere will need to be

thoroughly understood to investigate habitability or detect life. In parallel with

technology development, we must prepare models, consider possible outcomes and "false

alarms" for claims such as biosignatures, and refine data analysis techniques such that we

can answer critical mission-design questions (e.g. signal-to-noise ratio and spectral

resolution) needed to yield conclusive characterizations.
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The visible and near-infrared (NIR) wavelengths may have more difficult planet-

star contrast ratios for direct imaging than infrared wavelengths, particularly for giant

planets. However, the visible/NIR wavelengths have useful information for cooler,

rockier Earth-like planets. The visible and NIR wavelengths are rich with strong

absorption features from interesting atmospheric molecules, including CH4, NH 3 H20,

02, and 03. The visible wavelengths are also important for detecting Rayleigh scattering

and constraining clouds and hazes in an atmosphere. The signatures of the planets in our

own solar system in the visible wavelengths are quite distinct and a good reference for

future direct detections. Continued improvement of our albedo code has far reaching

impact, from understanding cloud formation to discovering unique contrast windows in

the wide parameter space of planet and stellar types. We have developed a capability that

helps to prepare the next generation to develop and use these models so the community is

ready to perform and analyze future observations.
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