
Chapter 3: The Science of Astronomy 



3.1 The Ancient Roots of Science 

•  Our goals for learning: 
–  In what ways do all humans use scientific 

thinking? 
– How is modern science rooted in ancient 

astronomy? 



In what ways do all humans 
use scientific thinking? 

•  Scientific thinking 
is based on 
everyday ideas of 
observation and 
trial-and-error 
experiments.  

 
•  “Convince me” 

•  Having a high 
burden of proof 
and a clear chain 
of thought about 
how you arrive at 
your conclusion 



Cooking and Science: Somewhat Similar 



A scientific case study: 2007-2013 
I try to understand what planets 
around other stars “are like.”  
How hot are they, what are they 
made of, how do the change with 
time? 
 
It was known in 2007 that some 
“hot Jupiters” (gas giant, Jupiter-
like planets that orbit very close 
to their parents) had hot upper 
atmospheres and some had 
cold upper atmospheres 
 
Whether or not the upper atmosphere is hot or cold changes 
the amount of infrared light that these planets emit   



In 2008 I thought that I had figured this out 
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ABSTRACT

We highlight the importance of gaseous TiO and VO opacity on the highly irradiated close-in giant planets. The day-
side atmospheres of these planets naturally fall into two classes that are somewhat analogous to the M- and L-type
dwarfs. Those that arewarm enough to have appreciable opacity due to TiO andVOgaseswe term ‘‘pMclass’’ planets,
and those that are cooler we term ‘‘pL class’’ planets. We calculate model atmospheres for these planets, including
pressure-temperature profiles, spectra, and characteristic radiative time constants. We show that pM class planets have
temperature inversions (hot stratospheres), appear ‘‘anomalously’’ bright in the mid-infrared secondary eclipse, and
feature molecular bands in emission rather than absorption. From simple physical arguments, we show that they will
have large day/night temperature contrasts and negligible phase shifts between orbital phase and thermal emission
light curves, because radiative timescales are much shorter than possible dynamical timescales. The pL class planets
absorb incident flux deeper in the atmosphere where atmospheric dynamics will more readily redistribute absorbed
energy. This will lead to cooler day sides, warmer night sides, and larger phase shifts in thermal emission light curves.
The boundary between these classes (!0.04Y0.05 AU from a Sun-like primary for solar composition) is particularly
dependent on the incident flux from the parent star, and less so on other factors. We apply these results to several
planets and note that the eccentric transiting planets HD 147506b andHD 17156b alternate between the classes. Ther-
mal emission in the optical from pM class planets is significant redward of 400 nm, making these planets attractive
targets for optical detection. The difference in the observed day/night contrast between ! And b (pM class) and
HD 189733b (pL class) is naturally explained in this scenario.

Subject headinggs: planetary systems — radiative transfer

1. INTRODUCTION

The blanket term ‘‘hot Jupiter’’ or even the additional term
‘‘very hot Jupiter’’ belies the diversity of these highly irradiated
planets. Each planet likely has its own unique atmosphere, in-
terior structure, and accretion history. The relative amounts of
refractory and volatile compounds in a planet will reflect the
parent star abundances, nebula temperature, total disk mass, lo-
cation of the planet’s formation within the disk, duration of its
formation, and its subsequent migration (if any). This accretion
history will give rise to differences in core masses, total heavy
elements abundances, and atmospheric abundance ratios. Given
this incredible complexity, it is worthwhile to first look for phys-
ical processes that may be common to groups of planets.

In addition to a mass and radius, one can further characterize
a planet by studying its atmosphere. The visible atmosphere is a
window into the composition of a planet and contains clues to
its formation history (e.g., Marley et al. 2007). Of premier im-
portance in this class of highly irradiated planets is how stellar
insolation affects the atmosphere, as this irradiation directly af-

fects the atmospheric structure, temperatures, and chemistry, the
planet’s cooling and contraction history, and even its stability
against evaporation.

Since irradiation is perhaps the most important factor in de-
termining the atmospheric properties of these planets, we exam-
ine the insolation levels of the 23 known transiting planets. We
restrict ourselves to those planets more massive than Saturn, and
hence for now exclude treatment of the ‘‘hot Neptune’’ GJ 436b,
which is by far the coolest known transiting planet. Figure 1 il-
lustrates the stellar flux incident on the planets as a function of
both planet mass (Fig. 1a) and planet surface gravity (Fig. 1b). In
these plots diamonds indicate transiting planets and triangles
indicate other interesting hot Jupiters for which Spitzer Space
Telescope data exist, but which do not transit.

The first known transiting planet, HD 209458b, is seen to be
fairly representative of these planets in terms of incident flux.
Planets OGLE-TR-56b and OGLE-TR-132b are somewhat sep-
arate from the rest of the group because they receive the highest
stellar irradiation. Both orbit their parent stars in less than 2 days
and are prototypes of what has been called the class of ‘‘very hot
Jupiters’’ (Konacki et al. 2003; Bouchy et al. 2004) with orbital
periods less than 3 days. However, orbital period is a poor discrim-
inator between ‘‘very hot’’ and merely ‘‘hot,’’ as HD 189733b
clearly shows. Labeled a very hot Jupiter on its discovery, due
to its short 2.2 day period (Bouchy et al. 2005), HD 189733b
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I proposed two class of “hot Jupiters” 

actually receives a comparatively modest amount of irradia-
tion due to its relatively cool parent star. Therefore, perhaps a
classification based on incident flux, equilibrium temperature,
or other attributes would be more appropriate. In this paper we
argue that based on the examination of few physical processes
that two classes of hot Jupiter atmospheres emerge with dra-
matically different spectra and day/night contrasts. Equilibrium
chemistry, the depth to which incident flux will penetrate into a
planet’s atmosphere, and the radiative time constant as a function
of pressure and temperature in the atmosphere all naturally de-
fine two classes these irradiated planets.

Our work naturally builds on the previous work of Hubeny
et al. (2003), who first investigated the effects of TiO and VO
opacity on close-in giant planet atmospheres as a function of
stellar irradiation. These authors computed optical and near-
infrared spectra of models with and without TiO/VO opacity. In
general, they found that models with TiO/VO opacity feature
temperature inversions and molecular bands are seen in emis-
sion, rather than absorption. Two key questions from the initial
Hubeny et al. (2003) investigation were addressed but could not
be definitely answered were (1) whether a relatively cold plan-
etary interior would lead to Ti /V condensing out deep in the at-
mosphere regardless of incident flux, thereby removing gaseous
TiO and VO; and (2) if this condensation did not occur, at what
irradiation level would TiO/VO indeed be lost at the lower at-
mospheric temperatures found at smaller incident fluxes.

Later Fortney et al. (2006b) investigated model atmospheres
of planet HD 149026b, including TiO/VO opacity at various

metallicities. Particular attention was paid to the temperature
of the deep atmosphere pressure-temperature (P-T ) profiles (as
derived from an evolution model) in relation to the Ti /V con-
densation boundary. Similar to Hubeny et al. (2003), they found
a temperature inversion due to absorption by TiO/VO and com-
puted near- andmid-infrared spectra that featured emission bands.
Using the Spitzer InfraredArrayCamera (IRAC)Harrington et al.
(2007) observed HD 149026b in secondary eclipse with Spitzer
at 8 !m and derived a planet-to-star flux ratio consistent with a
Fortney et al. (2006b) model with a temperature inversion due
to TiO/VO opacity. At that point, looking at the work of Fortney
et al. (2006b) and especially Hubeny et al. (2003), Harrington
et al. (2007) could have postulated that all objects more irradi-
ated than HD 149026b may possess inversions due to TiO/VO
opacity, but given the single-band detection of HD149026b, cau-
tion was in order. More recently, based on the four-band detec-
tion of flux fromHD 209458b by Knutson et al. (2008), Burrows
et al. (2007b) found that a temperature inversion, potentially due
to TiO/VO opacity, is necessary to explain this planet’s mid-
infrared photometric data. Based on their newHD209458bmodel
and the previous modeling investigations, these authors posit
that planets warmer than HD 209458b may feature inversions,
while less irradiated objects such as HD 189733b do not, and dis-
cuss photochemical products and gaseous TiO/VO as potential
absorbers that may lead to this dichotomy.
We find, as has been previously shown, that those planets that

are warmer than required for condensation of titanium (Ti)- and
vanadium (V)-bearing compounds will possess a temperature

Fig. 1.—Flux incident on a collection of hot Jupiter planets. At left is incident flux as a function of planet mass, and at right as a function of planet surface gravity. In
both figures the labeled dotted lines indicate the distance from the Sun that a planet would have to be to intercept this same flux. Diamonds indicate the transiting planets
while triangles indicate nontransiting systems (with minimum masses plotted but unknown surface gravities). Red indicates that Spitzer phase curve data are published,
while blue indicates there is no phase data. The error bars for HD 147506 (HAT-P-2b) andHD17156 indicate the variation in incident flux that the planets receive over their
eccentric orbits. Flux levels for pM class and pL class planets are shown,with the shaded region around!0.04Y0.05AU indicating the a possible transition region between
the classes. ‘‘Hot Neptune’’ GJ 436b experiences less intense insolation and is off the bottom of this plot at 3:2 ; 107 ergs s"1 cm"2.
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of these classes of planets to examine how and why their atmo-
spheres differ so strikingly.

3. MODEL ATMOSPHERES

3.1. Methods

We have computed atmospheric PYT profiles and spectra for
several planets with a plane-parallel model atmosphere code that
has been used for a variety of planetary and substellar objects.
The code was first used to generate profiles and spectra for Titan’s
atmosphere by McKay et al. (1989). It was significantly revised
to model the atmospheres of brown dwarfs (Marley et al. 1996,
2002; Burrows et al. 1997) and irradiated giant planets (Marley
& McKay 1999, for Uranus). Recently, it has been applied to
L- and T-type brown dwarfs (Saumon et al. 2006, 2007; Cushing
et al. 2008) and hot Jupiters (Fortney et al. 2005, 2006b, 2007). It
explicitly accounts for both incident radiation from the parent
star and thermal radiation from the planet’s atmosphere and in-
terior. The radiative transfer solution algorithm was developed
by Toon et al. (1989). We model the impinging stellar flux from
0.26 to 6.0 !mand the emitted thermal flux from 0.26 to 325 !m.

We use the elemental abundance data of Lodders (2003)
and chemical equilibrium compositions are computed with the
CONDOR code, following Lodders & Fegley (2002, 2006) and
Lodders (1999, 2002). We maintain a large and constantly up-
dated opacity database, which is described in Freedman et al.
(2008). When including the opacity of clouds, such as Fe-metal
andMg-silicates, we use the cloud model of Ackerman&Marley
(2001). However, in our past work we have found only weak
effects on P-T profiles and spectra due to cloud opacity (Fortney
et al. 2005), so we ignore cloud opacity here. However, the se-
questering of elements into condensates, and their removal from
the gas phase (‘‘rainout’’) is always accounted for in the chem-
istry calculations. We note that day sides of the strongly irradi-
ated pM class planets are toowarm for Fe-metal andMg-silicates
condensates to form.

3.2. Very Hot Jupiters and TiO/VO Chemistry

It is clear that the abundances to TiO and VO gases is impor-
tant in these atmospheres. Hubeny et al. (2003) first discussed
how understanding the ‘‘cold trap’’ phenomenon may be signif-
icant in understanding these abundances. If a given P-T profile
crosses a condensation curve in two corresponding altitude levels,
the condensed species is expected to eventually mix down to the
highest pressure condensation point, where the cloud remains
confined due to the planet’s gravitational field. This process is
responsible for the extremely lowwater abundance in the Earth’s
stratosphere. It can also be seen in the atmospheres Jupiter and
Saturn, where the ammonia ice clouds are confined to a pressure
of several bars, although both these planets exhibit stratospheres,
such that their warm upper atmospheres pass the ammonia con-
densation curve again at millibar pressures. For the highly irra-
diated planets, the relevant condensates are those that remove
gaseous TiO and VO, and sequester Ti and V into solid con-
densates at pressures of tens to hundreds of bars, far below the
visible atmosphere.

The cold trap phenomenon constitutes a departure from chem-
ical equilibrium that cannot be easily accounted for in the pre-
tabulated chemical equilibrium abundances used by Hubeny
et al. (2003), Fortney et al. (2006b), Burrows et al. (2007b), and
here as well. Our chemical abundances and opacities are pre-
tabulated in P-T space and the atmosphere code interpolates in
these abundances as it converges to a solution. The abundances
determined for any one pressure level of the P-T profile are not

cognizant of abundances of other levels of the profile, al-
though condensation and settling of species is always properly
accounted for. In this case a tabulated TiO abundance at a given
P-T point at which, in equilibrium, TiO would be in the gas-
eous state (warmer than required for Ti condensation), may not
be correct. If the atmospheric P-T profile intersects the conden-
sation curve, the atmosphere becomes depleted in TiO above
the cloud. We do not treat the cold trap here. In practice, we use
two different opacity databases: one with TiO and VO removed
at P < 10 bars, which simulates the removal of Ti and V into
clouds, and one in which gases TiO and VO remain as calculated
by equilibrium chemistry (which does not include depletion from
a cold trap).
A full discussion of titanium and vanadium chemistry in the

context of M- and L-dwarf atmospheres can be found in Lodders
(2002). Much of that discussion pertains to the atmospheres of
highly irradiated planets as well. The chemistry is complex. For
instance Lodders & Fegley (2006) (using the updated Lodders
2003 abundances) find that the first Ti condensate will not nec-
essarily be CaTiO3. For solar metallicity, the first condensate
is TiN if P barsk 30 bars, Ca3Ti2O7 if 5 barsPPP 30 bars,
Ca4Ti3O10 if 0:03 barsPPP 5 bars, and CaTiO3 if PP 0:03
bars. These four condensates are the initial condensates as a
function of total pressure and their condensation temperatures
define the Ti-condensation curve in Figure 2. Another important
point is that, following Lodders (2002), we assume that vana-
dium condenses into solid solution with Ti-bearing condensates,
as is found in meteorites (Kornacki & Fegley 1986). Lodders
(2002) find this condensation sequence is also consistent with
observed spectra at the M- to L-dwarf transition (Kirkpatrick
et al. 1999). In the absence of this effect V would not condense
until!200 K cooler temperatures are reached and solid VO forms,
as in the chemistry calculations of Burrows&Sharp (1999),Allard

Fig. 2.—ModelP-T profiles for planets with g ¼ 15m s#2 andTint ¼ 200K at
various distances (0.025Y0.055AU) from the Sun. ThisTint value is roughly con-
sistent with that expected for a 1MJ planet with a radius of 1.2 RJ. Condensation
curves are dotted lines and the curvewhere COandCH4 have equal abundances is
dashed. The 0.1X Ti-Cond curve shows where 90% of the Ti has condensed out.
However, even then TiO is a major opacity source. For none of these profiles has
TiO/VO been artificially removed. The kinks in the 0.035 AU profile are due to
interpolation difficulties, as the opacity drops significantly over a small tempera-
ture range.
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•  The hottest planets have TiO molecules in their atmosphere, which can 
strongly absorb starlight at low pressures, which heats the upper 
atmospheres  

•  The colder planets should not have this molecule in their atmosphere, 
because at cold temperatures it converts to a different molecule 

TiO 

no 
TiO 

TiO 
no 
TiO 



I discussed in a lot of detail why this theory 
was consistent with all observational data 
available at that time 

Only about 4 planets had been observed by that time, but 
since it matched all data, one could probably call it a 
theory rather than a hypothesis  
 
If there had been no data, and I had suggested how the 
planets would behave, then hypothesis might have been 
better 



I suggested a variety of different and new 
observations that could confirm or refute 
my theory  

where H is the characteristic atmospheric scale height and Rp

is the planet radius. We plot the approximate transit radius for
the model pL class planet and pM class planet in Figure 11. Here
the 1 bar radius is 1.20 RJ and the characteristic T -values for the
scale height calculation for the pL and pM class planets are 1070

and 2000 K, respectively. Since our derived P-T profiles do not
reach to microbar pressures, a more detailed transit radius calcu-
lation using the precise run of temperature and opacity versus
pressure (see Hubbard et al. 2001; Fortney et al. 2003) will be
investigated in future work. Nonetheless, the important points
are clear. Due predominantly to the hotter atmosphere of pM
class planets, their atmospheric extension is larger. In addition,
as suggested by Burrows et al. (2007b) the strong opacity of TiO
and VO leads to a larger radius in a wide optical band, compared
to pL class planets. Figure 11 shows a difference of !5% at op-
tical wavelengths. This difference in radius could be even further
enhanced by temperatures in excess of the 2000 K used in the
calculation. This plot should only be considered suggestive, as a
more detailed calculation would involve different chemical abun-
dances on the day and night side of the planetary limb. Cooler
limb temperatures may not allow for gaseous TiO and VO.

Detailed secondary eclipse observations may shed additional
light on the structure of these atmospheres. As was shown in
Fortney et al. (2006b) for HD 149026b, planets with temperature
inversions will show limb brightening, rather than darkening,
which may eventually be detectable via secondary eclipse map-
ping (Williams et al. 2006; Rauscher et al. 2007b).

5. APPLICATION TO KNOWN PLANETS

5.1. HD 209458b at Secondary Eclipse

Recently, Knutson et al. (2008) published observations of the
secondary eclipse of planet HD 209458b. These observations
are from Spitzer IRAC, and they constitute the first published
observations for a transiting planet across all four IRAC bands.
These observed planet-to-star flux ratios were interpreted as be-
ing caused by a temperature inversion (hot stratosphere) on the
day side of the planet (Burrows et al. 2007b; Knutson et al.
2008). The reasons for this interpretation include large bright-
ness temperatures relative to its expected day-side TeA, especially
at 4.5 and 5.8 !m, and a large flux ratio at 4.5 !m (relative to
3.6 !m), which is enhanced due to strong CO and H2O emis-
sion features from 4 to 6!m (Fortney et al. 2006b; Burrows et al.
2007b). In our terminology, HD 209458b joined HD 149026b
as a pM class planet.

In Figure 12 (left) we plot P-T profiles for HD 209458b, with
and without the opacity of TiO and VO. As was previously
shown (Hubeny et al. 2003; Fortney et al. 2006b; Burrows et al.
2007b), absorption of stellar flux by TiO/VO leads to a hotter

Fig. 9.—Both panels show, as a function of wavelength, the atmospheric pres-
sure that corresponds to a given brightness temperature. Note the differences in
the y-axes. Top: Planet at 0.03 AU that has a hot stratosphere induced by absorp-
tion by TiO/VO. Bottom: Planet at 0.05 AU that lacks a temperature inversion.
The right ordinate shows the corresponding radiative time constant at each major
tickmark from the pressure axis. Note that this right axis is not linear. The labeled
gray lines at right indicate an advective wind speed that would be necessary to
give an advective timescale equal to the given radiative constant see text). For
instance, in the top panel, at log P ¼ #2:0, the radiative time constant is 2300 s,
and an advection time of 2300 s would require a wind speed of 31 km s#1.

Fig. 10.—Pressure-temperature (solid lines, bottom x-axis) and pressure-"rad
profiles (dotted lines, top x-axis) for the models at 0.03AU (pM class, thick lines)
and 0.05 AU (pL class, thin lines, with TiO/VO removed). TiO/VO has been re-
moved when calculating the 0.05 AU profile. Comparing this profile to the one
at 0.05 AU in Fig. 2, where TiO/VO were not removed, shows slight differences
around 1 bar, where equilibrium chemistry predicts a local increase in the TiO/VO
abundances.

Fig. 11.—Approximate radius one would observe as a function of wavelength
for a pL class and a pMclass planetwith a 1 bar radius of 1.20RJ and g ¼ 15m s#1.
(See text for discussion.)
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Feature caused 
by TiO gas 



I was wrong. 

•  Now about 40 planets have been observed, and 
there is no evidence for TiO molecules in any 
planet! 

•  However, about 1/3 of the hot Jupiters do have a 
hot upper atmosphere, and we still don’t know 
why 
– However, some of the hot planets lack hot 

upper atmospheres 
– Some of the colder planets do have hot upper 

atmospheres 
•  Additional classification systems have been 

proposed 
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It must be noted that for thermal spectra stronger ab-
sorption means lower flux and hence a weaker signal.

Fig. 7.— A two-dimensional classification scheme for hydrogen-
dominated atmospheres (see Section 4). The left and right verti-
cal axes show the incident irradiation at the substellar point and
the equilibrium temperature with no redistribution and no albedo,
which is representative of the quench temperature (see Section 3.3).
Four classes are shown: O1, O2, C1, and C2. Atmospheres in O1
and O2 are O-rich (C/O < 1), and those in C1 and C2 are C-
rich (C/O > 1). The distinction between O1 (C1) and O2 (C2)
is based on irradiation, or temperature. The major molecules in
each class are shown, for a pressure of 1 bar. Atmospheres in O1
and O2 classes are abundant in H2O. CH4 is negligible in O2, but
can become significant in O1-class atmospheres depending on the
temperature; the CO – CH4 transiting temperature is ∼ 1200 K
(see Figs. 2 & 3). Being extremely irradiated, atmospheres in the
O2 class are more likely to host thermal inversions due to gaseous
TiO/VO than the O1-class atmospheres; classes O1 and O2 are
analogous to the pL and pM classes of Fortney et al. (2008). The
gray area in the O2 class indicates the uncertainty in incident ir-
radiation at which gaseous TiO/VO can remain aloft in the upper
atmospheres (cf. Spiegel et al. 2009). Atmospheres in C1 and C2
classes are under-abundant in H2O compared to their O-rich coun-
terparts at the same irradiation. In C2-class atmospheres, H2O
is negligible (! 10−6), where as CO, CH4, C2H2, and HCN are
abundant. In C1-class atmospheres, H2O is significant, but still
less than their O-rich counterparts. In both C1 and C2 classes,
TiO and VO are naturally under-abundant even for very high ir-
radiation levels and, hence, cannot cause thermal inversions (Mad-
husudhan et al. 2011b).

4. A TWO-DIMENSIONAL CLASSIFICATION SCHEME

The distinct changes in molecular composition with
the C/O ratio and their influence on the observable
spectroscopic properties make the C/O ratio a viable
dimension for characterization of hot exoplanetary at-
mospheres. Consequently, we suggest a two-dimensional
classification scheme for highly irradiated giant planet at-
mospheres, in which incident irradiation and chemistry,
represented by the C/O ratio, are the two dimensions.
Our approach is a generalization of the one-dimensional
scheme proposed by Fortney et al. (2008) in which irra-
diation is the only dimension and the composition was

fixed to be solar (C/O = 0.54). Our addition of the C/O
ratio as an extra dimension is also motivated by the pos-
sibility that non-solar C/O ratios might explain several
of the observations which would otherwise be deemed
as anomalies, based on the 1-D hypothesis, as shown in
Section 5 and Madhusudhan et al. (2011a).
A schematic representation of the two-dimensional

classification scheme is shown in Fig. 7. Hydrogen-
dominated irradiated atmospheres can be classified into
four classes in this 2-D phase space. Along the C/O
axis, C/O = 1 forms a natural boundary between C-rich
and O-rich atmospheres with manifestly distinct chem-
ical and spectroscopic characteristics, as shown in Sec-
tion 3. Along the irradiation axis, atmospheres can be
classified broadly in two classes based on the temper-
atures where significant transitions occur in the chem-
istry in each C/O regime, similar to the 1-D classification
scheme of Fortney et al. (2008) for O-rich atmospheres.
Consequently, we identify the four classes as:

• O1: C/O < 1 and F ≤ Fcrit

• O2: C/O < 1 and F ≥ Fcrit

• C1: C/O ≥ 1 and Tq ≤ 1200 K

• C2: C/O ≥ 1 and Tq ≥ 1200 K

In this notation, classes O1 and O2 correspond to
oxygen-rich (C/O < 1) atmospheres, and C1 and C2 cor-
respond to carbon-rich (C/O > 1) atmospheres. In each
C/O regime, the suffix ‘1’ represents the lower temper-
ature (or irradiation) class and ‘2’ represents the higher
temperature class. As described in Section 3.1, for a
given irradiation level C-rich atmospheres (in classes C1
or C2) are depleted in H2O and enhanced in CH4, C2H2
and HCN, compared to O-rich atmospheres at the same
irradiation (in classes O1 or O2). Within C1 and C2,
the amounts of H2O depletion and CH4 enhancement,
over solar values, increase with irradiation. In the O-rich
classes, H2O and CO are abundant in both O1 and O2,
except for the lesser irradiated atmospheres in O1 (with
Tq ! 1300 K), where CH4 can be a major carbon carrier
and can almost entirely replace CO for Tq ! 1000 K.
The division between O1 and O2 along the irradia-

tion axis concerns the possibility of thermal inversions
in irradiated atmospheres. O1 and O2 are analogous to
the pL and pM classes, respectively, of Fortney et al.
(2008). In the O-rich regime, very highly irradiated at-
mospheres are likely to host gaseous TiO and VO which
might cause thermal inversions. However, our division of
O1 and O2 at an irradiation of Fcrit = 109 ergs/s/cm2,
following Fortney et al., is only nominal. Spiegel et al
(2009) showed that TiO and VO are subject to strong
gravitational settling and hence may not be present aloft
in the atmosphere in significant quantities for all but
the most extremely irradiated systems. Consequently,
a more accurate boundary might be at Fcrit ∼ 5 × 109

ergs/s/cm2. This uncertainty in Fcrit which is depicted in
the gray area, could potentially be constrained by future
constraints of thermal inversions in O2 class systems.
The division between C1 and C2 is motivated by the

abundance of H2O and CO. In C-rich atmospheres, TiO
and VO are naturally under-abundant, as discussed in
Section 3.2, and hence atmospheres in neither C1 nor

actually receives a comparatively modest amount of irradia-
tion due to its relatively cool parent star. Therefore, perhaps a
classification based on incident flux, equilibrium temperature,
or other attributes would be more appropriate. In this paper we
argue that based on the examination of few physical processes
that two classes of hot Jupiter atmospheres emerge with dra-
matically different spectra and day/night contrasts. Equilibrium
chemistry, the depth to which incident flux will penetrate into a
planet’s atmosphere, and the radiative time constant as a function
of pressure and temperature in the atmosphere all naturally de-
fine two classes these irradiated planets.

Our work naturally builds on the previous work of Hubeny
et al. (2003), who first investigated the effects of TiO and VO
opacity on close-in giant planet atmospheres as a function of
stellar irradiation. These authors computed optical and near-
infrared spectra of models with and without TiO/VO opacity. In
general, they found that models with TiO/VO opacity feature
temperature inversions and molecular bands are seen in emis-
sion, rather than absorption. Two key questions from the initial
Hubeny et al. (2003) investigation were addressed but could not
be definitely answered were (1) whether a relatively cold plan-
etary interior would lead to Ti /V condensing out deep in the at-
mosphere regardless of incident flux, thereby removing gaseous
TiO and VO; and (2) if this condensation did not occur, at what
irradiation level would TiO/VO indeed be lost at the lower at-
mospheric temperatures found at smaller incident fluxes.

Later Fortney et al. (2006b) investigated model atmospheres
of planet HD 149026b, including TiO/VO opacity at various

metallicities. Particular attention was paid to the temperature
of the deep atmosphere pressure-temperature (P-T ) profiles (as
derived from an evolution model) in relation to the Ti /V con-
densation boundary. Similar to Hubeny et al. (2003), they found
a temperature inversion due to absorption by TiO/VO and com-
puted near- andmid-infrared spectra that featured emission bands.
Using the Spitzer InfraredArrayCamera (IRAC)Harrington et al.
(2007) observed HD 149026b in secondary eclipse with Spitzer
at 8 !m and derived a planet-to-star flux ratio consistent with a
Fortney et al. (2006b) model with a temperature inversion due
to TiO/VO opacity. At that point, looking at the work of Fortney
et al. (2006b) and especially Hubeny et al. (2003), Harrington
et al. (2007) could have postulated that all objects more irradi-
ated than HD 149026b may possess inversions due to TiO/VO
opacity, but given the single-band detection of HD149026b, cau-
tion was in order. More recently, based on the four-band detec-
tion of flux fromHD 209458b by Knutson et al. (2008), Burrows
et al. (2007b) found that a temperature inversion, potentially due
to TiO/VO opacity, is necessary to explain this planet’s mid-
infrared photometric data. Based on their newHD209458bmodel
and the previous modeling investigations, these authors posit
that planets warmer than HD 209458b may feature inversions,
while less irradiated objects such as HD 189733b do not, and dis-
cuss photochemical products and gaseous TiO/VO as potential
absorbers that may lead to this dichotomy.
We find, as has been previously shown, that those planets that

are warmer than required for condensation of titanium (Ti)- and
vanadium (V)-bearing compounds will possess a temperature

Fig. 1.—Flux incident on a collection of hot Jupiter planets. At left is incident flux as a function of planet mass, and at right as a function of planet surface gravity. In
both figures the labeled dotted lines indicate the distance from the Sun that a planet would have to be to intercept this same flux. Diamonds indicate the transiting planets
while triangles indicate nontransiting systems (with minimum masses plotted but unknown surface gravities). Red indicates that Spitzer phase curve data are published,
while blue indicates there is no phase data. The error bars for HD 147506 (HAT-P-2b) andHD17156 indicate the variation in incident flux that the planets receive over their
eccentric orbits. Flux levels for pM class and pL class planets are shown,with the shaded region around!0.04Y0.05AU indicating the a possible transition region between
the classes. ‘‘Hot Neptune’’ GJ 436b experiences less intense insolation and is off the bottom of this plot at 3:2 ; 107 ergs s"1 cm"2.
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We may be stuck for awhile 

•  We probably need better observations to figure 
out what is really going on in these atmospheres 

•  Like in much of astronomy, and other sciences, 
we need new tools (the James Webb Space 
Telescope, launching 2018) to obtain more and 
better data 

Mon. Not. R. Astron. Soc. 000, 1–?? (2013) Printed 23 September 2013 (MN LATEX style file v2.2)
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ABSTRACT
We present Hubble Space Telescope (HST) optical transmission spectra of the tran-
siting hot Jupiter WASP-12b, taken with the Space Telescope Imaging Spectrograph
(STIS) instrument. The resulting spectra cover the range 2900 to 10300 Å which we
combined with archival WFC3 spectra and Spitzer photometry to cover the full opti-
cal to infrared wavelength regions. With high spatial resolution, we are able to resolve
WASP-12A’s stellar companion in both our images and spectra, revealing that the
companion is in fact a close binary M0V pair, with the three stars forming a triple-
star configuration. We derive refined physical parameters of the WASP-12 system,
including the orbital ephemeris, finding the exoplanet’s density is ⇠20% lower than
previously estimated.

From the transmission spectra, we are able to decisively rule out prominent ab-
sorption by TiO in the exoplanet’s atmosphere, as there are no signs of the molecule’s
characteristic broad features nor individual bandheads. Strong pressure-broadened Na
and K absorption signatures are also excluded, as are significant metal-hydride fea-
tures. We compare our combined broadband spectrum to a wide variety of existing
aerosol-free atmospheric models, though none are satisfactory fits. However, we do
find that the full transmission spectrum can be described by models which include
significant opacity from aerosols: including Rayleigh scattering, Mie scattering, tholin
haze, and settling dust profiles. The transmission spectrum follows an e↵ective ex-
tinction cross section with a power-law of index ↵, with the slope of the transmission
spectrum constraining the quantity ↵T = �3528±660 K, where T is the atmospheric
temperature. Rayleigh scattering (↵ = �4) is among the best fitting models, though
requires low terminator temperatures near 900 K. Sub-micron size aerosol particles
can provide equally good fits to the entire transmission spectrum for a wide range
of temperatures, and we explore corundum as a plausible dust aerosol. The presence
of atmospheric aerosols also helps to explain the modestly bright albedo implied by
Spitzer observations, as well as the near black body nature of the emission spectrum.
Ti-bearing condensates on the cooler night-side is the most natural explanation for
the overall lack of TiO signatures in WASP-12b, indicating the day/night cold-trap is
an important e↵ect for very hot Jupiters. These finding indicate that aerosols can play
a significant atmospheric role for the entire wide range of hot-Jupiter atmospheres,
potentially a↵ecting their overall spectrum and energy balance.

Key words: techniques: spectroscopic - planetary systems - planets and satellites:
atmospheres - planets and satellites: individual: WASP-12b - stars: individual: WASP-
12.

? E-mail: sing@astro.ex.ac.uk
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Science is Fluid 
•  Some theories have passed every test for 100 

years, but people keep thinking of new and 
unique tests 
– Einstein’s theories of relativity 
– Darwin’s theory of natural selection 

•  Some knowledge gained from science, if it has 
passed tests for a very long time, is extremely 
likely to be a real finding of how the world works 
– We KNOW it works because otherwise 

engineers wouldn’t be able to make things 
•  Some knowledge gained from science has not 

YET been diligently tested for a long time, and is 
subject to change 



Science in other fields 

•  While I personally can’t verify findings in other 
fields (galaxies, biochemistry) I know these fields 
use a similar scientific process so that I can be 
appropriately confident in the results, based 
on how new or well-tested the results are 

•  The things you will learn in our class range from 
“iron-clad correct,” like Kepler’s laws, to 
provisional understandings based on the latest 
observations and discussions 
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3.2 Ancient Greek Science 

•  Our goals for learning: 
– Why does modern science trace its roots 

to the Greeks? 
– How did the Greeks explain planetary 

motion? 
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•  Artist's reconstruction of the Library of Alexandria. 

3.2 Ancient Greek Science 



•  Greeks were the first 
people known to make 
models of nature. 

 
•  They tried to explain 

patterns in nature 
without resorting to myth 
or the supernatural.  

Greek geocentric model (c. 400 B.C.) 

Why does modern science trace its roots to 
the Greeks? 
 



Special Topic: Eratosthenes Measures Earth 
(c. 240 B.C.) 
 Measurements: 
Syene to Alexandria 

 distance ≈ 5000 stadia 
 angle = 7° 

 
 
Calculate circumference of Earth: 
 7/360 × (circum. Earth) = 5000 stadia 
⇒ circum. Earth = 5000 × 360/7 stadia ≈ 250,000 stadia 
 
Compare to modern value (≈ 40,100 km):  
 Greek stadium ≈ 1/6 km ⇒ 250,000 stadia ≈ 42,000 km 



© 2014 Pearson Education, Inc. 

How did the Greeks explain planetary 
motion? 
•  Underpinnings of the Greek geocentric model: 

– Earth at the center of the universe 
– Heavens must be "perfect": Objects moving 

on perfect spheres or in perfect circles. 



But this made it difficult to explain apparent 
retrograde motion of planets… 

•  Review: Over a period of 10 weeks, Mars 
appears to stop, back up, then go forward again. 



Ptolemy 

But this made it difficult to explain apparent 
retrograde motion of planets… 

•  The most sophisticated 
geocentric model was that of 
Ptolemy (A.D. 100-170) — 
the Ptolemaic model:  

–   Sufficiently accurate to 
remain in use for 1,500 
years. 

–   Arabic translation of 
Ptolemy's work named 
Almagest ("the greatest 
compilation") 



But this made it difficult to explain apparent 
retrograde motion of planets… 

•  So how does the 
Ptolemaic model 
explain retrograde 
motion? 
 

•  Planets really do 
go backward in 
this model..  



How was Greek knowledge preserved 
through history? 
•  The Muslim world preserved and enhanced the 

knowledge they received from the Greeks. 

•  Al-Mamun's House of Wisdom in Baghdad was a 
great center of learning around A.D. 800. 

•  With the fall of Constantinople (Istanbul) in 1453, 
Eastern scholars headed west to Europe, 
carrying knowledge that helped ignite the 
European Renaissance. 



What have we learned? 

•  Why does modern science trace its roots to 
the Greeks? 
– They developed models of nature and 

emphasized that the predictions of models 
should agree with observations. 

•  How did the Greeks explain planetary motion? 
– The Ptolemaic model had each planet move on 

a small circle whose center moves around 
Earth on a larger circle. 



3.3 The Copernican Revolution 

•  Our goals for learning: 
– How did Copernicus, Tycho, and Kepler 

challenge the Earth-centered model? 
– What are Kepler's three laws of planetary 

motion? 
– How did Galileo solidify the Copernican 

revolution? 



•   Proposed a Sun-centered model  
 (published 1543) 

•   Used model to determine layout of  
 solar system (planetary distances  
 in AU) But . . . 

•  The model was no more accurate 
than the Ptolemaic model in 
predicting planetary positions, 
because it still used perfect circles. 

Copernicus (1473-1543) 

How did Copernicus, Tycho, and Kepler 
challenge the Earth-centered model? 
 



Tycho Brahe (1546-1601)  

How did Copernicus, Tycho, and Kepler 
challenge the Earth-centered model? 

•   Compiled the most accurate 
(one arcminute) naked eye 
measurements ever made of 
planetary positions.  

•   Still could not detect stellar 
parallax, and thus still thought 
Earth must be at center of solar 
system (but recognized that other 
planets go around Sun). 

•   Hired Kepler, who used Tycho's 
observations to discover the truth 
about planetary motion. 



Johannes Kepler 
(1571-1630)  

How did Copernicus, Tycho, and Kepler 
challenge the Earth-centered model? 

•  Kepler first tried to match Tycho's 
observations with circular orbits 

•  But small discrepancies led him 
eventually to ellipses. 

•  "If I had believed that we could 
ignore these eight minutes [of 
arc], I would have patched up my 
hypothesis accordingly. But, 
since it was not permissible to 
ignore, those eight minutes 
pointed the road to a complete 
reformation in astronomy." 



What is an ellipse? 

 An ellipse looks like an elongated circle. 
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Eccentricity of an Ellipse 
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What are Kepler's three laws of planetary 
motion? 
•  Kepler's First Law: The orbit of each planet 

around the Sun is an ellipse with the Sun at one 
focus. 
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This means that a planet travels faster when it is nearer to 
the Sun and slower when it is farther from the Sun. 

What are Kepler's three laws of planetary 
motion? 
•  Kepler's Second Law: As a planet moves 

around its orbit, it sweeps out equal areas in 
equal times.  
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What are Kepler's three laws of planetary 
motion? 
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Kepler's Third Law 

•  More distant planets orbit the Sun at slower 
average speeds, obeying the relationship 

 

p2 = a3 
 

 p = orbital period in years 
 a = avg. distance from Sun in AU 
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Kepler's Third Law 



Kepler's Third Law 

•  Graphical version of Kepler's Third Law 



Clicker Question 

An asteroid orbits the Sun at an average distance  
a = 4 AU. How long does it take to orbit the Sun? 
 
A.  4 years 
B.  8 years 
C. 16 years 
D. 64 years 

Hint: Remember that p2 = a3 



Clicker Question 

An asteroid orbits the Sun at an average distance 
a = 4 AU. How long does it take to orbit the Sun? 
 
A.  4 years 
B. 8 years 
C. 16 years 
D. 64 years 

We need to find p so that p2 = a3. 
Since a = 4, a3 = 43 = 64. 
Therefore, p = 8, p2 = 82 = 64. 



Clicker Question 
 
Suppose a comet had a very eccentric orbit that brought it  
quite close to the Sun at closest approach (perihelion) and 
beyond Mars when furthest from the Sun (aphelion), but  
with an average distance of 1 AU. How long would it take  
to complete an orbit and where would it spend most of  
its time? 

A) one year, mostly beyond Earth's orbit 
B) one year, mostly within Earth's orbit 
C) more than one year, mostly beyond Earth's orbit 
D) less than one year, mostly within Earth's orbit 
E) It depends on the exact value of the eccentricity. 
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Clicker Question 
 
Suppose a comet had a very eccentric orbit that brought it  
quite close to the Sun at closest approach (perihelion) and 
beyond Mars when furthest from the Sun (aphelion), but  
with an average distance of 1 AU. How long would it take  
to complete an orbit and where would it spend most of  
its time? 

A) one year, mostly beyond Earth's orbit 
B) one year, mostly within Earth's orbit 
C) more than one year, mostly beyond Earth's orbit 
D) less than one year, mostly within Earth's orbit 
E) It depends on the exact value of the eccentricity. 
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Galileo overcame major objections 
to the Copernican view. Three key 
objections rooted in Aristotelian view 
were: 

1.  Earth could not be moving 
because objects in air would be 
left behind. 

2.  Non-circular orbits are not 
"perfect" as heavens should be. 

3.  If Earth were really orbiting 
Sun, we'd detect stellar 
parallax. 

How did Galileo solidify the Copernican 
revolution? 

Galileo (1564-1642) 
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Overcoming the first objection (nature of 
motion):  
 •  Galileo's experiments showed that objects in air 

would stay with Earth as it moves.  
– Aristotle thought that all objects naturally 

come to rest. 
– Galileo showed that objects will stay in motion 

unless a force acts to slow them down 
(Newton's first law of motion). 



Overcoming the second objection (heavenly 
perfection):  
 •   Tycho's observations of 

comet and supernova 
already challenged this 
idea. 

•   Using his telescope, 
Galileo saw: 
–  Sunspots on Sun 

("imperfections") 
–  Mountains and valleys 

on the Moon (proving it 
is not a perfect sphere) 



Overcoming the third objection (parallax):  
 
•   Tycho thought he had measured stellar 

distances, so lack of parallax seemed to rule out 
an orbiting Earth. 

•   Galileo showed stars must be much farther than 
Tycho thought — in part by using his telescope 
to see the Milky Way is countless individual 
stars. 
ü  If stars were much farther away, then lack of 

detectable parallax was no longer so troubling. 



•  Galileo also saw four 
moons orbiting Jupiter, 
proving that not all 
objects orbit Earth 

•  The observations still 
are proving useful 
today, as they help us 
understand the 
evolution of orbits due 
to tides, which is a very 
slow process 



•  Galileo's observations of phases of Venus 
proved that it orbits the Sun and not Earth. 



What have we learned? 

•  How did Copernicus, Tycho and Kepler challenge the 
Earth-centered idea? 
–  Copernicus created a sun-centered model; Tycho 

provided the data needed to improve this model; 
Kepler found a model that fit Tycho's data. 

•  What are Kepler's three laws of planetary motion? 
–  1. The orbit of each planet is an ellipse with the Sun 

at one focus. 
–  2. As a planet moves around its orbit it sweeps out 

equal areas in equal times. 
–  3. More distant planets orbit the Sun at slower 

average speeds: p2 = a3. 



What have we learned? 

•  What was Galileo's role in solidifying the 
Copernican revolution? 
– His experiments and observations overcame 

the remaining objections to the Sun-centered 
solar system model. 



3.4 The Nature of Science 

•  Our goals for learning: 
– How can we distinguish science from 

nonscience? 
– What is a scientific theory? 



How can we distinguish science from non-
science? 
•  Defining science can be surprisingly difficult. 
•  Science from the Latin scientia, meaning 

"knowledge." 
•  But not all knowledge comes from science.  



The idealized scientific 
method 

•  Based on proposing 
and testing hypotheses 

•  hypothesis = educated 
guess 

How can we distinguish science from non-
science? 



•  But science rarely proceeds in this idealized 
way. For example: 
  
– Sometimes we start by "just looking" then 

coming up with possible explanations. 
•  In particular in astronomy, it is common to just do 

very large “surveys” and to see what we find in a 
particular area of the sky, or at a particular 
wavelength of light 

– Sometimes we follow our intuition rather than 
a particular line of evidence. 

•  But then tests will confirm or refute your intuition 



Hallmark of Science: #1 

•  Modern science seeks explanations for observed 
phenomena that rely solely on natural causes. 

•  (A scientific model cannot include divine 
intervention) 



Hallmark of Science: #2 

•  Science progresses through the creation and 
testing of models of nature that explain the 
observations as simply as possible. 

 
(Simplicity = "Occam's razor") 



Hallmark of Science: #3 

•  A scientific model must make testable 
predictions about natural phenomena that would 
force us to revise or abandon the model if the 
predictions do not agree with observations. 

•  Each of the competing solar system models 
offered predictions that were tested. Kepler's 
model can still be tested. In fact, slight 
discrepancies found at later dates led to new 
discoveries, such as Einstein's theories…  
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What is a scientific theory? 

•  The word theory has a different meaning in 
science than in everyday life. 

•  In science, a theory is NOT the same as a 
hypothesis, rather: 

•  A scientific theory must: 
– Explain a wide variety of observations with a 

few simple principles, AND 
– Must be supported by a large, compelling 

body of evidence. 
– Must NOT have failed ANY crucial test of its 

validity. 
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What have we learned? 

•  How can we distinguish science from non-
science? 
– Science: seeks explanations that rely solely 

on natural causes; progresses through the 
creation and testing of models of nature; 
models must make testable predictions 

•  What is a scientific theory? 
– A model that explains a wide variety of 

observations in terms of a few general 
principles and that has survived repeated and 
varied testing 



A book that was personally very important me 



3.5 Astrology 

•  Our goals for learning: 
– How is astrology different from astronomy? 
– Does astrology have any scientific validity? 



How is astrology different from astronomy? 

•  Astronomy is a science focused on learning 
about how stars, planets, and other celestial 
objects work. 

•  Astrology is a search for hidden influences on 
human lives based on the positions of planets 
and stars in the sky. 



Does astrology have any scientific validity? 

•  Scientific tests have 
shown that 
astrological 
predictions are no 
more accurate than 
we should expect 
from pure chance. 



Next week 

•  I will be at a conference Mon-Wed 
•  TA Chris Mankovich will lecture on topics in 

Chapter 4 on Tuesday 
•  My office hours will be Thursday 9-11 a.m., 

not Wednesday 
•  HW #2 (covering Chapters 3 and 4) will be 

due on Thursday, 10/10 
–  It will be up at around noon tomorrow 


