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Abstract

Spectral slopes in optical transmission spectra of exoplanetary atmospheres encapsulate information on the
properties of exotic clouds. The slope is usually attributed to the Rayleigh scattering caused by tiny aerosol
particles, whereas recent retrieval studies have suggested that the slopes are often steeper than the canonical
Rayleigh slopes. Here, we propose that photochemical haze formed in vigorously mixing atmospheres can explain
such super-Rayleigh slopes. We first analytically show that the spectral slope can be steepened by the vertical
opacity gradient in which atmospheric opacity increases with altitude. Using a microphysical model, we
demonstrate that such an opacity gradient can be naturally generated by photochemical haze, especially when the
eddy mixing is substantially efficient. The transmission spectra of hazy atmospheres can be demarcated into four
typical regimes in terms of the haze mass flux and eddy diffusion coefficient. We find that the transmission
spectrum can have a spectral slope 2—4 times steeper than the Rayleigh slope if the eddy diffusion coefficient is
sufficiently high and the haze mass flux falls into a moderate value. Based on the eddy diffusion coefficient
suggested by a recent study of atmospheric circulations, we suggest that photochemical haze preferentially
generates super-Rayleigh slopes at planets with equilibrium temperatures of 1000-1500 K, which might be
consistent with results of recent retrieval studies. Our results would help interpret the observations of spectral
slopes from the perspective of haze formation.
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1. Introduction

Transmission spectroscopy is a powerful way to explore the
properties of exoplanetary atmospheres (e.g., Charbonneau
et al. 2002; Pont et al. 2013; Kreidberg et al. 2014; Sing et al.
2016). One of the remarkable features of the transmission
spectra is the rise of transit depth toward blue in the optical
wavelength, called a spectral slope. The slope is quantified by
(e.g., Lecavelier Des Etangs et al. 2008)

dR,
dln )

where R, is the planetary radius, A is the wavelength, H is the
pressure scale height, and « is the spectral index of atmospheric
opacity, i.e., k oc A“. Utilizing Equation (1), measurements of
the slopes can help to constrain atmospheric properties as well
as the properties of exoplanetary clouds.

The spectral slopes are often attributed to the Rayleigh
scattering (o« = —4) caused by tiny aerosols; however, several
exoplanets actually exhibit the slopes steeper than the Rayleigh
slope. Retrieval studies of Pinhas et al. (2019) and Welbanks
et al. (2019) obtained the median spectral index of @ < —5 for
most of the transmission spectra of hot Jupiters collected by
Sing et al. (2016). For a more extreme example, Sedaghati et al.
(2017) showed that the slope of a hot Jupiter WASP-19b is
characterized by a@ = —26. May et al. (2020) found an even
steeper spectral slope of o &~ —35 for a hot Neptune HATS-8b.

Several mechanisms potentially explain such super-Rayleigh
slopes (SRSs hereafter). For example, unocculted star spots
produce steep slope-like features in transmission spectra (e.g.,
McCullough et al. 2014) and potentially explain some SRSs. In
fact, Espinoza et al. (2019) reported that the effects of star spots

= Ha, (1)

can explain the SRS of WASP-19b observed by Sedaghati et al.
(2017). The mercapto radical, SH, can also yield a steep slope-
like feature; though, it is responsible only for near the NUV
wavelength (A < 0.46 um, Zahnle et al. 2009b; Evans et al.
2018). Alternatively, tiny sulfide condensates, such as MnS,
can produce slope-like features with o < —5 (Pinhas &
Madhusudhan 2017). Most recently, Kawashima & Ikoma
(2019) found that photochemical haze can steepen the Rayleigh
slope if atmospheric eddy diffusion is efficient.

In this study, we generalize the conditions in which
photochemical haze produces the steep spectral slopes. In
Section 2, we analytically show that the vertical opacity gradient
can steepen the spectral slope more than the canonical Rayleigh
slope. We also demonstrate that photochemical haze can generate
such an opacity gradient. In Section 3, we calculate the synthetic
transmission spectra of hazy atmospheres for a wide range of eddy
diffusion coefficient and haze mass flux, and discuss the
conditions of these parameters for which the SRSs emerge. In
Section 4, we summarize our findings.

2. A Mechanism Producing Steep Spectral Slopes by Haze

A key factor producing the SRSs is the vertical gradient of
atmospheric opacity. This fact is not captured by Equation (1),
which was derived under the assumption of vertically uniform
opacity. To examine the effect of vertical opacity gradient, we
assume the opacity following £ = ro(\/Ag)*(P/Py)~?, where P
is the atmospheric pressure and r is the opacity at the pressure
level of Py and the wavelength of )\, Assuming hydrostatic
equilibrium, and constant temperature and gravity throughout the
atmosphere, the chord optical depth at the impact parameter of 7 is
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calculated as (e.g., Benneke & Seager 2012)

7 = 20,0k [ exp[—(l —6)";"] e,
r r'c —r

@)

where p, is the atmospheric density, and r’ is the radial distance
from the center of the planet. Applying the transformation of

x = +r? — r'> and approximation of r’ — r ~ x2/2r as in
Fortney (2005), Equation (2) is rewritten as

00 _ 2
(1) = py(r)K(r) [ eXp[—M]dx. (3)

2rH

Equation (3) diverges for 3 > 1, and thus a finite region of the
atmosphere, in which the opacity source exists, should be taken
into account for 3 > 1. Here, we see the solution of Equation (3)
only for 3 < 1. As shown later, the opacity gradient produced by
photochemical haze is mostly characterized by 5 < 1. For 8 < 1,
the chord optical depth is calculated as

A" [27R0H —R
T(r) = pono()\—o) 177—70/6’ exP[f(l _ ﬂ)r — 0], 4)

where pg is the atmospheric density at the reference radius of
Ro. The observed planetary radius is corresponding to the
radius at 7, ~ 1. Inserting 7, = 1 in Equation (4), the observed
radius is given by

H A\ [27R0H
R, =Ry + ——1 — . 5
b 0 - H[Po/‘éo(Ao) 5 ] (5)

Differentiating Equation (5) with respect to A, we achieve a

spectral slope with vertical opacity gradient applicable for § < 1:
dRp _ HO[
dln A 1—-0

. 6)

Equation (6) is essentially the same as Equation (1) except for
the factor of (1 — B)" "

An important implication of Equation (6) is that the spectral
index « (or scale height H) is degenerated with vertical opacity
gradient (5. Notably, for 0 < 8 < 1 in which the opacity is
higher at higher altitude, the slope is steepened by a factor of
(1 — 3" from the classical prediction of Equation (1). Indeed,
a recent retrieval study of Zhang et al. (2020) suggested that
aerosols are more abundant in the upper atmosphere in hot
Jupiter HD189733b that exhibits the SRS, consistent with the
theory presented here. Thus, it is crucial to take into account
the vertical opacity gradient to explore the nature of SRSs.

The remaining question is what causes the opacity gradient
with 0 < 8 < 1. We suggest that photochemical haze can
naturally produce such a gradient. As shown in the Appendix,
for haze particles much smaller than the gas mean free path and
the relevant wavelength, the opacity can be written as

36mgHF 1 ( Vi ) nk X!
k=—">"——"1 — exp| — s
Pp Pv, K, n? — k2 4+ 2)% + (2nk)?

Wavelength dependence

Pressure dependence
)

where F is the haze mass flux, K, is the eddy diffusion
coefficient, g is the surface gravity, p, is the particle density,
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and n and k are the real and imaginary parts of the complex
refractive index. v, is the terminal velocity of haze particles
approximated by (Woitke & Helling 2003)

v R 7ppg2H a
" P BkT /mg

where kg is the Boltzmann constant, T is the temperature, m, is
the mean mass of atmospheric gas particles, and a is the
particle radius. The asymptotic behaviors of Equation (7)
clarify the pressure dependence as

®)

vH/K, < 1)

Pfl
K o 9

a’lpljl (wH/K, > 1). ©)
Haze produces the vertical gradient with 3 = 1 when eddy
diffusion dominates over the settling. Thus, strong eddy
diffusion acts to steepen the spectral slope. When the settling
is dominant, the gradient depends on how particle sizes and
densities vary with altitude. In the next section, we numerically
investigate the haze-produced spectral slopes using a micro-
physical model.

3. Numerical Investigations of Haze-produced Spectral
Slopes

3.1. Method

We conduct a series of calculations for haze particle growth
and synthetic transmission spectra. We utilize a two-moment
microphysical model of Ohno & Okuzumi (2018) that takes
into account the eddy diffusion, gravitational settling, and
particle growth. The moment model suffices to examine
whether haze can produce SRSs, as the model can capture
the basic effects of haze formation on transmission spectra
(Kawashima & Ikoma 2018). We assume spherical particles
with constant density of 1 g cm™ and ignore the condensation
of mineral vapors for the sake of simplicity. The monomer
production profile is prescribed by a log-normal profile given
by (Ormel & Min 2019)

2
F 1 P
Dhaze = Pu@——=—=0Xp| ———=|In—]| |. (10)
Pn pégaP\/Zﬂ pl 202( P*)]

where the characteristic height of monomer production P, and
the width of the distribution o are set to B = 107¢ bar and
0 = 0.5 to mimic the profile predicted by photochemical
models (e.g., Kawashima & Ikoma 2019). Correspondingly, we
include the increase of a particle number density as
Thaze = 3Phaze / 47md°’ Pp> where ag is the monomer radius and
assumed to be @y = 1 nm. The pressure-temperature structure
for a solar composition atmosphere is constructed by an
analytical model of Guillot (2010) using the same parameters
adopted in Kawashima & Ikoma (2019) for their case of
irradiation temperature of 790 K.*

We compute synthetic transmission spectra of hazy atmo-
spheres using the model of Ohno et al. (2020) assuming the
planetary mass of GJ 1214b (6.26 Mg, Anglada-Escudé et al.
2013) and the reference radius of Ry = 2.35Rg,, at P = 10 bar.

> The temperature is a product of /2 and equilibrium temperature, which
characterizes irradiation intensity (see, e.g., Guillot 2010).
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Figure 1. Vertical haze distributions for different eddy diffusion coefficients. From left to right, each column shows the vertical distributions of the characteristic
particle size, the haze mass mixing ratio, and the extinction opacity for the tholin optical constants at A = 0.5 pm, respectively. Different colored lines show the
distributions for different K, with haze mass flux F = 10~'2 gcm~2s~!. Dotted lines denote the distributions of a volume-weighted particle size predicted by a bin
scheme for K, = 10° and 10° cm?s~! taken from Figure 17 of Kawashima & Ikoma (2019), where the column-integrated photolysis rate of haze precursors is

~107'2 g cm? s7! (see their Table 1).

We introduce a metric quantifying steepness of the spectral slopes
defined as (Pinhas & Madhusudhan 2017)

_ 1 dR,
T Hdln )

We use the U band (A = 365 nm, FWHM of 66 nm) and V
band (A = 551 nm, FWHM of 88 nm) (Binney & Merrifield
1998) to calculate S, similar to Pinhas & Madhusudhan (2017).
The haze opacity is calculated by the BHMIE (Bohren &
Huffman 1983), assuming spherical particles. The refractive
index is unknown for exoplanetary haze. We test the two
representative refractive indices; a Titan haze analog (tholin,
Khare et al. 1984) and a complex refractory hydrocarbon (soot)
compiled by Lavvas & Koskinen (2017).

1)

3.2. Haze Vertical Profiles

Haze vertical distributions substantially vary with altitude, as
suggested by previous studies (e.g., Lavvas & Koskinen 2017;
Kawashima & Tkoma 2018, 2019; Adams et al. 2019; Kawashima
et al. 2019; Lavvas et al. 2019; Gao & Zhang 2020). Figure 1
shows the vertical distributions of haze characteristic size and
mass mixing ratio for F = 10712 gcm2s7! and different K,.
We have confirmed that our two-moment model well reproduces
the distributions simulated by the bin scheme (dotted lines) taken
from Kawashima & Ikoma (2019). In principle, the particle size
increases with decreasing altitude because of collisional growth.
The higher the eddy diffusion coefficient is, the smaller the
particle size is. This is because efficient vertical mixing transports
the particles downward before they grow into large sizes
(Kawashima & Ikoma 2019). The high eddy diffusion coefficient
also produces a steep vertical gradient in the mass mixing ratio, as
seen in the case of K, = 10° cm? s~!. This results in the steep
vertical opacity gradient, as predicted in Section 2.

The vertical opacity gradient also appears when the settling
dominates over the eddy diffusion, as seen in the cases of

, = 107 and 103 cm? s~!. This is because the particle size is
larger in the deeper atmosphere due to collisional growth,

leading to yield vertical gradient in the mass mixing ratio. The
vertical distributions can be further understood from a
timescale argument. The particle can grow until the settling
timescale, Tyq = H /v, becomes shorter than the collisional
timescale. For particles smaller than the gas mean free path, the
collision timescale is approximated by (e.g., Rossow 1978)

Teoll & l pP Mhaze — l pP Mhaze Vt (12)
7 4\ 3akgT py,,. 4\3akgT F

where we have invoked the mass conservation p,,,.vi = F.
Solving .o = Teey With Equation (8), the size is estimated as

2/9

24FP? [3kpT
S e BN R (13)
Tp,8 Pp

Equation (13) indicates that the particle size is proportional to
P 9, which is indeed seen in Figure 1. Therefore, the mass
mixing ratio is proportional to P~/ for small K, regimes (see
Equations (8) and (A2)), resulting in the opacity being higher at
higher altitude. In summary, the haze opacity is higher at higher
altitude for all K.

3.3. Transmission Spectra

The haze steepens the spectral slope for high K, as found by
Kawashima & Ikoma (2019). The top panel of Figure 2 shows
the synthetic transmission spectra for various K, assuming the
tholin optical constants. For the tcase of K, = 10° cm?s~!,
haze produces the spectral slope characterized by S ~ —12 in
the optical wavelength, quite steeper than the canonical
Rayleigh slope (S = —4). This stems from the vertical mass
gradient produced by efficient eddy diffusion (Section 3.2). The
spectra for K, = 107 and 10° cm?s~! nearly superpose each
other, as the vertical distributions are nearly the same.

The haze steepens the spectral slope only when the mass flux
falls into a moderate value. As shown in the middle panel of
Figure 2, the steep slope disappears in both cases of high- and
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Figure 2. Synthetic transmission spectra of hazy atmospheres. The vertical axis is the planetary radius normalized by the scale height of H = 180 km, the value for
P ~ 1073 bar, with an offset. The top panel shows the spectra for different K, with F = 107'2 g cm~2s~!. The middle and bottom panels show the spectra for
different F with K, = 10° cm~2s~!. The tholin refractive index is assumed for the top and middle panels, while the soot refractive index is assumed for the bottom
panel. Horizontal dotted lines in the middle panel denote the R, /H — C corresponding to the pressure levels from 107" to 1077 bar.

low-mass flux. The low-mass flux (F = 10""%gcm=2s7})
leads to the production of a spectrum superposed on a haze-free
spectrum because the haze becomes optically thin as compared
to the Rayleigh scattering opacity of H,. By contrast, the high-
mass flux (F = 1071 g cm=2s7!) leads to a flatted spectrum
because the haze becomes optically thick near the monomer
formation region (~10 ®bar) up to a relatively long
wavelength.

The spectral slope also depends on the optical constants. The
bottom panel of Figure 2 shows the spectra calculated with the
soot optical constants. The soot haze tends to flatten the spectra
owing to the weak wavelength dependence of its absorption

opacity. Although the slope is relatively gentle, the soot haze
still produces the SRSs with S ~ —8 for K, = 10° cm?s~!
and F = 107" gem=2 571,

3.4. In What Conditions Does Haze Produce SRSs?

There is a “sweet spot” in the F—K, space to produce the SRSs.
Figure 3 summarizes the spectral slopes calculated for U-V bands
as a function of haze mass flux F and eddy diffusion coefficient
K,. The slopes are relatively flat (i.e., S ~ 0) for very high F, as
the haze becomes optically thick near the monomer formation
region (Section 3.3). By contrast, low F and high K, tend to yield
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Figure 3. Gradient of the spectral slopes (S, colorscale) as a function of eddy diffusion coefficient and haze mass flux. The left and right panels show the results for the
tholin and soot haze, respectively. The black lines denote the contours of S = —5, —10, and —15. The red dotted, blue dashed, and green broken lines denote
Equations (14), (15), and (17), respectively, for P = I mbar and A = 0.55 um. Here, we adopt the Rayleigh scattering cross section of a H, molecule,
Ogas = 2.52 x 1072 cm? (A/0.75 pm)~* (Lecavelier Des Etangs et al. 2008), to evaluate the gas opacity.

S = —4, as the haze becomes optically thin. For moderate
mass flux, say F > 1074 g cm2 57!, the slopes have S ~ —4
for K, < 107em?s™! and S< -5 for K, 2 107 cm?s™ .
The steep spectral slope (i.e., small S) for high K, stems from
the steep vertical gradient in the mass mixing ratio (Section 3.2).
In the parameter space examined here, the most steep slope
has S =~ —16 for the tholin haze and S ~ —8 for the soot haze,
which is found for F~ 107210 gecm 25! and K, ~
109 cm? 571,

The transmission spectra of hazy atmospheres can be
demarcated into four typical regimes as presented in Figure 4.
When K, is extremely high, the haze becomes optically thin as
compared to gas opacity, resulting in a haze-free spectrum
(regime I). Equating Equation (7) and the gas opacity kg, With
wH /K, < 1, the threshold K, above which the regime I applies
is given by

36mgH*F nkX!
Ko max = 2 2 2 2"
ppﬁgasP (n" — k= + 2)- + (2nk)

(14)

For K, < Kj max. the spectrum is substantially affected by haze.
The spectral slope is significantly enhanced by haze when the
eddy diffusion dominates over the settling of haze particles
(regime II). Conversely, the slope is only weakly enhanced if the
settling dominates over the eddy diffusion (regime III). Solving
Tdiff = Teenr With Equations (8) and (13), where 7y = H?/K, is
the diffusion timescale, the critical K, above which eddy diffusion

dominates over the settling is estimated as
pps?H? (24FP? (35T |

K, .. = p B

z,cri —

P\8gH/m W2p3g3 Pp

2/9 3/2
~3 x 107 cm?s7! F ( H )
10712 g cm? 57! 200 km
y ( g )5/6( P )—5/9( T )1/9
10ms~2 1 mbar 1000 K

) PR
lgem™3)

The spectrum eventually becomes flat when the mass flux is so
high that haze is optically thick at the monomer formation
region (regime IV). Since the vertical mass distribution does
not follow a power law near the monomer formation region
(see Figure 1), we crudely evaluate the optical depth as

R(R) ~ () 2R, H. (16)
8

/9

15)

Inserting Equation (7) into (16) and solving 7;(R) = 1 with
viH /K, < 1, we achieve the threshold in terms of K, as
36mHF \[2nR,H nk X1

. 17
Py (n* — k2 + 2)* + (2nk)? 17

Kz,opa =



THE ASTROPHYSICAL JOURNAL LETTERS, 895:1.47 (8pp), 2020 June 1

Ohno & Kawashima

.
(I)Haze-free spectrum . (IT)Strongly enhanced slope NS
L] * @ " 18 Q’/ Q)QZ
q e Ql’ 16 (SR <
16 O,Q K » § /‘ O’Q’
m . \«\’ " o2 QL Q
o yu| o 12 Q‘? * I A" § / ‘éb‘
o ifa 10 %“'0' ;1 . | ,%/ .<&O
E : ",' j \"W /. q;&
sl : | gt
0 . ‘o3 1o so 4 @
(@] 2 Wavalength [um] >0 "' Wavelength [um] /. 0@
N . . S& (IV)Flat-like spectrum
g " Diffusion is dominant _{O&r (O ) p
=== = =TT ation (15) . -
7 . Settling is dominant Equ (15) I N
‘ 14
é o (IIT)Weakly enhanced slope I v
3 2 Eﬁm
o vl ;‘Q . 18 - =8 f\ /\
Fd ;.S/A"" " | j \\)\,\NM
> 5 o : :
ﬁ 6Qv" %10 ' fIV I %5 10 50
'-c ,f? R I N‘W\AI " ",.\'m . Wavelength [um]
2 & T !
Q’i’ 2 Haze free I
," ° Wa;eowength [um] - - )
Haze mass flux

Figure 4. Transmission spectrum regimes in terms of haze mass flux and eddy diffusion coefficient (see Section 3.4). Each panel exhibits the typical shape of the
transmission spectrum for hazy atmospheres (orange lines) compared to the haze-free spectrum (gray lines).

Equation (17) does not apply when the settling dominates over
the eddy diffusion, i.e., K, < K, . Since the spectrum is
invariant with K, for the settling-dominated regime (see
Figure 2), the threshold for K, < K, i is given as an
intersection of Equations (15) and (17). We plot Equations (14),
(15), and (17) in Figure 3 and find that the regime classification
explains the basic behavior of spectral slopes. Notably, the
SRSs preferentially emerge in regime II (see Figure 4), where
the eddy diffusion coefficient falls into the sweet spot, namely
max (K i, Ky opa) < K; < Ky max. Alternatively, the SRSs
emerge when the haze mass flux falls into a moderate value
for given K,; for example, F ~ 107 "°-10~"' gecm 25! for
K, = 10° cm? s7! (see Figure 3). Thus, the SRSs might give a
constraint on haze mass flux if the strength of eddy diffusion is
well constrained.

4. Summary and Discussion

In this study, we have suggested that the super-Rayleigh
slopes seen in transmission spectra of some exoplanets can be
produced by photochemical haze. We have analytically shown
that the spectral slope is steepened by the vertical gradient of
atmospheric opacity, which is naturally generated by haze
(Section 2). We have numerically confirmed that the haze can
produce the spectral slope several times steeper than the
canonical Rayleigh slope, especially when the eddy diffusion
coefficient and the haze mass flux fall into the sweet spot
(Section 3). We have also demarcated the transmission spectra
of hazy atmospheres into four typical regimes (Figure 4). Our
results would help to not only interpret the SRSs but also figure
out how haze affects the transmission spectra.

One of the possible approaches for testing our idea is to
search for the absorption feature of haze itself. For instance,
Titan tholin exhibits absorption features at 3.0, 4.6, and 6.3 ym
(e.g., Khare et al. 1984; Imanaka et al. 2004). It may be worth
investigating whether planets with SRSs show the features at
these wavelength. The actual optical constants of exoplanetary
hazes are unknown. Therefore, laboratory studies on exopla-
netary haze analogs (e.g., He et al. 2018; Horst et al. 2018;
Moran et al. 2020) are important to examine what optical
constants are more plausible for exoplanet environments. The
reliable optical constants will also help to quantify the effects
of hazes on the spectral slopes.

There may be a “sweet spot” for planetary equilibrium
temperature in which haze preferentially causes the SRSs. This
is because the equilibrium temperature is associated with K,
(Komacek et al. 2019). Figure 5 shows the spectral slope S as a
function of K, and corresponding equilibrium temperature,
where we have assumed the following relation

T.
log, (K, (m? s~ 1) = 2.110 “ )+ 1.855. 18
210K ( ) (10001( (18)

This relation is obtained by a linear fit to K, simulated by
Komacek et al. (2019) for drag-free atmospheres with 0.01 ym
passive tracers at P = 1 mbar (their Figure 8). Haze preferentially
produces steep slopes at an equilibrium temperature of
~1000-1500K in which K, falls into the regime II. Figure 5
also exhibits the slope retrieved by Welbanks et al. (2019; their 7).
Interestingly, in the retrieval results, planets with equilibrium
temperature of ~1200-1400K tend to exhibit steep spectral
slopes, similar to the haze-generated SRSs. We do not claim that
the result verifies the haze hypotheses since there are many



THE ASTROPHYSICAL JOURNAL LETTERS, 895:1.47 (8pp), 2020 June 1

Equilibrium Temperature [K]
1000

500 750 1250 1500 1750 2000
0 + + : : : :
-5
]
S
& 7
= o
0) )
g Akl
—-10+ T d atld
= 2|2 e
< 3] ©
T PR )
) ) ala ~
< 0| a ;
2| ge I 7]
2| o |7 <
=15+ < © |a =
) T n |0
m < [
m ol [0 [=
~ ~¢ [©
) N
e o a
- ' T
a &
-207 T <
Tholin, F=10"12 g cm? 51 =
—— Soot, F=10"12 gcm?s~!
Tholin, F=10"1 g cm? s~!
—=— Soot, F=10"2 gcm?s!
-25 + + + t
107 108 10° 1010
K, [cm? s71]

Figure 5. Haze-generated spectral slopes as a function of K,. The solid and
dashed lines show the slopes for F = 10~'% and 1013 g cm? s~!, respectively,
which are in line with the predictions from the column-integrated photolysis
rate of hydrocarbons reported by previous studies (Lavvas & Koskinen 2017;
Kawashima & Tkoma 2019). The orange and gray lines exhibit the slopes for
tholin and soot haze, respectively. The black dots denote the slopes retrieved by
Welbanks et al. (2019) with 1o error bars.

uncertainties, such as stellar contamination (e.g., McCullough
et al. 2014) and multidimension effects (e.g., Caldas et al. 2019;
MacDonald et al. 2020), that should be assessed in the future.

_ 30us  Phaze —
4na’p, p, Py  Pw

36mgHF 1 [1 B exp(
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Appendix
Derivation of Analytical Haze Opacity
In this appendix, we derive the vertical distribution of
atmospheric opacity including haze. The steady vertical distribu-

tion of haze mass density pp.e iS determined by the mass
conservation, which reads

K, Pzi Phaze
gH?> 0P Py

~ VtPhaze = _F’ (A])

where we have used the hydrostatic equilibrium, the ideal gas
law, and the definition of H. In the upper atmospheres where
haze particles are much smaller than gas mean free path, the
terminal velocity can be approximated by Equation (8). For
constant K, p,, and a, Equation (Al) is solved as

phaze — gHF 1 _ eXp(ﬂ) s (A2)
Py Py, K,

where we have set the boundary condition of pn.,. =0 at
P = oo. The extinction cross sections of haze particles may be
approximated by absorption cross section, especially for
particles much smaller than relevant wavelength. For such tiny
particles, the absorption cross section is approximated by
(Bohren & Huffman 1983; Kataoka et al. 2014)

24nk 2ma

2 —_— A3
n? — k2 + 22 + 2nk)> X (A3

Oaps =~ TTA

Combining Equations (A2) and (A3), we finally achieve the
opacity (Equation (7)) as

—1
_ﬂ)] nkX (Ad)

K, )| ® — k2 + 2)2 + 2nk)?’

Pressure dependence

Rather, we suggest that measuring the spectral slopes for various
equilibrium temperature can help to investigate whether the SRSs
are predominantly caused by haze.

Photochemical haze also complements the model of mineral
clouds. Current cloud microphysical models do not predict the
optical spectral slope as steep as the Rayleigh slope (Gao &
Benneke 2018; Lines et al. 2018; Lee et al. 2019; Powell et al.
2019; Ohno et al. 2020), except for Ormel & Min (2019) who
showed some cases that succeeded in producing the steep
spectral slopes. Although it has been believed that haze
formation is inefficient in hot exoplanets where CH, is oxidized
to CO (Zahnle et al. 2009a), recent laboratory studies suggest
that CO also act as haze precursors (Horst et al. 2018; He et al.
2019). Thus, haze may still be responsible for hot exoplanets
that often show spectral slopes in their transmission spectra.

We thank Luis Welbanks for sharing retrieval results of
Welbanks et al. (2019). We are also grateful to the anonymous
referee for constructive comments that greatly improved the
quality of this paper. K.O. is supported by JSPS KAKENHI
grant Nos. JP18J14557 and JP19K03926. Y.K. is supported by
the European Union’s Horizon 2020 Research and Innovation
Programme under Grant Agreement 776403.

Wavelength dependence

Equation (A4) demonstrates that, for tiny absorbing haze,
the pressure dependence originated from the vertical mass
gradient, while the wavelength dependence is from haze optical
constants.
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