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Figure 3. Simulated synthesized images of double stars for amplitude (left) and intensity (right) interferometry. amplitude interferometry
is with 10 GHz bandwidth and 60 sec integration, and intensity interferometry is with 100 GHz bandwidth and 600 sec integration.
Path length fluctuation of 50 µm and 100 µm are introduces in top two and bottom two images, respectively. Intensity interferometry
have blurred image due to lower signal-to-noise ratio at longer baselines.

temperature:
Trx = NEP

√
∆ν, (6)

which estimates the receiver noise temperature of about 10 mK; several orders of magnitude lower than the quantum
limited temperature of heterodyne receivers. The above simulation for a source with antenna temperature of 0.13 K can be
scaled to antenna temperature of 2.6 µK, when observed with background limited detectors; this sensitivity would enable
imaging exo-planets.

5. FUTURE PROSPECTS
To conclude, future prospects of THz intensity interferometry is discussed. Since Hanbury-Brown and Twiss demon-

strated in 1950’s and 1960’s, intensity interferometry has not been used for long. With new generation of advanced
detectors and electronics technologies, intensity interferometry can be a powerful tool for aperture synthesis imaging.
Based on our simulation study, there are two proposed applications with terahertz intensity interferometry. One is ground-
based long baseline interferometry at high terahertz frequencies from high altitude sites in Atacama or in Antarctica.
Another is space-borne interferometry using photon counting detectors in terahertz frequencies to achieve high sensitivity
and high angular resolution. The space-borne intensity interferometry, or photon counting terahertz interferometry, will
improve the sensitivity of very long baseline interferometry and will resolve many far-infrared sources cataloged by AKARI
satellite.
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ABSTRACT
The zodiacal cloud in our solar system emits thermal radiation from the interplanetary dust (IPD), which is the dominant

foreground emission for mid-IR observations in space. The zodiacal cloud has small-scale spatial structures called “dust
bands”, which are formed by dust grains originating in the asteroidal main belt. It also has the smooth cloud, a dominant
component of a several au scale. In the previous study, based on the AKARI 9 and 18 µm mid-IR all-sky survey data, the
zodiacal cloud standard model (Kelsall et al. 1998) has been re-examined and improved especially for the smooth cloud
(Kondo et al. 2016a). However, the improved model still does not well reproduce the observational data on small spatial
structures. In this study, we further improve the Kelsall model for the dust bands, using the AKARI mid-IR all-sky survey
data.
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1. INTRODUCTION
In our solar system, there are not only planets and asteroids but also 1–10 µm sized grains called the interplanetary dust

(IPD). IPD originates mainly from comets and asteroids. It is heated by the sun and emits thermal radiation at infrared
wavelengths. IPD spreads over the entire solar system smoothly. The most dominant several au scale component is called
the smooth cloud. Additionally, as revealed by IRAS, the finer-scale distributions originating from the asteroidal main
belt are called the dust bands. Based on the observations of COBE/DIRBE, Kelsall et al. (1998) constructed the IPD
distribution model. Kondo et al. (2016a) optimized the Kelsall model especially for the smooth cloud using the AKARI 9
and 18 µm mid-IR all-sky survey data. The result of subtracting the zodiacal emission using the Kondo model is shown
in Figure 1. The residual along the ecliptic plane is mainly due to the small scale structure of the dust bands. Therefore,
we further improve the Kelsall model for the dust bands.

Figure 1. AKARI 18 µm diffuse map before (left) and after (right) subtracting the zodiacal emission using the Kondo model (Kondo et
al. 2016b), projected in the galactic coordinates.

2. METHOD
We created the brightness map of the dust bands. We calculated the brightness of the zodiacal cloud except the dust

bands using the Kondo model and subtracted it from the AKARI data. We smoothed the map with the boxcar of 7◦ in
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width along the ecliptic longitude to enhance the structure of the dust bands. The width of 7◦ is determined to minimize
the standard deviations consisting of the random errors and intrinsic variations of the zodiacal emission. The smoothed
map after subtracting the zodiacal light except the dust bands is shown in Figure 2. Based on this brightness map, we tried
to improve the Kelsall model, using the following equation:
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ζ ≡ |Z/R|,
R = R(X,Y, Z, i,Ω), ζ = ζ(X,Y, Z, i,Ω),

where (X,Y, Z) indicates the three-dimensional position in our Solar System and R is the distance from the sun ((X,Y, Z) =
(0, 0, 0)). These four parameters are normalized by 1 au. The model parameters for the dust bands are listed in Table. 1.

Table 1. Model parameters for the dust bands, using in Equation (1).

Parameter Comments

n Density at 3 au in units of au−1

h Scale height [deg]

v, p Shape parameter

Rin Inner radius [au]

i Inclination [deg]

Ω Ascending node [deg]

Figure 2. Brightness maps after subtracting the zodiacal emission except for the dust band component on the leading and trailing sides,
projected in the ecliptic coordinates. The regions affected by the earthshine are masked. The horizontal component near the ecliptic
plane corresponds to the dust bands and the curve passing the dust bands is the galactic plane. The white lines indicate the positions of
the latitudinal profiles shown in Figure. 3.

3. RESULT
We show the latitudinal profiles of the brightness of the dust bands at 4 positions (at λ = 5◦, 120◦, 190◦, 300◦) in Figure 3.

From the visual inspection of these profiles, we confirm the following features:

• Brightness peaks are present at β ≈ −10◦, 0◦, and 10◦. The peaks at β ≈ ±10◦ originate from the same asteroid
family and this pair of the peaks is called “dust band 1”. The single broad peak at β ≈ 0◦ seems to be composed
of two peaks at β ≈ ±1.4◦, which also originate from another asteroid family. This pair of the peaks is called “dust
band 2”.

• The brightness is different between the south and north peaks. In particular, in dust band 2, the peak which is nearer
to the ecliptic plane is fainter than the other one (see the profiles at λ = 5◦ and 190◦), calling for an asymmetrical
distribution with respect to their midplanes.
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width along the ecliptic longitude to enhance the structure of the dust bands. The width of 7◦ is determined to minimize
the standard deviations consisting of the random errors and intrinsic variations of the zodiacal emission. The smoothed
map after subtracting the zodiacal light except the dust bands is shown in Figure 2. Based on this brightness map, we tried
to improve the Kelsall model, using the following equation:
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where (X,Y, Z) indicates the three-dimensional position in our Solar System and R is the distance from the sun ((X,Y, Z) =
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Figure 2. Brightness maps after subtracting the zodiacal emission except for the dust band component on the leading and trailing sides,
projected in the ecliptic coordinates. The regions affected by the earthshine are masked. The horizontal component near the ecliptic
plane corresponds to the dust bands and the curve passing the dust bands is the galactic plane. The white lines indicate the positions of
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3. RESULT
We show the latitudinal profiles of the brightness of the dust bands at 4 positions (at λ = 5◦, 120◦, 190◦, 300◦) in Figure 3.

From the visual inspection of these profiles, we confirm the following features:

• Brightness peaks are present at β ≈ −10◦, 0◦, and 10◦. The peaks at β ≈ ±10◦ originate from the same asteroid
family and this pair of the peaks is called “dust band 1”. The single broad peak at β ≈ 0◦ seems to be composed
of two peaks at β ≈ ±1.4◦, which also originate from another asteroid family. This pair of the peaks is called “dust
band 2”.

• The brightness is different between the south and north peaks. In particular, in dust band 2, the peak which is nearer
to the ecliptic plane is fainter than the other one (see the profiles at λ = 5◦ and 190◦), calling for an asymmetrical
distribution with respect to their midplanes.
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• The shape of the profile is reversed toward a 180◦ opposite direction (see the profiles at λ = 120◦ and 300◦)
• There is likely peaks at β ≈ ±17◦ (see the profiles at λ = 5◦ and 190◦).

First, we reliably estimate the inclination angles, i, the ascending nodes of the midplanes for the dust bands, Ω, their
inner radii, Rin, the scale heights, h, as a function of the longitude, using Equation (1). The result is shown in Table 2.
Then, using i,Ω, Rin, and h thus determined, we optimize the latitudinal profiles by adjusting the other parameters in
Equation (1) and also introducing a modulation factor in the shape parameter v to reproduce the asymmetric distributions.
As a result, we successfully improve the model for the dust bands. We will report detailed procedures and results in a
separate paper.

Figure 3. Latitudinal profiles of the brightness of the dust bands at λ = 5◦, 120◦, 190◦ and 300◦, as denoted in the upper panel of Figure
2.

Table 2. Parameters in Kelsall et al. (1998) and in this study.

Parameters Kelsall et al. (1998) This study

Dust band 1

i 0.56◦ 1.15◦

Ω 80◦ 93◦

Rin 1.5 au 1.47 au

h 8.78◦ 8.78◦

Dust band 2

i 1.2◦ 1.15◦

Ω 30.3◦ 71◦

Rin 0.94 au 1.0 au

h 1.99◦ 1.55◦
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4. SUMMARY
In this study, we aim to improve the standard zodiacal dust bands model, using the AKARI mid-IR all-sky survey data.

We fine-tuned parameters of the dust bands and took into account asymmetrical distributions of the dust bands with respect
to their midplanes. As a result, we confirm that our new model better reproduces the peak positions of the dust bands
along the ecliptic longitude than the previous model.
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