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Abstract. Using the mid-infraredcamera on theInfrared Space
Observatory(ISO), the spectrum of a relatively empty piece of
sky, dominated by zodiacal light, was measured from 5 to 16.5
�m wavelength. The spectrum has no spectral features brighter
than 15% of a blackbody fit to entire spectrum; the temperature
of the fit is 261:5� 1:5 K. No galactic or cosmic background
spectral features are detected. Comparison to models for three
size distributions of spherical grains composed of several differ-
ent materials reveals acceptable fits only for ‘astronomical sili-
cate,’ ruling out graphite, magnetite, andesite, obsidian, glassy
carbon, or water ice as the constituent of material producing
the zodiacal emission. The size distribution is constrained to
have relatively fewer small particles compared to the coma of
P/Halley. There is a hint of a 9–11�m feature, which suggests
that the particles producing the zodiacal light are composed of
silicates similar to those found in the coma of P/Halley, collected
interplanetary dust particles, and the dust around the nearby star
� Pic.
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1. Introduction

Solid particles permeate the interplanetary medium and pro-
duce such diverse phenomena as meteors, comet tails, micro-
craters on lunar rocks, penetration of satellite detectors and
shields, sea-floor and arctic ice micrometeorites, and strato-
spheric dust (Brownlee 1985). Each phenomenon is produced
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by a different range of particle sizes in a different set of tra-
jectories. Particles larger than� 1 �m, heated by the Sun
to temperatures� 300 K, cool through thermal emission
at mid-infrared wavelengths. Nearly all previous space-based
observations of this zodiacal emission – such as those by
COBE/DIRBE (Boggess et al. 1992) – have been broad-band
photometry. Spectral observations with even moderate resolu-
tion provide a significantly different view of the zodiacal light
that can be compared to laboratory measurements both of can-
didate materials and of collected stratospheric particles and me-
teorites. In the near-infrared (1.4–2.5�m), where the zodiacal
light is dominated by scattering, the spectrum observed in rocket
experiments was found to be featureless but redder than the inci-
dent sunlight (Matsuura et al. 1995). The spectrum of the ther-
mal emission was only measured in an early rocket experiment,
from which a silicate emission line was reported (Briotta 1976).

With the launch of theInfrared Space Observatory(ISO,
Kessler et al. 1996), several new and powerful instruments are
all observing the zodiacal light. The observations reported here,
with the mid-infrared camera (ISOCAM, Cesarsky et al. 1996)
cover the spectral region 5–16�m. Interplanetary particles
collected from the stratosphere have been shown to absorb
in the 9–11�m silicate band (Sandford & Walker 1985), for
which the present observations are well designed. Furthermore,
cometary (Hanner et al. 1994) and circumstellar (Knacke 1993)
have structured silicate bands, and we hope to compare the dust
that produces the zodiacal light to its origin as well as to dust
around other stars.

The zodiacal light is the dominant contribution to the dif-
fuse sky brightness throughout most of the infrared spectrum.
The presence of such a strong foreground limits the sensitivity
of most space experiments for detecting extended sources, in
particular the diffuse emission from outside the Solar System
(Hauser 1996).
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2. Observations

Several patches of sky, selected for their isolation from any
diffuse, structured emission on theIRAS12 �m images and
free of any bright stars, were observed during the performance
verification phase of theISOmission. A complete scan of the
long-wavelength ISOCAM circular variable filters (CVF) was
performed toward ecliptic longitude 196:�6 and latitude�2:�4,
(13h right ascension,�9� declination, J2000) on 21 Jan 1996, at
a solar elongation of 104:�3. The 6" pixel-field-of-view lens was
used. First, the LW-CVF2 was rotated such that the wavelength
varied from 16.5 to 9.0�m, then the LW-CVF1 was rotated such
that the wavelength varied from 9.4 to 5.0�m (‘aller’). Then,
the same process was reversed (‘retour’). At each step of the
CVF, 15 frames of 2.1 sec were taken. After the CVF spectrum,
we added two long stares at the same position, one in the LW8
(11.4�m) filter and the other at a fixed position (11.27�m) of
the LW-CVF2, as a test on the stability of the photometry. The
entire process lasted about 3 hr.

The complete set of 4884 raw images was temporally filtered
to remove cosmic ray events (some 4% of the data). The mean
over the central 12 pixels of each image was calculated and
coadded for each wavelength, and the mean dark current over
the same pixels was subtracted. The observed brightness at the
shortest wavelength was only about 2 ADU above the dark level,
Because the measured dark current varied somewhat during the
performance-verification phase of the mission, we consider the
dark level accurate to� �0:3 ADU (1-�). The dark current is
the dominant uncertainty at wavelengths below 8�m.

Another consequence of the low light levels is that the de-
tectors are very slow to stabilize. The stabilization timescale
for the observation presented here is estimated to range from
200 seconds (at 12�m) to over an hour (at 5�m). We used an
experimental algorithm that corrects for the gain drift using the
integrated brightness over the previous images. Before transient
corrections, the ‘retour’ spectrum was some 13% fainter at 10
�m, because the stabilization timescale is very low when the
illumination increases from very low levels. After correction,
the agreement is good, and we use the absolute difference be-
tween the two spectra to estimate the systematic gain error. The
stability of the photometry was checked by comparing to the
two staring observations in a single position of the CVF and in
the LW8 filter, as shown in Fig. 1.

The spectral response of the detectors was calibrated us-
ing the ratio of observed to model (Kurucz 1979) spectrum of
HD 185395, an F-type main-sequence star. The model has been
scaled to match ground-based photometry, as part of theISO
Ground-Based Preparatory Program (courtesy P. Hammersley).
The resulting spectral response contains variations at the� 15%
level relative to the pre-flight calibration. Nearly the same re-
sult was obtained by comparing ISOCAM and ground-based
spectra for a K giant star. This same spectral response was used
to calibrate ISOCAM CVF spectra of a diverse range of astro-
nomical targets and found not to introduce spurious features.
The observed spectrum of the star becomes noisy at the longer

Fig. 1.Spectrum of an empty, high-galactic-latitude field with the ISO-
CAM CVF. Two spectra were obtained with wavelength decreasing
with time (‘aller,’ solid curve) and wavelength increasing with time
(‘ retour,’ dashed curve). Around 9�m, the spectra from the two sec-
tions of the CVF overlap. Two long staring observations at the 11.27
�m position of the CVF and in the LW8 filter are shown as an asterisk
and horizontal line, respectively. The brightnesses observed by DIRBE
in the 4.9 and 12�m wavebands are shown as long horizontal lines la-
belled ‘D4’ and ‘D5’, respectively. The length of each line represent
the FWHM of the DIRBE band.

wavelengths, and this increases the noise in the calibrated spec-
trum.

3. Results

The calibrated spectrum of the zodiacal light is shown in Fig-
ure 1. The spectrum contains no obvious spectral features, and
it is close to that of a blackbody at a temperature of 261:5�1:5
K (best fit and 1-� uncertainty). The ratio of the observed spec-
trum to the blackbody function is shown in Figure 2. The uncer-
tainties are generally correlated from wavelength to wavelength
(especially that due to dark current), and therefore they overesti-
mate the relative spectral uncertainty. The structure in the 9–11
�m range is potentially interesting but at present comparable
to uncertainty due to transient gain response. The spectrum we
obtained here is different from that obtained in a pioneering
rocket experiment (Briotta 1976), from which a prominent sil-
icate feature was inferred; the shortest-wavelength channels of
the rocket spectrum may have been contaminated.

In order to check our absolute calibration, we compared
to the average sky brightness in a 3� circle from the DIRBE
weekly skymaps, interpolated to our observing date. The agree-
ment between the ISOCAM and DIRBE observations is within
the absolute calibration uncertainties of the two instruments.
For a more complete assessment of the absolute photometry of
ISOCAM, we compared several flat-field observations in var-
ious filters to the corresponding brightness interpolated from
the DIRBE skymaps. The agreement between ISOCAM and
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Fig. 2. Ratio between the zodiacal light spectrum and a blackbody at
261.5 K. The grey region is the�1� band allowed by uncertainties
in the dark current (dominating at short wavelengths) and the gain
stability (dominating at longer wavelengths).

DIRBE photometry is good, demonstrating that ISOCAM can
be used as a photometer.

4. Interpretation

4.1. Comparison to models

For comparison with the observations, we created a suite of
models using the optical properties of 7 constituent materials
and 3 different size distributions; the calculations are an update
of previous ones (see Reach 1988 for details). The emission is
dominated by dust within about 1 AU of the Earth; we have
approximated the line-of-sight integral using a weighted com-
bination of models at 1 AU and 1.5 AU from the Sun. Results are
shown in Figure 3. Many of the models predict spectral features
that are clearly not observed. Specifically, the silicate models
(‘astronomical silicate,’ andesite, and obsidian) with abundant
small particles (as in P/Halley) present very strong Si–O fea-
tures at 9–11�m. Water Ice also presents a strong line, at 13
�m, for two of the three size distributions.

We have evaluated the models for the same wavelength grid
as the observations and calculated the�

2 goodness-of-fit or
each, using the uncertainties due to dark current and gain sta-
bility. The best-fitting constituent material is ‘astronomical sili-
cate’ (Draine & Lee 1984), which results in a reduced�

2 = 2:3
with the ‘interplanetary’ and 2.1 with the ‘lunar’ size distri-
butions (Gr̈un et al. 1985). Andesite, which is similar to ‘as-
tronomical silicate’ but with somewhat less visible absorption
(Reach 1988), results in�2 = 2:7 with the ‘lunar’ size distribu-
tion. The other models are ruled out at very high levels of confi-
dence, as may be seen by comparing observed and model color
ratios. The ratios of convolutions of the observed and model
spectra with the ISOCAM LW6 (7.75�m), LW7 (9.63�m), and
LW9 (15.0�m) filters are shown in Table 1. Strongly absorbing

Fig. 3. A suite of models of the zodiacal light spectrum. Each panel
corresponds to one constituent material:(a) astronomical silicate,(b)
graphite,(c) magnetite,(d) obsidian,(e) glassy carbon, and(f) water
ice. Within each panel, the three curves correspond to different size
distributions;solid: interplanetary,dotted: lunar (Gr̈un et al. 1985),
anddashed: P/Halley (Lamy et al. 87). For each model, the emission
from an ensemble of spherical particles, illuminated by the Sun, was
integrated over the particle size distribution and line of sight. Compar-
ison to the observed spectrum clearly rules out nearly all of the models
shown here. The only models close to the observations are astronom-
ical silicate with the interplanetary or lunar size distribution model
(solid and dashed curves in panel(a)) or andesite with the lunar size
distribution (dashed curve in panel(b)).

materials (graphite, magnetite, glassy carbon) are much too hot
and can be clearly ruled out by their high 7.75/15 ratios. Con-
versely, more transparent materials (obsidian, water ice) are too
cold and are ruled out by low color ratios. In addition to the color
ratios, the transparent materials produce far too little emission
to explain the observed brightness level; conversely, we would
not easily detect a population of such particles.

4.2. The silicate emission band

In order to measure the shape of the silicate feature of the zo-
diacal light, we estimated the continuum two ways: (1) using
the blackbody fit to the entire observed spectrum, and (2) us-
ing the best-fitting model that doesnot produce a silicate line
(‘astronomical silicate’ with the ‘interplanetary’ size distribu-
tion). In the first case the residual brightness is positive by about
10% in the 9–11�m range, then negative by similar amounts
on either side, with a rise again at short wavelengths (Fig 2).
The models include some emission by smaller, hotter particles,
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Table 1.Zodiacal light mid-infrared colors

9.63�m/15�m 7.75�m/15�m
material IP LU HA IP LU HA
AST.SIL. 0.46 0.57 0.67 0.22 0.22 0.15
GRAPHITE 0.77 0.81 0.89 0.51 0.59 0.67
MAGNETITE 0.53 0.63 0.67 0.27 0.40 0.44
ANDESITE 0.37 0.42 0.45 0.18 0.19 0.11
OBSIDIAN 0.25 0.42 0.13 0.11 0.13 0.04
GLASS CARB. 0.53 0.67 0.72 0.28 0.45 0.50
WATER ICE 0.29 0.43 0.14 0.11 0.13 0.03

Observed 0:51� 0:07 0:22� 0:05

IP=interplanetary size distribution
LU=lunar size distribution
HA=P/Halley size distribution

as well as a spread of cooler temperatures along the line of
sight, and are a better fit than the blackbody curve. Using the
solid curve in Fig. 3(a) as a continuum, the residual bright-
ness is positive in the 9–11�m range but otherwise flat. Thus
there is tentative evidence for a silicate feature in the zodiacal
light. The shape of this residual feature is significantly differ-
ent from those produced by small ‘astronomical silicate’ or an-
desite, which rise and decline at shorter wavelengths (by about
0.7�m). The mid-infrared spectra of many comets have struc-
tured 9–11�m emission bands fully 50% as bright as the contin-
uum (Hanner et al. 1994), and the dust around the nearby star
� Pic has a very similar line that is even brighter relative to
the continuum (Knacke 1993). The shape of the zodiacal light
silicate line is very similar to those of comet P/Halley and the
circumstellar dust around� Pic, but the zodiacal light silicate
line is superposed on a relatively brighter continuum. A confir-
mation of the silicate feature in the zodiacal light will require
a more complete study, which is currently under way, under-
standing of the behavior of the ISOCAM detectors at low light
levels. We further expect zodiacal light spectra to be obtained
from reference fields of some other astronomical observations
by ISOCAM, and we will be able to compare these independent
results.

5. Conclusions

The zodiacal light spectrum from 5 to 16.5�m obtained with
ISOCAM provides strong constraints on the composition and
size of interplanetary dust. The continuum can be approximated
by a blackbody with a temperature of 261:5� 1:5 K, and it is
reasonably well fit by particles with a size distribution such
as measured in near-Earth orbit. There is some evidence of a
9–11�m feature, indicating that the particles producing the
zodiacal light are composed of silicates similar to those found
in the coma of P/Halley, collected interplanetary dust particles,
and the dust around the nearby star� Pic. Finally, we limit
the brightness of any unresolved spectral lines in the infrared
background to< 5� 10�9 W m�2 sr�1 from 5.4 to 13�m, or
and< 1:5times10�8 W m�2 sr�1 from 13 to 16.3�m.
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