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BASICS

INTERPLANETARY DUST = dust shed by asteroids and 
comets

ZODIACAL LIGHT = 
(a) sunlight scattered by interplanetary dust (l < ~ 4 µm), or 
(b) sunlight absorbed by interplanetary dust and re-radiated 
as thermal IR emission (l > ~ 4 µm)
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established baseline and large area coverage, but the dis-
advantage of lower angular resolution than the DIRBE
data. Higher resolution H I data Lockman, & Fass-(Elvis,
nacht et al. obtained in small regions1994 ; Snowden 1994)
where there are observational constraints on the amount of
molecular and ionized material and calibrated(Paper III)
with the Bell Labs H I survey were used to establish the
scaling factor between the H I and 100 km ISM emission.
These same high-resolution data were used to estimate the
100 km brightness at zero H I column density so as to
remove di†use extragalactic emission from the ISM spatial
template, b, 100 km), used at all other wavelengths asG

I
(l,

discussed above (see ° 3.4).
The 100 kmÈH I correlation was also evaluated using the

new Leiden/Dwingeloo H I survey & Burton(Hartmann
but this made little di†erence in the scaling factor or1997),

the residual intensity b, 100 km). Use of the Leiden/I
res

(l,
Dwingeloo H I survey as the spatial template of the ISM at
100 km produces a cleaner map of residual emission b,I

res
(l,

100 km) than does use of the Bell Labs data because of a
better match to the DIRBE angular resolution, but the dif-
ferences are not very apparent in maps made in the projec-
tion and scale of those in Results quoted in thisFigure 1.
paper are based on the Bell Labs H I survey and other
observations that are directly calibrated to that data set

et al. et al.(Elvis 1994 ; Snowden 1994).

2.4. Uncertainties
For this analysis it is useful to make distinctions between

three forms of uncertainties. First are the random uncer-
tainties, which include instrumental noise, uncorrected
instrument gain variations, random Ñuctuations of the
stellar distribution, and certain deÐciencies in the fore-
ground modeling procedures. The key property of random
uncertainties is that they are reduced as one averages over
longer time intervals or larger regions of the sky. Table 2
lists typical values for the detector noise per pixel averaged
over the entire mission, assuming 400 observationsp(lIl),per pixel. The bolometer detectors used at 140 and 240 km
are distinctly less sensitive than the other detectors.

The second form of uncertainty is the gain uncertainty.
This is the uncertainty in the gain factor used in the absol-
ute calibration of the DIRBE data. Although the gain
uncertainty does a†ect the quoted intensities, including the
residual intensities, in a systematic way, it does not alter the
signal-to-noise ratio of the results or the detectability of an
isotropic residual signal using our methods. We therefore
distinguish the gain uncertainty, shown as S(gain) for each
wavelength band in from other systematic errors.Table 2,

Finally there are the systematic uncertainties, which are
the uncertainties in the data and the foreground models
that tend to be isotropic or very large scale. The systematic
uncertainties cannot be reduced by averaging and therefore
are the ultimate limitations in the detection of the CIB.

lists the detector o†set uncertainties, p(o†set). TheTable 2
o†set uncertainties are important contributors to the total
uncertainty only at 140 and 240 km. The systematic uncer-
tainties of the IPD model, the stellar emission model, and
the ISM model are important, respectively, at 1.25È100,
1.25È4.9, and 100È240 km. Papers and discuss inII III
detail the estimation of the systematic uncertainties in the
foreground models ; Table 6 of lists the systematicPaper III
uncertainty associated with each foreground. The system-
atic uncertainty in each residual shown in of thisTable 2

paper is the quadrature sum of the individual contributions
identiÐed in The total uncertainties used to statePaper III.
our most restrictive upper limits on the CIB and the uncer-
tainty in the CIB detections at 140 and 240 km are esti-
mated as the quadrature sum of the random and systematic
uncertainties. of this paper and Table 6 ofTable 2 Paper III
clearly show that the total uncertainties are dominated by the
systematic uncertainties in removing the foreground contribu-
tions to the infrared sky brightness.

3. OBSERVATIONAL RESULTS

3.1. Dark Sky L imits
The most conservative direct observational limits on the

CIB are derived from the minimum observed sky bright-
nesses. In each DIRBE weekly sky map, the faintest direc-
tion has been determined for each wavelength. At
wavelengths where interplanetary dust scattering or emis-
sion is strong, the sky is darkest near the ecliptic poles. At
wavelengths where the IPD signal is rather weak (i.e., long-
ward of 100 km), the sky is darkest near the galactic poles or
in minima of H I column density. The smallest of these
values at each wavelength over the duration of the mission
is the ““ dark sky ÏÏ value, listed in as TheTable 2 lIl(dark).
uncertainty shown for each value is the quadrature sum of
the contributions from the gain and o†set 1 p uncertainties.
We deÐne ““ dark sky ÏÏ upper limits to the CIB at the 95%
conÐdence level (CL) as 2 p above the measured dark sky
values.

3.2. Residuals in Small Dark Patches
After removing the contributions of interplanetary dust

bright and faint discrete galactic sources, and the(Paper II),
interstellar medium from the measured sky(Paper III)
brightness, the residual signal at high galactic and ecliptic
latitudes is positive and generally rather featureless,
although low-level artifacts from systematic errors in the
models are clearly present. To illustrate the magnitude of
the foreground signals, shows the DIRBE spec-Figure 2
trum of the total observed sky brightness averaged over a
5¡ ] 5¡ region at the Lockman Hole, the region of
minimum H I column density at (l, b) D (150¡, ]53¡)
[geocentric ecliptic coordinates (j, b) D (137¡, ]45¡)]

et al. Lockman, & McCammon(Lockman 1986 ; Jahoda,

FIG. 2.ÈContributions of foreground emission to the DIRBE data at
1.25È240 km in the Lockman Hole area : observed sky brightness (open
circles), interplanetary dust (triangles), bright galactic sources (crosses),
faint galactic sources (stars), and the interstellar medium (squares). Filled
circles show the residual brightness after removing all foregrounds from
the measurements.

DIFFUSE SKY BRIGHTNESS 
AT THE LOCKMAN HOLE

Hauser et al. (1998)



1.25 - 3.5 µm
Scattered Light



(1) TEMPORAL VARIATION

Changes in the intensity of the zodiacal light as a function of 
time while looking in a fixed direction in space.

Assumption: the Galactic foreground and extragalactic 
background have constant intensities on the timescales of the 
experiment, and any temporal variation is from zodiacal light. 



Orbiting within the IPD 
cloud causes periodic 
annual changes in the 

zodiacal light in a fixed 
direction.

IPD cloud
64-124˚ elongation 
range observed by 

DIRBE



There is modulation even when looking at the 
ecliptic poles at a constant elongation = 90˚



These temporal variations are the primary constraints on DIRBE-based 
models of the zodiacal light. (Wright 1998; Kelsall et al . 1998)

Models include a main cloud, asteroidal dust bands, 
and earth-resonant ring.
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FIG. 4.ÈIsodensity contours of the IPD model components, shown for a cross-sectional slice perpendicular to the ecliptic plane : (a) all components
combined ; (b) smooth cloud ; (c) dust bands ; (d) circumsolar ring. The density contour levels used in (a) and (b) are listed in brackets at the bottom of (a), in
units of 10~7 AU~1. Contour levels used for (c) and (d) are a factor of 8 smaller.

is present in traditional fan models. Isodensity contours of
the smooth cloud model are shown in Figure 4b.

4.2.2. Dust Bands
The dust bands were discovered in the IRAS data et(Low

al. and are believed to be asteroidal collisional debris1984)
et al. et al. The dust bands have(Dermott 1984 ; Sykes 1989).

been studied using the DIRBE data et al.(Spiesman 1995),
con�rming the observational results from IRAS data and
extending them to the near-IR. In particular, the parallactic
and spectroscopic distances to the bands are less than the
distance to the asteroid belt, so that the material producing
them is likely to be debris spiraling into the Sun under
Poynting-Robertson drag. Three band pairs that appear at
ecliptic latitudes around ^10¡, and ^15¡ in the sky^1¡.4,
maps are included. These have been attributed et al.(Sykes

et al. to a blend of the Themis and1989 ; Reach 1997)
Koronis families the Eos asteroid family (^10¡),(^1¡.4),
and the Maria/Io family (^15¡). All band pairs were cen-
tered on the Sun, but were allowed to be inclined with
respect to the ecliptic plane. Each band pair i had its own
inclination and ascending node A transformationi

Bi
)

Bi
.

similar to that in was used to de�ne the verticalequation (5)
distance from the midplane of band pair i, z

Bi
.

For this work, a dust band density based on the
migrating model was used, but with a simpler(Reach 1992)
analytic formulation that is easier to evaluate and optimize.
A modi�cation was added in the form of a multiplicative
factor that allowed for only ““ partial ÏÏ migration, i.e., a

cuto† at a minimum radius :

n
Bi

(X, Y , Z) \ 3n3Bi
R
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where is the density at 3 AU of band i,n3Bi
f
Bi

4 o z
Bi

/R
c
o ,

and and are adjustable shape parameters. ThedfBi
, v

Bi
, p

Biparameter determines the distance to which band id
RBimigrates in toward the Sun.

4.2.3. Circumsolar Ring
The Earth temporarily traps migrating dust particles into

resonant orbits near 1 AU if they are in low-eccentricity
orbits, as is expected for asteroidal debris & Zook(Jackson

Marzari & Vanzani Dermott et al.1989 ; 1994a, 1994b ;
We have con�rmed the existence of the dust1994, 1996).

ring near 1 AU by subtracting a smooth cloud model from
two weekly sky maps, revealing the signature of the ring in
remarkable agreement with the predictions et al.(Reach

For the DIRBE IPD model, an empirical ring density1995).
function was developed to emulate the numerical simula-
tions of et al. It consists of a circular toroidDermott (1994).
with an enhancement in a three-dimensional blob trailing
the Earth. This representation ignores the fact that the trail-
ing blob follows the Earth in an equally eccentric orbit.
Neglect of this e†ect is expected to introduce only a small
error, although it will a†ect a large range in ecliptic latitude.

Kelsall et al. (1998)
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Fig. 4.— Sinusoidal fittings to the sky brightnesses observed by the AKARI NEP Monitor

Observations (blue circles, green squares, and red diamonds) and the DIRBE observations

(gray triangles). Panels (a) and (c) in the left column show the observed sky brightnesses

(symbols) as functions of the Earth’s heliocentric ecliptic longitude and sine curves (dashed

lines) fitting to the symbols. Panels (b) and (d) in the right column show the residuals

after subtracting the fitting curves from the brightnesses. In each panel, we simultaneously

plot the results for three bands of MIR-S and MIR-L channels in the top and bottom rows,

respectively. The results for the DIRBE 12 and 25µm are shown in the top and bottom

rows, respectively, and drawn with gray points and lines. The error bar is drawn for each

symbol, but it is too small to be apparent. See the electronic edition of the Journal for a

color version of this figure.

Pyo et al. (2012, arXiv:1202.4049v1)

Akari and DIRBE NEP Variations 

Sinusoidal fits and 
residuals as a 

function of time 
(i.e. longitude)



T. Kelsall (in prep.)Amplitude ~ 6 nW m-2 sr-1  ~ 3%

DIRBE “Residuals” Correlate with Solar Activity!

Why?
Fluorescent dust?

Magnetospheric 
interactions?



http://sidc.oma.be/html/wolfmms.html
SIDC - Solar Influences Data Analysis Center

DIRBE             Akari WISE

http://sidc.oma.be/html/wolfmms.html
http://sidc.oma.be/html/wolfmms.html


(2) SPATIAL FLUCTUATIONS

Changes in the intensity of the zodiacal light as a function of 
direction when measured at a particular time.

Spatial fluctuations provide alternate means of investigating 
the CIB that is insensitive to the absolute zero-point of the 

measurements.



Limits on Small-scale Zodi Fluctuations 
•ISO observations at 25µm:  <0.2% at scales ~3’-30’ (Ábrahám et al. 1997)

•Spitzer observations at 8µm: <0.1 nW m-2 sr-1 at ~200” 

5’x10’ portion of the EGS field: 8 µm

Epoch 1               Epoch 2 (+6mo)         Difference



Fluctuation Spectra at 3.6, 4.5, 5.8, 8 µm

Kashlinsky et al. (2005)

•Spitzer observations at 8µm: <0.1 nW m-2 sr-1 at ~200” 

© 2005 Nature Publishing Group 

 

N cut to leave enough area for a robust Fourier analysis of the map,
and to avoid clipping into the background fluctuation distribution.
This means that faint sources, the faint outer portions of resolved
galaxies, and the faint wings of the point source response function
around bright stars cannot be clipped adequately. To remove these
low surface brightness sources, we used a CLEAN algorithm22 to
model the entire field in each channel. This model, convolved with
the full IRAC point spread function, was subtracted from the
unclipped regions of the map. Supplementary Information provides
details on this process and illustrations of the clipped and model-
subtracted images. The final step is the fitting and removal of the
zeroth- and first-order components of the background in the

unclipped regions. This is done to minimize power spectrum
artefacts due to the clipping, and because the lack of an absolute
flux reference measurement and observing constraints prohibit
unambiguous determination of these components. With this sub-
traction, the images represent the fluctuation fields, dF(x), at posi-
tion x rather than the absolute intensity F. For each observed field,
these steps were carried out for images derived from the full data set
and from the A and B subsets.

Power spectrum computation and analysis
For each channel, we calculate the power spectra of the fluctuations
as a quantitative means of characterizing their scale and amplitude.

Table 1 | Details of analysed fields

Region QSO 1700 (Ch. 1–4) HZF (Ch. 1–3) HZF (Ch. 4) EGS (Ch. 1–4)

(a, d) (255.3, 64.2) (136.0, 11.6) (285.7, 217.6) (215.5, 53.3)
(l, b)Gal (94.4, 36.1) (217.5, 34.6) (18.4, 210.4) (96.5, 58.9)
(l, b)Ecl (194.3, 83.5) (135.0, 24.9) (285.0, 5.0) (179.9, 60.9)
ktobsl (h) 7.8, 7.8, 7.8, 9.2 0.5, 0.5, 0.5 0.7 1.4, 1.4, 1.4, 1.4
mVega,lim 22.5, 20.5, 18.25, 17.5 21.5, 19.5, 17 14.5 22.5, 20.75, 18.5, 17.75
Pixel scale ( 00 ) 0.6 1.2 1.2 1.2
Field size (pix) 1,152 £ 512 576 £ 256 576 £ 256 640 £ 384

QSO 1700 was observed during In-Orbit Checkout (IOC) with eight AORs (Astronomical Observation Requests), which used various dither patterns and 200-s frame times, except for two
which used 100-s frame times (AOR ID numbers ! 7127552, 7127808, 7128064, 7128320, 7128576, 7475968, 7476224, 7476480). Because of the focal plane offset between the shared
3.6/5.8mm and 4.5/8 mm fields of view, each of these pairs observes separate fields that have a common overlap of ,5 0 £ 5 0 at all four wavelengths. To provide contrast for the self-
calibration algorithm, data from a high-zodiacal light brightness field (HZF) was co-processed for each channel. For 3.6, 4.5 and 5.8 mm, the nearest suitable (200-s frame time) data were
observed later during IOC (AOR ID number ! 8080896). For the 8-mm data, because nominal 100- and 200-s frame times are split into pairs and quartets of 50-s frames, more nearly
contemporaneous observations earlier during IOC were used (AOR ID number ! 6849280). For this work we only self-calibrated the six 200-s AORs for 3.6–5.8 mm, but at 8mm all eight
AORs were used as all produce data with 50-s frame times. Observations of the extended Groth Strip area (EGS) provide an additional deep data set for verification of our results. Separate
exposure times and limiting magnitudes apply for channels 1–4 respectively. (a,d) are right ascension and declination, (l,b) and (l,b) are Galactic and Ecliptic (longitude, latitude) respectively.
All coordinates are in degrees. ktobsl is the mean integration time in hours. The maps for the main QSO 1700 field are shown in Supplementary Information.

Figure 1 | Spectra of CIB fluctuations. Top, power spectra of signal minus
noise from Supplementary Fig. 2 averaged over wide bins to increase signal-
to-noise ratio. The errors are N21=2

q ; corresponding to the cosmic variance,
where Nq is the number of Fourier elements at the given q-bin. Solid lines
show the shot noise from remaining galaxies fainter than the limiting
magnitude in Table 1. Filled circles and the darkest shade error bars
correspond to the QSO 1700 data, open circles and intermediate shade error
bars to the EGS data, and triangles with the lightest shade error bars and
lines correspond to HZF data. Bottom panels, fluctuations, "q2P#q$=2p%1=2;
versus 2p/q (see text) for the QSO 1700 data. Dashed lines estimate the

contribution from ordinary galaxy populations and LCDM density field
with Dt ! 5Gyr: the top dashed line shows the upper limit, which assumes
that their (high-z) clustering pattern remained identical to that today at
z ! 0 and the other dashed lines correspond to kzl ! 1, 3, 5 from top to
bottom. Solid lines show shot noise from remaining ordinary galaxies.
Dotted and dash-dot-dotted lines show the estimated Galactic cirrus and
zodiacal light contributions, respectively, assuming the power spectra to be
P(q) / qn with n ! 22, typical of cloud distributions. The observed cirrus
power spectrum is a little steeper with n < 22.5 to23 (refs 14, 37, 38, 39) in
which case the lines will have a slope of (3 & n)/2 ! 0.25 to 0.5.

ARTICLES NATURE|Vol 438|3 November 2005

46



“The residual fluctuation power at 200′′ after removing these contributions is 
at most 1.08 ± 0.22 nW m−2 sr−1 or 0.05% of the brightness at 24 μm and at 

least 0.52 ± 0.13 nW m−2 sr−1 or 0.02% at 18 μm. We conclude that the upper 
limit of the fluctuation in the zodiacal light is 0.02% of the sky brightness.”
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Fig. 6.— Fluctuation spectra of the mid-infrared sky brightness (colored circles), the photon

noise (gray dashed lines), the Galactic cirrus (magenta diamonds), and the shot noise by

unresolved faint sources (cyan dotted lines). The black dash-dotted lines are the spectra

obtained by quadratically summing the fluctuation spectra of the photon and shot noises

and cirrus. For MIR-L bands, the shot-noise fluctuation is ignored because the limiting

magnitudes are not well determined. The error bars correspond to the statistical errors of

the averages. See the electronic edition of the Journal for a color version of this figure.

Akari observations at 7-25µm: <0.02% at 200” (Pyo et al. 2012)



(3) SPECTRAL SIGNATURE

Scattered zodiacal light has the same spectrum (Fraunhofer 
absorption lines) as the Sun.

In the near-IR CIB, the lines are shifted and smeared by a the 
wide range in redshift.

Comparison of the observed depth of the lines to the their 
depth in the solar spectrum can reveal the absolute brightness 
of the zodiacal light. 

Reynolds, Madsen & Moseley (2004): WHAM – Mg I 5184Å
Older measurements aimed at kinematics: late 1960s - 1970s
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starlight from interstellar dust is highly suppressed. Consequently, the only Galactic contri-
bution to the sky intensity is from stars, which can be readily masked out.

We therefore propose to extend the Fraunhofer line measurements method
described above to the NIR, and measure the spectrum of the ZL in the J and K
DIRBE bands. The DIRBE measurements provide a highly accurate measurement of the
absolute sky brightness above the atmosphere. Proper removal of the foreground emissions
from the ZL and galactic starlight will therefore lead to a direct detection of the EBL in
the DIRBE band. Measuring the brightness of the ZL using high resolution spectroscopy is
a considerable challenge, which has only recently become possible, as demonstrated by the
WHAM experiment and the Bernstein et al. observations. A successful experiment requires
the careful selection of a NIR Fraunhofer line and instrument design that will maximize the
line strength and minimize atmospheric line and continuum contamination. This is achieved
by conducting the experiment from a balloon.

The selection of near-IR Fraunhofer lines.
The observed ZL spectrum in the NIR is contaminated by: (1) telluric absorption lines; (2)
high altitude narrow atmospheric emission lines, primarily OH lines; (3) atmospheric contin-
uum emission; and (4) stellar line emission. The selection of good Fraunhofer lines therefore
is determined by the requirements that the lines be strong enough with a large equivalent
width to provide a high signal to noise ratio, and be una�ected by nearby absorption or
emission features in the terrestrial atmosphere. Balloon altitude observations will greatly
reduce the telluric absorption lines and thermal background emission in the K-band.

Fig. 4.— Left: The two Solar Fraunhofer lines selected for our observations in the J band.
Right: The S/N ratio versus integration time. The red symbols represent the ideal case when
the sky signal consists of only the zodiacal light. The blue symbols represent the S/N ratio in
the presence of sky noise, and the black symbols represent the S/N ratio in the presence of sky
and detector noise. Expected sky brightness is based on observations and detector noise is taken
from measured detector performance. The dashed horizontal line depicts the S/N ratio required to
achieve a uncertainty of 3 nW m�2 sr�1 in the ZL determination, for an assumed ZL intensity of
0.15 MJy sr�1 (360 nW m�2 sr�1)

Our selection of Fraunhofer lines was done using the National Solar Observatory (NSO)

FRAUNHOFER LINES IN THE J BAND

Need to select 
strong lines that 
are distinct from 

telluric lines
and not 

obscured by OH 
emission lines
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narrow 
band
filter

dual Si
Fabry-Perot

camera lens
assembly

H1R 1k x1k
detector

Fig. 5.— The components of the instrument. The current single channel prototype spectrometer has been
built and field tested at the Goddard Geophysical and Astronomical Observatory (GGAO) in Maryland. A
number of observing runs day and night time has been carried out to characterize the instrument. It has
been verified that the instrument is performing according to the design and estimates.

The central piece of the spectrometer is a dual Fabry-Perot etalon that will be used
in a non-imaging mode and was designed to provide the highest possible throughput and
adequate spectral sampling (Fig. 5). Both etalons have a diameter of 100 mm (clear aperture
of 85 mm) and a resolving power R = 20, 000. The etalons have thicknesses of 210 µm and
250 µm in order to minimize out-of-band transmission. We chose the resolving power of the
etalons to provide optimal sampling of the zodiacal light spectrum with high resolution. The
spectral bandwidth of 300 km s�1 provides reliable detection of the continuum on both sides
of the absorption line profile.

The interference filter prefilters the spectrum. The filter is centered on the selected
Fraunhofer line MgI 1.18 µm. The bandwidth of the filter (�� = 0.003 µm) was selected
to match the required spectral coverage centered on the selected absorption line. It also
suppress the out-of-band transmission of the etalons. This combination of the filter and high
resolution Fabry-Perot etalons in series provide the required spectral resolution and range
as well as the order rejection.

Dual-etalon Fabry-Perot Spectrometer
A. Kutyrev (UMCP/GSFC), PI

300 km/s bandwidth
15 km/s resolution

Multiple Filters
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The fast imaging lens was custom designed and built to form an image of the interfer-
ogram provided by the combined filter and etalon assembly. The 65 mm focal length of the
lens was selected to project the desired spectral bandwidth across the area of the detector.
The imaging performance of the lens was designed to match the widths of the spectral lines
at the very edge of the detector. It provides Nyquist sampling of the spectrum provided by
the etalons on the detector. The field of view (FOV) is 17� determined by the focal length
of the lens and the detector size. This FOV is adequate for preliminary studies of the ZL,
but will be reduced to 1.5� with the proposed upgrade of the instrument.

The 1024x1024 pixel detector is an H1R Mercury-Cadmium-Telluride detector pro-
duced by Teledyne. It is a high performance (low read noise and dark current) detector that
was produced and tested as part of the WFC3 Program. We have developed, built, and
tested the readout system using the Leach Electronics controller. Our software is based on
National Instruments Labview Programming Interface and it allows the detector to operate
in up the ramp readout mode. We have characterized the detector in the Lab for its read
noise and dark current performance. The read noise is 5 electrons with the up-the ramp sam-
pling and the dark current is 0.0002 electrons per second. The system electronics control
the operation of the detector readout, instrument pointing and tracking, etalon tuning, filter
control, and detector focusing. All electronic systems are controlled by a computer.

1.6. Preliminary Results from Sky Imaging

Fig. 6.— Left: Narrow-band image of the sky in which the wavelength is a function of radius.
Right: An example of the daytime solar spectrum obtained at � 1.18 µm (blue). For comparison
the NSO solar spectrum (including telluric lines) is shown in red (o�set by 0.2 for clarity). The
numbered lines are also identified in the image at the left.

We have carried out field tests of the instrument by observing the daytime sky from the
Goddard Optical Test Site in Maryland. The left panel of Figure 6 shows a typical image
produced by the spectrometer. Each annulus in the image is a monochromatic view of the

Example Scattered Light Spectrum



SUMMARY

Temporal Variation – Good constraint for models of the IPD 
cloud and zodiacal light – Still zero-point uncertainties – 
Contains large solar-modulated effects of unknown origin.

Spatial Fluctuation – Necessary to know for comparison 
with measurement of EBL fluctuations – only upper limits 
established so far – these limits seem sufficient, but some 
extrapolation is required.

Spectral Signature – Good constraint on ZL and on IPD 
kinematics – Practical difficulties with telluric and OH lines.



But what about polarization?

The End
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Fig. 2.— The COBE orbit (adapted from Boggess et al. 1992). COBE’s spin axis is continuously
titled 94� from the sun, and the DIRBE beam is at a fixed angle of 30� with respect to the spin
axis.

Fig. 3.— DIRBE scan pattern for one orbit and one day shown as full sky Mollweide projection in
ecliptic coordinates (Kelsall et al. 1998). The DIRBE boresight traces a 60� diameter circle for each
rotation of the spacecraft (0.8 rpm). This circular scan is stretched into a cycloidal swath by the
spacecraft orbital motion. Coverage of the swath fills in over several days, and the swath rotates
annually about the ecliptic poles to cover the entire sky. The color coding is the observed sky
intensity, and shows that the Sun is located at the center of the right-hand coverage hole (defined
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Fig. 5.— Geometry of scan and the Stokes parameter measurements depicted when the COBE
spin axis is crossing the ecliptic plane. The circle represents the DIRBE scan on the sky for a
single rotation of the spacecraft. The polarization of scattered light is perpendicular to the vector
pointing to the Sun. The red and blue lines indicate the orientations of the polarizers in the “b”
and “c” channels, respectively, as the spacecraft rotates. The angle ⇥ is measured with respect
to the direction perpendicular to the sun and thus parallel to the direction of polarization of the
scattered light. Also, ⇥ is a function of elongation only, regardless of the ecliptic latitude of the
COBE spin axis. The polarization channels measure a linear combination of Stokes parameters
given by I + Q cos(2⇥) + U sin(2⇥), which reduces to the simple cases indicated as above for
⇥ = 0�,±45�,±90�,±135�, 180�.

channels. The polarizers in the “c” channels are fixed with respect to the instrument, such
that they are always tangent to the DIRBE boresight scan direction.1 The polarizers in the
“b” channels are also fixed, in a direction orthogonal to the “c” channel. The geometry is
illustrated in Figure 5. We define the angle ⇥ as the angle between the polarizer and a line
perpendicular to the direction toward the sun, i.e. with respect to the line of constant solar
elongation. This choice of coordinates is particularly useful because the scattering geometry
dictates that the polarization will be aligned in this reference direction ⇥ = 0, as depicted
in Figure 5.

With this choice of ⇥, the “b” and “c” polarization channels measure linear combina-
tions of the Stokes parameters, [I,Q, U, V ], as shown in Figure 5. We assume no circular
polarization is present, V ⌘ 0, and because ⇥ = 0 is always parallel to the direction of
the polarization, U ⌘ 0 as well. This is supported by optical polarization measurements

1A benefit of fixed polarizers is that no separate calibration of instrumental polarization is required.

Angle Definitions



linear fit to determine a fractional polarization of the zodiacal light (slope) and the residual
non-zodiacal Galactic+extragalactic background (intercept). This was explained in detain
in the proposal.

In the proposal we had written that we would correlate:

Ia =
1
q

(Ib � Ia)
cos 2✓b

+ I

0

(1)

where Ia is the measured unpolarized intensity in one of the DIRBE bands (1.25, 2.2,
and 3.5 µm), Ib is the measured polarized intensity one of the corresponding polarization
channels, and ✓b is the angle between the polarizer orientation and the direction of the
sun. This angle needed to be calculated from other orientation information in the DIRBE
dataset. The unknown quantities in Eq. 1 are the polarization fraction q and the non-
zodiacal emission of the sky I

0

, which would include Galactic starlight and the sought-after
EBL. These quantities are determined from (the inverse of) the slope and the intercept of
a linear fit to Eq. 1. A correspond equation for the other polarization channels (Ic, with
polarizers set at 90� with respect to the “b” channels) was to provide a cross check on the
results.

Ia =
1
q

(Ic � Ia)
cos 2✓c

+ I

0

(2)

However, it soon became apparent that the noise in the unpolarized “a” channel was
causing an artificial correlation between the left- and right- hand sides of Eqs. (1) and
(2). This correlation was dominating the results. Therefore, we employed the fact that
cos 2✓c = � cos 2✓b to combine Eqs. (1) and (2) into:

Ia =
1
2q

(Ib � Ic)
cos 2✓b

+ I

0

(3)

In this form, we now have completely independent noise on each side of the equation.
However, we no longer have two independent measures of the polarization and background,
and we cannot avoid using the particularly noisy Band 1b data at 1.25 µm.

Because the right-hand side of Eq. (3) contains &
p

2 times the noise of the left-hand
side, within our code the equation is transposed and the Y = mX + b liner fit is performed
on:

(Ib � Ic)
cos 2✓b

= 2qIa + (�2q)I
0

(4)

where Y = (Ib�Ic)

cos 2✓b
, X = Ia, and the fit parameters are m = 2q and b = �2qI

0

. An example
of this fit applied to data from a 5� radius patch is shown in Figure 1.

Not unexpectedly, we found that trying to improve statistics by increasing the size
of the analyzed patches was limited by the fact that in larger patches there would be
intrinsic variation of I

0

across the patch because of variation in the unresolved Galactic
starlight. Therefore, the procedure outlined above was generalized to allow for a di↵erent
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Polarization Fitting



Figure 1: For a 5� radius patch at ecliptic (lon.,lat.) = (180�, 0�), this shows the correlation
between (x) the unpolarized 2.2 µm intensity measured at various times throughout the
DIRBE mission, and (y) the di↵erence between the polarized 2.2 µm intensities normalized
by orientation of the polarizers at the time of the measurements. The slope and intercept
of a linear fit (dashed line) to these data indicate the fractional polarization (q) and the
non-zodiacal background intensity (I

0

) listed above the figure.

value of I

0

at di↵erent locations within each patch, while still enforcing a single value of
q for the patch. The successful implementation of this approach for a patch at relatively
low galactic latitude is illustrated in Figure 2. This figure shows the linear correlations
at 1.25, 2.2, and 3.5 µm from left to right. This patch is at DIRBE pixel number 0, or
ecliptic (l, b) = (315, 35.3), or galactic (l, b) = (60.3,�12.2). The initial correlation, using
a spatially constant I

0

, is shown in the top row. Each pixel in the patch is color-coded
according to its ecliptic latitude. There is little or no slope here, but the color-coding shows
that di↵erent pixels do have di↵erent brightnesses. The bottom row shows the correlations
derived when I

0

is allowed to di↵er for each pixel within the patch, and after all pixels are
readjusted to the same mean I

0

. All pixels seem to be in agreement and show a distinct
linear correlation. Derived values of q and I

0

are listed at the top of each plot.
Comparable analysis has been applied to the entire sky, subdivided into 384 32⇥32
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Example Fit



Figure 2: Polarization correlations for patch at pixel 000000, ecliptic (l, b) = (315, 35.3),
galactic (l, b) = (60.3,�12.2).

pixel patches. The derived values of q (per patch) and I

0

(per pixel) were then plotted in
maps in ecliptic coordinates. These are shown in Figure 3. The left-hand column of Figure
3 displays the zodiacal light polarization fraction, in Mollweide ecliptic projections, at 1.25,
2.2, and 3.5 µm. The black spots are the locations where bright stars and the Galactic
plane are excluded from the analysis. At each wavelength there is a large–scale gradient
in the polarization fraction, decreasing with ecliptic latitude. There is a weaker signal of a
slight dip in the polarization fraction within ⇠ 15� of the ecliptic plane. The values of the
fractional polarization are similar to those measured at visible wavelengths and typically
about 2⇥ larger than found by the initial study of Berriman et al. (1994). The right
hand column of Figure 3 shows the corresponding non–zodiacal background emission that
is simultaneously derived by the procedure. The background of unresolved stars along
the Galactic plane is the strongest feature in these images. However, when viewed in this
all–sky projection, it becomes apparent that there still remains a weak component that is
correlated with the ecliptic plane.

Figure 4 shows the same results more quantitatively by plotting the fractional polariza-
tion (one result per 32⇥32 pixel patch), and background levels (one result for each pixel)
as a function of ecliptic latitude. Results at galactic latitudes less than 20� are excluded.
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Variation of I0 with Galactic Latitude



Figure 3: Ecliptic Mollweide maps of the fractional polarization (left) and the constant
background intensity: Galactic + cosmic IR background (right). The rows from top to
bottom show results at 1.25, 2.2, and 3.5 µm.
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Problematic results: I0 is correlated with ecliptic latitude

(a) Unmodulated zodi?

(b) Noise limitations?

(c) Procedural error?


