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ABSTRACT 
The Extragalactic Background Light (EBL) stands for the mean surface brightness of the sky as we 
would see it from a representative vantage point in the intergalactic space outside of our Milky Way 
Galaxy. Averaged over the whole 4π solid angle it represents the collective light from all luminous 
matter radiated throughout the cosmic history. Part of the EBL is resolved into galaxies that, with 
the increasing detecting power of giant telescopes and sensitive detectors, are seen to deeper and 
deeper limiting magnitudes. This resolved part is now known to contribute a substantial or even the 
major part of the EBL. There still remains, however, the challenge of finding out to what extent 
galaxies too faint or too diffuse to be discerned individually, individual stars or emission by gas 
outside the galaxies, or – more speculatively – some hitherto unknown light sources such as 
decaying elementary particles are accounting for the remaining EBL.  We review the recent progress 
that has been made in the measurement of EBL. The current photometric results suggest that there 
is, beyond the resolved galaxies, an EBL component that cannot be explained by diffuse galaxy 
halos or intergalactic stars. 
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1. Introduction 

1.1 Why is the sky dark at night: Olbers’ Paradox 

The idea of an unbound (and static) Universe populated with stars like our Sun entered into the 
minds of astronomers and other scientists and philosophers already in the sixteenth and seventeenth 
century. As consequence of this the question “why then is the sky dark at night” was asked by 
Thomas Digges, Johannes Kepler, Otto von Guericke, Christian Huygens and Edmund Halley 
among the first [1–3]. A precise formulation of the problem and a suggestion for its solution were 
for the first time presented by Jean-Philippe Loys de Chéseaux [4] in 1744: if the Universe is 
infinite in size and homogeneously populated by stars then visible disks of the stars should cover 
the whole sky. Why then is the sky not everywhere as bright as the surface of the Sun? His solution 
was that an obscuring medium hides the more distant stars from our view. Heinrich Olbers, 
independently, presented in 1826 the same problem and a similar solution in terms of interstellar 
absorption [5]. However, the absorption of visible light would lead to heating of the obscuring 
matter, and the thermal re-radiation of the absorbed energy would only move the riddle to infrared 
and longer wavelengths. 
    More than a century later, in the context of relativistic expanding models of the Universe the 
dark-sky riddle experienced a reincarnation. In the case of an infinite Universe uniformly filled with 
galaxies (instead of stars) one encounters the same riddle again: by considering just the 
extragalactic component of the background light (EBL) one would again end up with a sky that is 
uniformly covered by disks of the stars in galaxies. In his classical text Cosmology Bondi [6], 
referring to Olbers’ 1826 paper, coined the riddle the name ’Olbers’ Paradox’ and offered the 
redshift as a solution to it. However, Harrison [7] first showed that in an evolving Universe of finite 
age the redshift has only a minor contribution to the solution. The main effect comes from the finite 
age of the stars, a solution offered in the long history of the paradox already by Kelvin (see [8]). 
    In the past decades the importance of the extragalactic background light for cosmology has been 
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repeatedly emphasized, see e.g. [9] and for a review [10]. Some central, but still largely open 
astrophysical problems to which EBL measurements can shed new light include the formation and 
early evolution of galaxies and the star formation history of the Universe. A large fraction of the 
energy released in the Universe since the epoch when the first galaxies formed is expected to be 
contained in the EBL. 
    The EBL at optical, ultraviolet and near infrared wavelengths consists of the integrated light of all 
galaxies along the line of sight plus any contributions by individual stars or emission by gas outside 
the galaxies; also - more speculatively - some hitherto unknown light sources such as decaying 
elementary particles could contribute to it. There may also be a significant number of galaxies that, 
due to their extreme faintness or low surface brightness, escape detection as discrete objects but 
contribute to the cumulative EBL [11,12]. 
    In observational cosmology measurements of the background brightness have, in principle, an 
advantage over the number count observations. When counting galaxies, whether in magnitude or 
redshift bins, one needs to consider many kinds of selection effects which affect the completeness of 
the sample. The measurement of the EBL is not plagued by this particular problem. However, it is 
hampered by the foreground components, much larger than the EBL itself, and their elimination or 
accurate evaluation is of key importance for the direct photometric measurement of the EBL. 

1.2 View of background radiations over the whole electromagnetic spectrum 

    The discovery of the 3 K Cosmic Microwave Background (CMB) in 1965 by 
Penzias and Wilson [13] meant the confirmation of the evolving big-bang 
model and created a new CMB–dominated era in observational cosmology. 
It inspired work also at other wavelengths. Thus, the radiation backgrounds 
from γ– and X–rays over ultraviolet, optical, near– and far–infrared to long radio 
waves were recognized as important sources of information for cosmology and galaxy 
formation studies and they have been intensively studied both by ground–based and 
spaceborne telescopes. Energetically, the optical–near-IR and the far-IR components 
are – after the CMB – the next most important ones (see Fig. 1). The source of 
energy for both of them is thought to be mainly the starlight, the direct starlight in 
optical and near-IR and the dust–processed one in the mid- and far-IR. Besides the 
nucleosynthesis in stars, also accretion to active galactic nuclei plays a substantial role 
as energy source [14]. 
    An important aspect is the balance between the ultraviolet–to–near-IR (λ ≈ 0.1 − 
3 μm) and the mid–to–far-IR (λ ≈ 5 − 300 μm) EBL: what is lost through absorption 
by dust in the ultraviolet-to-near-IR will re-appear as emission in the mid–to–far-IR. 
A dusty galaxy spectrum has two bumps, one in the optical-near-IR, the other in the 
far-IR. This aspect is strongly emphasized by the detection of the far-IR EBL [15–17] 
at an energy level comparable to that of the optical EBL estimates. 
    Reviews of cosmic background radiation over the whole electromagnetic spectrum 
have been presented by e.g. in [10,18–22]. Several conferences have been devoted to 
the different backgrounds and their interconnections, see [23–27]. For reviews concen- 
trating especially on the optical-infrared EBL we refer to [28–33]. 
   Like for the CMB fluctuations also the anisotropy of the backgrounds at other 
wavelengths, from X-rays to far-IR, has become subject of extensive studies, for a 
review see e.g. [34]. In the present review we will concentrate mainly on the optical 
mean EBL only. 
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Figure 1. Complete cosmic background radiation, or extragalactic background light, from the radio (CRB) 
and the well-known micro-wave background (CMB), to X-rays (CXB) and γ-rays (CGB) at the high energy end. 
This review focuses on the optical background radiation (COB in the figure), as well as the neighbouring IR and UV 
regimes (CIB, CUB). Black points with error bars indicate detections, while blue and red arrows indicate 
lower and upper limits, respectively. The gray lines are models of various sections of the cosmic background 
(adopted from Hill et al. [22], Fig. 8, courtesy of Applied Spectroscopy). 

2. Photometric/spectrophotometric measurement of the optical EBL 

    Contrary to the expectations for an infinite static Universe, the night sky is not blaz- 
ingly bright; however, one might still have expected that adding up the contributions 
from all galaxies and other luminous matter throughout the Universe would result in 
an easily observable optical night sky brightness. This is, however, not the case and, 
paradoxically, the optical EBL has remained the least-well-known component after 
the microwave, X-ray, γ-ray, infrared, and radio backgrounds have been detected and 
reasonable well characterized. 
    In this section we will discuss the direct measurements of the optical 
EBL. In the next two sections a brief review is given on the recent mea- 
surements in the neighbouring UV and near-IR wavelength regions, and on 
the method of using γ-ray attenuation mesurements for the determination 
of the EBL. In Section 5 we will then discuss the EBL produced by the 
integrated light of galaxies and whether it can alone account for the EBL. 

2.1  Components of the Light of the Night Sky 

    The conventional approach to EBL measurement has been to observe the total sky 
brightness and to measure or model all the foreground components. After foreground 
subtracion, what is left over is the EBL. In this method, because of smallness of the 
EBL, the total sky brightness and each foreground components must be very accurately 
known. In addition, if measured by different telescopes or methods, they must be 
absolutely calibrated at a level of ≤ 0.5% which, for surface brightness measurements, 
is hardly possible [35]. 
    When all or part of the observations are done from ground the first hindrance is 
the atmospheric diffuse light, consisting of the airglow and the tropospheric scattered 
light. Airglow is created mainly in the ionospheric E layer at ~90 km and F layer at 
 ~150 km as result of the recombination of excited states of common atmospheric gases. 
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Figure 2. Overview of the night sky brightness as seen outside of the lower Earth’s atmosphere and at high 
galactic and ecliptic latitudes. The zodiacal emission, zodiacal light, and starlight (with bright stars excluded) 
are for the South Ecliptic Pole. The interstellar cirrus component is normalized for a column density of 1020 
H-atoms/cm2 which is close to the values at the darkest patches in the sky. For the Airglow the labels indicate 
important agents in the optical (O2 ) and near-IR (OH). The geocoronal Lyman α (121.6 nm) and O I (130.4, 
135.6 nm) line intensities are as measured with the Faint Object Camera of the Hubble Space Telescope at a 
height of 610 km. (adopted from Leinert et al. [36] wherein the references and more detailed explanations are 
given.) Credit: C. Leinert et al., A&AS, 127, 2, 1998, reproduced with permission c ESO. 

Table 1. Typical values of the sky background brightness components in the blue (B) spectral region: 
Zodiacal Light (ZL), atmospheric diffuse light (ADL) which is the sum of airglow (AGL) and tropospheric 
scattered light, integrated starlight (ISL), diffuse galactic light (DGL) and the integrated light of galaxies 
(IGL). All values refer to outside the atmosphere, except for IADL which is the value below the troposphere, 
at ground-level. 

a derived from IZL at 500 nm using the Solar spectrum of [39] and ZL colour of Leinert et al. [36] 

The tropospheric layers of gas and aerosols at < 10 km height create a sky brightness 
component via (multiple) scattering of the combined light of airglow and all the other 
night sky components in analogy to the blue daylight sky. The second large foreground 
is the zodiacal light, which is created by scattered sunlight off the interplanetary dust 
particles. At heights  >~150 km the atmospheric components are left below 
and the zodiacal light dominates the diffuse sky brightness. A very promising 
approach is to make the measurements beyond the interplanetary dust cloud. However, 
unless an imaging detector or a small and accurately positioned photometer aperture 
can be used, the integrated light from stars enters into the measured signal and over- 
whelms the EBL. On the other hand, using large ground-based telescopes the starlight 
can be excluded to faint limiting magnitudes. Even if all these foregrounds have been 
successfully determined there remains the emission by interstellar gas and the diffuse 
galactic light, the starlight scattered by interstellar dust particles, well known via the 
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attenuation they cause to starlight (interstellar extinction). No perfect ’cosmological 
windows’, completely free of Galactic foreground gas and dust, are known to exist. 
    Typical values of the different sky brightness components in the optical spectral 
region are given in Table 1.  A note on the units: In this article the surface brightness 
is expressed mostly as λIλ = νIν and is given in units of nW m−2 sr−1 . In some cases 
we give the observed surface brightness Iλ also in units of 10−9 erg cm−2 s−1 sr−1 Å-1

In Astronomy the magnitude system is commonly used. As measure of the flux Fλ 

of a star or galaxy one has its magnitude m = −2.5log Fλ + C and, instead of the 
surface brightness Iλ , correspondingly μ = −2.5log Iλ + C in units of mag/arcsec2 . 
The magnitudes increase from m = -1.6 to +6 for naked eye stars to m  30 for the ∼
faintest objects currently discernible with big telescopes. 

2.2 Separation methods and early measurements of the EBL 

     The situation in the optical is very different from that for the microwave band where 
the extragalactic component (2.7 K) is roughly equal to the atmospheric one ( 2.3 K; ∼
[13]), and both the solar system and Galactic components are much smaller. 
    The faintness of the EBL is not the main problem. Discrete sources, e.g. stars or 
galaxies, are today observed and even spectra are obtained with large telescopes at 
the very low flux levels of 28 mag or even fainter. The optical EBL intensity (surface 
brightness) is 28 mag arcsec∼ −2 . Thus the EBL signal from a 10 × 10 arcsec2 spot on 
the sky corresponds to a discrete object of 23 mag, a rather easy task for today’s large ∼
telescopes. The problem is, however, that nowhere in the sky can one make an easy 
differentiation between an EBL-on and EBL-off position as is the case for small-size 
discrete objects like distant galaxies. 
     A basic difficulty when trying to measure the EBL is its isotropy: its intensity on 
large scales is expected to be (almost) constant all over the sky. Furthermore, the EBL 
spectrum is expected to be a smooth one without any characteristic spectral features. 
This can be understood because the radiation from galaxies and other luminous matter 
over a vast redshift range contributes to the EBL, thus washing out any spectral lines 
or discontinuities. 
    Three basic approaches have been used in the measurements of the EBL: 
(1) utilize the difference of the spatially variable distribution of the foreground versus 
the isotropic distribution of the EBL intensity; presuming that the zero point for the 
foreground is known by some other method (e.g. infrared emission, hydrogen 21-cm 
line) one can estimate the EBL by extrapolation to this zero point; 
(2) utilize the difference between the spectra of the EBL (featureless) and the fore- 
ground components having spectral features; for the surface brightness component 
separation an early example is the analysis of the Solar corona for which the dust- 
scattered F corona was detected and separated from the continuous-spectrum electron- 
scattering K corona by means of its Fraunhofer absorption line spectrum [40]; 
(3) because both these methods have difficulties, one should try to eliminate or min- 
imize as many as possible of the foreground components by a suitable selection of 
the observing site and of the observing technique; e.g. by making the observations 
from outside the Earth’s atmosphere or even from the outer Solar System, beyond the 
interplanetary dust cloud. 
    The first attempt to measure the EBL photometrically by Roach and Smith [41] 
was based on the idea that, as seen from our vantage point inside the Galaxy, the 
observed intensity of the EBL is not constant but decreases towards the galactic plane 
in accordance with the increasing extinction through the galactic dust layer.This fore- 
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ground extinction also causes the ’zone of avoidance’ phenomenon: less galaxies are 
seen towards the galactic plane than towards the pole regions [42]. However, the two 
major Galactic light components, integrated starlight and diffuse galactic light, also 
show a dependence on the galactic latitude and completely overwhelmed the EBL. 

2.3 EBL measurements from space and ground 

    A unique opportunity for EBL measurement was opened up by the Pioneer 10 and 
11 spacecraft (Fig. 3) as they in 1972 –1974 passed outside the asteroid belt to > 3 
astronomical units and the zodiacal light dropped to vanishingly small values. The 
only remaining sky components were the integrated starlight, diffuse galactic light 
and EBL. Because of the large field of view, 2.3 × 2.3  deg2, of the Pioneer 10/11 Imaging 
Phopolarimeter Instrument, starlight unavoidably dominated the signal and a large 
starlight correction was needed. The diffuse galactic light contribution was estimated 
from modelling. An upper limit to the EBL at 440 nm was presented by Toller [43]. 
    Matsuoka et al. [44] re-anayzed the Pioneer 10/11 data and announced a detection 
of the EBL at 1.5- to 2-σ level: λIEBL = 7.9±4.0 and 7.7±5.8  nW m−2 sr−1 at 440 nm 
and 640 nm, respectively. Although virtually free of the zodiacal light contamination, 
this measurement is plagued by the problem that the EBL is derived as the small 
difference between two much larger quantities, the total sky brightness in the field of 
view of the instrument and the integrated light of all stars fainter than 6.5 mag which 
could not be individually eliminated. The background sky brightness as seen in the 
field of view, Itotal >~180 nW m−2 sr−1, consisted to >~95% of the integrated starlight 
and diffuse galactic light. To derive the integrated starlight intensity a number of di- 
verse star catalogues, which had different photometric systems, had to be compiled. 
For a detection of the EBL a very high systematic accuracy ( <~1%) of the absolute 
photometric calibrations, separately for the Pioneer 10/11 surface photometry and for 
the catalogue-based estimates of the integrated starlight would have been required. 
Considering the several systematic error sources involved in the integrated starlight 
and diffuse galactic light estimation, it is not clear whether this goal has been achieved. 
Recently, a renewed examination [45] of the dataset [44] has revealed significant, occa- 
sionally occurring instrumental offsets as well as extra noise due to external signals of 
unknown origin. Because of this, the authors [45] consider the data set to be qualified 
only for relative sky brightness measurements but not for purposes requiring absolute 
sky brightness values as was the case for the determination of the mean EBL intensity 
in [44]. 
    Recently, the Long Range Reconnaissance Imager instrument aboard NASA’s New 
Horizons Pluto mission (see Fig. 3) acquired broad band (440 – 870 nm) sky back- 
ground measurements of four suitable areas during its cruise phase beyond Jupiter’s 
orbit, at 7 to 17 astronomical units [46]. The sky background in the anti-solar hemi- 
sphere was virtually free of zodiacal light and, thanks to the good spatial resolution 
(1” ×1” ) of the instrument, sky background intensities could be determined with much 
less starlight contamination than in the Pioneer 10/11 photometry. The diffuse sky 
background values as observed in the available four fields are shown in Fig. 4. After 
masking of stars brighter than 17.5 mag the only remaining components are the diffuse 
galactic light, the residual light from faint (m > 17.5 mag) stars, and the EBL. One 
can see that the observed total sky background reaches a very low level of  30 − 50 ∼
nW m−2 sr−1  which is only  2 − 4 per cent of the sky brightness at good dark obser- ∼
vatory sites on remote mountain tops [47,48]. These data have been used by Zemcov 
et al. [46] to derive an upper limit to the EBL intensity. The limiting factor was the 
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relatively large contribution by the diffuse galactic light. This could be estimated only 
via modelling; this included substantial uncertainties concerning both the dust col- 
umn density estimates via 100μm emission, as well as the scattering properties of the 
interstellar dust grains. A 2-σ statistical upper limit to EBL was set at IEBL < 19.3 
nW m−2 sr−1. Including their estimated systematic errors of +10.3/-11.6 nW m−2 sr−1 , 
mainly resulting from the diffuse galactic light model estimates, this leads to an EBL 
overall upper limit of 29.6 nW m−2 sr−1  (see Table 2 and Figs. 4 and 8). 
    A spectrum-based measurement of the EBL was presented by Dube et al. [50, 51]. In 
the pre-CCD era a photoelectric photometer was used. The stars were blocked out with 
specific masks. The zodiacal light was separated on the basis of its solar-like spectrum 
which displays the strong Mg I Fraunhofer line doublet at 5175 Å that, of course, is not 
present in the EBL. The airglow and the tropospheric scattered light were measured as 
function of the zenith distance and, assuming that they are proportional to the layer 
thickness through the atmosphere, sec z, were extrapolated to outside the atmosphere, 
to sec z = 0. A basic problem was that the total brightness of the night sky was ca. 
100 times the EBL. Furthermore, no attempt to separate the diffuse galactic light was 
done. 
    The spectroscopic method for separation of the zodiacal light was used again by 
Bernstein et al. [52, 53, 54] who announced that they had achieved ’the first detection’ 
of the EBL at 300, 550, and 800 nm. A combination of space-borne (Hubble Space 
Telescope) and ground based (Las Campanas Observatory) measurements was used. 
While the total sky brightness measured from space was free of atmospheric effects 
this was not the case for the equally important zodiacal light brightness; it had to 
be measured from the ground and amounted to >~95% of the total sky intensity. Its 
measurement was entangled with the full complexity of the strong atmospheric sig- 
nals, the airglow and the tropospheric and ground-reflection (multiply) scattered light 
components. In their analysis, however, they neglected some important effects of the 
atmospheric scattered light. For the absolute surface photometric calibration they were 
not able to achieve the accuracy of <~0.5%, required for both the space borne and the 
ground based measurements. Therefore, the claim for a detection of the EBL appeared 
premature [35]. After reanalysis of their systematic errors in [55] and [56] the authors 
came to the same conclusion, namely that 
 ’ ... the complexity of the corrections required to do absolute surface (spec- 
tro)photometry from the ground make it impossible to achieve 1% accuracy in the 
calibration of the ZL’, and 
’...the only promising strategy ... is to perform all measurements with the same instru- 
ment, so that the majority of corrections and foreground subtractions can be done in 
a relative sense, before the absolute calibration is applied.’ 
As the final result of the five papers [52–56] we quote from [56]: “The EBL23 results 
we obtain are roughly 1-2σ detections and can be quoted as upper limits at the +2σ 
values on their own.” These upper limits are given in Table 2. 

2.4  EBL measurement using dark cloud shadow 

A method that combines the elimination of the zodiacal light and airglow foreground 
components via differential measurements, and the separation of the diffuse galactic 
light using its spectral signature has been presented by Mattila [31, 57]. The screening 
effect of a dark cloud on the background light is being utilized. The difference of the 
night sky brightness in the direction of an opaque high galactic latitude dark cloud 
and a transparent sky area is due to two components only: (i) the EBL which passes 
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Figure 3. Instruments used for optical EBL measurements. upper left: Pioneer 10; upper right: New Horizons; 
(Credit: The two images courtesy of NASA) bottom: European Southern Observatory’s Very Large telescope 
at Cerro Paranal. (Credit: Image courtesy of ESO). 

Figure 4. Measurements by the New Horizons Long Range Reconnaissance Imager instrument of the sky 
background brightness at 440 – 870 nm in four fields taken beyond the interplanetary dust cloud at heliocentric 
distances between 7.6 and 17.0 astronomical units, Zemcov et al. [46]. Black dots indicate the total diffuse sky 
values with stars brighter than 17.75 mag masked out. The red points indicate the residuals together with 1-σ 
statistical errors after model-estimated values for faint stars and diffuse galactic light have been subtracted; 
the dashed red line is their mean value. The solid red line with downwards-pointing arrow indicates the EBL 
upper limit, including systematic and 2-σ statistical errors. For comparison the zodiacal light sky brightness 
at 1 astronomical unit towards the anti-solar hemisphere at high ecliptic latitudes is 500 ∼ nW m−2 sr−1 [36]. 
Passing through the asteroid belt between 2.2 - 3.5 astronomical units the zodiacal light bri ghtness drops 
significantly and is consistent with zero intensity beyond this distance [49]. 
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freely along the transparent line of sight but is blocked towards the cloud and (ii) the 
scattered starlight from the dust in the cloud, only weakly present in the transparent 
sky position. The main task in the method is to separate the scattered starlight of 
the dark cloud itself by means of spectroscopy. While the scattered starlight spectrum 
has the characteristic stellar Fraunhofer lines and the discontinuity at 400 nm the 
EBL spectrum is a smooth one without these features. Because of the differential 
measurement method the three large foreground components, i.e. the zodiacal light, 
the airglow, and the tropospheric scattered light, are eliminated. 
    Fig. 5a illustrates the geometry of the night sky components involved; it is a kind of 
geocentric ’onion-skin world model’ showing the different layers of light that contribute 
to the night sky brightness. Three observing positions are schematically indicated in 
Fig. 5b: ’2’ within the opaque dark cloud, ’1’ and ’3’ in transparent sky areas. If the 
the scattered light from dust in the cloud were zero the sky brightness at the position 
of the opaque cloud would drop by an amount equal to the intensity of the EBL 
(dashed line in Fig. 5c). Because of the scattered light (shaded area in Fig. 5c) the 
sky is, however, brighter in the direction of the dark cloud than outside of it. Fig. 5d 
demonstrates the difference in the spectral shape of the Galactic starlight (Fraunhofer 
lines) and the ’expected’ shape of the EBL (smooth spectrum). 
    Besides in [31,57] the dark-cloud method was used also in [58] at 400 nm and in 
[59] in the near-IR. In an innovative attempt the Jovian satellites during eclipse phase 
have been utilized, instead of a dark cloud, as opaque foreground screens [60]. 
     Recent EBL measurements in the area of the high-latitude dark nebula Lynds 1642 
have  been presented by Mattila et al. [61, 62]. One and the same instrument, FORS1 
or FORS2 at ESO’s Very Large Telescope (see Fig. 3) was used for the differential 
measurements. No sky components needed to be measured or evaluated separately, 
with another instrumenet; therefore, unlike in the methods based on the total sky 
brightness, no higher-than-usual calibration accuracy was required. In Fig. 6 (upper 
panels) images of two observed fields in and near Lynds 1642 are shown: the opaque 
core of the cloud with visual extinction of  >15 mag on the left and a transparent 
sky position on the right. The differential spectrum, ∆I(λ), cloud position minus 
transparent sky position, is shown in the bottom panel as black line. It is seen to 
be closely similar to the integrated starlight spectrum as shown in Fig. 5d, modified, 
however, by the reddening caused by extinction in the cloud. Suitable spectral features 
for the separation of the scattered light are the 400 nm discontinuity, the strong 
Fraunhofer lines H and K of Ca II at 397 and 393 nm, and the G band at 430 nm. To a 
lesser degree the Mg I+MgH band at 517 nm and the Fe line at 527 nm can be useful. 
The blue curve is the scattered light spectrum for the transparent (off) positions, and 
the red curve shows the Balmer emission line correction for the line-of-sight gas. 
    Fig. 7 demonstrates qualitatively that the spectroscopic separation method is ca- 
pable of reaching the required sensitivity level of  <~1 10−9 erg cm−2 s−1 sr−1 Å-1 or  
<~4 nW m−2 sr−1. Model fits, superimposed on the  observed spectrum, are shown for 
EBL intensities of 0 (blue), 3 (red), and  8 10−9 erg cm−2 s−1 sr−1 Å-1 (green),  respectively. 
Above 400 nm the fits have been scaled to the observed spectrum. The 
deviations of the fits from observed spectrum at λ < 400 nm reflect the influence of 
the 400 nm step size. For  IEBL= 0 the step size of the model fit is smaller while for 
IEBL = 8 10−9 erg cm−2 s−1 sr−1 Å-1  it is larger than the observed one. For an inter- 
mediate value of  IEBL= 3 10−9 erg cm−2 s−1 sr−1 Å-1  a good agreement is reached. 
Fig. 7 also demonstrates the use of the Ca II H and K lines for the determination of 
the EBL. Again, for  IEBL= 0 the model predicts too shallow lines while for IEBL= 
8 10−9 erg cm−2 s−1 sr−1 Å-1  the predicted lines are deeper than the observed ones; the 
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Figure 5. The principle of EBL measurement with the dark cloud shadow method, see text for details. (a) 
an overview of the geometry of the night sky components involved; (b) sketch of the view on the sky with 
three observing positions indicated. (c) If the scattered light from the interstellar dust were zero the surface 
brightness towards the cloud would be darker by the amount of the EBL intensity (dashed line). In reality, 
the scattered light is not zero, however, and the diffuse scattered light (shaded area) is particularly strong in 
the direction of the dark cloud making it brighter than the surrounding sky. (d) The spectral shape of the 
integrated Galactic starlight (with Fraunhofer lines) and the expected shape of the EBL (smooth spectrum, red 
line) are different. The synthetic spectrum of integrated Galactic starlight, mean over the sky and smoothed 
to a resolution of 1.1 nm, has been calculated for a virtual observer at a z-distance of 50 pc off the Galactic 
plane near the Sun; the unit is 10−9 erg cm−2 s−1 sr−1 Å-1  (see [62], Appendix A). 
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Figure 6. Examples of observed fields in dark nebula Lynds 1642 and its surroundings. upper left: opaque 
position in the centre of the cloud with visual extinction of  >15 mag. upper right: example of a background 
sky position with good transparency, with visual extinction of 0.1 mag. The limiting magnitude of these ∼
ESO’s Very Large Telescope B band images is 26.5 mag and they cover an area of 3' × 3' ; they have been ∼ ∼
scaled exactly the same way. Most of the objects seen in the right hand image are galaxies; the three objects 
in the left hand figure are stars in front of the cloud; bottom: The spectrum ∆I(λ) (on − off) of the opaque 
central position (on) minus transparent surroundings (off) is shown as black line. The blue line represents the 
scattered light spectrum and the red line the direct line-of-sight ionized gas emission-line spectrum at the off 
positions. 
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Figure 7. Demonstration of using the 400 nm discontinuity and the CaII H and K line depths for the de- 
termination of the EBL. The 389–409 nm on – off spectrum of the opaque position (black dots) is fitted 
for three assumed values of the EBL, IEBL = 0 (blue), 3 (red) and 8 (green) 10−9 erg cm−2 s−1 sr−1 Å-1; 
the fits are shown superimposed on the observed spectrum. At bottom the residuals are shown 
for each fit using the same colour codes and shifted by +2 units; the zero level is shown as 
black line. In the insert the range of the CaII H and K lines is shown at magnified scale. For 
the fitting procedure the idl (http://www.exelisvis.com/ProductsServices/IDL.aspx) programme MPFITFUN 
(www.physics.wisc.edu/  graigm/idl/fitting.html) was used. ̃
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Figure 8. Selection of EBL measurements, upper and lower limits. Integrated Galaxy Light (IGL): 0.15– 
4.5 μm, Driver et al. [38], black triangles. Photometric EBL measurements and upper limits: red square with 
1σ error bars at 400 nm and 2σ upper limits at 430 and 520 nm, Mattila et al. [62]; dark blue squares and 
arrows:150 and 230 nm, Hamden, Schiminovich, & Seibert [68], Akshaya et al. [69]; 400 nm, Mattila [31], 
440 nm, Toller [43]; 512 nm, Dube et al. [51], the latter three according to re-discussion in Leinert et al. [36]; 
New Horizons upper limit between 440 - 860 nm, Zemcov et al. [46]; 1.25, 2.2 and 3.6 μm, Levenson, Wright, 
& Johnson [71]; near-IR spectrophotometry, 1.4 – 4.0 μm, magenta triangles, Matsumoto et al. [74] and 0.8 – 
1.7 μm, green triangles, Matsuura et al. [76]. Results from γ-ray attenuation: upper and lower limits between 
0.20–0.58 μm from Fermi Gamma-ray Space Telescope Large Area Telescope (Fermi-LAT) [106], magenta lines; 
between 0.30–5.5 μm from High Energy Stereoscopic System (H.E.S.S.) [105], green lines; results of Biteau & 
Williams [108] are shown as light blue crosses. 
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Table 2. Compilation of optical EBL observing methods and some recent results. Itot is the total sky, IZL 
the zodial light and IDGL the diffuse galactic light intensity. HST stands for Hubble Space telescope, NH for 
the New Horizons space probe and AU for astronomical unit.
 

a 1 σ statistical error; scaling uncertainty is +20%/−16% 
b  2σ upper limits;scaling uncertainty is +20%/−16% 
c  2σ upper limits adopted as the final result of [52–56]; quoting from[56]: “The EBL23 results we obtain are 
    roughly 1-2σ detections and can be quoted as upper limits at the +2σ values on their own.” 
d  2σ statistical error plus systematic error 

intermediate value,  IEBL= 3 10−9 erg cm−2 s−1 sr−1 Å-1 , is seen to give the best fit. 
From least-square fitting the following main results were obtained in [62]: 
(1) The EBL has been detected at 400 nm at 2.6-σ level, IEBL = 2.9 ± 
1.1 10−9 erg cm−2 s−1 sr−1 Å-1  or 11.6 ± 4.4 nW m−2 sr−1 , scaling uncertainty +20%/- 
16%; (2) At 430 and 520 nm significant 2-σ upper limits were determined. This EBL 
value and the upper limits are shown in Table 2 and in Fig. 8 as the red solid square 
with 1-σ error bars at 400 nm and as 2-σ upper limits at 430 and 520 nm. 

3. EBL in the UV and near-IR domains, and remarks on EBL fluctuations 

    Galaxies, intergalactic stars or any other light sources that give rise to the optical 
EBL will likely contribute to the background light in the adjacent UV and near-IR 
wavelength bands as well. We will briefly review some of the recent observational 
results in these wavelength bands and their relevance for the optical EBL. 
    In the near-UV (λ ≈ 230 nm) and far-UV (λ ≈ 150 nm) the zodiacal light fore- 
ground, that plagues the optical and near-IR EBL measurements is absent or much 
reduced. However, other difficulties appear [63–65] . The Galaxy Evolution Explorer 
(GALEX) [66] has provided a comprehensive survey of the near-UV and far-UV sky. 
Also, a rocket experiment [67] has covered a large fraction of the sky at 174 nm. 
The minimum sky brightness seen by GALEX is  300 − 400 (far-UV) and  600 ∼ ∼
photons cm−2 s−1 sr-1Å−1 (near-UV) toward the North and South Galactic Pole, re- 
spectively [68,69]. While these values still contain airglow as ’likely the dominant 
contributor’ [68] they can be used to set upper limits to the EBL:  IEBL (λ)  <~6−8 
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and <~12  nW m−2 sr−1  in the far-UV and near-UV band, respectively. The scattered 
light from dust has been estimated to be 1.2 - 1.8 (far-UV) and 1 ∼ ∼ nW m−2 sr−1 

(near-UV) [69], thus lowering the likely EBL upper limits to  IEBL(λ)  <~4 − 7 and 11 
nW m−2 sr−1  in the far-UV and near-UV, respectively (see Fig. 8). From the rocket 
experiment [67] data an EBL intensity of 4 ± 2 nW m−2 sr−1   at 174 nm was estimated. 
    The near-IR diffuse background sky brightness has been studied by several groups 
using the Cosmic Background Explorer’s Diffuse Infrared Background Experiment 
(DIRBE) data in combination with The Two Micron All Sky Survey star catalogue 
(see [70–72] for reviews). Most of these results are consistent with the three selected 
values shown in Fig. 8 as blue squares at 1.25, 2.2 and 3.6 μ [71]. 
    On the other hand, using data from the Infrared Telescope in Space spectrometer 
Matsumoto et al. [73, 74] have announced detection of emission at λ = 1.4 − 4 μm 
up to three times as large as the photometric values [71]. A similarly large excess 
has also been found using more recent space-borne spectrophotometric data at 1.8 − 
5.3 μm [75] and at 1 − 1.7 μm [76]. As origin of this suspected large near-IR EBL the 
highly redshifted (z  >~7 − 20) UV radiation of the first generation of stars (so-called 
Population III) has been suggested; their strong UV radiation above the Lyman limit 
at λLy = 0.0912 μm is redshifted to λ > (1 + z) 0.0912 μm or λ  >~ 1 μm while the 
radiation below this wavelength has been absorbed by intergalactic hydrogen along 
the path to the observer. 
    All these near-IR EBL determinations rely heavily on the model estimates of the 
zodiacal light intensity [77] or [78,79] that, besides starlight and diffuse galactic light, 
has to be subtracted from the observed total diffuse sky brightness. It has been pointed 
out [70,80] that a possible alternative explanation for the suspected large near-IR 
background excess could be an insufficient zodiacal light correction resulting from 
inadequacy of the models. Besides the zodiacal light also the diffuse galactic light 
modelling introduces substantial uncertainty. 
    Because of the inhomogeneous distribution of galaxies and other luminous matter 
in the Universe the diffuse sky backgrounds show fluctuations. Observationally, the 
fluctuations have an advantage over the mean EBL measurements, namely that any 
spatially uniform foreground components, such as the zodiacal light, are cancelled out. 
However, the rms amplitude of the fluctuations is expected to be only a minor fraction, 
from 5 up to  ~20 per cent, of the mean EBL intensity. Therefore, the spatially varying ∼
foreground components, such as the instrumental aureoles and ghosts caused by stars 
and bright galaxies as well as the fluctuations of the diffuse galactic light, do strongly 
influence the EBL fluctuation studies. 
   In the optical domain, Shectman [81, 82] pioneered the studies of fluctuations as 
a potential source of cosmological information and interpreted the observed angular 
power spectrum in terms of clustering of unresolved galaxies at modest redshifts, 
z = 0.2 − 0.6. In the UV at λ = 1350 − 1900 Å  the angular power spectrum of sky 
fluctuations was measured and interpreted again in terms of galaxy clustering [83]. In a 
subsequent paper the same team [84] argued, however, that their search and the earlier 
optical search in [81,82] had detected only the fluctuations of the reflected Galactic 
starlight from dust, well-known by that time as ’IRAS infrared cirrus’ [85]. 
    In the near-IR domain the study of the background sky fluctuations has devel- 
oped into a wide research field on its own right, see [34]. The motivation for these 
efforts has largely been the prospect of discovering the radiation of the first stars and 
galaxies [86–94]. Other light sources have been discussed as potential contributors to 
fluctuations: (1) the intra-halo light, that is the light of stars in galaxy halos and in- 
tergalactic space inside clusters and groups of galaxies [94,95]; (2) faint, dwarf galaxies 
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at intermediate redshifts, e.g. [96,97]; and (3) at large angular scales, θ > 4 arcmin, 
the foreground diffuse galactic light may contribute substantially, depending, however, 
on the greatly varying amount of dust along the line of sight [98–100]. The different 
competing interpretations are still hotly debated. 
   In  a representative recent study [99], a large area of  15 × 15 arcmin∼ 2  has been 
observed in the Hubble Space Telescope legacy program in five wavebands, λ = 0.606− 
1.6 μm, and analyzed with respect to the background fluctuations. Beyond the shot 
noise domain at θ < 10 arcsec the angular power spectra showed an excess power. 
It was suggested to arise, at scales up to θ ~ 200 arcsec, from the intra-halo light 
associated with faint low-redshift (z  ~ 0.5−1) dwarf galaxies inside clusters and groups 
of galaxies. When interpreted in terms of the galaxy model [96] the contributions of 
intra-halo light to the mean EBL intensities ranged from 0.13 +0.08/-0.05  nW m−2 sr−1 
at 0.60 μm to 0.54 +0.58/-0.31   nW m−2 sr−1 1.6 μm. These values are only 2 – 5 percent 
of the integrated light of galaxies at these wavelengths and 1/10th of the intra-halo light ∼
intensity found in a previous study using more limited rocket-borne fluctuation data 
at 1.1 and 1.6 μm [12]. At still larger scales, θ > 200 arcsec, the foreground diffuse 
galactic light fluctuations were found to be the dominating component. 

4. A different approach: EBL measurement using absorption of γ-ray 
radiation from background sources 

For γ-ray radiation of high (HE, 0.1 - 100 GeV) and very high energy (VHE, > 100 
GeV) the Universe ceases to be transparent. While passing from a γ-ray source (e.g. 
a blazar) to the observer on Earth the γ-ray photons interact with the photons of 
the EBL field. This process leads to creation of e+ , e− pairs and lower-energy photons 
[101–103]; see the cartoon of Mazin and Raue, Fig. 9. Because the harder γ-rays are 
attenuated more strongly and are even cut out above a certain energy limit, this 
absorption process changes the observed γ-ray spectrum of blazars in a characteristic 
way (see Fig. 9) and provides, thereby, a useful indirect method to probe the EBL. 
This way, at first the mid-IR EBL [104] and more recently also the optical EBL 
[105–108] have been probed; for a review see e.g. [109–111]. 
    The peak cross section of the pair production process occurs when the energies 
of the γ-ray and optical-IR photon fulfil the condition: Eγ × Eopt−ir ≈ 4 (me c2)2  ≈ 
1 MeV2 depending, however, strongly on the angle between the photon propagation 
directions. Thus, to probe the EBL at Eopt−ir  ≈ 1 eV, corresponding to λ  1.24 μm, ∼
γ-rays with Eγ ≈ 1 TeV will be most effective; to probe the optical EBL one requires 
sensitive γ–ray observations at Eγ <~ 500 GeV. 
    The energy dependence of the cross section is, however, very wide. This leads to 
a limited spectral resolution so that even large variations in the EBL spectrum are 
smoothed out over a wide range of γ-ray energies or, in other words, the EBL intensity 
at a given wavelength has an effect on the γ-ray opacity over a wide range of Eγ . 
Also, while the γ-ray absorption method naturally is free of the problems caused 
by foreground sky components, it does include uncertainties of the intrinsic spectral 
energy distributions of the blazars used as probes for the γ-ray absorption effects. 
    The intergalactic radiation density has been derived from γ-ray attenuation mea- 
surements of blazars by the ground-based Cerenkov telescopes, High Energy Stereo- 
scopic System (H.E.S.S.), Major Atmospheric Gamma Imaging Cherenkov Telescopes 
(MAGIC) and Very Energetic Radiation Imaging Telescope Array System (VERI- 
TAS), sensitive in the 0.2–20 TeV (VHE) range, as well as by the Large Area Telescope 
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(Fermi-LAT) aboard the Fermi Gamma-ray Observatory, sensitive in the 1–500 GeV 
(HE) range. Results based on extensive data sets from Fermi-LAT [106] and H.E.S.S. 
[105,112] are shown in Fig. 8 as upper and lower boundaries to the allowed range of 
EBL values. Similar results have been published by the MAGIC [113,114] and VERI- 
TAS collaborations [115]. Fermi-LAT probes with high sensitivity the UV–to–optical 
(λ ≈ 200–600 nm) EBL while the ground-based VHE telescopes cover the wider range 
from optical to far-IR, λ ≈ 0.3–100 μm. 
    The EBL spectrum as presented by the H.E.S.S. and Fermi-LAT collaborations is 
the result of fitting a template spectrum to the γ-ray attenuation data. The template 
comes from a model that is obtained by summing up empirically–constrained galaxy 
populations spectra [107,116,117]. With a normalization factor as the only free pa- 
rameter for the γ-ray derived EBL spectrum its shape is forced to closely follow the 
spectrum of the integrated light of galaxies. Because of the broad wavelength response 
function of γ-ray absorption vs. optical and infrared EBL photons the intensity maxi- 
mum at  1 μm dominates the normalization factor over the whole UV–near-IR range ∼
0.2–5 μm and it is difficult to detect the possible deviations from the spectral shape 
given by the integrated light of galaxies using this ’model template approach’. 
    Recently, Biteau & Williams [108] (see also H. E. S. S. Collaboration et al. [112] 
and Moralejo et al. [118] for the MAGIC collaboration) have taken a more general 
approach. They abstain from assuming a priory a template spectrum shape defined 
by the integrated light of galaxies. Using γ-ray observations only they were able to 
derive a ’free-standing’ EBL spectrum which covers the wavelength range 0.2–100 μm 
with four spectral bins, each with a width of  half a decade. Two of these spectral ∼
bins, 0.26–1.2 μm and 1.2–5.2 μm, are displayed in Fig. 8. 

Figure 9. Demonstration of the attenuation of γ-ray radiation from a blazar by intergalactic optical-to-IR 
radiation field. (copyright D. Mazin & M. Raue) 

5. Integrated light of galaxies: counting galaxies 

The obvious contribution to EBL is the summed total light of galaxies in the universe, 
and this integrated light is sometimes confused with EBL itself. While the integrated 
light of galaxies may or may not be close or equal to EBL, it does serve as a convenient 
lower limit. We briefly review the galaxy number counts and the level of their integrated 
light, and compare it to EBL measurements as discussed in Sections 2 – 4. 
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   In general, the total light of galaxies, at a given frequency ν0 and zero redshift, can 
be expressed as 

where F (ν, z, type) is the galaxy emissivity at redshift z and frequency ν = ν0 (1 + z)/(1+z0 ), 
and where the integral must be summed over different types of galaxies. The 
F term contains the details of spectral energy distributions for given galaxy type, as 
well as type dependent luminosity functions (number of galaxies per luminosity bin in a 
given volume). The evolution of the galaxy population, or the star formation history, is 
introduced via redshift dependent luminosity functions, as well as the formation epoch 
of the galaxies zf . Cosmological model dependence enters due to varying volumes in 
different geometries through the term dl/dz where l is the distance. 
    Observationally, the integrated light of galaxies can be summed up from the number 
counts of galaxies, 

 

where N(m) is the number of galaxies observed per magnitude (brightness) bin. Since 
N (m) contains the same F (ν, z, type) as above, galaxy counts have been used for 
decades as a cosmological test and as a constraint on galaxy evolution scenarios [119– 
122]. This observational approach provides the integrated light down to a given bright- 
ness, though to arrive to the total integrated light value an extrapolation of the counts 
is needed. 
    In the context of EBL it is crucial to note that the integrated light value will con- 
verge mathematically if the slope α of the counts, expressed in the form 
log10 N (m) = α m + const, is α < 0.4. It turns out that the galaxies with brightnesses close to these 
limiting cases produce the bulk of the observed integrated ligh. This is demonstrated 
in Fig. 10 where deep galaxy counts are shown (left panel) together with their cor- 
responding contribution to the integrated light of galaxies (right panel). It is also 
clear that extrapolations to fainter galaxies beyond current detection limits will not 
contribute appreciably to the integrated light. In other words, it appears that the in- 
tegrated light is essentially resolved. The most recent integrated light values from UV 
to near-IR (0.1 - 5 μm), from a compilation of the deepest available galaxy counts [38] 
are shown in Fig. 8 with black triangles. 
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Figure 10. The left panel shows a compilation of deep galaxy number counts in the blue optical g-band. The 
contribution of each magnitude (brightness) bin to the overall luminosity density from these galaxies is plotted 
on the right. The contribution to the integrated light from galaxies fainter than g  25 mag, where the count ∼
slope flattens, becomes progressively smaller. (Adopted from Driver et al. [38], Fig. 2, courtesy of Astrophysical 
Journal). 

5.1 Does the integrated light of galaxies account for the total EBL? 

In Fig. 8 and Table 2 the integrated light from galaxy counts is compared with a 
selection of EBL measurements and upper and lower limits (colour symbols and lines). 
It is worth noting that in this comparison any bright end limits need also to be taken 
into account. For example, the recent dark cloud method [62] excludes galaxies brighter 
than  22 mag, which according to the galaxy counts [38] would contribute 2.2 ∼ ∼
 nW m−2 sr−1 of the total light produced at 400 nm, resulting in IIGL (m ≥ 22 mag) = 
2.4 ± 0.8  nW m−2 sr−1 which differs from the EBL value [62] IEBL (m ≥ 22 mag) = 11.6 ± 
4.4  nW m−2 sr−1 by a significant factor (see Table 2). One possible concern in this 
comparison is cosmic variance, field to field variations due to galaxy clusters and 
structures within the galaxy counts used for integrated light estimates or, likewise, 
diffuse cluster light in EBL measurements. However, the statistical effect is shown to 
be at most at a 20% level even in smallest used galaxy count field areas [38,123], where 
the effect would be the largest. On the other hand obvious clusters are avoided when 
selecting EBL fields, and the effect of any nearby ones can be evaluated [62]. 
    In UV the EBL estimates (upper limits) are by a factor of  4 higher than the ∼
corresponding values of the integrated light of galaxies as displayed in Fig. 8. 
    The photometric near-IR results suggest that the near-IR EBL may exceed the 
integrated light of galaxies by a moderate amount, however not more than a factor 
of  2 − 3 [71]. On the other hand, Matsumoto et al. [73, 74] have claimed an excess ∼
emission at λ = 1.4 − 4  μm up to six times as large as the integrated light of galaxies. 
Similarly large excess has also been found independently at 1.8 − 5.3 μm [75] and at 
1 − 1.7 μm [76]. As shown in Fig. 8 these excess values are, within the error bars, still 
marginally compatible with the photometric values [71]. 
    In conclusion and as demonstrated by the data in Fig. 8, the photometric measure- 
ments in the UV (150 – 250 nm) and near-IR (1 − 5 μm) suggest that the mean EBL 
intensity exceeds the integrated light of galaxies, by a factor of two or even more. 
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There remain, however, substantial uncertainties in these EBL measurements because 
of the difficulties with foreground subtraction. 
    The lower limits to EBL from the γ-ray attenuation results, ascribed to H.E.S.S. 
and Fermi-LAT in Fig. 8, are seen to agree with the integrated light from galaxy counts 
while their upper bounds do allow a modestly higher (by up to 70%) EBL intensity 
as well. The good agreement of spectral shapes of the integrated light of galaxies 
and EBL is, however, a direct result of the underlying assumption of an integrated- 
galaxy-light template spectrum. For the EBL values of Biteau & Williams [108] which 
are independent of spectral template assumptions there is a good agreement with the 
integrated light of galaxies for the three bins at 1.2–5.2 μm, 5.2–23 μm, and 23–103 μm, 
the bin at 0.26–1.2 μm showed an excess of 4.7±2.2  nW m−2 sr−1 over the appropriately 
weighted integrated light mean value. This excess over the integrated light value, as 
well as over the Fermi–LAT and H.E.S.S. EBL ranges, is also well demonstrated by 
Fig. 8. We note that while the γ-ray based EBL value [108] of 15.9±2.2 nW m−2 sr−1 for 
the bin 0.26–1.2 μm corresponds to the total EBL, the photometric EBL measurement 
[62] at 400 nm does not include the contribution of the bright galaxies with g ≤22 mag. 
Including that contribution, the photometric EBL value increases from 11.6 ± 4.4 nW m−2 sr−1 , 
as shown in Fig. 8, to 13.6 ± 4.5 nW m−2 sr−1  (see Table 2) which is in good 
agreement with the γ–ray value [108]. 

6. Possible sources of EBL beyond galaxy counts 

It has been seen in the previous section 5.1 that most determinations of the EBL are 
in excess of the summed and extrapolated galaxy light by up to a factor of 2 – 3 in ∼
the blue optical and the near-IR light. While it may be difficult to rule out that the 
large foregrounds of EBL are still not subtracted correctly, the variety of independent 
methods in measuring the optical and near-IR EBL do motivate for seriously exploring 
causes of the discrepancy or potential physical processes responsible for the difference. 
Possible extra light sources that are known to exist include light from Milky Way 
halo, from the outskirts of galaxies, or from intergalactic stars in galaxy clusters and 
groups. The contribution of such light sources may in certain objects or environments 
be substantial. 

6.1 Unresolved starlight and the Milky Way halo 

Sky background light as seen by an observer inside the Galaxy contains contributions 
from unresolved stars, diffuse emission from gas, and scattered light from dust. The 
light from unresolved stars can be estimated by using the deep star counts as presented 
e.g. in [124]. While the number of stars at B ≈ 20 mag at middle and high galactic 
latitudes is roughly equal to galaxies, the stellar number count slope is much shallower 
than that of galaxies beyond 20 mag. Thus the contribution of stars drops to less than 
1% of integrated light of galaxies soon after the inflection point of the galaxy counts 
(see Fig. 10) over the ≈ 25 − 28 magnitude range. 
    Extended ultraviolet (λ ≈ 150 − 250 nm) halos have been observed around sev- 
eral edge-on late-type galaxies out to 5–10 kpc from the mid-plane, e.g. NGC 891, 
NGC 5907 [125–127]. They have been ascribed to thick dust disks that scatter light 
from stellar disks of the galaxies. The existence of substantial amounts of dust in the 
Milky Way halo at, say |z| > 2 kpc, is not known. Note also that in the case of the 
dark-cloud method it would be eliminated from the EBL measurement by virtue of the 
spectral separation since any such dust would be illuminated by the Milky Way radi- 



                                                                    21

ation field that has closely the same absorption line spectrum as the scattered light of 
the cloud. Gas emission from Milky Way halo, on the other hand, is expected to be al- 
most entirely in the form of line emission, mostly the hydrogen Balmer lines [128,129]. 
Since the continuum is very weak, contributions to broad or even narrow band pho- 
tometric measurements are negligible. However the emission lines, if included in the 
wavelength slots used for EBL mesurement, have to be taken into account. Avoiding 
slots with the strong lines Hα, Hβ, Hγ, their influence was found to be small for the 
result in [62]. 

6.2 Missed light at the outskirts of galaxies 

Measuring the faint outer structures of galaxies is very challenging. An accurate de- 
termination of a blank ”sky” region around the target, or somewhere on the CCD 
detector, is required to arrive at an absolute result. Recent work to gain insight into 
galaxies’ evolutionary past by studying their stellar halos at extremely faint levels of 
>~31 mag/sq.arcsec [130–132], se Fig. 11 left panel, illustrate both the instrumental 
difficulties (scattered light in the optics, flat fielding, etc.) as well as ambiguities in 
the photometric techniques. Nevertheless, despite detections of spectacular wide and 
extended structures of faint diffuse light around nearby galaxies in these studies, the 
actual fraction of total ”missing” light is only of the order of few percent. 
    However, it may be that when measuring the light of distant galaxies the missing 
fraction of light is larger due to the photometric techniques employed. It is clear that 
not all light of a faint distant galaxy is captured by fixed apertures or even adaptive 
’total’ magnitude aperture photometry. Totani et al. [133] studied the influence of light 
loss from the outskirts of galaxies, i.e. galaxy wings, via photometric modelling. They 
found that their ’best guess’ integrated light from all galaxies in the Universe was up 
to 80% higher than the value from a simple integration of observed galaxy counts. In 
a detailed analysis of the Hubble Deep Field and another deep field Bernstein et al. 
[53, 54] concluded that a minimum of 20% of the flux of the faintest galaxies was con- 
tributed by galaxy wings at r > 1.4 riso , i.e. at radial distance often missed by typical 
photometric techniques. Furthermore, using a method called ’ensemble photometry’ 
they estimated that the true flux from V > 23 AB mag galaxies in the Hubble Deep 
Field can be almost twice as much as that recovered by standard photometric methods. 
Benitez et al. [134] analysed the faint galaxy population in two Early Release Science 
fields as observed with the Hubble Space Telescope’s Advance Camera for Surveys 
confirming these claims by finding an up to 50% loss of light of the faintest galaxies. 
    The galaxy photometry used by Driver et al. [38] for their integrated light values 
in the optical bands is, at the faint end, based on the Hubble Ultra Deep Field and 
other observations which are deeper than the data used by [53,54]. They are therefore 
less vulnerable to effects of galaxy wings, and were also designed to take better care 
of the galaxy-wing contribution. They conclude that galaxy wings should not have an 
effect of more than 20% on their faint galaxy fluxes, and that the effect even rather 
likely to be at < 10% level (Driver 2016, private communication). Independent tests 
were also run [62] on the Hubble Ultra Deep Field frames varying the sizes of the 
adaptive apertures at the faint limit, and found that while many galaxies close to the 
detection limit become significantly brighter when using larger apertures the overall 
effect is more at the 20% level and, moreover, this missing light contributed only 6% 
to the total integrated light over the full brightness range of galaxies in the field. 
    Thus, while it well may be that significant amounts of light are missed in typical 
galaxy photometric techniques, it might be difficult to imagine that those surveys 



                                                                   22

where specific care is taken against such effects could still miss more than, say, 20% of 
the total light because of the galaxy outskirts. Moreover, an obvious counter-argument 
for large fractions of missing light at the outskirts of galaxies is the absence of large su- 
pernova populations in these areas. From the results of Bartunov, Tsvetkov, & Pavlyuk 
[136] one finds that only 5–7% of the total number of supernova events occur at radii ∼
r = (1.4 − 4) r25 . 

6.3. Low surface brightness galaxies

Galaxies with very low surface brightness could escape detection altogether in galaxy 
counts, or their total brightness be significantly underestimated even if detected, due 
to various selection effects [137]. Hence it is in principle possible that these galaxies 
could contribute significantly to EBL while not adding to the integrated galaxy counts 
[11]). Low surface brightness galaxies exist with comparable number densities to nor- 
mal galaxies [138] and with a wide variety of characteristics, from dwarfs to giants (e.g. 
Malin 1, the most famous extreme case [139]), and comprising both star-forming and 
red quiescent galaxies [140]. There has been a recent upsurge of interest in low surface 
brightness galaxies and so–called ultra diffuse galaxies due to the detection of surpris- 
ingly large populations of them in rich clusters of galaxies [141–143]. However, the total 
contribution of all the various types and classes of low surface brightness galaxies and 
ultra diffuse galaxies to the total integrated light of galaxies remains underwhelming. 
Notably, both deep optical surveys [145] and H I 21-cm surveys [146,147] over the past 
two decades have failed to detect populations of field low surface brightness galaxies 
significant enough to contribute in any significant way to the total luminosity density 
of the universe. Thus, the consensus appears to be that less than 20% of additional 
light to the integrated light could be contributed by the low surface brightness galax- 
ies [144,145]. Nevertheless, due to the faintness of the population and the associated 
technical difficulties of detections, the exact characteristics of this galaxy population 
remains relatively poorly constrained, and e.g. Disney et al. [148] have recently argued 
that dim and/or dark galaxies might still be evading surveys if such galaxies were 
strongly clustered. 

6.4 Diffuse light within galaxy clusters 

Intra–cluster and intra–group light is a well established component among cosmic light 
sources. It originates from stars stripped off from galaxies in the cluster formation 
phase or in later interactions between galaxies or, perhaps, also from stars formed 
in situ in the intra-cluster gas [149]. 
    Diffuse light between the galaxies was first noted by Zwicky [150] in deep pho- 
tographs of the Coma Cluster. Wide-field CCD imaging has since then enabled deep 
surface brightness surveys of intergalactic light in many other clusters and groups e.g. 
[151–153]. The fraction of intra-cluster light of the total cluster luminosity varies be- 
tween 5–40% in nearby big clusters and those measured at intermediate redshifts, ∼
with the latter typically resulting in somewhat lower values [154–156]. Six clusters 
studied at redshifts of z  0.8 − 1.2 resulted in intra–cluster light fractions of mere ∼
1 to 5% [157]. In galaxy groups the fraction of diffuse light varies even more strongly 
from undetectable in loose groups to 30–40% in many compact groups (see Fig. 11, ∼
right panel, and e.g. [158,159]). 
    Although the diffuse light fraction in individual clusters may be high, up to 40%, it 
is important to remember that rich clusters contribute only a few percent of the total 
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cosmic starlight while 80% of the light comes from individual field galaxies or loose ∼
groups. Therefore, hardly more than 10% is added to the integrated light of galaxies 
by the contributions from intra-cluster and intra-group starlight. We also note that 
the intra-cluster supernova events account for <~20% of the supernova rate for the 
clusters [160,161], in agreement with the estimates of the diffuse light fraction. 

6.5 Other sources of diffuse light 

Because of Lyman line and continuum absorption, the redshift range of light sources 
contributing to sky brightness at optical wavelengths is limited to redshifts z <~ 8 thus 
excluding exotic primordial sources. In the blue optical regime at λ <~ 450 nm any 
population III stars could not contribute, either, because the limit is z  <~3.5. 
    Decaying or annihilating dark matter candidate particles, such as neutrinos, Weakly 
Interacting Massive Particles (WIMPs) and axions, have been proposed as possible 
sources of diffuse background radiation fields. On the other side, the EBL might qualify 
as an important discovery channel for the elusive dark matter particles; for a review 
see Overduin & Wesson [20, 162] and the update in [163]. Recently, the possibility has 
been discussed that the near-IR background fluctuations could partly originate from 
decaying axions with mass around 4 eV, located mainly in the halos of clusters and 
groups [164]. None of the three particle species have been found to produce enough 
radiation to qualify as serious contributor to the mean intensity of the EBL in UV [163], 
optical or near-IR [164] domain. Furthermore, axions and WIMPS should be strongly 
concentrated to the dark matter halos of clusters, groups and individual galaxies. Even 
if some part of the diffuse intra-cluster, intra-group or galaxy halo diffuse light were 
caused by decaying particles, instead of stars, this would not change the amount of 
diffuse light as determined by the observations. Only a smoothly distributed diffuse 

Figure 11. Left: The Sab type galaxy UGC00180 imaged to different depths, reaching from 26.5 mag/sq.arcsec 
in the upper left to the extremely faint surface brightness of 31.5 mag/sq.arcsec in the lower right hand panel; ∼
at 31.5 mag/sq.arcsec extended faint structures around the main body of the galaxy are revealed. Right: ∼
Seyfert’s Sextet is an example of a compact group of galaxies with an extensive common diffuse halo. (The images are 
adopted from Trujillo & Fliri [130], Fig. 6 and Durbala et al. [135], Fig. 6, respectively, courtesy of 
Astrophysical Journal and Astronomical Journal.) 
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light component, present also in the general field outside the clusters, could have 
escaped the observations.
    In summary, several of the sources discussed above, if carefully measured, could add 
light on top of the conventional integrated light by several tens of percentage points. 
However, none of these sources appear to be capable of explaining a substantial increase 
of the overall mean EBL beyond the integrated light as derived from galaxy counts. 

7. Future prospects of EBL measurements 

Comparison of the photometric and γ-ray methods. As has been described above there 
are two fundamentally different approaches to the measurement of the EBL intensity 
or the intergalactic radiation density at the optical, ultraviolet and infrared wave- 
lengths: 
(1) one can measure (spectro)photometrically the surface brightness of the diffuse 
background sky; the foreground components from the Earth’s atmosphere, Solar sys- 
tem and Milky Way galaxy have to be eliminated or avoided as far as possible via the 
observing strategy; (2) the second method consists of measuring the attenuation that 
high-energy gamma-rays experience when passing through the intergalactic UV-to-IR 
radiation field; this surprising phenomenon of ’absorption of light by light’ is based on 
the creation of e+ , e− pairs in the photon-photon interaction. 
    The two methods are in many respects complementary and connected with very 
different problems or advantages. The spectral energy distribution of the EBL can, in 
principle, be studied with good resolution by the (spectro)photometric method while 
the gamma-ray absorption method allows only estimates over broad spectral windows. 
The gamma-ray method, on the other hand, enables probing the EBL as function of 
distance up to substantial redshifts [116,117] which is not possible with the photometric 
method. Observationally, the photometric method is currently perplexed by difficulties 
of foreground elimination while the determination of the intrinsic spectral shapes of 
blazars remains a problem for the gamma-ray method [111,165,166]. 

Future prospects of (spectro)photometric EBL measurements. The rocket-borne Cos- 
mic Infrared background Explorer (CIBER) high resolution (λ/∆λ = 1120) spectrom- 
eter [167] is expected to deliver a measurement of the depth of the Solar 854.2 nm 
Ca II Fraunhofer line in the zodiacal light spectrum. Using the approach of Dube et 
al. [50, 51] this will give an accurate measure of the absolute zodiacal light intensity 
and, when subtracted from the simultaneously measured total sky intensity, the combined 
value of EBL + diffuse galactic light. A second version of this series of rocket 
experiments [168,169] is under preparation and will have improved sensitivity and 
wavelength and area coverage. 

Platforms to the outer Solar system: Sky background measurements with photome- 
ters aboard the Pioneer 10/11 and New Horizons planetary missions have demon- 
strated that the zodiacal light as seen towards the ecliptic poles and anti-solar direc- 
tions drops by a factor of up to 100 from r = 1 to r > 3 astronomical units, thus 
offering an opportunity to measure the EBL (almost) free of zodiacal light contami- 
nation (see Section 2.3). It has been suggested [170] that the New Horizons extended 
mission, now already well beyond Pluto’s orbit, should be used for an extensive opti- 
cal broad band (as in [46]) and optical-UV spectral measurement of the EBL. Other 
ideas and suggestions for EBL measurements utilizing missions reaching outside the 
interplanetary dust cloud, in radial or polar direction, have been presented [29]. 
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An isotropic zodiacal light component? Such a component, if present, was not con- 
tained in the zodiacal light models [77–79] which were based on the annual variability 
of zodiacal light intensity at the ecliptic poles. For discussion concerning a possible 
isotropic zodiacal light or Kuiper Belt Objects’ contribution, see [15,171–173]. An 
isotropic zodiacal light component, even if small, would continue to bias the EBL 
measurements where EBL is derived as the difference between the total sky brightness 
and the zodiacal light. It has been argued that the minimum far-IR sky background 
sets a strict upper limit to the near-IR EBL which at 1 μm is much below the EBL [174]. 
 
   Diffuse galactic light remains an obstacle for photometric EBL measurements. Dif- 
fuse galactic light is not a specific nuisance of the dark cloud method. So far, the diffuse 
galactic light estimates have often been derived using dust distribution and grain scat- 
tering models [46,74,76] or by correlating the optical and far-IR surface brightnesses 
and extrapolating to an assumed far-IR zero point [44]. However, for a secure mea- 
surement of the EBL an empirical determination of the diffuse galactic light is needed. 
In the dark cloud method any zodiacal light foreground, even an isotropic one, is elim- 
inated. The scattered light from the dark cloud itself and the general diffuse galactic 
light from the surroundings enter with full weight but it can be empirically deter- 
mined using the characteristic features in its spectrum. A small opaque dark cloud in 
the Galactic halo or – even better – in the outskirts of an external galaxy or in the in- 
tergalactic space could serve as a perfect ’EBL zero reference position’. Park and Kim 
[175] suggest that they have already seen a few such dark objects of sub-arcsecond 
size in the Hubble Deep Field. Besides similar optical searches also high resolution 
(sub)millimeter surveys could reveal such objects via their long-wavelength thermal 
radiation. 

References 

[1] Harrison, E. 1987. Darkness at night. A riddle of the universe. Cambridge, Ma.: Harvard 
University Press, 1987 . 
[2] Harrison, E. R. 1990. The Dark Night Sky Riddle, “Olbers’s Paradox”. IAU Symp. 139, 3. 
[3] Jaki, S. L. 1969. The paradox of Olbers’ paradox; a case history of scientific thought. 
[New York] Herder and Herder. 
[4] Loys de Cheseaseaux, J.-P., 1744,Traite de la comete qui apparut en decembre 1743, Lau- ́
sanne, p. 223 
[5] Olbers, H.W.M., 1823, Über die Durchsichtigkeit des Weltraums. Astronomisches 
Jahrbuch 1826, hrsg. von J.E. Bode, p. 110 
[6] Bondi, H. 1952. Cosmology.. Cambridge University Press, 1952. 
[7] Harrison, E. R. 1964. Olbers’ Paradox. Nature 204, 271-272. 
[8] Harrison, E. 1986. Kelvin on an old, celebrated hypothesis. Nature 322, 417-418. 
[9] Partridge, B., Peebles, P.J.E. 1967, Are Young Galaxies Visible? II. The Integrated Back- 
ground. ApJ, 148, 377 
[10] Longair M. S., 1995, in The Deep Universe, (Saas-Fee Advanced Course 23., eds. B. 
Binggeli, and R. Buser, Berlin: Springer), 317 
[11] Väisänen,P. 1996, Extragalactic backround light: the contribution by faint and low surface 
brightness galaxies. A&A 315, 21 
[12] Zemcov M., et al., 2014, On the origin of near-infrared extragalactic background light 
anisotropy. Sci, 346, 732 
[13] Penzias, A. A., Wilson, R. W. 1965. A Measurement of Excess Antenna Temperature at 
4080 Mc/s.. The Astrophysical Journal 142, 419-421. 
[14] Richards, G. T., et al. 2006. The Sloan Digital Sky Survey Quasar Survey: Quasar Lumi- 
nosity Function from Data Release 3. The Astronomical Journal 131, 2766-2787. 
[15] Hauser M. G., et al., 1998, The COBE Diffuse Infrared Background Experiment Search 
for the Cosmic Infrared Background. I. Limits and Detections. ApJ, 508, 25 
[16] Puget J.-L., Abergel A., Bernard J.-P., Boulanger F., Burton W. B., Desert F.-X., Hart- 



mann D., 1996, Tentative detection of a cosmic far-infrared background with COBE. 
A&A, 308, L5 
[17] Juvela M., Mattila K., Lemke D., Klaas U., Leinert C., Kiss C., 2009, Determination of 
the cosmic far-infrared background level with the ISOPHOT instrument. A&A, 500, 763 
[18] Longair, M. S., Sunyaev, R. A. 1971. The Universal Electromagnetic Background Radia- 
tion. Soviet Physics Uspekhi 14, 569. 
[19] Ressell, M. T., Turner, M. S. 1990. The Grand Unified Photon Spectrum: A Coherent 
View of the Diffuse Extragalactic Background Radiation. Comments on Astrophysics 14, 
323. 
[20] Overduin J. M., Wesson P. S., 2004, Dark matter and background light. Physics Reports, 
402, 267 - 406 
[21] Cooray, A. 2016. Extragalactic background light measurements and applications. Royal 
Society Open Science 3, 150555. 
[22] Hill, R., Masui, K. W., Scott, D. 2018. The Spectrum of the Universe. Applied Spec- 
troscopy 72, 663-688. 
[23] Bowyer, S., Leinert, C., eds. 1990 The Galactic and Extragalactic Background Radiation 
IAU Symposium 139, . 
[24] Rocca-Volmerange, B., Deharveng, J. M., Tran Thanh Van, J., eds. 1991. The early 
observable universe from diffuse backgrounds. Editions Fronti`res, Gif-sur-Yvette . 
[25] Kafatos, M. C., Kondo, Y., eds. 1996. Examining the big bang and diffuse background 
radiations. IAU Symposium 168. 
[26] Calzetti, D., Livio, M., Madau, P., eds. 1995. Extragalactic background radiation. A 
meeting in honor of Riccardo Giacconi. Proceedings.. Space Telesc. Sci. Inst. Symp. Ser.,  Vol. 7. 
[27] [Harwit, M., Hauser, M. G., eds. 2001 The extragalactic infrared background and its 
cosmological implications. IAU Symposium 204. 
[28] Hauser, M. G., Dwek, E. 2001. The Cosmic Infrared Background: Measurements and 
Implications. Annual Review of Astronomy and Astrophysics 39, 249-307. 
[29] Cooray, A. et al. 2009. A New Era in Extragalactic Background Light Measurements: 
The Cosmic History of Accretion, Nucleosynthesis and Reionization. astro2010: The As- 
tronomy and Astrophysics Decadal Survey 2010, Science White Papers, no. 54 (arXiv: 
0902.2372). 
[30] Ellis, R. S. 2008. Observations of the High Redshift Universe. Saas-Fee Advanced Course 
36: 259-364. 
[31] Mattila, K., 1990, Observations of the extragalactic background light. IAU Symposium 
No. 139, 257 
[32] Mattila K., Lehtinen K., V is nen P., von Appen-Schnur G., Leinert C., 2012, Spec- ̈ ̈
trophotometric measurement of the Extragalacic Background Light. IAU Symposium 284, 429 
[33] Windhorst, R. A. et al., 2018. On the Observability of Individual Population III Stars 
and Their Stellar-mass Black Hole Accretion Disks through Cluster Caustic Transits. The 
Astrophysical Journal Supplement Series 234, 41. 
[34] Kashlinsky, A., Arendt, R. G., Atrio-Barandela, F., Cappelluti, N., Ferrara, A., Hasinger, 
G. 2018. Looking at cosmic near-infrared background radiation anisotropies. Reviews of 
Modern Physics 90, 025006. 
[35] Mattila, K. 2003. Has the Optical Extragalactic Background Light Been Detected? The 
Astrophysical Journal 591, 119-124. 
[36] Leinert, C., et al., 1998. The 1997 reference of diffuse night sky brightness. Astronomy 
and Astrophysics Supplement Series 127, 1-99. 
[37] Toller, G. N. 1981. A study of galactic light, extragalactic light, and galactic structure 
using Pioneer 10 observations of background starlight. Ph.D. Thesis, State University of 
New York at Stony Brook. 
[38] Driver, S. P., Andrews, S. K., Davies, L. J., Robotham, A. S. G., Wright, A. H., Windhorst, 
R. A., Cohen, S., Emig, K., Jansen, R. A., Dunne, L. 2016. Measurements of Extragalactic 
Background Light from the Far UV to the Far IR from Deep Ground- and Space-based 
Galaxy Counts. The Astrophysical Journal 827, 108. 
[39] Kurucz, R. L., Furenlid, I., Brault, J., Testerman, L. 1984. Solar flux atlas from 296 
to 1300 nm. National Solar Observatory Atlas, Sunspot, New Mexico: National Solar 
Observatory, 1984 . 
[40] van de Hulst, H. C. 1947. Zodiacal Light in the Solar Corona.. The Astrophysical Journal 
105, 471. 
[41] Roach, F. E., Smith, L. L. 1968. An Observational Search for Cosmic Light. Geophysical 
Journal International, 15, 227239. 
[42] Hubble, E. 1934. The Distribution of Extra-Galactic Nebulae. The Astrophysical Journal 
79, 8. 



[43] Toller, G. N. 1983. The extragalactic background light at 4400 A. The Astrophysical 
Journal 266, L79-L82. 
[44] Matsuoka, Y., Ienaka, N., Kawara, K., Oyabu, S. 2011. Cosmic Optical Background: The 
View from Pioneer 10/11. The Astrophysical Journal 736, 119. 
[45] Matsumoto, T., Tsumura, K., Matsuoka, Y., Pyo, J. 2018. Zodiacal Light Beyond Earth 
Orbit Observed with Pioneer 10. The Astronomical Journal 156, 86. 
[46] Zemcov, M., Immel, P., Nguyen, C., Cooray, A., Lisse, C. M., Poppe, A. R. 2017. Mea- 
surement of the cosmic optical background using the long range reconnaissance imager 
on New Horizons. Nature Communications 8, 15003. 
[47] Leinert, C., Vaisanen, P., Mattila, K., Lehtinen, K. 1995. Measurements of sky brightness 
at the Calar Alto Observatory.. Astronomy and Astrophysics Supplement Series 112, 99. 
[48] Mattila, K., Vaeisaenen, P., Appen-Schnur, G. F. O. V. 1996. Sky brightness at the ESO 
La Silla Observatory 1978 to 1988.. Astronomy and Astrophysics Supplement Series 119, 
153-170. 
[49] Hanner, M. S., Weinberg, J. L., DeShields, L. M., II, Green, B. A., Toller, G. N. 1974. 
Zodiacal light and the asteroid belt: The view from Pioneer 10. Journal of Geophysical 
Research 79, 3671. 
[50] Dube, R. R., Wickes, W. C., Wilkinson, D. T. 1977. Extragalactic Background Light at 
5100 AA. The Astrophysical Journal 215, L51. 
[51] Dube, R. R., Wickes, W. C., Wilkinson, D. T. 1979. Upper limit on the extragalactic 
background light. The Astrophysical Journal 232, 333-340. 
[52] Bernstein, R. A., Freedman, W. L., Madore, B. F. 2002. The First Detections of the 
Extragalactic Background Light at 3000, 5500, and 8000  Å. I. Results. The Astrophysical 
Journal 571, 56-84. 
[53] Bernstein, R. A., Freedman, W. L., Madore, B. F. 2002. The First Detections of the Ex- 
tragalactic Background Light at 3000, 5500, and 8000 Å. II. Measurement of Foreground ̊
Zodiacal Light. The Astrophysical Journal 571, 85-106. 
[54] Bernstein, R. A., Freedman, W. L., Madore, B. F. 2002. The First Detections of the 
Extragalactic Background Light at 3000, 5500, and 8000  Å. III. Cosmological Implications. 
The Astrophysical Journal 571, 107-128. 
[55] Bernstein, R. A., Freedman, W. L., Madore, B. F. 2005. Corrections of Errors in “The 
First Detections of the Extragalactic Background Light at 3000, 5500, and 8000  Å. I, II, 
and III” (ApJ, 571; 56, 85, 107 [2002]). The Astrophysical Journal 632, 713-717. 
[56] Bernstein, R. A. 2007. The Optical Extragalactic Background Light: Revisions and Fur- 
ther Comments. The Astrophysical Journal 666, 663-673. 
[57] Mattila, K. 1976. On the measurement of the extragalactic background brightness at 4000 
A. Astronomy and Astrophysics 47, 77-95. 
[58] Spinrad, H., Stone, R. P. S. 1978. An upper limit to the extragalactic background light. 
The Astrophysical Journal 226, 609-612. 
[59] Boughn, S. P., Kuhn, J. R. 1986. A search for extragalactic background light using the 
dark cloud L134. The Astrophysical Journal 309, 33-38. 
[60] Tsumura, K., and 14 colleagues 2014. Near-infrared Brightness of the Galilean Satellites 
Eclipsed in Jovian Shadow: A New Technique to Investigate Jovian Upper Atmosphere. 
The Astrophysical Journal 789, 122. 
[61] Mattila, K., Lehtinen, K., Väisänen, P., von Appen-Schnur, G., Leinert, C. 2017. Extra- 
galactic background light: a measurement at 400 nm using dark cloud shadow- I. Low 
surface brightness spectrophotometry in the area of Lynds 1642. Monthly Notices of the 
Royal Astronomical Society 470, 2133-2151. 
[62] Mattila, K., Väisänen, P., Lehtinen, K., von Appen-Schnur, G., Leinert, C. 2017. Ex- 
tragalactic background light: a measurement at 400 nm using dark cloud shadow - II. 
Spectroscopic separation of the dark cloud’s light, and results. Monthly Notices of the 
Royal Astronomical Society 470, 2152-2169. 
[63] Murthy J., 2009, Observations of the near and far ultraviolet background. Ap&SS, 320, 21 
[64] Murthy J., 2014a, GALEX Diffuse Observations of the Sky: The Data. ApJS, 213, 32 
[65] Murthy J., 2014b,The diffuse ultraviolet foreground. Ap&SS, 349, 165 
[66] Martin D. C., et al., 2005, The Star Formation Rate Function of the Local Universe. ApJ, 
619, L59 
[67] Schiminovich D., Friedman P. G., Martin C., Morrissey P. F., 2001, The narrowband 
ultraviolet imaging experiment for wide-field surveys. I. Dust-scattered continuum. ApJ, 
563, L161 
[68] Hamden E. T., Schiminovich D., Seibert M., 2013, The Diffuse Galactic Far-ultraviolet 
Sky. ApJ, 779, 180 
[69] Akshaya, M. S., Murthy, J., Ravichandran, S., Henry, R. C., Overduin, J. 2018. The 



Diffuse Radiation Field at High Galactic Latitudes. The Astrophysical Journal 858, 101. 
[70] Dwek E., Arendt R. G., Krennrich F., 2005, The Near-Infrared Background: Interplane- 
tary Dust or Primordial Stars? ApJ, 635, 784 
[71] Levenson L. R., Wright E. L., Johnson B. D., 2007, DIRBE Minus 2MASS: Confirming 
the CIRB in 40 New Regions at 2.2 and 3.5 μm. ApJ, 666, 34 
[72] Sano K., Kawara K., Matsuura S., Kataza H., Arai T., Matsuoka Y., 2015, Deriva- 
tion of a Large Isotopic Diffuse Sky Emission Component at 1.25 and 2.2 μm from the 
COBE/DIRBE Data. ApJ, 811, 77 
[73] Matsumoto T., et al., 2005, Infrared Telescope in Space Observations of the Near-Infrared 
Extragalactic Background Light. ApJ, 626, 31 
[74] Matsumoto, T., Kim, M. G., Pyo, J., Tsumura, K. 2015. Reanalysis of the Near-infrared 
Extragalactic Background Light Based on the IRTS Observations. The Astrophysical Journal 807, 57. 
[75] Tsumura, K., Matsumoto, T., Matsuura, S., Sakon, I., Wada, T. 2013. Low-Resolution 
Spectrum of the Extragalactic Background Light with the AKARI InfraRed Camera. 
Publications of the Astronomical Society of Japan 65, 121. 
[76] Matsuura, S., et al., 2017. New Spectral Evidence of an Unaccounted Component of 
the Near-infrared Extragalactic Background Light from the CIBER. The Astrophysical 
Journal 839, 7. 
[77] Kelsall, T. et al. 1998. The COBE Diffuse Infrared Background Experiment Search for 
the Cosmic Infrared Background. II. Model of the Interplanetary Dust Cloud. The As- 
trophysical Journal 508, 44-73. 
[78] Wright, E. L. 1998. Angular Power Spectra of the COBE DIRBE Maps. The Astrophysical 
Journal 496, 1-8. 
[79] Wright, E. L. 2001. Fitting Zodiacal Models. The Extragalactic Infrared Background and 
its Cosmological Implications 204, 157. 
[80] Mattila K., 2006, The 1- μm discontinuity in the extragalactic background light spectrum: 
an artefact of foreground subtraction. MNRAS, 372, 1253 
[81] Shectman, S. A. 1974. The small-scale anisotropy of the cosmic light.. The Astrophysical 
Journal 188, 233-242. 
[82] Shectman, S. A. 1973. Clusters of Galaxies and the Cosmic Light. The Astrophysical 
Journal 179, 681-698. 
[83] Martin, C., Bowyer, S. 1989. Evidence for an extragalactic component of the far-ultraviolet 
background and constraints on galaxy evolution for z between 0.1 and 0.6. The Astro- 
physical Journal 338, 677-706. 
[84] Sasseen, T. P., Lampton, M., Bowyer, S., Wu, X. 1995. Observations of the Galactic 
and Extragalactic Background with the Far-Ultraviolet Space Telescope (FAUST). The 
Astrophysical Journal 447, 630. 
[85] Low, F. J., et al., 1984. Infrared cirrus - New components of the extended infrared emis- 
sion. The Astrophysical Journal 278, L19-L22. 
[86] Kashlinsky A., Arendt R. G., Mather J., Moseley S. H., 2005, Tracing the first stars with 
fluctuations of the cosmic infrared background. Nature, 438, 45 
[87] Santos, M. R., Bromm, V., Kamionkowski, M. 2002. The contribution of the first stars to 
the cosmic infrared background. Monthly Notices of the Royal Astronomical Society 336, 
1082-1092. 
[88] Salvaterra, R., Ferrara, A. 2003. The imprint of the cosmic dark ages on the near-infrared 
background. Monthly Notices of the Royal Astronomical Society 339, 973-982. 
[89] Cooray, A., Bock, J. J., Keatin, B., Lange, A. E., Matsumoto, T. 2004. First Star Signature 
in Infrared Background Anisotropies. The Astrophysical Journal 606, 611-624. 
[90] Kashlinsky, A., Arendt, R., Gardner, J. P., Mather, J. C., Moseley, S. H. 2004. Detecting 
Population III Stars through Observations of Near-Infrared Cosmic Infrared Background 
Anisotropies. The Astrophysical Journal 608, 1-9. 
[91] Thompson, R. I., Eisenstein, D., Fan, X., Rieke, M., Kennicutt, R. C. 2007. Constraints 
on the Cosmic Near-Infrared Background Excess from NICMOS Deep Field Observations. 
The Astrophysical Journal 657, 669-680. 
[92] Madau, P., Silk, J. 2005. Population III and the near-infrared background excess. Monthly 
Notices of the Royal Astronomical Society 359, L37-L41. 
[93] Fernandez, E. R., Komatsu, E., Iliev, I. T., Shapiro, P. R. 2010. The Cosmic Near-Infrared 
Background. II. Fluctuations. The Astrophysical Journal 710, 1089-1110. 
[94] Cooray, A. et al. 2012. Near-infrared background anisotropies from diffuse intrahalo light 
of galaxies. Nature 490, 514-516. 
[95] Purcell, C. W., Bullock, J. S., Zentner, A. R. 2007. Shredded Galaxies as the Source of 
Diffuse Intrahalo Light on Varying Scales. The Astrophysical Journal 666, 20-33. 
[96] Helgason, K., Ricotti, M., Kashlinsky, A. 2012. Reconstructing the Near-infrared Back- 



ground Fluctuations from Known Galaxy Populations Using Multiband Measurements of 
Luminosity Functions. The Astrophysical Journal 752, 113. 
[97] Chary, R.-R., Cooray, A., Sullivan, I. 2008. Contribution to Unresolved Infrared Fluctu- 
ations from Dwarf Galaxies at Redshifts of 2-3. The Astrophysical Journal 681, 53-57. 
[98] Kashlinsky A., Arendt R. G., Ashby M. L. N., Fazio G. G., Mather J., Moseley S. H., 
2012, New Measurements of the Cosmic Infrared Background Fluctuations in Deep 
Spitzer/IRAC Survey Data and Their Cosmological Implications. ApJ, 753, 63 
[99] Mitchell-Wynne, K. et al. 2015. Ultraviolet luminosity density of the universe during the 
epoch of reionization. Nature Communications 6, 7945. 
[100] Yue B., Ferrara A., Salvaterra R., 2016, Updated analysis of near-infrared background 
fluctuations. arXiv, arXiv:1601.02514 
[101] Nikishov, A. I., Absorption of High-Energy Photons in the Universe, Soviet Phys. JETP, 
14,393, 1962 
[102] Jelley, J. V. 1966. High-Energy γ-Ray Absorption in Space by a 3.5o K Microwave Field. 
Physical Review Letters 16, 479 
[103] Gould, R. J., Schreder, G. P. 1967. Opacity of the Universe to High-Energy Photons. 
Physical Review 155, 1408 
[104] Aharonian, F., et al., 2006, Nature, A low level of extragalactic background light as 
revealed by γ-rays from blazars. 440, 1018 
[105] H.E.S.S. Collaboration; Abramowski, A.; Acero, F.; Aharonian, F.; Akhperjanian, A. 
G.; Anton, G.; Balenderan, S.; Balzer, A.; Barnacka, A.; Becherini, Y.; et al., 2013, Mea- 
surement of the extragalactic background light imprint on the spectra of the brightest 
blazars observed with H.E.S.S. A&A 550, A4 
[106] Ackermann, M.; Ajello, M.; Allafort, A.; Schady, P.; Baldini, L.; Ballet, J.; Barbiellini, G.; 
Bastieri, D.; Bellazzini, R.; Blandford, R. D.; et al., 2012, The Imprint of the Extragalactic 
Background Light in the Gamma-Ray Spectra of Blazars Science. 338, 1190 
[107] Dominguez A., Finke J. D., Prada F., Primack J. R., Kitaura F. S., Siana B., Paneque 
D., 2013, Detection of the Cosmic -Ray Horizon from Multiwavelength Observations of 
Blazars. ApJ, 770, 77 
[108] Biteau J., Williams D. A., 2015, The Extragalactic Background Light, the Hubble Con- 
stant, and Anomalies: Conclusions from 20 Years of TeV Gamma-ray Observations. ApJ, 
812, 60 
[109] Costamante, L. 2013. Gamma-Rays from Blazars and the Extragalactic Background 
Light. International Journal of Modern Physics D 22, 1330025-83. 
[110] Dwek, E., Krennrich, F. 2013. The extragalactic background light and the gamma-ray 
opacity of the universe. Astroparticle Physics 43, 112-133. 
[111] Mazin, D., Raue, M. 2007. New limits on the density of the extragalactic background light 
in the optical to the far infrared from the spectra of all known TeV blazars. Astronomy 
and Astrophysics 471, 439-452. 
[112] H. E. S. S. Collaboration, et al. 2017. Measurement of the EBL spectral energy distribu- 
tion using the VHE γ-ray spectra of H.E.S.S. blazars. Astronomy and Astrophysics 606,  A59. 
[113] Moralejo, A., et al. 2017a. Measurement of the EBL through a combined likelihood 
analysis of gamma-ray observations of blazars with the MAGIC telescopes. ArXiv e-prints 
arXiv:1709.02238. 
[114] Ahnen M. L., et al., 2016, A&A, 590, A24 The Extragalactic Background Light, the 
Hubble Constant, and Anomalies: Conclusions from 20 Years of TeV Gamma-ray Obser- 
vations. A&A 550, A4 
[115] Fernandez Alonso, M., VERITAS Collaboration 2017. Limits to the Intergalactic Mag- 
netic Field from extended gamma-ray emission around blazars. Boletin de la Asociacion 
Argentina de Astronomia La Plata Argentina 59, 90 
[116] Franceschini A., Rodighiero G., Vaccari M., 2008, A&A, 487, 837 
[117] Franceschini, A., Rodighiero, G. 2017. The extragalactic background light revisited and 
the cosmic photon-photon opacity. Astronomy and Astrophysics 603, A34. 
[118] Moralejo, A. et al., 2017b. Measurement of the EBL through a combined likelihood 
analysis of gamma-ray observations of blazars with the MAGIC telescopes, talk presented 
at 35th ICRC, Busan, Korea, 19 July 2017 
[119] Hubble, E. 1936. Effects of Red Shifts on the Distribution of Nebulae. The Astrophysical 
Journal 84, 517. 
[120] Brown, G. S., Tinsley, B. M. 1974. Galaxy counts as a cosmological test. The Astrophys- 
ical Journal 194, 555-558. 
[121] Tyson, J. A., Jarvis, J. F. 1979. Evolution of galaxies - Automated faint object counts 
to 24th magnitude. The Astrophysical Journal 230, L153-L156. 
[122] Ellis, R. S. 1997. Faint Blue Galaxies. Annual Review of Astronomy and Astrophysics 



35, 389-443. 
[123] Driver S. P., Robotham A. S. G., 2010, Quantifying cosmic variance. MNRAS, 407,  2131 
[124] Windhorst R. A., et al., 2011, The Hubble Space Telescope Wide Field Camera 3 Early 
Release Science Data: Panchromatic Faint Object Counts for 0.2-2 m Wavelength. ApJS, 193, 27 
[125] Seon K.-i., Witt A. N., Shinn J.-h., Kim I.-j., 2014, Diffuse Extraplanar Dust in NGC 
891. ApJ, 785, L18 
[126] Hodges-Kluck E., Bregman J. N., 2014, Detection of Ultraviolet Halos around Highly 
Inclined Galaxies. ApJ, 789, 131 
[127] Jo, Y.-S., Seon, K.-i., Shinn, J.-H., Yang, Y., Lee, D., Min, K.-W. 2018. Comparison of 
the Extraplanar Hα and UV Emissions in the Halos of Nearby Edge-on Spiral Galaxies. 
The Astrophysical Journal 862, 25. 
[128] Brandt, T. D., Draine, B. T. 2012. The Spectrum of the Diffuse Galactic Light: The 
Milky Way in Scattered Light. The Astrophysical Journal 744, 129. 
[129] Lehtinen K., Mattila K., Spectroscopy of diffuse light in dust clouds. Scattered light and 
the solar neighbourhood radiation field. A&A 549, A91 
[130] Trujillo I., Fliri, J., 2016, Beyond 31 mag arcsec−2 : The Frontier of Low Surface Bright- 
ness Imaging with the Largest Optical Telescopes. ApJ, 823, 123 
[131] Duc P.-A., 2015, The ATLAS3D project - XXIX. The new look of early-type galaxies 
and surrounding fields disclosed by extremely deep optical images. MNRAS, 446, 120 
[132] Merritt A., van Dokkum P., Abraham R., Zhang J., 2016, The Dragonfly nearby Galaxies 
Survey. I. Substantial Variation in the Diffuse Stellar Halos around Spiral Galaxies. ApJ, 
830, 62 
[133] Totani T., Yoshii Y., Iwamuro F., Maihara T., Motohara K., 2001, Diffuse Extragalactic 
Background Light versus Deep Galaxy Counts in the Subaru Deep Field: Missing Light 
in the Universe? ApJ, 550, L137 
[134] Benitez, N.; Ford, H.; Bouwens, R.; Menanteau, F.; Blakeslee, J.; Gronwall, C.; Illing- 
worth, G.; Meurer, G.; Broadhurst, T. J.; Clampin, M.; et al., 2004, Faint Galaxies in 
Deep Advanced Camera for Surveys Observations. ApJS, 150, 1 
[135] Durbala A., et al., 2008, Seyfert’s Sextet: a Slowly Dissolving Stephan’s Quintet? AJ, 135, 130 
[136] Bartunov O. S., Tsvetkov D. Y., Pavlyuk N. N., 2007, Sternberg Astronomical In- 
stitute Supernova Catalogue, and radial distribution of supernovae in host galaxies. 
Highlights of Astronomy, 14, 316 (The complete version of this paper is available at 
http://www.sai.msu.su/sn/pubs/sncatdistr.pdf) 
[137] McGaugh S., 1994, A possible local counterpart to the excess population of faint blue 
galaxies. Nature, 367, 538 
[138] Dalcanton, J. J., Spergel, D. N., Gunn, J. E., Schmidt, M., Schneider, D. P. 1997. The 
Number Density of Low-Surface Brightness Galaxies with 23 < μ0 <25 V mag/arcsec2 . 
The Astronomical Journal 114, 635-654. 
[139] Impey C., Bothun G., 1989, Malin 1 - A quiescent disk galaxy. ApJ, 341, 89 
[140] Greco J. P., et al., 2018, Illuminating Low Surface Brightness Galaxies with the Hyper 
Suprime-Cam Survey. ApJ, 857, 104 
[141] van Dokkum P. G., Abraham R., Merritt A., Zhang J., Geha M., Conroy C., 2015, 
Forty-seven Milky Way-sized, Extremely Diffuse Galaxies in the Coma Cluster. The As- 
trophysical Journal 798, L45. 
[142] Davies L. J. M., Driver, S. P., Robotham, A. S. G., Baldry, I. K., Lange, R., Liske, J., 
Meyer, M., Popping, A., Wilkins, S. M., Wright, A. H. 2015. Galaxy And Mass Assembly 
(GAMA): curation and reanalysis of 16.6k redshifts in the G10/COSMOS region. Monthly 
Notices of the Royal Astronomical Society 447, 1014-1027. 
[143] Koda J., Yagi M., Yamanoi H., Komiyama Y., 2015, Approximately a Thousand Ultra- 
diffuse Galaxies in the Coma Cluster. ApJ, 807, L2 
[144] Driver S. P., 1999, The Contribution of Normal, Dim, and Dwarf Galaxies to the Local 
Luminosity Density. ApJ, 526, L69 
[145] Driver S. P., Liske J., Cross N. J. G., De Propris R., Allen P. D., 2005, The Millennium 
Galaxy Catalogue: the space density and surface-brightness distribution(s) of galaxies. 
MNRAS, 360, 81 
[146] Doyle M. T., et al., 2005, The HIPASS catalogue - III. Optical counterparts and isolated 
dark galaxies. MNRAS, 361, 34 
[147] Haynes M. P., et al., 2011, The Arecibo Legacy Fast ALFA Survey: The α.40 H I Source 
Catalog, Its Characteristics and Their Impact on the Derivation of the H I Mass Function. 
AJ, 142, 170 
[148] Disney M., Lang R., Ott J, 2016, Clustering and the Search for Dim and Dark Galaxies. 
arXiv, arXiv:1603.02590 
[149] Kapferer W., Schindler S., Knollmann S. R., van Kampen E., 2010, The evolution of an 



intra-cluster and intra-group stellar population. Their contribution to the stellar mass, 
their age, and their dynamics. A&A, 516, A41 
[150] Zwicky F., 1951, The Coma Cluster of Galaxies. PASP, 63, 61 
[151] Rudick C. S., Mihos J. C., Harding P., Feldmeier J. J., Janowiecki S., Morrison H. L., 
2010, Optical Colors of Intracluster Light in the Virgo Cluster Core. ApJ, 720, 569 
[152] Mihos J. C., Harding P., Feldmeier J., Morrison H., 2005, Diffuse Light in the Virgo 
Cluster. ApJ, 631, L41 
[153] Adami C., et al., 2005, Large scale diffuse light in the Coma cluster: A multi-scale 
approach. Astronomy and Astrophysics 429, 39-48. 
[154] Adami C., et al., 2016, The XXL Survey. VIII. MUSE characterisation of intracluster 
light in a z 0.53 cluster of galaxies. A&A, 592, A7 ∼
[155] Ciardullo, R.; Mihos, J. C.; Feldmeier, J.J.; Durrell, P. R.; Sigurdsson, S., 2004, The 
Systematics of Intracluster Starlight. Recycling Intergalactic and Interstellar Matter. IAU 
Symp. 217, 88 
[156] Burke C., Hilton M., Collins C., 2015, Coevolution of brightest cluster galaxies and 
intracluster light using CLASH. MNRAS, 449, 2353 
[157] Burke C., Collins C. A., Stott J. P., Hilton M., 2012, Measurement of the intracluster 
light at z 1. MNRAS, 425, 2058 ∼
[158] Da Rocha C., Mendes de Oliveira C., 2005, Intragroup diffuse light in compact groups of 
galaxies: HCG 79, 88 and 95. Extraordinary Diffuse Light in Hickson Compact Group 90. 
MNRAS, 364, 1069 
[159] White P. M., Bothun G., Guerrero M. A., West M. J., Barkhouse W. A., 2003, Extraor- 
dinary Diffuse Light in Hickson Compact Group 90. ApJ, 585, 739 
[160] Gal-Yam A., Maoz D., Guhathakurta P., Filippenko A. V., 2003, A Population of Inter- 
galactic Supernovae in Galaxy Clusters. AJ, 125, 1087 
[161] Graham M. L., Sand D. J., Zaritsky D., Pritchet C. J., 2015, Confirmation of Hostless 
Type Ia Supernovae Using Hubble Space Telescope Imaging. ApJ, 807, 83 
[162] Overduin J. M., Wesson P. S., 2008, Light/Dark Universe, Singapore, World Scientific 
[163] Henry R. C., Murthy J., Overduin J., Tyler J., 2015, The Mystery of the Cosmic Diffuse 
Ultraviolet Background Radiation. ApJ, 798, 14 
[164] Gong Y., Cooray A., Mitchell-Wynne K., Chen X., Zemcov M., Smidt J., 2016, Axion 
Decay and Anisotropy of Near-IR Extragalactic Background Light. ApJ, 825, 104 
[165] Essey, W., Kalashev, O. E., Kusenko, A., Beacom, J. F. 2010. Secondary Photons and 
Neutrinos from Cosmic Rays Produced by Distant Blazars. Physical Review Letters 104, 141102. 
[166] Essey, W., Kusenko, A. 2010. A new interpretation of the gamma-ray observations of 
distant active galactic nuclei. Astroparticle Physics 33, 81-85. 
[167] Korngut, P. M. et al. 2013. The Cosmic Infrared Background Experiment (CIBER): The 
Narrow-Band Spectrometer. The Astrophysical Journal Supplement Series 207, 34. 
[168] Bock, J. 2013. Assembling the Infrared Extragalactic Background Light with CIBER-2: 
Probing Inter-Halo Light and the Epoch of Reionization.. NASA APRA Proposal 13-APRA13-173. 
[169] Shirahata, M. et al. 2016. The cosmic infrared background experiment-2 (CIBER-2) for 
studying the near-infrared extragalactic background light. Space Telescopes and Instru- 
mentation 2016: Optical, Infrared, and Millimeter Wave 9904, 99044J. 
[170] Zemcov, M., Arcavi,I., Arendt, R. et al. 2018. Astrophysics with New Horizons: Making 
the Most of a Generational Opportunity. arXiv:1802.09536, submitted to PASP. 
[171] Leinert, C. 1996. Solar system objects and extragalactic background light. American 
Institute of Physics Conference Series 348, 53-63. 
[172] Dwek, E. et al. 1998. The COBE Diffuse Infrared Background Experiment Search for the 
Cosmic Infrared Background. IV. Cosmological Implications. The Astrophysical Journal 508, 106-122. 
[173] Kenyon, S. J., Windhorst, R. A. 2001. The Kuiper Belt and Olbers’s Paradox. The 
Astrophysical Journal 547, L69-L73. 
[174] Tsumura, K. 2018. Is the Infrared Background Excess Explained by the Isotropic Zodi- 
acal Light from the Outer Solar System?. PASJ..tmp..104T (also: arXiv:1808.03424). 
[175] Park, C., Kim, J. 1998. Diffuse Dark and Bright Objects in the Hubble Deep Field. The 
Astrophysical Journal 501, 23-31. 


