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Abstract. Very high energy (VHE) y-rays from distant sources such as blazars are attenuated due to the
interaction with low energy photons of the extragalactic background light (EBL) in the ultraviolet to infrared
wavelength band. Thus, the EBL leaves an imprint on the observed energy spectra of such sources. With
assumptions about the source physics it is possible to derive limits on the EBL photon density. However,
the EBL evolves with redshift a fact that often been neglected in the deviations of the limits. Here, the
influence of evolution is examined by implementing it in a phenomenological way with four VHE spectra
and compared to previous results.

1. Introduction
The extragalactic background light (EBL) is the diffuse isotropic background radiation field that ranges
from ultraviolet/ optical to far infrared wavelengths. The two main contributions to this radiation field are
emitted starlight integrated over all epochs and the starlight absorbed and re-emitted by dust in galaxies
[L, for a review]. Further possible components that add to the total EBL intensity are active galactic
nuclei (AGN) [2]], the very first (population III) stars [3]] or even exotic candidates such as dark matter
powered stars [4]]. Knowledge of the spectral energy distribution (SED) of the EBL allows for insight of
the cosmic star and galaxy formation rates as well as the amount of dust contained in galaxies. The EBL
is however difficult to measure directly especially in the infrared due to foreground contamination [3].
With the advent of imaging air Cherenkov telescopes (IACTs) that are able to observe very high
energy (energy E > 100 GeV, VHE) y-rays from distant sources it is possible to place upper limits on
the intensity of the EBL under the assumption of a certain intrinsic source spectrum. VHE y-rays can
interact with EBL photons and produce electron-positron pairs. These y-rays are thus removed from the
photon beam and initial photon flux of the source, dNj,/dE, is attenuated. This is commonly expressed

as
dNobs _ dNin¢
5 = qp Xep|tn(E.2). (1)
where the observed spectrum is denoted by dNops/dE. The parameter 7, is called the optical depth and
is a three-fold integral over the cosmological distance to the source at redshift zp, the cosine of the angle
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of incidence of the photons y, and the energy € of the background photons [6],

20

+1 o0
Tyy(E,20) = fdf(z) fd,ulT'u fdG'nEBL(E', 2oy (E' €, ). 2
0 -1 €l

The comoving photon number density of the EBL in the energy interval €’ and de’ at redshift z enters
as ngpL and the cross section for pair production as o,. The threshold energy for pair production is
given by €, = en(E’,u) with E” = E(1 + z). The cross section is strongly peaked at a wavelength
A =1.24(E/TeV) um, making the EBL the dominant background for the attenuation of VHE photons.

Several authors have used VHE spectra measured by IACTs to constrain the EBL [7, |8 9, [10]. In
[7] the authors test a great variety of shapes of the EBL intensity. For each shape they calculate the
absorption and correct the observed VHE spectra accordingly. Subsequently, they compare the obtained
intrinsic spectra with theoretical predictions, i.e. if the intrinsic spectra are described with power laws,
dNiy/dE o« E7', with T < 1.5 or if the spectra are best described with an exponential pile up at the
highest energies. If one of the two conditions is true the corresponding EBL shape is excluded. The
envelope shape of allowed shapes gives the upper limit of the EBL intensity.

This article follows the same approach but its goal is to examine the consequences on the EBL upper
limits if the evolution is not neglected but implemented in a phenomenological way outlined by [11]].
However, the value of I' = 1.5 as a limit is somewhat under debate. Harder spectra, i.e. spectral indices
I' < 1.5, can be achieved e.g. in the case of internal photon absorption [[12], proton-synchrotron radiation
[[L3L[14] or narrow electron injection spectra [15} 16} [17]]. In this work, the focus lies on the influence of
the evolution with redshift on upper limits of the EBL intensity. Thus, the limiting value of 1.5 is chosen
for simplicity and to compare the results to [[7].

2. Method of constraining the EBL density with VHE observations
2.1. Calculating the EBL photon density
Following [7]], the EBL SED v/, (in nW m~2 sr~!) is described by splines,

k
vl, = Z w;isi p(€) 3)
i=0

with the B-Splines s; p,

(© 1 ¢g<e<eqand g < €4, )
sio(e .
10 0 otherwise,
€E—€ €irp+l — €
sip(€) = ———Sip-1(€) + —————sis1,p-1(6), )
€irl — € €i+p+1 — €itp

and the order p is set to two. Each spline is defined by the choice of k supporting points in the (4,vI,)-
plane, where A, i = 1,...,k are the knot points and w; are the weights of the spline. For the knot points
16 equidistant points in log;y(1) between 0.1 and 1000 um are chosen and 12 equidistant points of the
EBL density in log,,(v1,) between 0.06 and 100 nW m? sr™! are set as weights. It should be stressed that
the splines will in general not run through each weight and knot. The grid defined by the selection of
weights and knots is limited by an envelope shape, which is shown in Figure[I| The minimum allowed
shape is set to reproduce the lower limits from the galaxy number counts from Spitzer [18]] while the
maximum allowed shape roughly follows the measurements and upper limits. In total this range of knots
and weights allows for 518,400 different EBL shapes.

Assuming the EBL intensity is constant in redshift, the differential photon number density is given by
(20]

negL(€, 2) = %(1 +2)2vI(e = hy). (6)
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Figure 1. Grid points that are used to construct EBL shapes. The points are shown in red together with
the minimal and maximal shape depicted as black lines. Direct measurements as well as lower and upper
limits on the EBL are shown in gray [19].

However, the evolution of stars, dust and galaxies with redshift leads to an evolution of the EBL with
redshift as well. This is also implemented in the modeling of the EBL (see e.g. [21, 20, 22]). Here, it
is accounted for with the phenomenological ansatz of [11]]. The cosmological photon number density
scaling is changed from nggp o« (1 + 2)? to ngpr, « (1 + z)>feo. For a value of fevo = 1.2 a good
agreement is found (the deviation in 7, is found to be < 4% for z = 0.2 and < 10% for z = 0.5) for
redshifts z < 0.7 between this simplified approach and complete EBL model calculations [11]]. On the
other hand, neglecting the evolution entirely leads to an overestimation of the optical depth between 10%
(z =0.2) and 35% (z = 0.5). Thus, including the evolution will generally weaken the upper limits on the
EBL energy density.

2.2. Exclusion criteria

The derivation of upper limits is limited here to the three spectra, namely measurements of the sources
H1426-428 [23]] (measured by HEGRA), 1ES1101-232 [24]] (observed with H.E.S.S.) and 3C279 [_25]
(measured by MAGIC). If an EBL shape is excluded is determined in the same fashion as in [7]]. For a
particular EBL shape the intrinsic spectrum is calculated by inverting Eq. [I] Subsequently, analytical
functions (given in Table 2 of [[7]) are fitted to the data points. An EBL shape is excluded if one of the
following conditions is met:

(i) The photon index (or one of the photon indices if the spectrum is best described with a (double)
broken power law) I of the analytical function is smaller than 1.5,

I'+or+0ogys <15, (7

where o is the uncertainty associated with the fitting procedure and oy is the systematic error of
the photon index quoted in the corresponding reference.

(i) The spectrum is best described with a function that contains an exponential pile up at the largest
energies.
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Source
H1426+428 1ES1101-232 3C279 | Combined
‘With evolution 13.91% 21.50% 58.78% 0.93%
W/o evolution 13.05% 17.78% 49.61% 0.60%

Table 1. Percentage of allowed shapes for each spectrum with and without evolution. The numbers show
that if evolution is neglected up to 10% (3C279) more shapes are excluded.

The upper limit EBL shape is defined as the envelope shape of all allowed shapes.

3. Results

The upper limits are derived using the three VHE spectra from the sources H1426+428 [23], IES1101-
232 [24]] and 3C279 [25]. The first two spectra are included in the analysis of [7]. The sources are
located at redshifts of 0.129, 0.186 and 0.536 respectively and thus a weakening of the upper limits
due to the inclusion of the evolution of the EBL can be expected. This is seen in Figure [2| which
shows a comparison of the limits with and without evolution together with the limits derived in [7].
For completeness, two EBL models are shown as well. The blue solid line indicates the limits with
evolution which are indeed weaker than those derived without evolution (dark blue dashed curve). The
differences are most prominent in the transition at near infrared wavelengths where 1ES1101-232 and
3C279 give the most constraining limits which can be inferred from the strongly peaked cross section for
pair production and the energy ranges covered by the spectra. This is natural as the effect of the evolution
becomes more pronounced for higher redshifts. Table|l|lists the ratio of the number of allowed shapes
to the total number of shapes for each spectrum with and without evolution.

The deviations from the upper limits of [7] can be explained, on the one hand, by the slightly different
choice of the grid for the splines. In the present analysis the grid is shifted towards lower values of
the intensity along the y-axis (see Figure |1)) in order to cover the lower limits from galaxy counts. The
spectrum of Markarian 501 [26]] which excludes most EBL shapes in [7]] is not considered here since the
evolution should only have a negligible impact on this spectrum as the source is relatively close by with
z = 0.034. On the other hand, the previously unconsidered source 3C279 improves the upper limits at
optical wavelengths.

4. Conclusions

In this paper the effect of the evolution of the EBL density with redshift on upper limits from VHE
observations is studied. The evolution is implemented in the phenomenological way outlined in [[11]].
The expectation is confirmed that the evolution generally weakens the upper limits since the photon
number density of the EBL is reduced. The result underlines the necessity to include this effect in upper-
limit calculations which has not been done so far. Furthermore, new upper limits from the source 3C279
are presented that improve the upper limits of [7] in the optical by roughly a factor of 2.
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