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Figure 2. Example EBL intensity probability distributions. The shaded bands indicate the 68% contain-
ment bands. In the left panel, a two-sided containment band for vI,,(A) can be extracted, whereas in the
right panel only an upper limit can be set.

wavelength range is defined by the width of the pair-production cross section after integration over
the line of sight, and can be approximated as

E, 2
Aggr =~ [0.5 pm — 5 pm] x (ITEV) x (14 2)7, (1)

taking E. as the energy of the lowest-energy and highest-energy differential flux points in the source’s
photon spectrum. The highest-energy flux point is taken to be either one flux point beyond the last
point with >2¢ significance, or the last point with the number of source region counts =0 by 2,
whichever point is of higher energy.

A projection of the EBL intensity probability distribution at each Agg;, grid point is made. Initially
a flat distribution, each EBL shape is weighted by exp(—x?/2), with x? taken from the fit to the EBL-
corrected spectrum. This choice of weighting disfavors EBL shapes whose EBL-corrected spectra are
poorly described by the physically motivated spectral models considered.

The constraints from multiple blazars are combined by weighting the EBL model by exp(—(Xx?),./2).
where n is an index over the sources. It is worth noting that the spectra are produced with compara-
ble energy binning, ensuring that sources do not receive a greater or lesser weight in the combination
based on the choice of binning. At each grid point in Aggy, only sources contributing according to
Eq. 1 are included in the sum. Two example distributions, after v? weighting, are shown in Figure 2.

A measurement of the EBL intensity is made by integrating the desired (68% or 95%) containment.
As the probability distributions are in general asymmetric, the quantiles are extracted by integrating
inwards from where the distribution tails to zero, rather than outward from a central value. Examples
of 68% containment bands are shown by the shaded regions in Figure 2. In the right panel, only an
upper limit on the EBL intensity can be set, as opposed to the left panel, where both the upper and
lower tails of the probability distribution fall to zero.

The accuracy of the method is tested by taking spectra from a bright, nearby source (10 spectra
derived from short observations of the Crab Nebula, where event counts are comparable to those of
the EBL sources) and calculating the expected spectra at z=0.09, 0.2, 0.3, 0.4, 0.5, and 0.6 using
the model of Gilmore et al. (2012). The extracted 68% containment band contains the input value
of the EBL intensity for all redshifts.
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Figure 4. Measured 68% and 95% containment bands on the EBL intensity as a function of wavelength. The
dark and light shaded regions illustrate the bands with and without systematic uncertainties, respectively.
The filled circles mark the median values of the EBL intensity probability distributions. Upward-facing
arrows show lower limits from galaxy counts, downward-facing arrows show upper limits from direct mea-
surements.

A wIMR(95% CI)  wI™®(68% CI) vI™(68% CI) wvI™=*(95% CI)
[pm] [oWm2sr '] [oWm2sr!] [oWm2sr '] [oWm2sr 1]

0.56 - - 15.2 25.2
1.00 1.5 2.5 9.4 154
1.0 2.5 4.4 125 15.9
3.20 2.6 3.5 7.5 0.8
5.60 14 1.9 4.7 6.4
10.00 - - 22 3.5
18.00 - - 22 3.6
32.00 - - 4.7 6.8
56.00 - - 5.6 10.4

Table 5. Measured 68% and 95% containment bands on the EBL intensity as a function of EBL wavelength,
including systematic uncertainties. A dash indicates that no lower limit could be set. The treatment of the
redshift uncertainty for two of the sources is discussed in Section 5.

model of Gilmore et al. (2012) is included for reference. All gamma-ray measurements are consistent
with each other and with Gilmore et al. (2012), which for this wavelength region is consistent with
other state-of-the-art models. Taken together, these measurements point to an EBL SED that is
well described by the lower limits from galaxy counts, although the uncertainties remain too large
to rule out a diffuse component. It is clearly seen that the approach taken here has more power to
constrain high EBL intensities than low EBL intensities, which has been remarked upon in other
EBL measurements using imaging atmospheric Cherenkov telescopes (Abdalla et al. 2017; Acciari et
al. 2019).

7. CONCLUSIONS
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Figure 5. Measured 68% containment bands on the EBL intensity as a function of EBL wavelength, taking
the most conservative bands obtained after removing the sources individually, overplotted with the 68%
containment band including all spectra (without systematic uncertainties).
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Figure 6. Measured 68% containment on the EBL intensity as a function of wavelength, compared to
the recent gamma-ray measurements of Biteau & Williams (2015), H.E.S.S. (Abdalla et al. 2017), and
MAGIC (Acciari et al. 2019), and the model of Gilmore et al. (2012).

Nine years of VERITAS observations of 14 hard-spectrum blazars, located from redshift 2=0.044
to 2=0.604, were used to extract a measurement of the EBL intensity as a function of wavelength.
The approach taken made minimal assumptions about the EBL shape and evolution, and made
conservative assumptions about the intrinsic spectra of blazars. No individual source is dominant
in the resulting joint measurement, and the systematic uncertainties are small in comparison to
the statistical uncertainties. This indicates that the VERITAS results can be improved by deeper
exposures and better-measured spectra. This is particularly true at large values of Aggp, where
the state-of-the-art EBL models begin to disagree in their predictions. The agreement between
the extracted EBL SED and lower limits from galaxy counts indicates that most, if not all, of
the EBL photons can be attributed to resolved galaxies in the wavelength range covered by this
measurement. Looking beyond currently operating instruments, a more complete picture of the
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