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observations at long wavelengths. These new data inditigtely lower photon densities long-
wards of a few microns, in the mid- and far-infrared and sullirreter. This implies slightly
lower cosmic opacity for photon-photon interactions, tieafuces some tension that had emerged
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1. Introduction

The extragalactic background radiation at various electro-magnetieenetes, from radio to
gamma-rays, is a fundamental constituent of the Universe, and was dieated to permeate it
quite uniformly. Such radiations have a key role during most of the histoupiversal expansion
and the formation of all structures. Given their obliquity, radiations arenddmental source of
opacity for the propagation of high-energy cosmic-ray particles antbpeahroughout space-time
(Nikishov 1962, Gould and Schreder 1966).

One particularly important component of this radiation is the Extragalacticddaakd Light
(EBL), in the wavelength interval between 0.1 and 1000 microns: interactigh these of very
high-energy photons from astrophysical sources, and the coziseqair production, produce
strong and observable opacity effects (e.g Stecker et al. 1992, amangateers). The corre-
sponding high-energy exponential cutoffs are customarily identified iTéNespectra of several
of the most local BLAZARSs observed with imaging atmospheric Cherenkosdefees, now oper-
ating between a few tens of GeV to tens of TeV (e.g. HEGRA, HESS, MAG¢€ e.g. Dwek and
Slavin 1994, Stanev and Franceschini 1998, Aharonian et al. 20bértAet al. 2006). Of course,
not only photons from cosmic sources interact with EBL photons, bupanycle of sufficiently
high energy, from cosmic rays to neutrinos. So the issue of an higlisjmecetermination of the
time-evolving EBL is of central importance.

Several efforts to modeling the EBL and its time evolution have been publighadding
those based on physical prescriptions about the formation and evolditamsmic structures, in
particular the semi-analytical models of galaxy formation. This is the so-cfiacrd evolution
approach, advocated by Gilmore et al. (2012), among others. Theaditerare the more empirical
approaches essentially based on local properties of cosmic sourtesiacated extrapolations
back in cosmic time (e.g. Stanev & Franceschini 1998, Stecker et al. 20t8)08, Stecker,
Malkan & Scully 2006), théackward evolutiomodeling.

Once the background photon densities are defined, the calculation oftimécgohoton-photon
opacity and its effects on very high-energy spectra of BLAZARs aradsta physical practice (e.g
Stecker et al. 1992). Many papers have compared the predictionsdoastenuated spectra with
multi-wavelength BLAZAR observations, and the results appear oftenrratmsistent, for both
local and high-redshift objects. As a particularly interesting and illuseakample of what it is
currently feasible, Ackermann et al. (2012) analyze yearSeoii LAT observations of a large
sample of BLAZARs over a wide range of redshifts to investigate the effggtair-production
opacities in various redshift bins, assuming smooth spectral extrapolatiasdthe highest
energies and the EBL evolutionary models by AF2008. These LAT norndaBt&ZAR spectra
show indeed cut-off features increasing with redshift exactly as éegby the model, so providing
remarkable proof of the overall validity of our understanding of the &gl photon densities and
their evolution in time.

Similarly, the multi-wavelength high-energy spectra of both BL Lac and Flet¢tspm radio
guasars (the AGN populations emitting at the highest energies) are ustidyiyvell reproduced in
terms of standard BLAZAR emission models (like the Synchrotron Self CompttiredExternal
Compton processes), once corrected for photon-photon absorpsed bn the most accurate EBL
models.
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There are however still some areas of concern related with observatitresiughest energy
BLAZAR spectra. One is the reported relative independence (or only rateddependence) of
the observed spectral indexes of BLAZARs in the limited redshift intenvalently probed at TeV
energies, while a faster increase might be expected due to the strongldape of the opacity on
the source distance (De Angelis et al. 2009, Persic & de Angelis 2008)thar related consider-
ation was about the detection of variable emission in the energy range 70 ®eA0from the flat
spectrum radio quasar PKS 1222+216, where such high-energgnshwould be expected to be
absorbed in the broad line region (Tavecchio et al. 2012).

Another source of possible concern are some apparent upturnssyfehza of BLAZARS at
the highest energies, once the observed spectra are correct®l fabEorption. One characteristic
instance would be shown by the HEGRA observations of Mkn 501, whB&ederrected very high
energy spectrum would show a statistically very significant hardeningeab® TeV, as reported
for example in Costamante (2012).

All the above considerations may have important implications for fundamemisiqs, as they
have raised an important question about photon propagation in spdwas leen suggested that
photons can oscillate into axion-like particles (ALPs), which are a genez@tigiion of extensions
of the Standard Model of elementary particles, in particular the supegsh@ories. Photons can
oscillate with axions in a similar way as massive neutrinos do, which would eequirexternal
field, e.g. a nano-Gauss magnetic field, to compensate for the photon @hdpghh difference.
Then a fraction of very-high-energy photons could escape absoyptcause ALPs do not interact
with ambient photons (De Angelis et al. 2007, Tavecchio et al. 2012).sAh&y be an important
constituent of the cosmos because, while not contributing to the cold dark tizteare a possible
candidate for the quintessential dark energy.

The present paper is dedicated to reconsider the issue of the propagatmace-time of the
highest energy cosmic photons produced by BLAZARS. In particularupdate a model of the
EBL by AF2008 by including new very extensive data in the far-IR artgtsillimeter obtained
with theHerschelspace observatory, in a spectral region where the EBL and its evoluitiotinve
cannot be directly measured. The updated model makes also full usep$derey data from the
Spitzertelescope.

Section 2 summarizes the new data. Section 3 reports on the updated EBLandd=in-
sequent modification of the cosmic photon-photon opacities. Section 4 stpphisations to the
analysis of some BLAZAR spectra.

We use in the following a standard cosmological environment tigh- 70 km s Mpc1,
Qm=0.3,Q,=0.7.

2. The New Data

The new data made available during the recent years for estimating the ototr#bof ex-
tragalactic sources to the EBL concern in particular the source infrangssien. Instead, our
knowledge of the optical and near-IR part of galaxy emissivities hasliargmained unmodified.
Indeed the cosmic opacities originating from UV-optical background pisatstimated by AF2008
have proven so far rather successful in reproducing the BLAZARRtsa at about 1 TeV or less.
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The new data at the longer wavelengths have mostly come from two greaeitiiobservato-
ries in space, the NASSpitzertelescope and the ESiAerschelobservatory.
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Figurel: Left: Euclidean-normalized differential number countgextragalactic sources at @ compared
with our model fit. The red circles are from the analysis of SWI8urvey data by Shupe et al. (2008),
black squares from Papovich et al. (2004). Right: Euclideammalized differential number counts of
extragalactic sources at 2. The blue open circles are froderschelobservations by Berta et al. (2011),
black triangles from atackinganalysis ofSpitzerdata by Bethermin et al. (2010). Other data-points are as
reported in Franceschini et al. (2010). The contributioriype-1 AGNs is shown as green dot-dashed line,
moderate-luminosity starbursts (the LIRGs) make the cyamtsdash line (type-Il AGNs and starbursts
are included in the same population on the assumption thiadtim classes the IR spectrum is dominated
by starburst emission). The red long-dashed line correfptmthe population of high-luminosity sources
dominating the IR emissivity at high redshifts. The dotiee is the separate contribution of normal spirals,
while the continuous line is the total model counts.

2.1 The Spitzer MIPS number counts and luminosity functions

The SpitzerMIPS imaging camera has been used to map deep sky regions in then24
channel and partly at 70m. The former observations benefited by excellent sensitivity and good
spatial resolution, while the latter observations were limited in both senses theolocal EBL
view-point, what matters particularly are the source number counts at atblengths, that are
reported in differential normalized Euclidean units in Figure 1. These datecenpared with the
model prediction discussed in the next Sect. Important to note, in both ttesescounts show a
maximum in flux density and then a rather quick convergence towards fawsfl This is evidence
that the total EBL at the two wavelengths is mostly resolved at the limiting fluxeseadielkepest
surveys (see Madau & Pozzetti 2000 for a similar consideration abooptiwal counts).

Since we are interested not only in the local EBL intensity, but also in its time tiwoju
we need information on the source spatial density as a function of redshifbus flux-limited
Spitzersamples have been used for deriving redshift surveys with goo@elegf completeness,
suitable for the calculation of redshift-dependent luminosity functions.ighkaeto et al. (2010)
have worked on a complete 24m selected sample, while Magnelli et al. (2009) have done it
on a sample selected with MIPS at @@n. The two surveys have been used to calculate galaxy
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luminosity functions at the rest-frame wavelengths of 15 anguB8f shorter than the selection
wavelengths to minimize the K-corrections for the typical source redghiftl().

We report the two redshift-dependent luminosity functions in Figures 23amogether with
the predictions of our evolutionary model in Sect. 3.
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Figure 2: The rest-frame 1%m luminosity functions of IR-selected galaxies in redshifts, in comoving
units. The data-points are from &pitzerMIPS selected sample at 24m by Rodighiero et al. (2010),
computed at 15/m to minimize the K-corrections. Green dot-dashed lineetyAGNs. Cyan short-dashed
line: evolving moderate-luminosity star-forming galexi@.IRG). Red long-dashed line: high-luminosity
starbursts (ULIRG). Lower dotted black line: quiescentaopulation. The upper black continuous line
is the total predicted emissivity.

2.2 The Herschel multi-wavelength number counts and luminosity functions

The major new step of the recent years at the long far-IR and sub-melemgths has been
offered by the ESAHerschelspace observatory, whose imaging instruments, PACS and SPIRE,
have surveyed deeply and extensively at the wavelengths of 70160Qum and 250, 350, 500
um, respectively. Of specific interest for us, the PACS observationdg B al. 2010) have
exploited the diffraction-limited imaging capability of the instrument to reduce th&usn noise
and ease source deblending and identification. PACS imaging requirevérolang integrations
and has been performed to such faint fluxes only in small areas, like G2DD COSMOS. We
report in Figure 1 faint number count data at the effective wavelengil® gm from Berta et al.
(2011), which account for all various corrections of sampling compéstgreffective area, fraction
of spurious identifications, together with previous determinations by Bethetain (2010) based
on Spitzerobservations.

The Herschelextensive cosmological surveys have also offered us the opportonitalcu-
lating redshift-dependent luminosity functions in the far-IR and sub-millimeterschelSPIRE
data over a total of 38.9 dégvithin five high-latitude fields have been used by Marchetti et al.
(2014), to compute the local luminosity functions in the sub-millimeter at 250/36Q450, and
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Figure 3: The rest-frame 15m luminosity functions of IR-selected galaxies in redshifts, in comoving
units. The data-points are fromSpitzerMIPS selected sample at 24m by Rodighiero et al. (2010),
computed at 15:m to minimize the K-corrections. Green dot-dashed lineetypGNs. Cyan short-dashed
line: evolving moderate-luminosity star-forming galexi@.IRG). Red long-dashed line: high-luminosity
starbursts (ULIRG). Lower dotted black line: quiescentagopulation. The upper black continuous line
is the total predicted emissivity.
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Figure 4: Comparison of data on the CIRB intensity at long wavelengtitgsour best-fit model predictions
(thick line). Most of the data are as reported in AF2008. Tyenarrowheads mark the fraction of the CIRB
intensity resolved into sources by Herschel PACS (Bertd. 2@10, 2011) at 100 and 160m, a fraction
corresponding to roughly half of the COBE intensity at thpeak wavelengths. Red arrowheads at longer
wavelengths mark the CIRB resolved fractions with Hers&H®RE (Oliver et al. 2010, Glenn et al. 2010).

in the far-IR, in combination wittspitzerphotometry and archival data (including redshifts from
SDSS). This provides us with a census of the luminosity density in the locaklsa at these
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wavelengths.

Gruppioni et al. (2013) and Vaccari et al. (2015) report indepahdnulti-wavelength Iu-
minosity functions, from the rest-frame 60 to 50éh, over a wide redshift interval from local to
z~4.

3. EBL model improvements and the cosmic yy opacity

We have accumulated and included in our AF2008 modeling only new dataaiwawve-
lengths A > 10 um.

The recent data from thiderschelsurveys have slightly modified previous analyses based on
the Spitzerobservations. The latter required some substantial extrapolations froobieeved
mid-IR to long wavelengths, that are not confirmed by the new far-IR dalldaz et al. (2010)
and Rodighiero et al. (2010) found, in particular, that the highest luritingalaxies over a wide
redshift interval have a relatively lower IR luminosity with respect to pregsiestimates. Con-
sequently, both the estimated contribution of sources to the EBL intensity atVlengths and
the photonic number densities at high redshifts are slightly decreased wjtbcteto reports by
AF2008.
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Figure 5: The energies corresponding to optical depth values=6f0.1, 1 and 10 for photon-photon colli-
sions, as a function of the redshift distance of the source.

Figure 4 reports our current assessment of the local EBL intensityth&exbove mentioned
corrections. We see that all the spectral range from the UVméas remained unchanged as a
consequence of the unchanged modeling of the galaxy populationsafrigsencies. Instead, the
mid-IR portion from 10 to 4Qum has progressively lowered because of the slightly reduced evolu-
tion of IR emissivity of galaxies. And the whole far-IR and sub-millimetric peb#ust emission
from galaxies has correspondingly lowered: the peak EBL emissior0gii6 while estimated to
exceed 20W/n?/sr by AF2008 based oBpitzerdata, is now lowered te- 14 nW/n?/sr.
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This modification of the EBL intensity and its evolution impacts only on very highggngeV
observations of essentially local cosmic sources, according to therugeralf-thumb

Amax~ 1.24(E,[TeV]) um. (3.1)

so a significant influence might only be for the observations of BLAZAEcHa at several to few
tens of TeV.

The scaling of the optical depth for photon-photon interaction as a funofieedshift and
energy are reported in Figure 5, which reveals a slight modification wifect$o AF2008 in the
sense of a modest increase of the redshift corresponding to an ajeptal ofr,, = 1 and 10. We
refer to AF2008 for all details concerning the calculations.

4. Discussion and Conclusions

Compared with the results in AF2008, the new data on the IR source emissatitayy IR
wavelengths, and the corresponding slightly lower EBL intensity values, isgshewhat reduced
photon-photon opacities at the highest photon energieslateV. The difference is not large, and
involves only the highest energy observations. This typically mostly cas@rsorption effects in
the most local objects, like the classical MKN 501 and MKN 421.

1000 —— 10-9° ————— -
: z2=0.034 l MKN 501 (z=0.034) -
= 5]
100 |- — £ -~
5 = ] » o F =
= . ] = - ]
-~ | _ =] - -
g =) - -
= B 1 = - -
s | 12 I -
= ==
C5 =] ~ -1
10 =54 =
= 4 =
C 1 = 10-1t |~ =
B T F Tintrinsic=1-98 — =2.38 —
1 PR | " M | " " PRI | " " MR | E\
1 10 1 10
source photon energy [TeV] source photon energy [TeV]

Figure 6: Left: Absorption correction for the source MKN 501 z& 0.034. Right: the observed (open
black) and absorption-corrected (filled red) spectrumabam Aharonian et al. (2001).

For illustration purposes, we report in Figure 6 our detailed estimate of th@noauction
extinction factor for a source distance of z=0.034, corresponding totih4kKN 501. On the right
panel of the figure we show the observed and corrected spectrad Baur extinction correction,
the intrinsic spectrum is well reproduced by two-power-laws, one withigghepectral index of
~ 2 up to 3 TeV, followed by a steeper one with index 2.4 above. The higlggmngturn in the
corrected spectrum indicated in the Costamante (2012) review is notesmpeare. Our current
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results are in line with those reportedfatucial model in Primack et al. (2011). In our case, the
modeling of the extragalactic source contribution to the EBL is purely empirigdlpased on an
enormous variety of deep photometric imaging data and accurate renditioa sbtince spatial
distributions, like detailed a knowledge of the source luminosity functions atea#lengths from
UV to the sub-millimeter.

Overall, our improved EBL modeling reduces some tension between VHEwattisas of
BLAZAR and standard physical interpretations of their spectra, onpeapate account is taken
of pair-production effects generated by photon encounters.

This subject about the interaction of the highest energy photons pFddyccosmic sources
and the background light will likely remain a hot topic in the coming years. fPobohis is,
among others, the recent claim by Zemcov et al. (2014) about an @olsexceess signal of near-IR
background fluctuations on scales of about 10 arcminutes that magponeto diffuse light from
the intergalactic space outside galaxies, potentially implying an EBL flux two timéehiffom
the optical to the near-IR, than our estimated galaxy contribution in Fig. 4. tdash would
this be consistent with the observed BLAZAR spectra will certainly be censtin forthcoming
publications.
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