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« Photon-ALP mixing in astrophysical magnetic fields

« Possible scenarios
↝ Mixing in intergalactic magnetic fields (IGMF)
↝ Mixing at the source and in the Milky Way
↝ Related theoretical predictions

« Opacity anomaly

« EBL measurements

« Constraints
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A variety of sources is observed in gamma rays
↝ Galactic : supernova remnants, pulsar wind nebulae
↝ Diffuse emission (induced by cosmic rays)
↝ Extragalactic : blazars, starburst galaxies
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« Gamma rays interact with IR-UV photons
« Pair creation destroy them

« Two radiation fields can induce absorption
↝ Optical-IR photons near the source (broad line region)
↝ Extragalactic light
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« Photons mix with ALPs through
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« The relevant energy scale
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« Amplitude of the oscillation 
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« With cosmological magnetic fields of B ⇠ 1 nG
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MF ~ patches of coherent domains

~B

random orientations
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Effect could have been predictable after 
averaging over many domains
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« Absorption on the EBL: 

« Account for photon polarizations: use a 3-state system

Additional ingredients: 
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« Prediction has a large variance!

« Not all realizations lead to a more transparent Universe
« Effect useless to set constraints
« Other problem is IGMF
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A. Taylor et al., A&A 2011

M. Lorentz, P.B., in prep.

Required value 
close to upper limit

IGMF probably ≠ 0 
but much weaker



Mixing can occur : 

« Within the source (jet)

« In the surrounding cluster

« In the inter-galactic medium

« In the Milky Way
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FIG. 3: The gamma-ray spectrum from a source with an in-
jected spectrum of dN/dE ∝ E−2, after propagation over a
distance of z = 0.2 (top) and z = 0.5 (bottom). Results are
shown with and without the effect of photon-ALP oscillations.
The ALP-photon mixing mitigates the impact of absorption
via pair production and leads to a plateau in the spectrum at
high energies. We have calculated the effects of ALP-photon
mixing assuming a source conversion probability of 0.3 and a
Milky Way reconversion probability of 0.1. The vertical axis
is in arbitrary units.

the typical predictions for the EBL without need to mod-
ify the infrared to ultraviolet emission models from cos-
mic star formation, allowing spectra at the source that
are certainly much easier to obtain in typical acceler-
ation models. Also, this model has several distinctive
phenomenological consequences, which we shall comment
upon in the next section.

III. DISCUSSION AND CONCLUSION

In recent years, imaging atmospheric Cherenkov tele-
scopes have discovered many new TeV gamma-ray
sources, some of which are cosmologically distant (see
Table I). These sources provide us with a useful probe

FIG. 4: The points shown with error bars represent the
observed gamma-ray spectrum of H 2356-309 (top) and
1ES1101-232 (bottom), from the data of Ref. [2]. The other
points shown denote the spectra required to be injected at
the source in order to generate the observations after ac-
counting for the absorption by the EBL. Using a conven-
tional EBL spectrum and density, the reconstructed source
spectra are required to be extremely hard (dN/dE ∝ E−0.6

and dN/dE ∝ E0.2). The mechanism of photon-ALP mixing,
however, can soften the required spectral slope at injection to
acceptable values. See text for more details.

of the extragalactic background light in the infrared to
ultraviolet range. In particular, the spectra of very high
energy gamma-ray sources at cosmological distances are
expected to be attenuated by this background through
the process of electron-positron pair production. Re-
cent observations seem to indicate a far greater degree of
transparency of the universe to very high energy gamma-
rays than previously estimated [2, 3]. While astrophys-
ical explanations of these observations have been dis-
cussed [4, 5], it has also been proposed that this lack
of suppression could be the result of photon mixing with
axion-like particles (ALPs), with oscillations occurring in
the presence of the magnetized intergalactic medium [6].

In this article, we have discussed an alternative mech-
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The opacity effect would depend on position
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Source magnetic field configuration unknown: variance of the prediction
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« One class of AGN was not expected to shine in γ

↝ Flat-spectrum radio quasars (FSRQs)

↝ Important opacity due to IR-optical photons

« At least 5 FSRQs discovered in the last few years

↝ Gamma rays observed above 100 GeV

↝ z > 0.3
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« Another FSQR : axions allow to keep spectrum concave

« Same for PKS 1222+216 (F. Tavecchio et al.,  PRD 2012)

« Can be explained with non-minimal conventional models
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Impact of ALPs on PKS 1424+240 Manuel Meyer

Figure 2: Spectral energy distribution for PKS 1424+240. The gray-shaded area shows the extrapolation of
the Fermi-LAT spectrum under the assumption of the best-fit EBL model determined in Ref. [16].

model outlined in [21]. In total, 5000 realizations are simulated each for the randomly orientated
ICM and IGMF.

The observed VERITAS spectrum corrected with the median of all realizations along with
the 68% and 95% confidence contours is shown in Fig. 2 for an photon-ALP coupling of 5×
10−11 GeV−1 and ma = 1neV. The choice of this particular mass ensures a maximal mixing be-
tween photons and ALPs and is assumed henceforth. Clearly, the resulting intrinsic spectrum is
softer than in the no-ALPs case. The difference between spectral indices, ∆Γ= ΓVHE−ΓFermi, for
different values of gaγ is shown in Fig. 3. For each value, the observed spectrum is corrected for
absorption with the median of all realizations. If, instead of the median, the 68% confidence con-
tours of all B-field realizations (cf. the dark-blue shaded region in Fig. 2) are used to calculate the
intrinsic spectrum, the best-fit spectral index changes according to the blue-shaded region in Fig.
3. For gaγ ! 4× 10−11GeV−1 the resulting intrinsic index is softer than the Fermi index, taking
the statistical uncertainties into account (the uncertainty of the Fermi index is shown as a red solid
line in Fig. 3). The blue shaded region in case of no ALP mixing (gaγ = 0GeV−1) indicates the fit
results if α is varied within its statistical uncertainties.

3. Summary and discussion

Under the assumption of a specific magnetic field scenario, it has been shown that the conver-
sion of photons into hypothetical ALPs can lead to absorption-corrected spectra that do not show a
spectral hardening as predicted from standard blazar emission scenarios. This cannot be achieved
if the current best fit of the EBL determined from VHE blazar observations is used. Interestingly,
the obtained minimum value of gaγ that leads to an overall concave intrinsic spectrum agrees well
with the lower limits on gaγ determined in Ref. [24].
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« Example of a FSRQ with γ-ray emission
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Barnacka et al. 2013: PKS 1510-089 - FSRQ with VHE emission

Table 1. The input parameters for modeling of the non-thermal emission of the PKS 1510-089.

Parameter Model
minimum electron Lorentz factor �

min

1
break electron Lorentz factor �

br

900
maximum electron Lorentz factor �

max

105

low-energy electron spectral index p 1.2
high-energy electron spectral index q 3.4
normalization of the injection function Ke 1.85⇥ 1046 s�1

bulk Lorentz factor of the emitting plasma � 22
jet opening angle ✓

jet

0.045 rad
jet viewing angle ✓

obs

0.045 rad
location of the blazar zone R

0

0.7⇥ 1018 cm
jet magnetic field intensity B 0.75G
scale of the BLR external photon field r

BLR

0.12⇥ 1018 cm
energy density of the external photon field u

BLR

0.09 erg cm�3

photon energy of the external photon field h⌫
BLR

10 eV
scale of the DT external photon field r

DT

1.94⇥ 1018 cm
energy density of the external photon field u

DT

0.0005 erg cm�3

photon energy of the external photon field h⌫
DT

0.15 eV
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Fig. 5. The overall spectrum of PKS 1510-089. The short-dashed blue line represents the synchrotron component, the
dashed red line is the inver Compton (IC) component with seed photons originating from the dusty torus (DT) before
absorption, and the dashed-dotted violet line is the IC radiation with seed photons originating from the broadband region
(BLR). The orange dash-double-dotted line is the SSC component. The black solid line represents the sum of all the
components, corrected for EBL absorption (see text for details) and absorption on the low-energy photons originating
from the BLR and the DT.
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D. Horns, M. Meyer, JCAP 2012
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« 2006 HESS observations of z = 0.165 and z = 0.186 AGNs

« 2008: z = 0.531 AGN (MAGIC), 2010: z = 0.61 (HESS)

Observed spectra too hard

Not compatible with source models

Universe was bit more transparent than expected

H
ESS Collaboration, N

ature  2006
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Normalization of the EBL model fitted on data

H.E.S.S. collaboration: The EBL imprint on H.E.S.S. spectra

Data set z Emin − Emax λmin − λmax
[TeV] [µm]

Mrk 421 (1) 0.031 0.95 − 41 1.2 − 49
Mrk 421 (2) 0.031 0.95 − 37 1.2 − 44
Mrk 421 (3) 0.031 0.95 − 45 1.2 − 53
PKS 2005-489 (1) 0.071 0.16 − 37 0.22 − 44
PKS 2005-489 (2) 0.071 0.18 − 25 0.25 − 30
PKS 2155-304 (2008) 0.116 0.13 − 19 0.30 − 23
PKS 2155-304 (1) 0.116 0.13 − 5.7 0.19 − 6.8
PKS 2155-304 (2) 0.116 0.13 − 9.3 0.19 − 11
PKS 2155-304 (3) 0.116 0.13 − 14 0.19 − 17
PKS 2155-304 (4) 0.116 0.18 − 4.6 0.19 − 5.5
PKS 2155-304 (5) 0.116 0.13 − 5.7 0.27 − 6.8
PKS 2155-304 (6) 0.116 0.15 − 5.7 0.19 − 6.8
PKS 2155-304 (7) 0.116 0.20 − 7.6 0.22 − 9.0
1ES 0229+200 0.14 0.29 − 25 0.45 − 30
H 2356-309 0.165 0.11 − 34 0.18 − 40
1ES 1101-232 0.186 0.12 − 23 0.20 − 27
1ES 0347-121 0.188 0.13 − 11 0.22 − 13

Table 5. EBL wavelength range probed by the data sets used in
this study. The redshifts of the sources are given in column 2.
The energy range of the spectra (in TeV) is given in column 3,
and the EBL wavelengths probed with the subsets are given in
column 4, where only the peak of the pair-creation cross-section
is taken into account.

a non-negligible contribution to the width of the contour. The de-
tailed study of the dependence of the systematic uncertainties on
the wavelength, based e.g. on deviations from the EBL template
model, is beyond the scope of this paper but the comparison of
various modellings in a complementary redshift band and wave-
length range by The Fermi-LAT Collaboration (2012) supports
our choice of template.
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Fig. 5. Flux density of the extragalactic background light ver-
sus wavelength. The 1σ (statistical) contours derived for several
energy ranges are described in the top-right legend. The sys-
tematic uncertainty is added quadratically to the statistical one
to derive the H.E.S.S. contour. Lower limits based on galaxy
counts and direct measurements are respectively shown with
empty upward and filled downward pointing triangles (extracted
from Gilmore et al. 2012). The region excluded by Meyer et al.
(2012) with VHE spectra is represented by the dashed area.

τmeasured/τFR08 λmin – λmax λFλ(λmin) – λFλ(λmax)
µm nW m−2 sr−1

1.27+0.18−0.15 1.2 – 5.5 14.8+2.1−1.7 – 4.0+0.6−0.5

1.34+0.19−0.17 0.30 – 5.5 3.1 ± 0.4 – 4.2+0.6−0.5

1.05+0.32−0.28 1.2 – 17 12.2+3.7−3.3 – 3.2+1.0−0.8

Table 6.Measured normalization of the EBL optical depth, cor-
responding to the 1σ (statistical) contours shown in Fig. 5. The
second column indicates the wavelength range where this mea-
surement is valid and the third column the corresponding flux
densities. The first line corresponds to the full data set. The sec-
ond and third lines indicate the value derived with smaller data
sets focussed on specific energy ranges. The systematic uncer-
tainty on the measurements listed in the first column is 0.25.

The contours lie in between the constraints derived with
galaxy counts and the direct measurements. A good agreement
with the VHE upper limit derived by Meyer et al. (2012) is also
found over the wavelength range covered, with a maximum dis-
crepancy between 1 and 2 µm smaller than the 1σ level. The
analysis performed enables a measurement of the COB peak flux
density of λFλ = 15.0+2.1−1.8 ± 2.8sys nWm−2 sr−1 at 1.4 µm, where
the peak value and uncertainties are derived by scaling up the
FR08 EBL flux density by a factor α0. This value is compatible
with the previous constraints on the EBL flux density derived
with H.E.S.S. data by Aharonian et al. (2006c).

5. Summary and conclusion
The spectra of the brightest blazars detected by H.E.S.S. were in-
vestigated for an EBL absorption signature. Assuming intrinsic
spectral smoothness, the intrinsic spectral curvature was care-
fully disentangled from the EBL absorption effect. The EBL
imprint is detected at an 8.8σ level, which constitutes the first
measurement of the EBL optical depth using VHE γ-rays. The
EBL flux density has been evaluated over almost two decades
of wavelengths with a peak amplitude at 1.4 µm of λFλ =
15 ± 2sys ± 3sys nW m−2 sr−1, in between direct measurements
and lower limits derived with galaxy counts.

The low energy threshold achieved with the upgrade of the
H.E.S.S. array, H.E.S.S. II, will enable the observation of the
unabsorbed population of γ-rays and improve the constraints
on the intrinsic spectra and thus on the absorption feature. The
trough between the COB and the CIB will be characterized by
the Cherenkov Telescope Array (CTA, Actis et al. 2011) which
will probe energies above 50 TeV. Finally, the increasing size
of the sample of blazars detected at very high energies will im-
prove the constraints on the redshift dependence of the EBL and
establish a firm observational probe of the thermal history of the
Universe.
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HESS Collaboration, M. Lorentz, P.B. , submitted
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No significant deviation 
from any single source

Related horizon, no tension wrt models

HESS Collaboration, M. Lorentz, P.B. , submitted





Astrophysical MF = always turbulent
MF ~ patches of coherent domains

~B

P. Brun,  MADMAX workshop - May 2017 34

Out of the source region:
a photon-ALP mix

random orientations



« Smooth radio halos observed on scales of Mpc (100 x galaxy)

« Equipartition assumption sets a minimal strength of 1 µG

« Field is turbulent, described by its power spectrum
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Efficient around
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Mixing induces spatial and spectral oscillations

Oscillations will mix up from one cell to the next
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Full Monte-Carlo simulation:

« ALPs: noise around Ec

« Noise level related to B 
field turbulence

« New effect independent 
of opacity issue

D
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Example of 1 realization as 
would be seen by HESS

How much irregularities can
be accomodated by the data?

Energy spectrum from
HESS observations 

HESS collaboration (D. Wouters, P.B.), PRD 2013
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Narrow region around 20 neV probed
Due to localized irregularities aroundEc
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« Same analysis conducted at lower energies
« Data from NGC 1275 (Perseus cluster)
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« ALPs can influence gamma-ray observations

« Opacity anomaly is subject to debate
↝ Specific cases can be explained with conventional
↝ Global fit might include unclear error combination

« Most recent EBL measurements do not show issues
↝ Systematic uncertainties too large to be conclusive
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Personal opinion:
Opacity is more a search channel than a hint


