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Photon/axion	  conversions	  the	  main	  vehicle	  used	  in	  axion	  searches	  at	  present	  (ADMX,	  CAST…).	  
	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Some	  astrophysical	  environments	  

fulfill	  the	  mixing	  requirements	  

	  

Photon/axion	  conversions	  

M11:	  coupling	  constant	  
inverse	  (gag/1011	  GeV)	  

BG:	  magnetic	  field	  (G)	  
spc:	  size	  region	  (pc)	  

with	  

axion coupling strength, F is the electromagnetic field-
strength tensor, !F its dual, E the electric field, and B the
magnetic field. The axion has the important feature that its
mass ma and coupling constant are inversely related to
each other. There are, however, other predicted states
where this relation does not hold; such states are known
as axionlike particles (ALPs). An important and intriguing
consequence of Eq. (1) is that ALPs oscillate into photons
and vice versa in the presence of an electric or magnetic
field. In fact this effect represents the keystone in ongoing
ALP searches carried out by current experiments.

In this work, we will make use of the photon/axion
mixing as well, but this time by means of astrophysical
magnetic fields. As already mentioned, we will account for
the mixing that takes place inside or near the gamma-ray
sources together with that one expected to occur in the
IGMFs. We will do it under the same consistent frame-
work. Furthermore, it is important to remark that it will be
necessary to include the EBL in our formalism, in particu-
lar in the equations that describe the intergalactic mixing.
Its main effect we should remember is an attenuation of the
photon flux, especially at energies above 100 GeV. We
show in Fig. 1 a diagram that outlines our formalism.
Very schematically, the diagram shows the travel of a
photon from the source to the Earth in a scenario with
axions. In the same figure, we show the main physical
cases that one could identify inside our formalism: mixing
in both the source and the IGMF, mixing in only one of
these environments, the effect of the EBL, axion to photon
reconversions in the IGMF, etc. A quantitative description
of the photon/axion mixing phenomenon in both the source
and the IGMFs can be found in the next two subsections.

A. Mixing inside and near the source

It has been recently proposed that an efficient conversion
from photons to ALPs (and vice versa) could take place in
or near some astrophysical objects that should host a strong
magnetic field [12].

Given a domain of length s, where there is a roughly
constant magnetic field and plasma frequency, the proba-
bility of a photon of energy E! to be converted into an ALP
after traveling through it can be written as [14,16]
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: (2)
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FIG. 1 (color online). Sketch of the formalism used in this work, where both mixing inside the source and mixing in the IGMF are
considered under the same consistent framework. Photon to axion oscillations (or vice versa) are represented by a crooked line, while
the symbols ! and a mean gamma-ray photons and axions, respectively. This diagram collects the main physical scenarios that we
might identify inside our formalism. Each of them are schematically represented by a line that goes from the source to the Earth.
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15 " BG " spc
M11

#1

M11 ≥ 0.114 GeV (CAST limit)  

• 	  	  Axions	  proposed	  as	  a	  by-‐product	  of	  the	  Peccei-‐Quinn	  solution	  of	  the	  strong-‐CP	  
problem.	  
• 	  	  Axion-‐like	  particle	  (ALP):	  mass	  and	  coupling	  not	  related.	  
• 	  	  Can	  be	  suitable	  dark	  matter	  candidates.	  
• 	  Expected	  to	  convert	  into	  photons	  (and	  vice-‐versa)	  in	  the	  presence	  of	  magnetic	  fields.	  

Probability	  of	  conversion	  (e.g.Raffelt	  &	  Stodolsky	  88,	  Mirizzi+07):	  



From	  Active	  Galactic	  Nuclei	  (AGNs)…	  
	  

	   	  B	  ~	  Gauss	  
	   	  spc	  ~	  (sub)pc	  

…	  to	  Intergalactic	  Magnetic	  Fields	  
(IGMFs)	  

	  

	   	  B	  ~	  nG	  
	   	  spc	  ~	  Mpc	  

! 

15 " BG " spc
M11

#1

BG · spc > 0.01 

Very	  diverse	  astrophysical	  mixing	  scenarios	  are	  possible…	  	  



[e.g., De Angelis et al., 2007,2011; Mirizzi et al., 2007; Simet et al., 2008;!
Sanchez-Condé et al., 2009; Horns et al. 2012; Tavecchio et al. 2012]

Astrophysical	  
scenarios	  for	  	  
photon/ALP	  
conversions	  

Fi
gu

re
	  c
ou

rt
es
y	  
of
	  M

.	  M
ey

er
	  



Photon/ALP	  conversions	  in	  gamma-‐rays	  

Many	  different	  scenarios	  already	  explored	  in	  the	  literature:	  
•  Mixing	  in	  the	  AGN	  (e.g.	  Hooper	  &	  Serpico	  07,	  Tavecchio+12)	  
•  IGMF	  mixing	  (e.g.	  De	  Angelis+07,	  09,	  11)	  
•  AGN+	  IGMF	  mixing	  (e.g.	  MASC+09)	  
•  IGMF	  +	  Galactic	  mixing	  (e.g.	  Simet+08)	  
•  AGN	  +	  cluster+	  Galactic	  mixing	  (e.g.	  Meyer+14)	  

MASC+09	  

4

where wpl =
√

4παne/me = 0.37 × 10−4µeV
√

ne/cm−3

the plasma frequency, me the electron mass and ne the
electron density.

Finally, ∆a is the ALP mass term:

∆a =
m2

a

2Eγ
" 2.5 × 10−20m2

a,µeV

(

TeV

Eγ

)

cm−1. (7)

Note that in Eqs.(4-7) we have introduced the dimen-
sionless quantities BmG = B/10−3 G, M11 = M/1011

GeV and mµeV = m/10−6 eV.
Since we expect to have not only one coherence do-

main but several domains with magnetic fields differ-
ent from zero and subsequently with a potential pho-
ton/axion mixing in each of them, we can derive a total
conversion probability [21] as follows:

Pγ→a "
1

3
[1 − exp(−3NP0/2)] (8)

where P0 is given by Eq.(2) and N represents the number
of domains. Note that in the limit where N P0 → ∞, the
total probability saturates to 1/3, i.e. one third of the
photons will convert into ALPs.

It is useful here to rewrite Eq. (2) following Ref. [11],
i.e.

P0 =
1

1 + (Ecrit/Eγ)2
sin2





B s

2 M

√

1 +

(

Ecrit

Eγ

)2



 (9)

so that we can define a characteristic energy, Ecrit, given
by:

Ecrit ≡
m2 M

2 B
(10)

or in more convenient units:

Ecrit(GeV ) ≡
m2

µeV M11

0.4 BG
(11)

where the subindices refer again to dimensionless quan-
tities: mµeV ≡ m/µeV , M11 ≡ M/1011 GeV and BG ≡
B/Gauss; m is the effective ALP mass m2 ≡ |m2

a − ω2
pl|.

Recent results from the CAST experiment [5] give a value
of M11 ≥ 0.114 for axion mass ma ≤ 0.02 eV. Although
there are other limits derived with other methods or ex-
periments, the CAST bound is the most general and
stringent limit in the range 10−11 eV ) ma ) 10−2

eV.
At energies below Ecrit the conversion probability is

small, which means that the mixing will be small. There-
fore we must focus our detection efforts at energies above
this Ecrit, where the mixing is expected to be large
(strong mixing regime). As pointed out in Ref. [11], in the
case of using typical parameters for an AGN in Eq. (11),
Ecrit will lie in the GeV range given an ALP mass of the
order of ∼ µeV.

To illustrate how the photon/axion mixing inside the
source works, we show in Figure 2 an example for an
AGN modeled by the parameters listed in Table II (our
fiducial model, see Section III). The only difference is
the use of an ALP mass of 1 µeV instead of the value
that appear in that Table, so that we obtain a critical
energy that lie in the GeV energy range. Effectively, us-
ing Eq. (11) we get Ecrit = 0.19 GeV. Note that the
main effect is an attenuation in the total expected in-
tensity of the source. One can see in Figure 2 a sinu-
soidal behavior just below the critical energy. However,
it must be noted that a) the oscillation effects are small;
b) these oscillations only occur when using photons po-
larized in one direction while, in reality, the photon fluxes
are expected to be rather non-polarized; and c) the above
given expressions are approximations and actually only
their asymptotic behavior should be taken as exact and
well described by the formulae. Therefore, the chances
of observing sinusoidally-varying energy spectra in as-
trophysical source, due to photon/axion oscillations, are
essentially zero.
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FIG. 2: Example of photon/axion oscillations inside the
source or vicinity, and its effect on the source intensity (solid
line), which was normalized to 1 in the Figure. We used the
parameters given in Table II to model the AGN source, but
we adopted an ALP mass of 1 µeV. This gives Ecrit = 0.19
GeV. The dot-dashed line represents the maximum (theoret-
ical) attenuation given by Eq. (8), and equal to 1/3.

B. Mixing in the IGMFs

The strength of the Intergalactic Magnetic Fields
(IGMFs) is expected to be many orders of magnitude
weaker (∼nG) than that of the source and its surround-
ings (∼G). Consequently, as described by Eq. (11), the
energy at which photon/axion oscillation occurs in the
IGM is many orders of magnitude larger than that at
which oscillation can occur in the source and its vicinity.

	  Gamma-‐ray	  energy	  range 	  	  	  	  	  	  	  	  ultra-‐light	  ALPs	  (~10-‐9	  eV).	  

where	  mµeV	  =	  |mALP	  –	  ωplasma|	  
Critical	  energy	  
	  for	  conversion	  

	  

For	  the	  same	  ALP	  properties,	  different	  Ecrit	  are	  expected	  for	  each	  astrophysical	  scenario.	  	  
	  



Intergalactic	  absorption	  of	  gamma-‐ray	  photons	  

Around	  TeV	  energies:	  	  
	  

	   	   	   	   	  Infrared/optical/UV	  background	  photons:	  	  
	   	   	   	   	  Extragalactic	  Background	  Light	  (EBL)	  

	  
	  	  	  	  	  	  	  	  Flux	  attenuation:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  with	  τ	  =	  optical	  depth	  

	  

	  

Example:	  for	  a	  source	  at	  redshift	  0.5	  and	  0.5	  TeV,	  attenuation	  ~2	  orders	  of	  magnitude!!	  
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Optical	  depth	  	  
from	  state-‐of-‐the-‐art	  EBL	  models	  
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Figure 2: The solid-black line is the extragalactic background light calculated by the fiducial extrapolation
of the galaxy SED-type fractions for z> 1. Uncertainties in the our EBL estimation are shown with a shadow
area (see Ref. [12] for a discussion on this and for details on the references). The envelope of the shadow
region within the dashed line at wavelengths above 24 µm shows the region where there is no photometry in
our galaxy catalogue.

Following both theoretical arguments [22, 23] and observational facts [24, 25], it is assumed
that no intrinsic (or EBL-corrected) VHE spectra from blazars might be fitted to a power-law with
indexes harder than 1.5. We now proceed to test in Fig. 3 whether the observed spectra of three new
measurements of high-redshift AGNs (other different spectra were considered in Ref. [12]) satisfy
the condition that the intrinsic spectrum corrected by the attenuation derived with our EBL model4

has Γint ≥ 1.5. We consider the following blazars: 3C 66A at z = 0.444 observed by MAGIC
[26], 3C 279 at z = 0.536 observed by MAGIC in the 2007 observational campaign [27], and the
discovery of PKS 1222+216 in the VHE regime [28], the second most distant flat-spectrum radio
quasar known (z = 0.432). These three blazars are plotted in Fig. 3, where the legends show that
the condition Γint ≥ 1.5 is satisfied. We note that in the 3C 279 case, only having three data points
makes the fit no statistically reliable.

It is confirmed from the study of these blazars the conclusions obtained in Ref. [12]. First, our
EBL is generally compatible with the expected hardness of the EBL-corrected slopes. However, it
is clear that a simple SSC model cannot explain any flatness at the highest energies of the EBL-
corrected spectra of 3C 66A, which suggests that some extension to the model may be necessary
such as an external photon region, a better understanding of the IACT systematic uncertainties or
even a revision of the propagation mechanisms mainly through the intergalactic medium [29].

Second, the uncertainties in the EBL-corrected spectra are dominated by other effects different
than EBL modelling as shown in the index uncertainties in Fig. 3.

4Optical depths are publicly available at http://side.iaa.es/EBL

6

The	  most	  refined	  EBL	  
models	  remarkably	  agree	  
on	  their	  predictions	  for	  the	  

(sub)TeV	  regime	  

EBL from AEGIS galaxy-SED-type fractions 2571

Figure 17. Upper panel: optical depth versus observed energy of γ -ray
photons for sources at different redshifts (from bottom to top z = 0.1, 0.3,
0.6 and 1), due to the EBL computed for our model in a solid black line, for
FRV08 in a dashed magenta line and for GSPD10 in a dot–dashed orange
line. Lower panel: flux attenuation versus observed energy of γ -ray photons
for fictitious sources at different redshifts (from right to left z = 0.1, 0.3,
0.6 and 1). We have calculated attenuation for the FRV08 and GSPD10
models using the EBL data provided by the authors. The EBL uncertainties
in Fig. 13 are propagated to the optical depth and flux attenuation. They are
shown here with a shadow region.

We see in Fig. 13 that the fiducial EBL model (hereafter all the
results in this section are discussed for this, unless otherwise stated)
is below the upper limits at all wavelengths, except at the largest
wavelengths, where it slightly exceeds the limits from the realistic
case by Mazin & Raue (2007). This fact is discussed in Section 5.2.1
and it is explained why we do not consider this a major problem.
Another limit not plotted comes from the blazar 1ES 0229+200 at
z = 0.140 (Aharonian et al. 2007). Its study sets a lower limit in the
slope of the local EBL spectrum between 2 and 10 µm, α ≥ 1.10 ±
0.25, to satisfy the limit on AGN’s spectra #int ≥ 1.5. We remark
that they set the limit only on the slope, not on the intensity level.
We have fitted our model in that wavelength range to a power law
∝ λ−α obtaining α = 1.19 ± 0.07. Our model is thus compatible
with this constraint.

It is also possible to set upper limits on the unknown redshift
of blazars assuming an EBL model and finding the redshift by
which the EBL-corrected spectrum satisfies #int = 1.5 (Prandini
et al. 2010; Yang & Wang 2010). We apply this method to the
PG 1553+133 spectrum observed by MAGIC (Albert et al. 2007),
assume an EBL-corrected spectrum given by a power law and find
an upper limit at z ≤ 0.85 ± 0.07 in agreement with the lower limit
(z ≥ 0.4) found by Danforth et al. (2010) using absorption features
in the Lyα forest of the blazar.

As shown in Fig. 17, our EBL model implies the same attenuation
as other recent models we compare to over all the energy range
observed by the current generation of IACTs. Larger transparency
than the observationally based model by FRV08 is found (roughly

a factor of ∼2 in flux, but still within the uncertainties) for γ -ray
photons with energies between ∼6 and 15 TeV for z ∼ 0.1, but a
factor of ∼2 in flux less transparent than the GSPD10 theoretical
approach around ∼10 TeV. For the high-redshift case, our model
predicts the same attenuation as FRV08, but a factor of ∼1.5 more
transparency than GSPD10 for sub-TeV energies. Note that a small
difference in the optical depth has large effects on the spectra due
to the exponential in equation (14); for example, a factor of 1.5 in
optical depth leads to a factor of ∼5 in attenuation.

5.2 Application to extreme known blazars

We now proceed to test whether the observed spectra of the three
most constraining AGNs known in the VHE range due to their
hard spectra, or due to their large redshift, satisfy the condition that
the intrinsic spectrum corrected by the attenuation derived with our
model has #int ≥ 1.5. We consider the blazars: Mrk 501 at z = 0.034
detected by the HEGRA system of Cherenkov telescopes in 1997
(Aharonian et al. 1999, with a re-analysis by Aharonian et al. 2001),
Flat Spectrum Radio Quasar (FSRQ) 3C 279 at z = 0.536 observed
by MAGIC (Albert et al. 2008) and the blazar 3C 66A observed by
VERITAS at z = 0.444 (Acciari et al. 2009), all of them seen in a
flaring state. All these blazars are plotted in Fig. 18, showing in the
legends that the condition #int ≥ 1.5 is satisfied.

5.2.1 Mrk 501

The highest energy bins in this measurement, where a significant
deviation from a power law is observed (see the upper-left panel of
Fig. 18), are affected by the far-IR EBL at λ > 60 µm. This is the
region of the EBL spectrum where a disagreement with the realistic
(but not extreme) upper limits of Mazin & Raue (2007) was found.
The problem comes from the very low statistics and high systematic
uncertainties at such high energies (Aharonian et al. 1999). A later
re-analysis of the same observation done in Aharonian et al. (2001)
accounts for larger systematic uncertainties as shown in the upper-
right panel of Fig. 18.

This exponential behaviour for the highest energy bin was al-
ready observed from the first EBL models (e.g. Malkan & Stecker
1998; Primack et al. 1999; Kneiske et al. 2002), whose EBL levels
were higher than the more recent ones. This fact was discussed
thoroughly in Dwek & Krennrich (2005), and even some exotic ex-
planations such as Lorentz invariance violation (Stecker & Glashow
2001) were proposed. More recent EBL models with a more trans-
parent universe (such as our model, FRV08 and GSPD10) relax
such predictions. The solutions to exponential spectra and photon
pile-up could involve widespread problems with the photon statis-
tics and systematic uncertainties in the observations (as the results
from the later re-analysis suggests), or new mechanisms extending
the normal synchrotron self-Compton (SSC) model, using external
regions close to the γ -ray source with target photons. The EBL
uncertainties in the far-IR leading to the attenuation uncertainties
at these high energies, as shown in Fig. 18, might contribute to the
solution as well.

Another observed flare with better statistics with the current gen-
eration of IACTs up to such high energies as ∼20 TeV would be
very helpful in constraining these possibilities.

5.2.2 3C 279

Fig. 18 shows in the lower-left panel the EBL-corrected VHE spec-
trum for this source. An external photon field providing target

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 410, 2556–2578
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Hints	  of	  new	  Physics	  in	  γ-‐ray	  data?	  
(or	  why	  astrophysicists	  started	  to	  care	  about	  ALPs)	  

8	  

Some	  gamma-‐ray	  observations	  pose	  substantial	  challenges	  to	  the	  
conventional	  astrophysical	  models,	  e.g.:	  

•  Lower	  opacity	  of	  the	  Universe	  to	  gamma	  rays	  than	  expected	  	  

	  (e.g.	  Aharonian+06,	  Albert+08,	  Acciari+11,	  De	  Angelis+09,11,13)	  

•  Too	  hard	  intrinsic	  spectrum	  of	  AGNs	  	  

	  (e.g.	  Albert+08,	  Wagner+10,	  Aleksic+11,Tanaka+13,	  Furniss+13)	  

•  Intrinsic	  spectrum	  deviates	  from	  a	  power-‐law:	  pile-‐up	  problem	  
(Dominguez,	  MASC+12;	  Furniss+13)	  

•  Extremely	  rapid	  and	  intense	  flares	  in	  FSRQs:	  γγ	  absorption	  problem	  	  

	   	  (Tavecchio+12).	  

•  GeV	  spectral	  breaks	  and	  dips	  

	   	  	  (Tanaka+13,	  Rubtsov	  &	  Troitsky	  14,	  Mena	  &	  Razzaque	  13)	  



Hints	  of	  new	  Physics	  in	  γ-‐ray	  data?	  
LOWER	  OPACITY	  TO	  GAMMA RAYS	  
More	  gamma-‐ray	  photons	  than	  expected	  at	  high	  optical	  depths.	  	  

Hints for reduced opacity at very high !-rays?

"25

[Figure taken from MM & Horns, 2012]

• Increasing number of 
AGN observed at high 
! [e.g. Aharonian et al. 
2006; Albert et al. 2008; 
Acciari et al. 2011] 

• Analytical fit to EBL  
corrected blazar 
spectra reveals 
evidence for over-
correction with EBL 
models [Horns & MM, 
2012; Dominguez, 
Sanchez-Conde, Prada 
2011] 

• Axion-like particles can 
reduce opacity

M. Meyer | CTA and H.E.S.S. II sensitivity to ALPs | July 3|

Increasing number of observations 
for high optical depths

3

[Figure adapted  from Horns &  MM, 2012]

Increasing	  
number	  of	  AGNs	  
at	  high	  optical	  

depths.	  

EBL	  corrected	  blazar	  spectra	  
reveals	  a	  2σ-‐4σ	  evidence	  for	  

overcorrection	  with	  EBL	  models	  

Horns	  &	  Meyer+12	  

Courtesy	  of	  M.	  Meyer	  



Hints	  of	  new	  Physics	  in	  γ-‐ray	  data?	  
SPECTRAL	  “HARDENING”	  at	  high	  τ	  

– 15 –
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Contemporaneous Fermi LAT from Acciari et al. 2010

Contemporaneous Fermi LAT Power-law Fit from Acciari et al. 2010

VERITAS Observed VHE Spectrum from Acciari et al. 2010

z=0.6035 Absorption-corrected Spectrum using Dominguez et al. 2011

z=0.6035 Absorption-corrected Spectrum using Gilmore et al. 2012

z=1.2 Absorption-corrected Spectrum using Dominguez et al. 2011

Fig. 3.— The gamma-ray peak of the spectral energy distribution of PKS1424+240, with

LAT (squares and power-law fit contour) and VERITAS observations (black circles) taken
from Acciari et al. (2010). An upper limit at 750 GeV is shown with a downward pointing

arrow. The LAT data have been selected to be contemporaneous with the VERITAS observa-
tions. The absorption-corrected VHE spectrum is shown with the grey circles, using opacities
from the Domı́nguez et al. (2011) EBL model. For reference, the absorption-corrected points

using the Gilmore et al. (2012) model are shown in open circles, with errors (not drawn) sim-
ilar to those shown for the Domı́nguez et al. (2011) deabsorbed points. The LAT power-law

fit has been extrapolated up to VHE (dashed red line). Power-law and log-parabolic fits to
the full range (0.5-500 GeV) are shown in the blue dashed and dotted lines, respectively,
with fitting results in Table 2. To bring the first absorption-corrected VERITAS spectral

point to match the LAT observed spectrum, the blazar needs to be corrected for absorption
expected for z ≈ 1.2, shown by blue stars (the upper limit for this deabsorption is off-scale).

4 Tanaka et al.
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FIG. 3.— Fermi-LAT daily binned light curve and power-law indices (0.1–
300 GeV energy range) derived for PKS 0426!380 around the times (±10
days) of the VHE detections as denoted in the figure by blue vertical dashed
lines (MJD 55209.11920977 and 56314.39746904). Triangles without verti-
cal error bars denote the 95% CL flux upper limits when TS< 10. Note the
4.7-year average 0.1–300 GeV photon flux was (1.8± 0.1) × 10!7 photons
cm!2 s!1.

Abramowski et al. 2013), and 4C +21.35 (z = 0.432;
Aleksić et al. 2011). VHE emissions from more distant ob-
jects such as KUV 00311!1938 at z = 0.61 (Becherini et al.
2012, though the redshift is still tentative) and PKS 1424+240
at z ≥ 0.6035 (Furniss et al. 2013) have been recently de-
tected. The observational results presented in this Letter
therefore establish PKS 0426!380, which is located at z = 1.1,
as the most distant VHE emitter observed to date. We note
that the redshift of PKS 0426!380 is just around the horizon
for " 100 GeV γ rays (namely, EBL-related optical depth of
the Universe τ100 GeV ∼ 1) as recently determined by Fermi-
LAT (Ackermann et al. 2012b, and Figure 1 therein), hence
the VHE detection from the z = 1.1 blazar is not unreason-
able.

As mentioned previously, the observed luminosity of the
broad [Mg II] line in the optical spectrum of PKS 0426!380
is LMg II " 7.2× 1042 erg s!1 (Sbarufatti et al. 2005), imply-
ing a BLR luminosity LBLR " 1.2 × 1044 erg s!1 using the
scaling relation LBLR " 16.4 × LMg II (Wang et al. 2004).
Spectral modeling of the accretion-related continuum in the
source (Ghisellini et al. 2011; Sbarrato et al. 2012) yields
MBH " 4 × 108M!. Based on the [Mg II] line FWHM
of 4,700 km s!1, and the observed V -band magnitude of
18.6 (assuming negligible starlight contamination), we de-
rived a slightly larger value of MBH " (0.9 ! 1.3)× 109M!,
using the scaling relations from Wang et al. (2009) and
Vestergaard & Osmer (2009). This corresponds to the Ed-
dington luminosity LEdd " 1047 erg s!1, the ratio LBLR/LEdd "

10!3, and the accretion rate at the level of Λacc = Ldisk/LEdd ∼
30% (assuming the standard bolometric correction factor
Ldisk " 10×LB for the B-band source luminosity LB " 4.5×
1045 erg s!1). The derived high accretion rate is consistent

10-11
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E2 dN
/d
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Energy [GeV]

 Observed
 EBL corrected (Franceschini et al. 2008)
 EBL corrected (Inoue et al. 2013)
 Broken PL model

FIG. 4.— SED of PKS 0426!380 derived from the Fermi-LAT data accu-
mulated during the most energetic flaring state spanning MET 280000000
(17:46:38 UT on 2009 November 15) to 302000000 (08:53:18 UT on 2010
July 28; see also the black horizontal line in Figure 2). The observed spectrum
is denoted by black squares and the highest energy bin is a 95% confidence
level upper limit. A broken power-law model which maximizes the likeli-
hood for the 0.1–300 GeV Fermi-LAT data is indicated with black dashed
line. The spectra corrected for the EBL-related attenuation, using the EBL
models of Franceschini et al. (2008) and Inoue et al. (2013), are represented
by red circles and blue triangles, respectively.

with PKS 0426!380 being a FSRQ.
The intense γ-ray emission of FSRQs is widely thought

to arise due to inverse-Compton up-scattering of low-energy
photons generated outside of a jet by ultra-relativistic elec-
trons accelerated within the innermost parts of the relativistic
outflows (Sikora et al. 2009; Ghisellini & Tavecchio 2009). If
this blazar emission zone is located at sub-parsec distances
from the central black hole, as is often anticipated in the litera-
ture, then the abundant circum-nuclear photon fields provided
by the BLR and/or hot dust are expected to attenuate the VHE
blazar emission substantially due to the photon-photon pair
production, leading to the formation of breaks and cut-offs in
the γ-ray continua of FSRQs (see in this context the discus-
sion in Poutanen & Stern 2010; Tanaka et al. 2011). The ob-
served sharp break (Γhigh !Γlow ∼ 0.8) at ∼ 8 GeV would be
understood by a scenario with the blazar emission zone deep
within the BLR. However, we note again that the γ-ray spec-
trum when corrected for the cosmological absorption showed
a flattened shape at energies above 10 GeV. This flat compo-
nent, if connected to the sub-TeV range, should come from
another emission region outside the BLR to avoid γγ attenu-
ation.

Care must be taken not to over-interpret such high-energy
features (flattening) in unfolded blazar spectra constructed us-
ing Fermi-LAT data accumulated over longer periods of time,
since those may simply arise due to averaging over differ-
ent activity states characterized by different spectral prop-
erties (see the related discussion and analysis in Abdo et al.
2011, concerning the well-known BL Lac object Mrk 501).
Still, the results presented here for PKS 0426!380 are in
principle consistent with the emergence of an additional
very high-energy flat-spectrum component during the flar-
ing states of the source. One possibility for the produc-
tion of such a component could be electron pile-up at the
highest energies due to the efficient and continuous ac-
celeration processes limited only by the radiative losses
(Stawarz & Petrosian 2008; Lefa et al. 2011). Another pos-
sibility could be an additional hadronic emission component
dominating occasionally the source spectrum in the VHE
range (e.g., Böttcher et al. 2009; Dermer et al. 2012). In

PKS	  0426-‐380	  
z=1.1	  

PKS	  1424+240	  
z>0.6	  

Note	  that	  the	  last	  data	  
points	  give τ ~	  5	  !!	  

Some	  de-‐absorbed,	  intrinsic	  AGN	  spectra	  are	  best	  described	  by	  power	  laws	  with	  
spectral	  indices	  smaller	  than	  1.5	  –	  too	  “hard”	  AGN	  spectra	  	  

Furniss+13c	  

Tanaka+13	  
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Figure 1:

14

3C	  279	  (z	  =	  0.536)	  
PKS	  J0730-‐1141	  (z	  =	  1.591)	  

UPTURN	  at	  high	  optical	  depths	  PILE-‐UP	  of	  photons	  at	  the	  highest	  energies	  

Domínguez,	  MASC+11	  

Rubtsov	  &	  Troitsky	  14	  

28

FIG. 10: Same as Fig. 7 for the case (B = 0.2G,M = 7 · 1010 GeV) with photon-ALP oscillations in
extragalactic space, but in addition the dashed and solid curves show the SED resulting from the considered
two blobs which account for the γ-ray emission at high energy and VHE, respectively.

In conclusion, we find it a highly nontrivial circumstance that the benchmark case (B = 0.2G
and M = 7 ·1010GeV) turns out to be the best one concerning both the efficiency for VHE photons
to escape from the BLR and the SED of the particular two-blob model that we have adopted. Thus,
it turns out to be by far our best option.

VI. CONCLUSIONS

We have shown that the surprising γ-ray detection of PKS 1222+216 by MAGIC can be ex-
plained – consistently with the simultaneous results by Fermi/LAT – within a standard blazar
model by adding the new assumption that inside the source photons can oscillate into ALPs. Our
explanation assumes an average magnetic field with strength B � 0.2G in the jet up to the BLR
and a value M = 7 · 1010GeV for the inverse coupling γγa. We remark that the emission model
presented here is merely an example, and different and possibly more realistic scenarios can be
constructed along similar lines. The main point we want to make is that with the photon-ALP
oscillation mechanism at work the emission can well originate inside the BLR just like in conven-
tional BL Lac models. As far as photon-ALP oscillations are concerned, their crucial role takes
place in the source region before and just after the BLR.

Needless to say, our scenario naturally applies also to the other FSRQs detected at VHE like
3C279 and PKS 1510-089 [45, 47, 80], although these cases appear less problematic for the external
emission scenario due to the absence of evident rapid (t < 1 day) variability.

As already mentioned some alternative scenarios accounting for the puzzling features of PKS
1222+216 have been recently appeared in the literature. For instance, in [49] it is proposed that

Circumventing	  
GAMMA-‐GAMMA	  
ABSORPTION	  close	  
to	  the	  central	  engine	  

Tavecchio+12	  
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Figure 1: Fits to blazar 3C454.3 spectral data at 4 different epochs using ALP-photon mixing
model in the blazar jet. Each plot is for a particular electron density profile ne as a function of the
jet radius R. The parameters ma and gaγ are varied, but constrained to be the same at different
epochs, together with the normalization and index of the production spectra, which are allowed
to be different in different epochs. (a) Profile ne ∝ R−3. Best-fit ma = 2.5 · 10−7 eV and gaγ =
2.4 · 10−10 GeV−1. (b) Profile ne ∝ R−2. Best-fit ma = 1.8 · 10−7 eV and gaγ = 2.0 · 10−10 GeV−1.
(c) Profile ne ∝ R−1. Best-fit ma = 1.1 · 10−7 eV and gaγ = 3.3 · 10−10 GeV−1. Note that we have
not fitted the last data point in the Flare and Plateau epochs.

The χ2
min values and the best-fit spectral parameters for the case of s = 3 (Fig. 1 top

panel) are: 24.5 (Flare, C = 7.8 ·10−9 , Γ = 2.07); 9.8 (Post-flare, C = 4.1 ·10−9, Γ = 2.21);

15.5 (Plateau, C = 2.1 · 10−9, Γ = 2.16); and 11.0 (Quiet, C = 7.8 · 10−10, Γ = 2.32). The

– 5 –

GeV	  breaks	  in	  AGN	  spectra	  

Mena	  &	  Razzaque	  13	  

11

FIG. 7: Emitted spectral index Γ
ALP
em (z) and best-fit straight regression line in the ALP scenario. The

upper row corresponds to the case ξ = 1, Ldom = 4Mpc while the lower row to ξ = 0.5, Ldom = 10Mpc.

Left panels: The values of Γ
ALP
em (z) are plotted versus the source redshifts z for all our blazars with the

corresponding error bars. Right panels: Same as left corresponding panels, but with superimposed the best-

fit horizontal regression line. Moreover, the grey band encompasses 95% of the sources and corresponds to

a spread of ∆Γ
ALP
em = 0.36 above and below the best-fit regression line. The total spread is 28% of the value

Γ
ALP
em (z) in either case.

VII. DISCUSSION AND CONCLUSIONS

In this paper we have performed a comparative analysis of all blazars observed at the time of

writing as far as a possible correlation between their VHE emitted spectra and their redshift is

concerned.

Working within conventional physics, such a correlation has indeed emerged in the form of a

peculiar z-dependence of the Γ
CP
em (z) distribution, quantified by its best-fit straight regression line

Γ
CP
em (z) = 2.61−2.35 z shown in the right panel of Fig. 3, which has χ2

red = 3.49. However, this result

brings out a serious drawback of the conventional scenario, which surprisingly has not previously

been noticed. Indeed, such a correlation looks at odd with the lack of substantial cosmological

evolutionary effects. Moreover, we have demonstrated that it is unphysical, because of two distinct

Galanti+15	  

Unphysical	  behavior	  of	  AGN	  
	  spectral	  index	  with	  redshift	  
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Figure 1: Fits to blazar 3C454.3 spectral data at 4 different epochs using ALP-photon mixing
model in the blazar jet. Each plot is for a particular electron density profile ne as a function of the
jet radius R. The parameters ma and gaγ are varied, but constrained to be the same at different
epochs, together with the normalization and index of the production spectra, which are allowed
to be different in different epochs. (a) Profile ne ∝ R−3. Best-fit ma = 2.5 · 10−7 eV and gaγ =
2.4 · 10−10 GeV−1. (b) Profile ne ∝ R−2. Best-fit ma = 1.8 · 10−7 eV and gaγ = 2.0 · 10−10 GeV−1.
(c) Profile ne ∝ R−1. Best-fit ma = 1.1 · 10−7 eV and gaγ = 3.3 · 10−10 GeV−1. Note that we have
not fitted the last data point in the Flare and Plateau epochs.

The χ2
min values and the best-fit spectral parameters for the case of s = 3 (Fig. 1 top

panel) are: 24.5 (Flare, C = 7.8 ·10−9 , Γ = 2.07); 9.8 (Post-flare, C = 4.1 ·10−9, Γ = 2.21);

15.5 (Plateau, C = 2.1 · 10−9, Γ = 2.16); and 11.0 (Quiet, C = 7.8 · 10−10, Γ = 2.32). The

– 5 –

3C454.3	  
z	  =	  0.859	  
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Figure 2. Photon survival probability for the different magnetic field scenarios. The sky position

of the blazar PG1553+113 is assumed with z = 0.4. The envelopes refer to the turbulent B-field

scenario, only. They show the 68% (light green) and 95% (dark green) contours around the median.

For the ICM scenarios, the black lines show the result of one random B-field realisation, the red line

indicates the attenuation in the absence of ALPs. The inset shows a zoom-in on the energy regime

around Ecrit of the ICM scenarios. Above Ejet
max (in the lab frame) for the jet scenario, the QED effect

sets in leading to oscillations in Pγγ . The fiducial parameter values of table 1 are used, together with

g11 = 2 and mneV = 1.

4 Method

With the magnetic field models at hand, we now investigate the impact of photon-ALP

oscillations on an AGN spectrum. This will be done by generating a mock data set of a

hypothetical observation of a blazar with a CTA-like array (Section 4.1). In Section 4.2, we

introduce the statistical test with which we quantify the sensitivity of the array to detect the

ALP signal.

4.1 Intrinsic and observed blazar spectrum

Blazars are known to be time variable and episodes of increased γ-ray activity offer the

opportunity to obtain high signal-to-noise spectra at large optical depths. Therefore, we

will assume an observation of the BL Lac object PG1553+113 located at a sky position
4
of

αJ2000 = 15
h
55

m
43.0s and δJ2000 = +11

d
11

m
24.3s. A lower limit on the redshift of z � 0.4

has been inferred from Ly-α absorption lines in the optical spectrum [104]. The source has

been observed in the VHE regime with H.E.S.S. [18, 105], MAGIC [106], and VERITAS [107],

and it underwent a flaring episode in 2012 where its integrated flux above 100GeV reached

the level of the Crab nebula [108]. To illustrate our method, we will make the assumption

that this source is located in a galaxy cluster when considering the ICM scenarios.

4The position of the source in the sky determines the reconversion probability in the Galactic magnetic
field [52, 73, 103].
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Figure 2. Photon survival probability for the different magnetic field scenarios. The sky position

of the blazar PG1553+113 is assumed with z = 0.4. The envelopes refer to the turbulent B-field

scenario, only. They show the 68% (light green) and 95% (dark green) contours around the median.

For the ICM scenarios, the black lines show the result of one random B-field realisation, the red line

indicates the attenuation in the absence of ALPs. The inset shows a zoom-in on the energy regime

around Ecrit of the ICM scenarios. Above Ejet
max (in the lab frame) for the jet scenario, the QED effect

sets in leading to oscillations in Pγγ . The fiducial parameter values of table 1 are used, together with

g11 = 2 and mneV = 1.

4 Method

With the magnetic field models at hand, we now investigate the impact of photon-ALP

oscillations on an AGN spectrum. This will be done by generating a mock data set of a

hypothetical observation of a blazar with a CTA-like array (Section 4.1). In Section 4.2, we

introduce the statistical test with which we quantify the sensitivity of the array to detect the

ALP signal.

4.1 Intrinsic and observed blazar spectrum

Blazars are known to be time variable and episodes of increased γ-ray activity offer the

opportunity to obtain high signal-to-noise spectra at large optical depths. Therefore, we

will assume an observation of the BL Lac object PG1553+113 located at a sky position
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has been inferred from Ly-α absorption lines in the optical spectrum [104]. The source has

been observed in the VHE regime with H.E.S.S. [18, 105], MAGIC [106], and VERITAS [107],

and it underwent a flaring episode in 2012 where its integrated flux above 100GeV reached

the level of the Crab nebula [108]. To illustrate our method, we will make the assumption

that this source is located in a galaxy cluster when considering the ICM scenarios.

4The position of the source in the sky determines the reconversion probability in the Galactic magnetic
field [52, 73, 103].
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Fermi-‐LAT	  

MAGIC	  

E. range: 50 GeV - >10TeV 

E. resolution: ~20%  

FOV: ≈ 4 deg. 

Angular resolution: ≈ 0.1º 

Effective area ~ 105  m2 

E. range: 20 MeV - >1 TeV 

E. resolution: ~10% @  GeV 

FoV: ≈ 2.4 sr 

Angular resolution: ~0.2º@10 GeV 

Effective area ~ m2 

Typical	  Cherenkov	  telescope	  (IACT)	  

Present	  gamma-‐ray	  observatories	  



The	  ALP	  hunt	  with	  Fermi	  and	  IACTs	  
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Figure 2. Photon survival probability for the different magnetic field scenarios. The sky position

of the blazar PG1553+113 is assumed with z = 0.4. The envelopes refer to the turbulent B-field

scenario, only. They show the 68% (light green) and 95% (dark green) contours around the median.

For the ICM scenarios, the black lines show the result of one random B-field realisation, the red line

indicates the attenuation in the absence of ALPs. The inset shows a zoom-in on the energy regime

around Ecrit of the ICM scenarios. Above Ejet
max (in the lab frame) for the jet scenario, the QED effect

sets in leading to oscillations in Pγγ . The fiducial parameter values of table 1 are used, together with

g11 = 2 and mneV = 1.

4 Method

With the magnetic field models at hand, we now investigate the impact of photon-ALP

oscillations on an AGN spectrum. This will be done by generating a mock data set of a

hypothetical observation of a blazar with a CTA-like array (Section 4.1). In Section 4.2, we

introduce the statistical test with which we quantify the sensitivity of the array to detect the

ALP signal.

4.1 Intrinsic and observed blazar spectrum

Blazars are known to be time variable and episodes of increased γ-ray activity offer the

opportunity to obtain high signal-to-noise spectra at large optical depths. Therefore, we

will assume an observation of the BL Lac object PG1553+113 located at a sky position
4
of
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24.3s. A lower limit on the redshift of z � 0.4

has been inferred from Ly-α absorption lines in the optical spectrum [104]. The source has

been observed in the VHE regime with H.E.S.S. [18, 105], MAGIC [106], and VERITAS [107],

and it underwent a flaring episode in 2012 where its integrated flux above 100GeV reached

the level of the Crab nebula [108]. To illustrate our method, we will make the assumption

that this source is located in a galaxy cluster when considering the ICM scenarios.

4The position of the source in the sky determines the reconversion probability in the Galactic magnetic
field [52, 73, 103].
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suitable	  for	  energies	  
where	  the	  EBL	  is	  still	  

not	  at	  work	  



(Ongoing)	  ALP	  search	  with	  Fermi:	  	  
PERSEUS	  GALAXY	  CLUSTER	  

•  Focus	  on	  spectral	  irregularities	  

à	  no	  cosmological	  distances	  needed.	  	  

•  PERSEUS	  galaxy	  cluster	  an	  optimum	  candidate.	  

-‐  Bright	  radio	  galaxy	  NGC	  1275	  in	  its	  center.	  

Seen	  by	  Fermi	  and	  MAGIC.	  

-‐  Estimates	  of	  B	  field	  ~	  10-‐20	  µG	  in	  the	  center

(Taylor+06,	  Aleksic+10,	  Aleksic+12).	  

Morphology	  on	  large	  scales	  unknown.	  

-‐  Turbulent	  B	  field	  ,	  follows	  electron	  density.	  

-‐  Electron	  density	  inferred	  from	  X-‐rays	  

(Churazov+03,	  Fabian+06).	  

-‐  Cluster	  and	  Galactic	  magnetic	  fields	  considered.	  

18	  

Credit:	  R	  Jay	  GaBany	  
http://www.cosmotography.com/images/ngc1275.html	  



Example	  of	  expected	  irregularities	  

Parameter	   Value	  

Virial	  radius	   3.3	  Mpc	  

Redshift	   0.0179	  

Coupling	   10-‐11	  GeV	  

ALP	  mass	   3	  neV	  

Central	  B	  field	   15	  mG	  

Coherence	  Length	   10	  kpc	  

Turbulence	  PL	  
index	   -‐2.80	  

Maximum	  	  
B	  field	  radius	   560	  kpc	  

Electron	  density	   33	  

E X P E C T E D  S P E C T R A L  C H A N G E S

32

Parameter Value

Coupling 1E-11 / Ge V

Mass 3 !e V

Central B Field 15 " G

Max 
Turbulence 

Scale

0.18 / #pc

Min Turbulence 
Scale

9 / #pc

Turbulence 
Power-Law 

Index

-2.80

Maximum B 
Field Radius

560 #pc

[turbulence spectrum:  Vaca+ 2012,  
observations of cool-core Abell richness 2 cluster A2199]

[Conversion calculated following  
MM+ 2014, arXiv:1406.5972]

Courtesy	  of	  
M.	  Meyer	  



Fermi	  analysis	  ongoing	  
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Analysis	  
	  100	  MeV	  -‐-‐	  	  500	  GeV	  
	  5.7	  years	  of	  data	  
	  Makes	  uses	  of	  the	  new	  event	  data	  selection,	  “Pass	  8”	  

	  
	  
Method	  

	  Fit	  the	  spectrum	  of	  NGC	  1275	  to	  a	  log	  parabola	  with	  and	  w/o	  ALPs.	  	  
	  Scan	  the	  ALP	  mass-‐coupling	  parameter	  space	  
	  Explore	  hundreds	  of	  B	  field	  realizations	  
	  Likelihood	  analysis	  
	  Monte	  Carlo	  simulations	  being	  performed	  to	  obtain	  null	  distribution.	  
	   	  à	  Constraints	  on	  the	  ALP	  parameter	  space	  
	  	  

	  
ü  Joint	  analysis	  of	  several	  AGNs	  in	  galaxy	  clusters	  possible.	  

ü  Work	  will	  be	  probably	  ready	  by	  ~	  next	  Fall.	  



Simulated LAT spectrum of NGC1275 
including Axion-like particles

!13

Parameters of previous slide used

Prelim
inary

UCLA	  DM	  2014,	  M.	  Meyer	  for	  the	  Fermi-‐LAT	  collaboration	  

Slightly	  different	  Perseus	  and	  ALP	  parameters	  used	  in	  this	  example	  



An	  estimate	  of	  the	  Fermi	  sensitivity	  
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Figure 3. Axion and ALP coupling to photons, giγ ≡ αCiγ/(2πfai
), vs. its mass (adapted by Javier

Redondo [49] from Refs. [50, 51]). The yellow band is the generic prediction for the QCD axion, exploiting
Eqs. (2) and (4), which relate its mass with its coupling to photons.

3. Opportunities to probe the intermediate string scale LVS
3.1. Haloscope searches
We have seen, that the LVS predicts – for the least fine-tuning of fluxes, such that gs ∼ 0.1
and W0 ∼ 1, and a TeVish gravitino mass – an intermediate string scale and thus a QCD axion
in the classic window, cf. Eq. (32). For decay constants in the upper part of this window,
fa ! 1011÷12 GeV, the QCD axion is expected to contribute substantially to the cold dark
matter in the universe, see Eq. (6). Therefore, the intermediate string scale LVS can be probed
by haloscope searches for axion cold dark matter [43] such as ADMX [44, 45, 46, 47]. These
experiments exploit the coupling (4) by searching for the signal of dark matter axion to photon
conversions in a narrow bandwidth microwave cavity sitting in a strong magnetic field. As can
be seen from the light green area in Fig. 3 labelled as “Haloscopes”, a substantial range of the
QCD axion dark matter parameter range will be probed by ADMX and other haloscopes [48]
in the next decade.

3.2. Helioscope searches
A complementary search for the QCD axion in the lower part of the classic window, fa !
109÷10 GeV, can be conducted with the next generation of axion helioscopes [43], in which
one tries to detect solar axions by their conversion into photons inside of a strong magnet
pointed towards the sun. Indeed, the projected sensitivity of the proposed International Axion
Observatory IAXO [52] covers nicely a part of QCD axion parameter space which will not be
covered by the haloscope searches, as can be seen in Fig. 3.

A very welcome feature of helioscopes is that they do not lose sensitivity towards low masses:
their projected sensitivity are best and stay constant at small masses, see Fig. 3. That means,
with IAXO one may also probe the LVS axiverse, in particular the possible existence of more
ALPs with approximate the same coupling to photons as the QCD axion.

This is very important in view of recent tantalising astrophysical hints, such as the anomalous
transparency of the Universe for TeV photons [53] and the anomalous cooling of white

Fermi 

!"#$
%&'$(
)*"+(

Adapted	  from	  Ringwald	  2012	  	  	  



The	  ALP	  search	  with	  H.E.S.S.	  
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FIG. 6: Constraints on the ALP parameters expressed in reduced variables independent of the magnetic field strength (see text
for details) for both the IGMF (left panel) and the galaxy cluster magnetic field (right panel).

These parameters are used to fill in Eq. (9) and are sum-

marized in Table I. Note that the uncertainty on the

angular size of the galaxy cluster translates into a 5%

systematic uncertainty on the constraint.

The obtained limits are displayed in Fig. 7 for the con-

version in the IGMF and for the conversion in the cluster

magnetic field. As anticipated in Sec. II, the H.E.S.S.

limits peak at 1 neV in the case of IGMF conversions,

and at 20 neV in the case of conversions in the clus-

ter. In the case of the IGMF, the uncertainty on the

strength of the magnetic field implies a range of possible

Cluster magnetic field IGMF

B 1 µG 1 nG

L 370 kpc 500 Mpc

L/s 37 528

TABLE I: Parameters used to fill in Eq. (9) to express the
final constraints on the ALP parameters.

constraints on gγa between 10
−11

and 10
−3

GeV
−1

. The

limit that appears in Fig. 7 is expressed for an IGMF

•  PKS	  2155-‐304,	  z	  =	  0.116.	  
•  Located	  at	  the	  center	  of	  a	  galaxy	  cluster.	  
•  Assume	  intra-‐cluster	  and	  IGM	  photon/ALP	  conversions.	  Galactic	  neglected.	  
•  Look	  for	  the	  maximum	  level	  of	  irregularity	  allowed	  by	  the	  data	  	  

à	  constraints	  on	  the	  ALP	  parameter	  space.	  
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FIG. 1: Survival probability for gamma rays mixing with

ALPs in a galaxy cluster magnetic field (see text for details).

Top panel: Raw function. Bottom panel: The same function

convolved with the energy resolution and bias of H.E.S.S. The

instrumental response functions at 50 GeV are extrapolated

to lower energies, not reachable with H.E.S.S.
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FIG. 2: Time-averaged energy spectrum of PKS 2155−304

for the data set used in the analysis. Top panel: The blue

line is the best fit of a log-parabola modulated by absorption

on the EBL to the data. Bottom panel: Relative residuals of

the fit normalized to the errors.

sis. Sets of parameters that have a high probability to
produce irregularity at a larger level than observed will
be excluded.

IV. H.E.S.S. DATA SET

PKS 2155−304 has been observed with H.E.S.S. and
a large data set is available on that source, making it
a good candidate to be used for deriving constraints on
ALPs. H.E.S.S. is an array of five imaging atmospheric-
Cherenkov telescopes that are used to observe TeV γrays
and are situated in the Khomas highland of Namibia.
During the first phase of the project from 2003 to 2012,
four telescopes of 12 m diameter observed the γ-ray sky
above a typical energy threshold of a few 100 GeV, the
exact value depending on the observation conditions. A
fifth 28 m diameter telescope started operation in 2012
with the aim of lowering the energy threshold down to
tens of GeV. The used data set has been taken during the
four telescope phase. More details about the first phase
of H.E.S.S. can be found in [59].
The data set used in this paper is chosen to optimize

the signal over noise ratio, to obtain the most accurate
spectrum possible, in particular at high energy. It is
based on observations taken in 2006, between the 27th
of July and the 1st of August, when the source was in a
high state [36]. The observed flux for this period is highly
variable, ranging in a factor from 1 to more than 20. This
is not a concern for this analysis since the irregularity ef-
fect is independent of the spectrum, so the averaged spec-
trum can be solely considered. Observations were taken
in a large range of zenith angles from 5◦ to 45◦ ensuring
both a low energy threshold of 250 GeV and a high effec-
tive area at energies above 1 TeV. A pointing offset from
PKS 2155−304 of 0.5◦ is maintained in order to simulta-
neously evaluate the signal and the background from the
same field of view. After data quality selection and dead-
time correction, a total of 13 h of high quality data are
used in the spectral analysis. The data are analyzed with
the Model analysis [60], in which a semianalytical model
of electromagnetic air showers is used to fit the images
recorded by the cameras. Loose selection criteria are ap-
plied for selection of the events, resulting in a low energy
threshold for the spectrum reconstruction. The analy-
sis is cross-checked with an independent calibration and
analysis chain [59] giving consistent results. The instru-
ment response functions are obtained from Monte Carlo
simulations. The average energy resolution is 12%, and
the bias in the energy reconstruction is lower than 2% in
the considered energy range from 250 GeV to 4 TeV.
The spectrum of the 45505 γ-ray candidates (46124

ON events, 6186 OFF events, background normalization
0.1) is reconstructed using an unfolding technique, as de-
scribed in [61], with regularization by iterations. This
regularization is chosen to minimize the interbin corre-
lation. The covariance matrix determined during the
unfolding procedure is used in all spectral analyses pre-
sented below in order to take into account the remaining
correlations between bins. Figure 2 shows the averaged
energy spectrum for the considered data set. The un-
folding procedure allows one to quantify the level of ir-
regularity in the spectrum without assuming a particular

Constraints	  are	  derived	  separately	  for	  IGMF	  and	  CMF	  
PKS	  2155-‐304	  spectrum	  and	  
residuals	  of	  the	  best-‐fit	  model	  	  

Abramwski+13	  



Juan Abel Barrio, UCM-GAE 7 6th MultiDark/RENATA Workshop, Canfranc, April 2012 

CTA Layout 
Low-energy section: 
4  x 23 m tel. (LST) 
- Parabolic reflector 
-  FOV: 4.5 degrees 
-  f/D: ~1.2 
energy threshold 
of ~20 GeV 

Core-energy array: 
23 x 12 m tel. (MST) 
Davies-Cotton reflector 
(or Schwarzschild-Couder) 
-  FOV: 7-8 degrees 
-  f/D: ~1.4 
mCrab sensitivity in the 
100 GeV–10 TeV domain 

High-energy section: 
32 x 5-6 m tel. (SST) 
Davies-Cotton reflector 
(or Schwarzschild-Couder) 
-  FOV: ~10 degrees 
-  f/D: 1.2 – 1.5 
10 km2 area at  
multi-TeV energies 

(one) possible configuration 
100 M! (2006 costs) 

The	  future:	  	  
Cherenkov	  Telescope	  Array	  (CTA)	  
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CTA	  will	  be	  the	  ideal	  instrument	  to	  look	  for	  boosts	  of	  
gamma-‐ray	  photons	  at	  high	  optical	  depths.	  	  

JCAP12(2014)016

Figure 2. Simulated spectra for the blazars selected in section 3 for τ � 1 with ALPs (black

bullets and solid lines) and without (red bullets and dashed lines). The ALP parameters are set

to mneV = 12.2, g11 = 4.3. The envelope shapes show the uncertainty of the determined intrinsic

spectrum (1σ fit uncertainty). Observed spectra are shown as blue squares.

where Nexcess,i = NON,i−αNOFF,i with the random numbers NON,i and NOFF,i for the source

(ON) and background region (OFF) drawn from Poisson distributions with means µi + bi
and bi/α, respectively. A spectral flattening in the ALP case is observed for all blazars if

ALPs are included.

Following ref. [40], we calculate the sensitivity of CTA to detect an ALP induced spectral

hardening by means of the likelihood ratio test and make use of the Asimov data set [93].

The likelihood L in the i-th energy bin is given as the product of the Poissonian probability

mass functions of the events from the ON and OFF region,

L(µi, bi;α|NON,i, NOFF,i) = Pois(NON,i|µi + bi) Pois(NOFF,i|bi/α). (4.4)

For an Asimov data set the number of counts is equal to the expected value, NON = µ+b and
NOFF = b/α in each energy bin, making the expected values µ and b the maximum likelihood

estimators. The sensitivity to exclude the hypothesis of having no photon-ALP mixing (µ̃ =

µ(gaγ = 0)) given an observation including an ALP contribution is then evaluated with the

– 11 –

Meyer+14	  
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Figure 2.2: Simulation of a 5 h CTA observation of a 4C +21.35 flare 5 times
more intense than the one recorded by MAGIC [149]. In black, energy bins
used for the fit (those with a signal exceeding three times the RMS of the back-
ground, and a minimum of 10 excess events). Excluded points are displayed
in grey. The estimated intrinsic differential energy spectrum (after correcting
for the EBL effect) shows a boost at high energies due to photon/ALP mix-
ing. The IGMF strength is assumed to be 0.1 nG, and ALP parameters result in
Ecrit = 200 GeV.
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Figure 2.3: Same as in Fig. 2.2, but with Ecrit = 1 TeV. Note that in scenarios
like this, where Ecrit is within the energy range in which the EBL absorption is
already large, the boost in the flux shows up as a sudden rise (smeared out by
the spectral resolution of the instrument) which would even allow to determine
Ecrit accurately.

Using the performance parameters of array E, we obtain the
expected gamma-ray and cosmic-ray background rates in bins
of estimated energy, and from them the reconstructed differ-
ential energy spectrum. After this, we correct the observed
spectrum by the energy-dependent attenuation factors expected
from the EBL in order to get an estimate of the intrinsic source
spectrum. Each simulated spectrum is fitted to a power-law
with variable index of the form dN/dE ∝ E−α−β log(E/0.1TeV),
in which we constrain the β parameter so that the spectrum can-
not become harder with increasing energy (such behavior is not
expected from emission models in this energy range). Only en-
ergy bins with a signal exceeding three times the RMS of the
background, and a minimum of 10 excess events, are consid-

ered in the fit.
In the absence of any significant photon/ALP mixing, the

resulting fits will all match the spectral points within the ex-
perimental uncertainties, resulting in good χ2 values. But, as
shown in Ref. [143], certain combinations of ALP parameters
and values of the IGMF may result in significant modifications
of the observed VHE spectra. The most striking feature is a
boost of the expected flux at high energies, which is particularly
prominent in the estimated intrinsic (i.e. EBL-de-absorbed)
spectrum. Such a feature may result in a low value of the χ2-
probability of the spectral fit. In Figs. 2.2 and 2.3 we show two
such cases, in which the observed spectra, after de-absorption
of the EBL effect, show a clear hardening of the spectral in-
dex. The effect is particularly striking in the cases in which the
EBL absorption at E = Ecrit is already strong (e.g. Fig. 2.3), be-
cause then the boost sets in very fast, resulting in dN/dE rising
with energy at around Ecrit. The rise is actually very sharp, but
it is smoothed by the energy resolution of the instrument. An
improvement in the energy resolution would increase the sig-
nificance of the feature and improve the determination of Ecrit.
In contrast, if Ecrit is in the range in which the EBL absorp-
tion is small or negligible (Fig. 2.2), the feature at Ecrit would
just be a flux drop of at most # 30% [143], also washed out
by the instrumental energy resolution. In those cases, though
a high-energy boost may still be clearly detected, it would be
hard to determine the exact value of Ecrit. This is because, in
the formalism described in Ref. [143], similar ALP boost fac-
tors are always achieved at energies E > Ecrit, independently of
the particular value of Ecrit in each case.
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Figure 2.4: Median of the χ2-probabilities of the fits to the de-absorbed differ-
ential energy spectra of 4C +21.35 measured by CTA, assuming photon/ALP
mixing, for different values of Ecrit . We simulated observations of flares of
two different durations: 0.5 and 5 hours, and with intensities equal to 1 and 5
times that of the flare reported in [149]. The dashed horizontal line marks the
probability that corresponds to 5 standard deviations.

Prospects
For each of the Ecrit values scanned, we have performed 103

simulations of a CTA observation, all with the same source flux
and observation time. We consider that a given value of Ecrit
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PKS,	  122+216	  
z	  =	  0.432	  
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CTA	  

MAGIC	  

Possible	  to	  reach	  much	  higher	  
optical	  depths	  w.r.t.	  current	  IACTs!	  

Most	  promising	  targets:	  	  
Blazars	  in	  flaring	  states	  at	  z	  ∼	  0.4	  

González-‐Muñoz+12	  
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Sensitivity	  from	  likelihood	  
ratio	  test	  with	  and	  w/o	  axions	  

Meyer+14;	  Meyer	  &	  Wood	  15	  (preliminary)	  

	  à	  Other	  search	  strategies	  proposed:	  ‘Anisotropy	  test’	  
	  

Idea:	  auto-‐correlation	  of	  AGN	  spectral	  indices	  with	  the	  
Galactic	  magnetic	  field	  (Wouters	  &	  Brun	  14)	  

signal is observed. From the corresponding autocorrelation distributions, predicted shapes
for the autocorrelation are fitted with increasing gγa until the coupling is excluded at the 95%
C.L. For each generated sample, the exclusion set on gγa is different because of the different
source positions in the realizations. The averaged exclusion over all the generated sample at
the 95% C.L. is gγa < 2.92 × 10−11 GeV−1. The variance of the level of exclusion over the
whole set of realizations is 2.9× 10−12 GeV−1.

As explained in Sec. 3, when considering µG level magnetic fields, like the magnetic fields
in the source and in the Milky Way, the coupling between ALPs and photons is efficient above
tens of GeV for ALP masses lower than 10 neV. The corresponding range of ALP parameters
accessible with CTA is shown in Fig. 9. On this figure, other constraints from independent
analyses and experiments are also shown. For higher masses, the γ-ALP conversion is not in
the strong regime and spectral irregularities occur. Current exclusions might be extended by
looking at the regularity of the spectrum of bright TeV sources with CTA, which is beyond
the scope of the present study.
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Figure 9. ALP parameter space showing the sensitivity of CTA with the autocorrelation observable.
Also shown are various constraints in the same mass range (see Sec. 1 for details). The range of ALP
parameters that could explained the opacity anomaly is also shown as "Transparency hint" [14].

8 Discussion

One possible limitation of the test is that the redshifts of all the sources may not be known. In
the 2FGL, two third of the sources have known redshift, which means that one can expect one
third of the prospected CTA sample to not have a measurement of the redshift. Knowledge
of the redshift of the source is not crucial to the test and it can be worked around if no
measurements are available. The redshift of the source is used in the analysis here to define
the energy ranges of the HE and VHE domain. For example in Sec. 5, the energy intervals

– 17 –



Nice	  complementarity!	  
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FERMI	  

Could	  reach	  the	  
ALP	  DM	  region	  
	  
Can	  test	  most	  of	  
the	  low	  opacity	  
hint	  parameter	  
space	  

[Warning:	  the	  Fermi	  exclusion	  region	  should	  be	  considered	  just	  as	  a	  rough	  first	  estimate]	  



CONCLUDING	  REMARKS	  
•  Photon/ALP	  conversions	  may	  lead	  to	  very	  peculiar	  imprints	  in	  the	  spectra	  of	  

astrophysical	  objects.	  

•  Some	  anomalies	  exist	  in	  gamma-‐ray	  data	  that	  challenge	  an	  explanation	  in	  

terms	  of	  “conventional	  physics”.	  	  

•  Photon/ALP	  conversions	  could	  explain	  these	  anomalies.	  

•  ALP	  search	  currently	  ongoing	  by	  the	  Fermi	  LAT	  collaboration:	  

–  Spectral	  irregularities	  in	  NGC1275,	  the	  central	  AGN	  in	  Perseus.	  

–  Work	  in	  an	  advanced	  stage.	  Could	  be	  out	  by	  Fall.	  

•  H.E.S.S.	  already	  looked	  for	  ALP-‐induced	  spectral	  irregularities:	  

–  No	  hint	  of	  ALPs	  in	  the	  data.	  

–  First	  constraints	  in	  the	  ALP	  paramenter	  space	  from	  γ-‐ray	  telescopes.	  

•  CTA	  will	  be	  able	  to	  probe	  a	  larger	  region	  of	  the	  ALP	  parameter	  space.	  

•  Fermi	  and	  IACTs	  nicely	  complementary	  each	  other	  and	  	  complementary/

competitive	  to	  other	  existent	  search	  techniques.	  
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γ-‐rays	  probe	  the	  extreme	  non-‐thermal	  Universe	  	  

Dark	  Nebula	   Dim,	  young	  star	   Our	  Sun	   Globular	  Cluster	  

CMB	   Accretion	  Disk	  

Thermal	  Processes	  
Extreme	  
Universe	  
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THE	  GAMMA-‐RAY	  SKY	  above	  1	  GeV	  
5	  years	  of	  Fermi	  LAT	  data	  
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Motivation for Dark Matter 
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ACCELERATION	  MECHANISMS	  

γ-‐RAY	  EMISSION	  MECHANISMS	  

ENERGY	  SOURCES	  

Different	  mechanisms	  producing	  γ-rays	  

Explosions	   Accretion	   Rotating	  Fields	  

p	  

synchrotron	   inverse	  Compton	  bremsstrahlung	   π0	  production	  

Reconnection	   Caustics	   Other	  Shocks	  

Many	  of	  these	  mechanisms	  
will	  produce	  radiation	  at	  other,	  

non	  γ-‐ray,	  wavelengths	  



The	  complexity	  of	  the	  (Fermi)	  gamma-‐ray	  sky	  

???	  
Galactic	   Point	  Sources	   Isotropic	  

Inverse	  Compton	   Bremsstrahlung	   π0	  decay	  
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Fermi-‐LAT	  performance	  

Energy Resolution	  

All-Sky Coverage	  

Point Spread Function	  

Effective Area	  

0.7 m2	  

0.8o	  

0.15o	  10%	  

Every ~3 Hours	  

Searching for Galactic 
Dark Matter 

Substructure

Alex Drlica-Wagner

on behalf of the 

Fermi LAT Collaboration
Alex Drlica-Wagner   |   Fermilab!

Motivation for Dark Matter 

4!

NOAO, AURA, NSF, T.A. Rector!

Galaxy Rotation Curves!

Bullet Cluster (Markevitch & Clowe, 2006)!

Colliding Clusters!

WMAP Science Team!

Cosmological Probes!



THE	  IMMINENT	  FUTURE:	  Pass	  8	  	  
(a.k.a.	  improved	  LAT	  performance)	  

Impacts	  for	  ALP	  search:	  
–  Increased	  energy	  range	  <==>	  explore	  new	  mass	  parameter	  space	  
–  Increased	  effective	  area	  <==>	  increased	  flux	  sensitivity	  
–  Better	  background	  rejection	  
–  New	  event	  classes	  <==>	  check	  systematic	  effects	  in	  event	  selection	  

Searching for Galactic 
Dark Matter 

Substructure

Alex Drlica-Wagner

on behalf of the 

Fermi LAT Collaboration
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FIG. 2: Hillas diagram showing size and magnetic field
strengths of astrophysical objects required to accelerate ultra-
high energy cosmic rays (figure from Ref. [17] with permis-
sion). The Hillas condition is closely related to the condi-
tion for the efficient conversion of gamma rays into ALPs [see
Eq. (7)].

sonable exposure times. So, it would not be a surprise if
such a signature had escaped detection so far, but would
show up in the coming years thanks to the GLAST satel-
lite detector and present and planned ground telescopes.
In principle, if the astrophysical parameters were known,
the amplitude of the depletion could be used to constrain
gaγ , see Eqs. (3,7), while the energy at which the effect
is observed could be used to infer m, see Eq. (6). If only
upper limits were available for B s, a lower limit on gaγ

could be obtained, at least. Another prediction is that if
a hint for an ALP would show up in a source at energy
E1, then gamma emitters sitting in regions with similar
values of B s should show a feature of similar amplitude
at a characteristic energy related to E1 only by the value
of their field strength, see Eq. (6).

Promising sources— To be consistent with existing
bounds [6], an ALP should have a coupling g11

<
∼ 9, which

implies that BG spc
>
∼ 10−2 must hold at the source. In

Fig. 2, the Hillas diagram is shown, reporting the typi-
cal B and s values for UHECR candidate sources. It is
clear that virtually all the objects proposed as UHECR
accelerators, from gamma-ray bursts to clusters of galax-
ies, appear suitable for the search of ALP signatures.
This is fortunate, since many observed (e.g. blazars) or
expected (e.g. galaxy clusters) gamma ray sources are
hosted in or near putative UHECR accelerators. How-
ever, at least the compact sources on the Hillas plot are
not likely the best candidates due to their higher densi-
ties. Even a density of 10−6 g/cm3, very low for terres-
trial standards, would imply m " 1 meV [see Eq. (5)]
and thus the condition E > E cannot be satisfied in the
energy range probed by gamma ray astronomy. This is
a general, although qualitative, argument disfavoring too

compact (and presumably dense) sources as possible sites
to observe photon-ALP mixing. Very promising sources
are instead AGN jets and hot spots in radio galaxies such
as Cygnus A and M87. For example, typical parameters
for the hot spots of Cygnus A are BG # 0.15 × 10−3,
spc # 2× 103 [18], and similar numbers apply to the hot
spots of M87 [19], which has been detected in the TeV
range. In these environments, the quantity of Eq. (7) is
near unity for g11 ∼ 0.3, while for propagation in our
galaxy the same coupling would fail to satisfy that con-
dition by more than one order of magnitude.

A remark is in order. If it were proved that conser-
vative estimates for the product B s of a detected γ-
ray emitter satisfy Eq. (7) for g11

<
∼ 9, then gamma

observations would turn into powerful probes of ALP
physics. But vice versa is not necessarily true: indeed,
although some fits assuming synchrotron-self-Compton
models seem to indicate that many detected gamma ray
sources (see e.g. Refs. [15, 20]) fall short of the require-
ment of Eq. (7) by one order of magnitude or more, it is
important to remember that the ALP conversion feature
depends on the properties of the environment crossed,
not of the emitting region. In these cases, although a
negative result can not be used to put significant bounds,
a serendipitous discovery is by no means excluded.

Exploring the ALP parameter space— One can easily
estimate the range of ALP parameters observationally
accessible. As we argued earlier, from the highest en-
ergy UHECR observed the Hillas criterion suggests con-
servatively that sites where BG spc

>
∼ 0.3 must exist in

nature. Once plugged into Eq. (7) (assuming equality),
this implies that at least couplings as small as g11 # 0.2
may produce significant depletions in gamma-ray spec-
tra. To deduce the range of masses which can be probed,
we proceed as follows: (i) we neglect too compact objects
on the Hillas plot and restrict our attention to the most
promising range of astrophysical source sizes previously
discussed, spc ∼ 10−4 to 105, deducing the corresponding
field strength (see Fig. 2); (ii) we plug these values in Eq.
(6,) thus obtaining EGeV ∼ 4× 10−3÷ 4× 106 m2

µeV . Un-
less m <

∼ 0.1µeV and the region is very compact (which
is disfavored, as previously discussed), the transition en-
ergy is expected to fall in the gamma ray band, confirm-
ing again our initial, general remarks. Considering the
energy range most interesting for GLAST (sub-GeV to a
few tens of GeV), we deduce that ALPs in the mass range
mµeV ∼ few × 10−4 ÷ 102 can be probed. For ground
based gamma ray telescopes such as HESS, MAGIC and
VERITAS, which are sensitive to gamma rays in the ap-
proximate range of 102 to 104 GeV, the photon-ALP con-
version can also be significant for masses in the range
of mµeV ∼ few × 10−3 to 103. Globally, we estimate
the approximate range of parameters which could lead
to observable effects as the region schematically shown
in Fig. 3, along with the range excluded by CAST and
the band preferred by QCD axion models [6]. The par-
ticularly interesting region which overlaps with the QCD
models band corresponds to ∼ 10 TeV transition energies

Hooper	  &	  Serpico	  07	  

BG·∙spc	  also	  determines	  the	  Emax	  to	  
which	  sources	  can	  accelerate	  cosmic	  

rays:	  
	  Emax=	  9.3·∙1020	  ·∙BG·∙spc	  eV	  	  (Hillas	  

criterion)	  
	  

We	  observe	  cosmic	  rays	  up	  to	  3·∙1020	  eV	  
-‐>	  BG·∙spc	  up	  to	  0.3	  must	  exist!	  
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PILE-UP! 

«  Working	  hypothesis:	  

1)  Intrinsic	  spectra	  of	  AGNs	  are	  well-‐
described	  by	  power	  laws.	  

2)  M11	  has	  an	  optimistic	  value	  but	  still	  
within	  experimental	  limits.	  

3)  Ecrit	  is	  within	  the	  energy	  range	  of	  
present	  IACTs.	  

4)  The	  EBL	  is	  well	  described	  by	  the	  
Dominguez+11	  EBL	  model.	  

Source	  modeling	  using	  multi-‐wavelength	  
SSC	  fits	  available	  in	  the	  literature.	  

ALP	  can	  alleviate	  the	  pile	  up	  problem	  

Domínguez,	  Sánchez-‐Conde	  and	  Prada,	  JCAP	  	  11	  (2011)	  020	  



Neronov+10,	  Science	  

fiducial	  	  
Model	  in	  
MASC+09	  
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!"!"#
Jansson & Farrar (2012)!

!"!"#

!"!"#
Sun et al. (2008)!

!"!"#
Harrari et al. (1999)!

Figure 2. Maps of probability of conversion from ALPs to photons in the galactic magnetic fields
for three different models, [65, 67, 68] from top to bottom, assuming gγa = 5× 10−11 GeV−1.

VHE suffer from some uncertainties. These uncertainties result in a dispersion of the mea-

sured spectral hardening and in the end in a dispersion of the autocorrelation. The related

uncertainty propagated on Ci is then:

σ2
Ci

=
1

Ni(Ni − 1)

Ni�

j=1

�
(∆Γj

1 −∆Γ)(∆Γj
2 −∆Γ)

σ∆Γ1 σ∆Γ2

− Ci

�2

(4.3)
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Intracluster magnetic fields

!21

[Figure from Bonafede et al., 2010; see, e.g., Feretti et al., 2012, for a review]

Rotation measure map 
with 5 GHz contours of 
galaxy NGC 4869 in the 
Coma cluster

Simulated B field 
(blue) and analytical 
profile (magenta) of 
the Coma cluster

• Observational evidence: 

- Non-thermal 
(synchrotron) emission 
of intracluster medium 

- Rotation measure 
measurements 

• Field strength between 0.1 
and 10 "G 

• Extent: up to few Mpc 

• Magnetic field follows 
thermal electron distribution 
ne(r)

M.	  Meyer	  



42	  

Figure 4: Same as in Fig. 3 but for the break assumed to happen at E = 100 GeV, for the

extended sample of Fermi-LAT blazars described in the text. The breaks appear for distant

objects only, for which E0 ∼ 100 GeV.

18

Rubtsov+14	  
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EBL, Hubble constant, and anomalies 13
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Fig. 8.— Flux enhancement, defined by the ratio of observed

and expected fluxes, as a function optical depth. The shaded gray

region is the flux enhancement implied by the results of Horns &

Meyer (2012).

above an optical depth of τ > 2. They explain this
∼ 70% increase in flux as an hint for mixing of gamma
rays with axion-like particles. Performing the same test
with our best-fit EBL spectrum and our larger dataset,
we find a slightly larger discrepancy of 4.5σ, for an aver-
age R ∼ 0.1. We argue in the following that this test is
flawed, because it neglects the uncertainties on the mea-
sured flux.
We measure the average flux enhancement FE in var-

ious optical-depth bins, using a sample of gamma-ray
spectra twice as large as any other studied. The residuals
show a normal distribution, whose parameters are largely
independent of redshift, energy, and optical depth. We
thus include the uncertainties in the computation of the
flux enhancement, weighting the relative contributions of
the spectral points, as:

FE = � φ

φmodel
�i

=

�
i φiφmodel,i/σ2

φ,i�
i φ

2
model,i/σ

2
φ,i

(28)

which is the usual χ2-based weighted average, propagat-
ing the uncertainty on the observed flux σφ,i. Note that
scaling the uncertainties on the observed flux up or down
affects the errors on the flux enhancement estimate, but
not the mean.
The flux enhancement is shown as a function of op-

tical depth in Fig. 8. The 106 spectra constrain the
flux enhancement at optical depths larger than τ > 2 to
FE = 0.98± 0.04, for an average optical depth τ = 3.0.
This value, consistent with 1, shows no deviation from
expectations. A flux enhancement of more than ∼ 40%
is excluded beyond the 5σ level, taking only statistical
uncertainties into account. Even assuming a systematic
bias of 10% at large optical depth (see Appendix A), the
flux enhancement corresponding to the results of Horns
& Meyer (2012) (gray shaded region in Fig. 8) remains
excluded at the 5σ level.
The discrepancy between our study and the work of

Horns & Meyer (2012) is most probably related to the

discarding of uncertainties in their test. For example, the
highest flux enhancements at optical depth above 2 in the
sample studied here are obtained for the last points of the
spectra of 1ES 1959+650 (Whipple, 2002), at τ = 5.2,
3C 279 (MAGIC, 2006), at τ = 4.2, and 1ES 0229+200
(H.E.S.S., 2005-2006), at τ = 6.7. They show flux en-
hancement of 13, 14 and even 23, respectively, but with
uncertainties on the order of 100% that strongly bias
the test. We note that Meyer et al. (2013) studied the
residuals normalized to uncertainties, as shown in Fig. 7,
and found an average flux enhancement significant at the
4.4σ level based on a t test and using the EBL model of
Kneiske & Dole (2010). Performing the same test with
our sample yields a significance of 1.1σ for the model of
Kneiske & Dole (2010) and 2.6σ for the EBL spectrum
derived in Sec. 4.1. The slightly different response of
this test with respect to that shown in Fig. 8 is possibly
due to the weighting of the points in the averaging pro-
cess (∝ 1/σφ,i for the t test and ∝ 1/σ2

φ,i for a χ2-based
average in Eq. 28).
We conclude, based on the largest gamma-ray sample

studied so far, that current VHE gamma-ray observa-
tions do not show a detectable flux enhancement at large
optical depths and find little motivation for a lower limit
on the coupling of axion-like particles with photons as
reported in Meyer et al. (2013).

4.5. Lorentz invariance violation

We investigate in this section the compatibility of the
86 spectra in the gamma-ray cosmology sample with a
quantum-gravity induced effect such as proposed by Ki-
fune (1999); Aloisio et al. (2000); Protheroe & Meyer
(2000); Ellis et al. (2001); Amelino-Camelia & Piran
(2001); Stecker & Glashow (2001). These authors con-
ducted their investigations following the publication of
the spectrum of Markarian 501 observed by HEGRA in
1997 (Aharonian et al. 1999), but the limited constraints
on the EBL and on blazars’ spectra, which were only
a handful in 2000, prevented a quantitative constraint.
This spectrum is not included in our study because it
was updated in Aharonian et al. (2001).
We model the effect of a Lorentz invariance violation

(LIV) adopting the formalism of Jacob & Piran (2008).
The starting point consists in a leading-order modifica-
tion of the special relativistic relation E2 = p2c2+m2c4,
where E and p are the energy and momentum of a par-
ticle of mass m. The effect should become significant
around a quantum-gravity energy scale EQG, a correc-
tion of order n = 1, 2 yielding:

E2 = p2c2 +m2c4 ± E2

�
E

EQG

�n

(29)

so that the norm of the momentum four-vector, E2−p2c2,
is not a Lorentz invariant any more.
Equation 29 alters the kinematics of electron-positron

pair creation, as in the collision of a TeV gamma ray in-
teracting with an EBL photon. One needs to modify the
special-relativistic threshold �thr > m2

ec
4/E, withme the

mass of the electron and where � and E are the energy
of the two photons. The original spectrum of Markar-
ian 501 published by HEGRA hinted at a gamma-ray
absorption lower than predicted by classical interaction
with the EBL, which corresponds to the subliminal case

Biteau	  &	  Thompson	  15	  



The	  Fermi	  Large	  Area	  Telescope	  

Si-‐Strip	  Tracker:	  
convert γ-‐>e+e-‐	  

reconstruct	  γ	  direction	  
EM	  v.	  hadron	  separation	  
	  

Hodoscopic	  CsI	  Calorimeter:	  
measure	  γ	  energy	  
image	  EM	  shower	  
EM	  v.	  hadron	  separation	   Anti-‐Coincidence	  Detector:	  	  	  

Charged	  particle	  separation	  
	  

Trigger	  and	  Filter:	  
Reduce	  data	  rate	  from	  ~10kHz	  to	  300-‐500	  HZ	  

Fermi	  LAT	  Collaboration:	  
~400	  Scientific	  Members,	  
NASA	  /	  DOE	  &	  International	  
Contributions	  	  	  

Public	  Data	  Release:	  
All	  γ-‐ray	  data	  made	  public	  within	  24	  hours	  (usually	  less)	  

Sky	  Survey:	  
2.5	  sr	  field-‐of-‐view	  
whole	  sky	  every	  3	  hours	  

LAUNCHED	  IN	  JUNE	  2008	  
Mission	  approved	  through	  2016	  
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Indirect DM searches with MAGIC and prospects for CTA 33

The principle

gamma-ray direction

Very High Energy

gamma-ray   E ~ O(0.1 - 100 TeV)

Cherenkov light

particle shower

telescopes

camera 1
camera 2

 ~ 300 m



VERITAS	  
(USA	  &	  England)	  

2006	  
4	  telescopes	  

12	  meters	  each	  	  

MAGIC	  
(Germany,	  Italy,	  Spain)	  

2003	  
2	  telescopes	  

17	  meters	  each	  	  Tucson, Arizona 

Canary Islands, Spain 

HESS	  
(Germany	  &	  France)	  

2002	  
4	  telescopes	  (12m)	  
+	  HESS	  II	  (28m)	  

Windhoek, Namibia 
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From Whipple to the last generation of IACTs

The second generation

MAGIC (2004)

VERITAS (2008)

HESS (2003)

CANGAROO-III (2004)
April 13, 2012

Leading	  IACTs	  at	  present	  


