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Some	
  astrophysical	
  environments	
  
fulfill	
  the	
  mixing	
  requirements	
  
	
  
Astrophysical	
  sources	
  with	
  	
  
BG·∙spc	
  ≥	
  0.01	
  will	
  be	
  valid.	
  
	
  

DO	
  THEY	
  EXIST?	
  

M11: inverse of  the coupling 
constant (gαγ/1011 GeV) 

BG: magnetic field (G) 
spc: size of  the B region (pc) 

! 

15 " BG " spc
M11

#1

M11 ≥ 0.114 GeV (CAST limit)  

• 	
  	
  Axion-­‐like	
  particle	
  (ALP):	
  mass	
  and	
  coupling	
  not	
  related.	
  
• 	
  	
  ALPs	
  are	
  expected	
  to	
  convert	
  into	
  photons	
  (and	
  vice-­‐versa)	
  in	
  the	
  presence	
  of	
  
magnetic	
  fields.	
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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.
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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.
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AGNs	
  located	
  at	
  cosmological	
  distances	
  will	
  be	
  affected	
  by:	
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  Source	
  mixing	
  (Hooper	
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  Serpico	
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  flux	
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  (De	
  Angelis+07):	
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  and/or	
  enhancement.	
  
C.  Galactic	
  mixing	
  (Simet+08):	
  flux	
  enhancement.	
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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.
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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
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The	
  latest	
  EBL	
  
models	
  now	
  agree!	
  

Domínguez+10	
  



Fermi/LAT	
  

MAGIC-I 

E. range: 100 GeV - 30 TeV 

E. resolution: >20%  

FOV: ≈ 4 deg. 

Angular resolution: ≈ 0.1º 

E. range: 10 MeV - 300 GeV 

E. resolution: <10% @ 10 GeV 

FoV: ≈2.4 sr 

Angular resolution: 0.1º@10 GeV 

Typical	
  IACT	
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A.  On	
  orbit:	
  NASA	
  Fermi	
  satellite	
  
B.  From	
  the	
  ground:	
  Imaging	
  Atmospheric	
  Cherenkov	
  telescopes	
  (IACTs)	
  



VERITAS	
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2006	
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MAGIC	
  
(Germany,	
  Italy,	
  Spain)	
  

2003	
  
2	
  telescopes	
  

17	
  meters	
  each	
  	
  Tucson, Arizona 

Canary Islands, Spain 

HESS	
  
(Germany	
  &	
  France)	
  

2002	
  
4	
  telescopes	
  

12	
  meters	
  each	
  	
  

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



Modeling of  AGN emission mechanisms 
typically assume spectral index >1.5 

[Domínguez et al. 2011] 

¨  Some	
  recent	
  gamma-­‐ray	
  observations	
  pose	
  substantial	
  challenges	
  to	
  the	
  
conventional	
  models.	
  
•  Intrinsic	
  spectrum	
  deviates	
  from	
  a	
  power-­‐law:	
  pile-­‐up	
  problem	
  (Dominguez+12).	
  
•  Very	
  hard	
  intrinsic	
  spectrum	
  of	
  FSRQs	
  (e.g.	
  Albert+08,	
  Alecsik+11,	
  Wagner+10)	
  
•  Extremely	
  rapid	
  and	
  intense	
  flares	
  (Tavecchio+12).	
  
•  GeV	
  spectral	
  breaks!	
  

PILE-UP! See	
  also	
  Horns+12	
  !	
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ü  Larger axion boosts for distant sources. 
ü  Larger B fields not always lead to larger axion boosts. 

Attenuation due to source mixing 

Intergalactic 
mixing 

Enhancement due to 
intergalactic mixing 

Attenuation due to intergalactic mixing 

z=0.536 

Axion boost =(Flux w/ axions) / (Flux w/o axions) 
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Fermi/LAT 
Look for flux drops in the residuals (“best-model”-
data). 
Source model dependent. 
Powerful, relatively near AGNs. 

IACTs observations 
Look for systematic flux enhancements 
at energies where the EBL is important 
(hardening of  the spectra expected!).  
 
Distant (z > 0.2) sources at the 
highest possible energies (>1 TeV), to 
push EBL models to the extreme. 
 
Source and EBL model dependent, but 
very important enhancement expected. 

Fermi/LAT and/or IACTs 
Look for flux drops/jumps in the residuals. 
Only depends on the IGMF and axion properties (mass and 
coupling constant). 
Independent of the sources -> CLEAR signature! 
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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.

Axion boost =(Flux w/ axions) / (Flux w/o axions) 
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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.	
  

More	
  high	
  energy	
  photons	
  than	
  expected	
  at	
  the	
  highest	
  energies:	
  
deviation	
  from	
  a	
  power-­‐law?	
  	
  à	
  pile-­‐up	
  

	
  

Might	
  ALPs	
  help	
  in	
  offering	
  an	
  alternative	
  explanation?	
  

Domínguez, Sánchez-Conde and Prada, JCAP  11 (2011) 020 
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Figure 2. The effect of ALPs on high redshift VHE observations. Upper-left panel: 3C 279 obser-

vation by MAGIC in the 2007 observational campaign [37]. Upper-right panel: 3C 66A observation

by MAGIC [38]. Lower-left panel: PKS 1222+216 discovery by MAGIC [16]. Lower-right panel:
PG 1553+113 extensive campaign from 2005-2009 by MAGIC [39]. As additional case, the 3C 279

spectrum observed by MAGIC in 2006 was already shown in figure 1 (Step 4).

ref. [37] (see Table 1). Different steps are followed in order to obtain our final results. These

steps are only explicitly shown in figure 1 for the 2006 data, while only the last step is plotted

in figure 2 for the other spectra used in this study. Step 1) The observed VHE spectrum

(blue crosses) is corrected by the effect from the EBL only (green circles), and by the EBL

plus ALPs (red squares). The case with Ecrit = 100 GeV and BIGM = 0.1 nG is plotted in

figure 1 as an example. The pile-up problem is evident here for the EBL-corrected spectrum

(green circles). Step 2) Both corrected (or de-absorbed) spectra are fitted by simple power

laws. The spectral indexes and the χ2
r = χ2/n of the fits are shown in figure 1 (with n

degrees of freedom). Step 3) The best-fit power laws obtained from Step 2 are then absorbed

again by the EBL (dashed green line), and the EBL plus ALP (solid red line). Although

small, the drop in flux at Ecrit (in this particular case 100 GeV) is still noticeable. This step

is taken in order to check how well the observed spectrum is recovered in the case where

we account for only the EBL effect and when including EBL plus ALPs. The reduced χ2

labeled in the figure corresponds to the corrected best-fit power law given in Step 2. Step

– 4 –

-­‐  Low	
  critical	
  energies	
  are	
  preferred.	
  
-­‐  ALPs	
  do	
  not	
  introduce	
  any	
  additional	
  effect	
  when	
  no	
  pile-­‐up	
  is	
  present.	
  
-­‐  More	
  cases	
  needed!	
  



ALP	
  searches	
  with	
  the	
  future	
  CTA	
  



The CTA project

April 13, 2012

The concept
- One observatory with two sites for all-sky coverage 
- Operated by one single consortium
- Open observatory concept



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) 

CTA	
  layout	
  



A. González-Muñoz (IFAE), A. Moralejo (IFAE), M.A. Sánchez-Conde (KIPAC/SLAC) 

•  Test	
  source:	
  PKS	
  1222+216	
  ,	
  z	
  =	
  0.432.	
  Second	
  most	
  distant	
  object	
  detected	
  by	
  IACTs.	
  

•  Observed	
  by	
  MAGIC	
  in	
  June	
  2010	
  in	
  flaring	
  state	
  for	
  0.5	
  hours.	
  

•  We	
  assumed	
  an	
  intrinsic	
  power-­‐law	
  spectrum	
  suggested	
  by	
  MAGIC	
  observation:	
  	
  

dN/dE	
  =	
  K	
  x	
  [E/(0.2	
  TeV)]-­‐2.72	
  ,	
  with	
  K	
  =	
  1.78	
  x	
  10-­‐5	
  m-­‐2	
  s-­‐1	
  TeV-­‐1	
  

	
  

•  ALP	
  parameters:	
  M=0.114	
  x	
  1011	
  GeV,	
  ma~10-­‐10	
  eV	
  ,	
  BIGMF=0.1	
  nG.	
  

l  Domínguez+11	
  EBL	
  model.	
  
•  Ecrit	
  was	
  scanned	
  in	
  the	
  range	
  0.1	
  –	
  10	
  TeV	
  in	
  steps	
  of	
  0.1	
  TeV.	
  

•  Performance	
  files	
  for	
  the	
  CTA	
  candidate	
  array	
  ”E”.	
  

	
  
	
  
l  This	
  work	
   is	
  part	
  of	
  an	
   special	
   issue	
   to	
  be	
  published	
   in	
  Astroparticle	
  Physics	
  on	
  CTA	
  
physics	
  prospects.	
  



The	
  most	
  suitable	
  energy	
  range	
  for	
  ALP	
  search	
  is	
  that	
  in	
  which	
  the	
  EBL	
  is	
  already	
  present	
  but	
  
still	
  with	
  moderate	
  absorption:	
  ~few	
  hundreds	
  GeV	
  to	
  few	
  TeV:	
  
	
  
-­‐  If	
  EBL	
  is	
  too	
  strong,	
  then	
  ALP	
  boost	
  is	
  not	
  enough	
  to	
  make	
  the	
  source	
  observable.	
  
-­‐  If	
  EBL	
  is	
  too	
  weak,	
  then	
  no	
  significant	
  boost	
  expected.	
  

Very	
  good	
  detection	
  prospects	
  for	
  CTA!	
  
No	
  so	
  good	
  for	
  current	
  IACTs.	
  

Simulation	
  of	
  a	
  5-­‐hour	
  CTA	
  observation	
  5	
  times	
  more	
  intense	
  than	
  the	
  one	
  recorded	
  by	
  MAGIC 

PRELIMINARY	
   PRELIMINARY	
  



Median	
  χ2	
  of	
  the	
  fit	
  after	
  1000	
  trials	
  for	
  each	
  Ecrit	
  

Test case: PKS 1222+216	
  

Ecrit’s	
  accesible	
  to	
  CTA	
  
(i.e.,	
  >	
  5σ deviation	
  of	
  spectrum	
  w.r.t.	
  the	
  fit)	
  

	
  

5σ	



PRELIMINARY	
  

PRELIMINARY	
  



ü  The	
  project	
  has	
  just	
  started.	
  
ü  Now,	
  defining	
  the	
  best	
  AGN	
  sample	
  and	
  details	
  of	
  the	
  stacking	
  analysis.	
  

ü  Different	
  search	
  strategies	
  are	
  being	
  explored:	
  
•  Flux	
  drops	
  at	
  Ecrit	
  ~	
  (sub)GeV	
  energies	
  due	
  to	
  source	
  mixing.	
  
•  Flux	
  drops	
  at	
  Ecrit	
  ~	
  (sub)TeV	
  energies	
  due	
  to	
  intergalactic	
  mixing.	
  
•  Systematic	
  flux	
  enhancements	
  at	
  the	
  highest	
  possible	
  energies.	
  

ü  If	
  no	
  detection,	
  constraints	
  on	
  ALP	
  parameters.	
  

ü  Plans	
  to	
  work	
  together	
  with	
  the	
  IACT	
  community.	
  



Fermi	
  +	
  IACTs	
  can	
  explore	
  a	
  region	
  of	
  the	
  ALP	
  parameter	
  space	
  that	
  is	
  
difficult	
  to	
  explore	
  otherwise!	
  

[Adapted	
  from	
  Irastorza,	
  this	
  conf.]	
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