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FIG. 13.— The photon-particle spectral oscillation features predicted to occur in quasars for the case of hot, 1 keV plasma (upper panel) and cold plasma (lower

panel) for several particle masses and plasma densities (! = " = −1 in all cases), and for g= 10−12 GeV−1. Clearly, the expected features are very different in
the case of cold and hot plasma yet in both cases observable features may be observed for the relevant range of particle masses. For the case of hot plasma, the
features are much narrower though generally broader compared to most atomic lines. Rest equivalent predictions are shown next to each narrow feature in the
case of hot plasma (this is not shown for cold plasma on accounts of the large width of the features spanning, in some cases, more than one decade of energy).
The shapes are diverse and may show red or blue wings. In particular, the red wings result from ma ! #p so that #0 extends to very low energy values (Eq. 23).
For hot plasma, resonance occurs even at low plasma densities due to the higher (negative) refractive index at frequencies above the electron cyclotron frequency
(see Fig. 5c).

framework was later expanded by Emmering et al. (1992) and Contopoulos & Lovelace (1994) who showed that a certain
scaling must be obeyed by such self-similar solutions so that the density profile and the magnetic field radial dependence satisfy
" = (!−1)/2. Königl & Kartje (1994) have shown that a good fit to observations is obtained for ! = −1 hence " = −1 which
correspond to a ”minimum” energy solution (see their paper). In this work we consider those values as representatives of such
accreting systems.
A limitation of the Blandford & Payne model is the fact that only scaling relations may be deduced while the amplitudes of the

magnetic field and density cannot be derived from first principles (c.f. Goldreich & Julian). To this end, we rely on some general
characteristics of bright AGN: 1) the central black-hole mass is of order 109M" so that the last stable orbit of the accretion disk,
r! = 1015 cm. 2) Our view of the central engine of (type-I) AGN does not suffer from significant absorption hence the plasma in
our line-of-sight to r! is Compton thin. These two constraints set an upper limit on a volume-filling plasma of n(r!) ∼ 109 cm−3

(while the radial integration of the density profile formally diverges at infinity, in reality all systems are finite and we take an outer
radius to satisfy rout = 100r!; this arbitrariness does not affect our spectral predictions for the relevant particle mass range since
#p < ma already on small scales). We emphasize that the true value of the density in those objects may be much lower than this
limit and in what follows we consider a broad range of densities. We neglect all possible contributions from electron-positron
pairs to the plasma density (associated with e.g., jets) and consider only electron-proton plasma.
We note that above the disk corona, the prevailing heating and cooling processes are thought to be mainly radiative hence the

gas temperature is unlikely to exceed the Compton temperature which, for the radiation field typical of AGN, is in the range

106−108 K (Krolik et al. 1981).
The magnitude of the magnetic field can be estimated from equipartition arguments so that the magnetic energy and the gas

kinetic energy (or the gravitational energy) in the accretion disk are similar. Here we follow Königl & Kartje (1994) who
estimated the minimum field intensity

Bmin(r!) =

[

$−1 L

c2
vk(r!)

3r2!

]1/2

∼ 2×104
(

L

1045 erg s−1

)%

G (42)

(c.f., Punsly 1991) where vk is the Keplerian speed and $ ∼ 0.1 is the efficiency by which mass is converted to radiation during
the accretion process. There are many uncertainties associated with the black-hole mass–luminosity relation in AGN (Kaspi et
al. 2000) which may impact both the normalization and slope, % of this relation. In what follows we take B(r!) = 3Bmin(r!) (c.f.,
Königl & Kartje 1994) and % = 0.1 but note that, observationally,−0.1< % < 0.1 with a considerable scatter (Kaspi et al. 2000).

5.2.1. Spectral Predictions

Figure 13 shows the expected spectral signature of photon-particle oscillation as a function of the particle mass and cold plasma

density for a case with g= 10−12GeV−1. Clearly, a prominent feature is predicted in most cases. The feature is broad and spans
at least one decade of energy. For more massive particles, a prominent oscillation feature is obtained only if the plasma density
is high enough. In particular, for the particle mass range most relevant to dark matter physics, an oscillation feature is expected
at a few×100keV energies. Overall, the relatively low plasma density of AGN magnetospheres make them less good probes of
massive particles yet they are excellent probes for lower mass ones. As shown, prominent conversion features may be obtained

for ma < 10−5 eV down to very low values of g. The features are broad with a shape which is distinct from atomic features such
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FIG.6.—Theprobabilityforphoton-particleconversionunderuniformconditions(magneticfieldanddensity)asafunctionof!≡#−1
‖a(#‖‖−#aa)(!=0

correspondstotheresonance).!issomemeasureofthephotonenergy(inparticular,for!<0,!%&−1while!%&
2
for!>0incoldplasma).Thestrong,

nonresonance,regimeisdefinedastheenergyrangewhere!−1>1(shownindashedlinecorrespondingtotheenergyrangegrayarea).Theweakregimeis

definedhereastheenergyrangewhere!−1<1.Clearly,mostoftheenergyrangecorrespondstotheweakregime.Evidently,thehighestconversionprobability
isobtainedatresonance,!=q=0.Assuch,itiscrucialfordetectingparticlesdowntothelowestpossiblevaluesofthecouplingconstant,g.

locationisverysensitivetotheenergydependenceoftherefractionindexwhichistemperatureand'-dependent.Asaresult,
case-IIresonancesmayappearordisappearfromanygivenspectralband(whoseenergy>(e)oncetheplasmapropertiesandthe
propagationdirectionofthephotonwithrespecttothemagneticfieldchanges.Asweshalllatersee(§5),differentastrophysical
objectscanbeassociatedwithdifferentcases.

3.2.4.Plasmakinematicsandgravitationalredshift

Intheabovecalculationswehaveassumedplasmaatrest.Nevertheless,inthegeneralcase,theplasmamaybemovingwith
respecttotheobserverwithpotentiallyhighvelocities(reflecting,perhaps,theescapevelocityfromthemagnetosphere/accretion
disk).Inthiscase,adielectricpermittivitytensorshouldbeboostedfromtheplasmaframe(wheretheabovecalculationshold)to
theobserver’sframe(e.g.,Tamor1978andreferencestherein).Clearly,theproblemisquiterichsincebesidestheanglebetween
themagneticfieldandthepropagationdirectionofthephotons,thereareadditionalanglescorrespondingtothevelocitydirection
oftheplasmasystemwithrespecttotheadoptedcoordinatesystem.
Inadditiontothemotionoftheplasma,gravitationalredshiftingnearcompactobjectsmayoccur.Bothoftheseeffectscombine

toshiftthefrequencyatwhichconversionoccurs.Atpresent,however,plasmakinematicsnearcompactobjectsispoorly
understoodandtheprecisepositionoftheconversionfeatureisuncertain(evenifallotherparametersarewelldetermined).We
note,however,that,unlesstheplasmaismovingwithrelativisticvelocitiesortheregionwhereresonanceconversionoccursis
closetotheeventhorizon,theobservableeffectsarelikelytobemodestandprobablymuchsmallerthanotheruncertaintiesin
theproblem(e.g.,concerningthemagneticfieldintensityandplasmaproperties).Forthesereasons,wechoosetoworkunder
theassumptionofnogravitationalredshiftandplasmaatrestintheremainderofthiswork.

4.SPECTRALPROPERTIES

Inthissectionwefocusonthefollowingquestions:howdoesaphoton-particleconversionfeaturelooklikeandhowmayitbe
distinguishedfromotherspectralfeaturessuchasatomiclinesandedges?Calculatingthespectralshapegoesbeyondidentifying
theenergywhereresonanceoccurs(aswequalitativelydidforthecaseofuniformcoldplasmain§3.2.1)andrequiresthesolution
ofequation14asafunctionofphotonenergyovertheentirespectralrange.Itisalsoawaybywhichnon-resonantconversion
maybepredictedanditsspectralsignaturesderived.Wefirsttreatthecaseofuniformplasmaandmagneticfieldconfiguration
andthendiscussthemorerealisticcasewhereboththesequantitiesarelocationdependent.Forthesakeofsimplicity,weshall
workinthecoldplasmaregimetreatingrelativisticplasmainlatersectionswhenspecificastronomicalobjectsarediscussed.

4.1.UniformConditions

Solvingfortheprobabilityofconversionfromapurephotonstatetoanaxionstateisrelativelystraightforwardwhenall
quantitiesareconstantinspaceandwhenopticalactivityisneglected(e.g.,Raffelt&Stodolsky1989)

P$→a=

[

#‖a$
sin(2)$/$osc)

2)$/$osc

]

2

=[sin(2*)sin(2)$̃)]
2

(28)

where$̃≡$/$oscand

$osc≡
2)

#‖a
sin2*and*≡

1

2
atan

[

2#‖a/(#‖‖−#aa)
]

.(29)

Here$oscisthephysicallength-scaleoverwhichphoton-axion-photonconversionoccurs.Systemforwhich$̃%1wouldshow
littleconversionsincephotonshavenothadtimetooscillateintoparticles(seebelow).Theobservedfluxfromanobjectwhose
emissionisgivenbyF0(&)wouldthereforebe

F(&)=F0(&)
[

1−P$→a(&)
]

.(30)

an absorption-like feature:
not a line

not an edge

If so then...

~1000 km/s
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The QCD Lagrangian

strong obeys CP

L = −1
4
trFµνFµν − θ

nfg2

32π
trFµν F̃µν + ψ̄

(
iγµDµ −meiθ′γ5

)
ψ

θ ! 10−10

Fine tuning!!!

building blocks: symmetries:



The Peccei-Quinn  solution

θ

θ naturally relaxed to zero!!!

Wilczek: “... for cleaning the 
strong CP problem...”pseudo-scalar 
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Axions as DM particles

+
(very) early universe QCD phase transition



The EM+axion Lagrangian
LEM = Lfree

EM + g !B !Ea
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FIG. 1.— Left: The physical processes associated with photon propagation include (A) refraction whose general dispersive graph is shown and involves an even
number of interactions with the external field (denoted by x), (B) photon-axion-photon conversion through the Primakoff process involving energy-conserving
oscillations where excess momentum is transmitted to the external field. Right: The coordinate system adopted in this work. The magnetic field is in the plane
defined by the propagation direction of the photon and e‖ (with e⊥ being orthogonal to both). We note that this definition is different than the one used in Adler
(1971).

we may approximate all source terms in equation 3 such that Fµ! # Fextµ! (and likewise for the dual field: F̃µ! # F̃extµ! ). In this

case, the equations reduce to the form

"µF
µ!, rad+gF̃µ!,ext"µa= 0 and

(

" µ"µ +m2a
)

a−
1

4
gFextµ! F̃

µ!,ext = 0. (6)

Higher order corrections related to the back-reaction of the field on itself would be of order Brad/Bext % 1 and are therefore
negligible.
We consider a coordinate system in which the propagation direction of the photon is denoted by e# , the direction parallel to

the external magnetic field component which is orthogonal to e by e‖, and the third direction which is orthogonal to both, e⊥.
This forms the orthonormal set shown in figure 1. We note that although the photon propagates in plasma and not in vacuum,
its electric and magnetic field may be considered orthogonal for all practical purposes provided its frequency, $ , is greater than
the plasma frequency, $p. For this reason, the vector potential for the radiation field may be chosen to be entirely in the plane
spanned by (e‖,e⊥) while its properties depend on the spatial coordinate along the photon’s direction of propagation, e# , which

we denote by # and on time, t, so that A= [0,A‖(#),A⊥(#)]ei$t . The equations of motions for the fields with a photon energy $
can then be concisely written as

(

!−m2a
)

a= gBext‖ $A‖ and
(

!−m#,% ($)2
)

A% = gBext‖ $&%‖a (7)

where % is an index denoting the polarization (% = ⊥,‖). The effective photon mass, m#,% ($), results from light refraction
induced by the plasma effects and the vacuum birefringence terms (i.e., it is here where the plasma charges and currents as well
as the Euler-Heisenberg QED contribution come in). Basically, because of coherent scattering, the phase velocity of light in the
medium depends on the photon frequency and polarization. This phase velocity is directly related to the photon acquiring an
effective mass

m2#,% = $2− k2 # 2$2(n% −1) (8)

(|n%−1|% 1 applies to all the cases considered here). There is no restriction on whether the mass is real or imaginary (depending
on whether the phase velocity is < c or > c ; the latter case does not contradict special relativity since information travels at the
group velocity). One should note that, generally, the refractive index and the effective mass are tensors so that equation 7 may be
concisely written in matrix form as

(

$2+ " 2# +2$'
)

A = 0 (9)

where

'≡

∣

∣

∣

∣

∣

∣

'⊥⊥ '⊥‖ 0

'!
⊥‖ '‖‖ '‖a
0 '‖a 'aa

∣

∣

∣

∣

∣

∣

and A ≡

[

A⊥
A‖
a

]

. (10)

The terms are self-explanatory with '⊥⊥,'‖‖ being related to the refractive indices (or effective masses) of each polarization.
'⊥‖ stands for the Faraday rotation and Coton-Motton effects in optically active plasma (and its complex conjugate '

!
⊥‖). '‖a =

gBext‖ /2 is the (real) photon-axion conversion term, and 'aa = −m2a/2$ stands for the axion mass term. We discuss the relevant
contributions to the refractive indices in the following section.

!B

!E
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ADMX (LLNL)
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Current limits
ma > 10−6 eV

g < 10−10 GeV−1

Pa→γ ∼ g2B2R2

main limitation:

[
Bquasar

BCAST

Rquasar

RCAST

]2

∼ 1020

One could do better w/AGN
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FIG. 6.— The probabilty for photon-particle conversion under uniform conditions (magnetic field and density) as a function of ! ≡ #−1‖a (#‖‖ −#aa) (! = 0

corresponds to the resonance). ! is some measure of the photon energy (in particular, for ! < 0, ! % &−1 while ! % &2 for ! > 0 in cold plasma). The strong,

non resonance, regime is defined as the energy range where !−1 > 1 (shown in dashed line corresponding to the energy range gray area). The weak regime is

defined here as the energy range where !−1 < 1. Clearly, most of the energy range corresponds to the weak regime.

In addition to the motion of the plasma, gravitational redshifting near compact objects may occur. Both of these effects combine
to shift the frequency at which conversion occurs. At present, however, plasma kinematics near compact objects is poorly
understood and the precise position of the conversion feature is uncertain (even if all other parameters are well determined). For
this reason, we choose to work under the assumption of no gravitational redshift and plasma at rest in the remainder of this work.

4. SPECTRAL PROPERTIES

In this section we focus on the following questions: how does a photon-particle conversion feature look like and how may it be
distinguished from other spectral features such as atomic lines and edges? Calculating the spectral shape goes beyond identifying
the energywhere resonance occurs (as we qualitatively did for the case of uniform cold plasma in §3.2.1) and requires the solution
of equation 14 as a function of photon energy over the entire spectral range. It is also a way by which non-resonant conversion
may be predicted and its spectral signatures derived. We first treat the case of uniform plasma and magnetic field configuration
and then discuss the more realistic case where both these quantities are location dependent. For the sake of simplicity, we shall
work in the cold plasma regime treating relativistic plasma in later sections when specific astronomical objects are discussed.

4.1. Uniform Conditions

Solving for the probability of conversion from a pure photon state to an axion state is relatively straightforward when all
quantities are constant in space and when optical activity is neglected (e.g., Raffelt & Stodolsky 1989)

P$→a =

[

#‖a$
sin(2'$/$osc)

2'$/$osc

]2

= [sin(2()sin(2'$̃)]2 (28)

where $̃ ≡ $/$osc and

$osc ≡
2'

#‖a
sin2( and ( ≡

1

2
atan

[

2#‖a/(#‖‖−#aa)
]

. (29)

Here $osc is the physical length-scale over which photon-axion-photon conversion occurs. System for which $̃ % 1 would show
little conversion since photons have not had time to oscillate into particles (see below). The observed flux from an object whose
emission is given by F0(&) would therefore be

F(&) = F0(&)
[

1−P$→a(&)
]

. (30)

These simple expressions for the conversion probability result in a rich spectrum of oscillation signatures.

There are three disticnt regimes of interest in the problem which are defined by the value obtained by ! ≡ #−1
‖a (#‖‖ −#aa):

• Strong resonance conversion which occurs when ! % #‖‖ −#aa = 0, i.e., q = 0 (equation 16). In this case ( = '/4 and
$osc = 2'/#‖a so that

P$→a =
[

sin
(

#‖a$
)]2 &

1

4
g2B2$2 (31)

where the last expression on the right-hand side holds if #‖a$ % 1 and the conversion probability is small (see §1). Clearly,
the conversion probability is very small for $ % $osc simply because not enough phase has been accumulated along the
photon’s path to considerably mix with particles. Considerable conversion does take place for $ & $osc. For $ ' $osc,
considerable conversion occurs when $/$osc (= (N+1/2)'/2 where N is an integer. Clearly, even small change of system
dimensions could result in a significant change to the conversion probability. Realistically, averages are better defined
quantities in these cases.

P
γ
→

a

Pγ→a[m(ω) = ma] =
1
4
g2B2R2

strong mixing 
regime

photon-axion conversion
[
k2 − ω2 +

∣∣∣∣
m2

γ 0
0 m2

a

∣∣∣∣

](
γ
a

)
= 0

[
k2 − ω2 +

∣∣∣∣
m2

γ −gB‖ω
−gB‖ω m2

a

∣∣∣∣

] (
γ
a

)
= 0

Resonance energy: mγ(ω) ! ma

(NO DEPENDENCE ON ATOMIC DATA)

dependence on plasma density and 
temperature, and magnetic field value.

“Feature” width:
depends primarily on the stratification 
of the magnetic field and density, and,
to a lesser extent, on the system size.

(NO DEPENDENCE ON TEMPERATURE)

“Feature” depth:
non-linear dependence on the 
magnetic field and the system’s size

(VERY DIFFERENT CURVE OF GROWTH)
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FIG. 8.— A ”curve-of-growth” for photon-particle spectral oscillation features compared to that of atomic lines. Clearly, the behavior is qualitatively different.
Most importantly, for small values of ! the dependence is strong compared to that of atomic lines. For large ! , the rest equivalent width,W0, oscillates around a
saturation value which is very different from the monotonic increase ofW0 ! for atomic lines. The dependence ofW0 on the coupling constant, g, is also shown
(see text). The non-linear regime at smaller g! values has a significant effect on the detectability of oscillation features in stratified plasma.

sensitive to g over the entire range, increasing at first as g2 and roughly as g in the ”optically thick” limit which is much steeper
than the behavior for atomic features. Specifically, for large enough g, the conversion feature could span a very broad energy
range and, as such, resembling more a continuum feature rather than a line-like signature. [We note that for large enough g our
analytic predictions for the width of individual conversion components (Eq. 34-36) may not hold since these were estimated in
the weak conversion regime while in this case the strong non-resonant regime may be more appropriate.] The sharp dependence
ofW0 on g raises the interesting possibility that the spectra of known astrophysical objects can be used to set stringent limits (or
even detect!) photon-particle oscillation feature (see 4).

4.2. Varying Conditions

For real astrophysical objects it is unlikely that their properties, such as the magnetic field and plasma density, are kept constant
with high precision within a given volume and are zero outside it. More realistically, the magnetic field and density are smoothly
varying functions of position. As indicated by the dependence of the resonance energy #0 on the magnetic field and plasma
density, narrow spectral conversion features are expected to be considerably affected by the spatial stratification and/or time
dependence in the medium properties. In particular, any attempt to give quantitative spectral predictions should take such effects
into account.
We adopt the following numerical scheme in solving the problem of photon-particle oscillation in a stratified medium: we

divide space into N zones of size $! j where j 1 N. Over each zone the conditions are considered to be (quasi-)uniform. In
particular, for small enough $! j, there is a well defined local Hamiltonian, ! j at location ! j. In this case, the initial state for
the first zone is that given by the initial condition of the problem while the initial state for the j’th zone (1 j N) is the evolved
state through j 1 zones. More formally, equation 17 now takes the form

! ei%i ! $! ! 0 %
i1 i2 iN

&
j N 2

i j e
i ! j $! j

i j 1 i1 ! 0 iN (38)

where i j goes over the number of eigenstates of the Hamiltonian j which, in our case, means i j 1 2 3 for all j’s. The

probability for photon-particle conversion given the initial and final states is then given by a !N
2
(c.f. equation 14). In

the following calculations we have made sure that proper convergence is obtained by repeating the calculation using a finer grid
(larger N) and requiring that the relative probability differences does not exceed 5% at any energy bin. For very large ! , hence
very narrow features, differences may still be encountered, even for very large N, and we then require that the relative difference
of the outer envelopes agree to within 5% accuracy. The value of N depends among other things on how fast the conditions of
the system vary with radius. We find that, for most relevant applications, N 103 104 suffices. We used spatial logarithmic
spacing in our calculations.
At present, our understanding of many astrophysical objects is rather qualitative and most models rely on self-similarity argu-

ments or general physical principles to obtain rough scalings of the object’s properties with the spatial coordinates (e.g., angle,
radial distance). Somewhat reassuring is the fact is that in several cases where more realistic numerical simulations have been
conducted, a qualitative agreement was found with the analytical approach. We shall therefore treat cases in which the density
and magnetic field depend only on the radial coordinate from the photon emitting source. While probably an oversimplification,
we are interested here mainly in the qualitative difference between spatially varying configurations and uniform ones. Further
refinements await better understanding of the physics of particular environments.
In the following examples we consider density and magnetic field variations with the radial coordinate alone so that they take

the following form

B B r
r

r

'

and ( ( r
r

r

)

(39)
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FIG. 9.— The probability for photon-particle conversion, P! a, as a function of the energy for several powerlaw profiles for the magnetic field and density. The
# $ powerlaws are designated in each panel in that order. Clearly, the probability distributions depend sensitively on the nature of the stratified magnetic field
and plasma. In particular, cases in which the magnetic field and plasma density decrease rapidly with distance tend to have extended blue wings toward higher

photon energies with oscillations showing up at the high energy tail since the relative width of features is % B "
1
(Eq. 35). The probability distribution is

narrow in cases where # $ 2 (see text). Cases in which the plasma density changes relatively little with distance (so that it is higher at large r), show more
rapid oscillations. Whether these may be observed, depends on the instrumental resolution and time-dependent issues (see text). Double arrow indicate that the
feature is rather sensitive to the outer radial cutoff assumed (e.g., increasing the radial cutoff would broaden the feature and vice-versa).

In particular, we neglect possible variations of the plasma temperature and composition with distance (these will be shown in 5
to have a smaller effect on the shape of the spectral feature) and do not consider variations in & . Although an over-simplification,
our understanding of these properties is poor and so any assumption is as good as others. We also limit our discussion to the case
of non-active cold plasma which suffices to show the main differences with the uniform case (see 5 for a proper treatment of
those effects in the context of specific astrophysical systems).
Qualitative understanding of what might be expected can be gained by looking at equation 23 for the value of the resonance

frequency. Clearly, as the magnetic field strength decreases (increases) the resonance frequency is pushed to higher (lower)
energies where the plasma refraction index is lower so that cancellation of the vacuum birefringence term may occur. Generally
(including the case of active cold/hot plasmas) one expects the resonance frequency to shift with location due to the varying
B field. In addition, the width of the feature would also vary (e.g., increasing with decreasing field; equation 35). Varying the
plasma density will likewise change the location and width of the resonance feature: the resonance frequency is proportional to

'p % " and the fractional width (' '0 % "
0 5
.

A few calculated examples for sub-critical magnetic fields are shown in figure 9 as a function of # $ (all other, arbitrarily
chosen, parameters are similar). Clearly, the effect of spatial stratification in either the magnetic field or plasma density results in
a considerable change in the properties of the conversion features. Generally, spatial dispersion tends to broaden the feature since
resonance conversion occurs at a continuous range of photon energies. For many astrophysical objects (see below), the magnetic
field intensity falls off as a powerlawwith index 3 # 2 (with # 3 corresponds to a dipole field while# 2 describes
a field in equipartition with the plasma in singular isothermal sphere models). As shown in figure 9, such values for# result in the
probability (and the spectral feature) having a blue wing which may extend up to several orders of magnitude in energy (if strong
conversion is at all possible). In particular, the slope of the blue wing depends on #: smaller # result in a steeper blue wing.
For # 1 the resulting probability is flattened which results from the fact that rB r has only a weak dependence on the radial
coordinate. The dependence on the density profile (i.e., $ ) is weaker and its main effect is to control the width of the spectral
feature and less so its shape. The reason for that is simple: the conversion probability at the resonance does not depend on the
density yet the photon energy at which effective conversion occurs does (note however that more complex behavior may occur in
the strong non-resonance regime). An interesting case where the spectral feature remains narrow despite the spatial dispersion is
when # $ 2 1. This case is clearly evident from equation 23 showing that, in this case, '0 is essentially independent of
location.
We have noted before that individual narrow components which trace the overall envelope are unlikely to be observed since

astrophysical objects do not have their properties maintain a constant value to a very high precision over time. The oscillations
predicted here at the blue wings of the feature can be relatively broad suggesting that the system properties need to fluctuate by
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FIG. 9.— The probability for photon-particle conversion, P! a, as a function of the energy for several powerlaw profiles for the magnetic field and density. The
# $ powerlaws are designated in each panel in that order. Clearly, the probability distributions depend sensitively on the nature of the stratified magnetic field
and plasma. In particular, cases in which the magnetic field and plasma density decrease rapidly with distance tend to have extended blue wings toward higher

photon energies with oscillations showing up at the high energy tail since the relative width of features is % B "
1
(Eq. 35). The probability distribution is

narrow in cases where # $ 2 (see text). Cases in which the plasma density changes relatively little with distance (so that it is higher at large r), show more
rapid oscillations. Whether these may be observed, depends on the instrumental resolution and time-dependent issues (see text). Double arrow indicate that the
feature is rather sensitive to the outer radial cutoff assumed (e.g., increasing the radial cutoff would broaden the feature and vice-versa).

In particular, we neglect possible variations of the plasma temperature and composition with distance (these will be shown in 5
to have a smaller effect on the shape of the spectral feature) and do not consider variations in & . Although an over-simplification,
our understanding of these properties is poor and so any assumption is as good as others. We also limit our discussion to the case
of non-active cold plasma which suffices to show the main differences with the uniform case (see 5 for a proper treatment of
those effects in the context of specific astrophysical systems).
Qualitative understanding of what might be expected can be gained by looking at equation 23 for the value of the resonance

frequency. Clearly, as the magnetic field strength decreases (increases) the resonance frequency is pushed to higher (lower)
energies where the plasma refraction index is lower so that cancellation of the vacuum birefringence term may occur. Generally
(including the case of active cold/hot plasmas) one expects the resonance frequency to shift with location due to the varying
B field. In addition, the width of the feature would also vary (e.g., increasing with decreasing field; equation 35). Varying the
plasma density will likewise change the location and width of the resonance feature: the resonance frequency is proportional to

'p % " and the fractional width (' '0 % "
0 5
.

A few calculated examples for sub-critical magnetic fields are shown in figure 9 as a function of # $ (all other, arbitrarily
chosen, parameters are similar). Clearly, the effect of spatial stratification in either the magnetic field or plasma density results in
a considerable change in the properties of the conversion features. Generally, spatial dispersion tends to broaden the feature since
resonance conversion occurs at a continuous range of photon energies. For many astrophysical objects (see below), the magnetic
field intensity falls off as a powerlawwith index 3 # 2 (with # 3 corresponds to a dipole field while# 2 describes
a field in equipartition with the plasma in singular isothermal sphere models). As shown in figure 9, such values for# result in the
probability (and the spectral feature) having a blue wing which may extend up to several orders of magnitude in energy (if strong
conversion is at all possible). In particular, the slope of the blue wing depends on #: smaller # result in a steeper blue wing.
For # 1 the resulting probability is flattened which results from the fact that rB r has only a weak dependence on the radial
coordinate. The dependence on the density profile (i.e., $ ) is weaker and its main effect is to control the width of the spectral
feature and less so its shape. The reason for that is simple: the conversion probability at the resonance does not depend on the
density yet the photon energy at which effective conversion occurs does (note however that more complex behavior may occur in
the strong non-resonance regime). An interesting case where the spectral feature remains narrow despite the spatial dispersion is
when # $ 2 1. This case is clearly evident from equation 23 showing that, in this case, '0 is essentially independent of
location.
We have noted before that individual narrow components which trace the overall envelope are unlikely to be observed since

astrophysical objects do not have their properties maintain a constant value to a very high precision over time. The oscillations
predicted here at the blue wings of the feature can be relatively broad suggesting that the system properties need to fluctuate by
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FIG. 20.— The particle parameter space (spanned by mass and coupling constant) which is probed by the spectroscopic constraints discussed in this work
(hatched red surfaces whose difference is related to the assumptions concerning the density of the magnetosphere in magnetars; see 5.1.1) as compared to
other currently used methods such as laser experiments, microwave experiments, solar axion telescopes, and indirect astrophysical considerations. Also shown
(hatched magenta region) is the range probed by compact objects under the assumption of uniform conditions (see text). Clearly, the method described here can
directly probe a considerably larger parameter range than is accessible by other methods. The proof-of-concept limits obtained for quasars and pulsars are also
shown (for the case of cold plasma; see text).

constraint on the axion properties can from pulsars where a very broad spectral feature is predicted yet is not seen in the data.
Magnetars can, in principal, provide similar constraints given if the densities in their magnetosphere is higher than the Goldreich-
Julian value by several orders of magnitude. In this case, the broad features may extend to optical and UV energies (Fig. 19) were
data for a few objects are available. Nevertheless, our current understanding of the various emission mechanisms contributing to
the emission in these wavebands is at its infancy and different magnetars seem to have very different spectral behaviors (compare
the two data sets in Fig. 10). These issues are likely to pose considerable difficulties when interpreting the spectra and attempting
to draw robust conclusions of any kind. At face value, the spectral energy distribution of both magnetars shown is inconsistent
with the specific oscillation feature considered here.
For quasar, a broad X-ray feature is predicted yet is not seen in the data (Fig. 10). Interestingly, the oscillation feature, in

this case, lies in the part of the spectrum close to the iron K! line and a more detailed analysis including the effect of atomic
features is in order. This is, however, beyond the scope of this paper. If the lack of discernible features in the spectrum is to be
taken seriously, then, given the current quality of the data and given our restrictive set of model assumptions, a tentative limit

(not marginalizing over model uncertainties!) on the coupling constant of g 3 10 11GeV 1 5 10 12GeV 1 may be
obtained for pulsars and quasars, respectively.
We emphasize that these observations were not conducted to maximize the efficiency for the detection of photon-particle oscil-

lations in those objects and that, in principal, much better data and analysis are required to reach meaningful limits. Specifically,
high quality and high resolution X-ray data for quasars as well better understanding of the infrared to optical spectral energy
distribution (via photometry and spectra) of magnetars may yield considerably better limits in this case. We re-emphasize that
the above limit on g is given here only as a proof-of-concept and applies only within our restrictive set of assumptions concerning
the physics of the relevant astrophysical objects.
Thus far we have considered pseudo-scalar particles such as the axion. The case of scalar particles is completely analogous

to the one considered here with the interchange of e and e . By symmetry, all the predictions given here remain valid with
the proper transformation. Naturally, the limits which can be obtained on such a class of particles are identical to the case of
pseudo-scalar particles.
The higher sensitivity (assuming 5% detection threshold) of compact astrophysical objects for probing photon-particle oscil-

lations over an interesting range of particle masses is summarized in figure 20 and is compared to the regions that can now be
probed by other means (CAST, microwave resonance haloscopes, and laser experiments). Also shown is the sensitivity assuming
uniform magnetic field and density conditions over a length scale r across. Overall, significantly larger phase space may be
probed by studying the spectra of compact objects which is unreachable by laboratory means. As such, the approach proposed
here may allow us to directly detect the long sought axion (and/or scalar particles) which provide perhaps the best solution to

QUASARS

We can do much better!!!



Summary
•Axions provide a solution to the strong-CP 
problem and dark matter problems. Their 
detection may also help to establish string 
theory and could shed light on quintessence 
fields (cosmological constant).

•Detailed spectral predictions of photon-axion 
oscillations were calculated

•Features are expected to show up in the soft to 
hard X-ray band and require high-res grating 
spectra to be securely detected

•Observations of AGN (and also magnetars and 
pulsars in the IR band) are several orders of 
magnitude more sensitive to axions compared to 
current terrestrial experiments.
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FIG. 9.— The probability for photon-particle conversion, P! a, as a function of the energy for several powerlaw profiles for the magnetic field and density. The
# $ powerlaws are designated in each panel in that order. Clearly, the probability distributions depend sensitively on the nature of the stratified magnetic field
and plasma. In particular, cases in which the magnetic field and plasma density decrease rapidly with distance tend to have extended blue wings toward higher

photon energies with oscillations showing up at the high energy tail since the relative width of features is % B "
1
(Eq. 35). The probability distribution is

narrow in cases where # $ 2 (see text). Cases in which the plasma density changes relatively little with distance (so that it is higher at large r), show more
rapid oscillations. Whether these may be observed, depends on the instrumental resolution and time-dependent issues (see text). Double arrow indicate that the
feature is rather sensitive to the outer radial cutoff assumed (e.g., increasing the radial cutoff would broaden the feature and vice-versa).

In particular, we neglect possible variations of the plasma temperature and composition with distance (these will be shown in 5
to have a smaller effect on the shape of the spectral feature) and do not consider variations in & . Although an over-simplification,
our understanding of these properties is poor and so any assumption is as good as others. We also limit our discussion to the case
of non-active cold plasma which suffices to show the main differences with the uniform case (see 5 for a proper treatment of
those effects in the context of specific astrophysical systems).
Qualitative understanding of what might be expected can be gained by looking at equation 23 for the value of the resonance

frequency. Clearly, as the magnetic field strength decreases (increases) the resonance frequency is pushed to higher (lower)
energies where the plasma refraction index is lower so that cancellation of the vacuum birefringence term may occur. Generally
(including the case of active cold/hot plasmas) one expects the resonance frequency to shift with location due to the varying
B field. In addition, the width of the feature would also vary (e.g., increasing with decreasing field; equation 35). Varying the
plasma density will likewise change the location and width of the resonance feature: the resonance frequency is proportional to

'p % " and the fractional width (' '0 % "
0 5
.

A few calculated examples for sub-critical magnetic fields are shown in figure 9 as a function of # $ (all other, arbitrarily
chosen, parameters are similar). Clearly, the effect of spatial stratification in either the magnetic field or plasma density results in
a considerable change in the properties of the conversion features. Generally, spatial dispersion tends to broaden the feature since
resonance conversion occurs at a continuous range of photon energies. For many astrophysical objects (see below), the magnetic
field intensity falls off as a powerlawwith index 3 # 2 (with # 3 corresponds to a dipole field while# 2 describes
a field in equipartition with the plasma in singular isothermal sphere models). As shown in figure 9, such values for# result in the
probability (and the spectral feature) having a blue wing which may extend up to several orders of magnitude in energy (if strong
conversion is at all possible). In particular, the slope of the blue wing depends on #: smaller # result in a steeper blue wing.
For # 1 the resulting probability is flattened which results from the fact that rB r has only a weak dependence on the radial
coordinate. The dependence on the density profile (i.e., $ ) is weaker and its main effect is to control the width of the spectral
feature and less so its shape. The reason for that is simple: the conversion probability at the resonance does not depend on the
density yet the photon energy at which effective conversion occurs does (note however that more complex behavior may occur in
the strong non-resonance regime). An interesting case where the spectral feature remains narrow despite the spatial dispersion is
when # $ 2 1. This case is clearly evident from equation 23 showing that, in this case, '0 is essentially independent of
location.
We have noted before that individual narrow components which trace the overall envelope are unlikely to be observed since

astrophysical objects do not have their properties maintain a constant value to a very high precision over time. The oscillations
predicted here at the blue wings of the feature can be relatively broad suggesting that the system properties need to fluctuate by
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FIG. 20.— The particle parameter space (spanned by mass and coupling constant) which is probed by the spectroscopic constraints discussed in this work
(hatched red surfaces whose difference is related to the assumptions concerning the density of the magnetosphere in magnetars; see 5.1.1) as compared to
other currently used methods such as laser experiments, microwave experiments, solar axion telescopes, and indirect astrophysical considerations. Also shown
(hatched magenta region) is the range probed by compact objects under the assumption of uniform conditions (see text). Clearly, the method described here can
directly probe a considerably larger parameter range than is accessible by other methods. The proof-of-concept limits obtained for quasars and pulsars are also
shown (for the case of cold plasma; see text).

constraint on the axion properties can from pulsars where a very broad spectral feature is predicted yet is not seen in the data.
Magnetars can, in principal, provide similar constraints given if the densities in their magnetosphere is higher than the Goldreich-
Julian value by several orders of magnitude. In this case, the broad features may extend to optical and UV energies (Fig. 19) were
data for a few objects are available. Nevertheless, our current understanding of the various emission mechanisms contributing to
the emission in these wavebands is at its infancy and different magnetars seem to have very different spectral behaviors (compare
the two data sets in Fig. 10). These issues are likely to pose considerable difficulties when interpreting the spectra and attempting
to draw robust conclusions of any kind. At face value, the spectral energy distribution of both magnetars shown is inconsistent
with the specific oscillation feature considered here.
For quasar, a broad X-ray feature is predicted yet is not seen in the data (Fig. 10). Interestingly, the oscillation feature, in

this case, lies in the part of the spectrum close to the iron K! line and a more detailed analysis including the effect of atomic
features is in order. This is, however, beyond the scope of this paper. If the lack of discernible features in the spectrum is to be
taken seriously, then, given the current quality of the data and given our restrictive set of model assumptions, a tentative limit

(not marginalizing over model uncertainties!) on the coupling constant of g 3 10 11GeV 1 5 10 12GeV 1 may be
obtained for pulsars and quasars, respectively.
We emphasize that these observations were not conducted to maximize the efficiency for the detection of photon-particle oscil-

lations in those objects and that, in principal, much better data and analysis are required to reach meaningful limits. Specifically,
high quality and high resolution X-ray data for quasars as well better understanding of the infrared to optical spectral energy
distribution (via photometry and spectra) of magnetars may yield considerably better limits in this case. We re-emphasize that
the above limit on g is given here only as a proof-of-concept and applies only within our restrictive set of assumptions concerning
the physics of the relevant astrophysical objects.
Thus far we have considered pseudo-scalar particles such as the axion. The case of scalar particles is completely analogous

to the one considered here with the interchange of e and e . By symmetry, all the predictions given here remain valid with
the proper transformation. Naturally, the limits which can be obtained on such a class of particles are identical to the case of
pseudo-scalar particles.
The higher sensitivity (assuming 5% detection threshold) of compact astrophysical objects for probing photon-particle oscil-

lations over an interesting range of particle masses is summarized in figure 20 and is compared to the regions that can now be
probed by other means (CAST, microwave resonance haloscopes, and laser experiments). Also shown is the sensitivity assuming
uniform magnetic field and density conditions over a length scale r across. Overall, significantly larger phase space may be
probed by studying the spectra of compact objects which is unreachable by laboratory means. As such, the approach proposed
here may allow us to directly detect the long sought axion (and/or scalar particles) which provide perhaps the best solution to
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