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We are living with a very unusual sun at the moment Usoskin etal. PRL91(2003)211101
similar period occurred ~8000years ago Solanki etal Nature 431(2004)1084  
Sunspots are a symptom of fierce magnetic activity inside.  New Scientist:

http://www.newscientist.com/article.ns?id=dn4321 Jenny Hogan

1944- Exceptional Solar Activity since 8kyears <76 SN / year>

8000 years
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Reconstructed sunspot number,10-year averaged SN reconstructed from Δ14C data 
since 9500 BC (blue) and 10-year averaged group sunspot number (GSN) obtained  
from telescopic observations since 1610 (red).  The horizontal dotted line marks the 
threshold above which we consider the Sun to be exceptionally active.

SK. Solanki, IG. Usoskin, B. Kromer, M. Schűssler, J. Beer,  Nature 431(2004)1084

Unusual  activity  of  the  Sun  during recent 
decades compared to the previous 11 kyears
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NATURE|VOL 434 | 14 APRIL 2005 |NATURE|VOL 434 | 14 APRIL 2005 |www.nature.comwww.nature.com/nature  /nature  
839839 SCIENCE  308  15 APRIL  2005SCIENCE  308  15 APRIL  2005
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Z. Dennerl,  DiLella,
Hoffmann,  Jacoby, 
Papaevangelou
ApJ. 607 (2004) 575

New Scientist 17 April 2004
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Motivation?
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http://www.fnal.gov/directorate/Longrange/PartAstro1003_Talks/Bauer.pdf

Axion Dark Matter particle candidate new physics
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Quintessenz – die fünfte Kraft
Welch dunkle Energie dominiert das Universum?

… die Griechen der Antike sahen in diesem Äther ein im
Gegensatz zu Erde, Wasser, Luft und Feuer unfassbares
fünftes Element. …

Ch. Wetterich, Physik Journal  3 (#12) (2004) 43
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The history of the Universe

Planck time present
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AXION PHYSICS

The QCD Lagrangian :

Lpert ⇒ numerous phenomenological successes of QCD.
G is the gluon field-strength tensor
θ-term a consequence of non-perturbative effects

implies violation of CP symmetry
would induce EDMs of strongly interacting particles

Experimentally CP is not violated in QCD the neutron EDM  dn < 10-25 e cm ⇒ θ < 10-10

⇒ why is θ so small?   the strong-CP problem
the only outstanding flaw in QCD

To solve the strong-CP problem, Peccei-Quinn introduced a global U(1)PQ symmetry broken 
at a scale fPQ, and non-perturbative quantum effects drive  θ → 0 “CP-conserving value”
and also generate a mass for the axion :

All the axion couplings are inversely proportional to fPQ .
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CP-violation
at RHIC!!
(preliminary)
Nucl-ex/0510069

…In the vicinity of the deconfinement phase transition θQCD
might not be small: P & CP violating bubbles are possible at H.I.
collisions. D. Karzeev, R. Pisarski, M. Tytgat, PRL81, (1998) 512;

D. K., R. P., PRD 61 (2000) 111901;
l D. K., hep-ph/0406125.

(Centrality of Collisions)
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Of particular interest axion coupling to two photons (in all models)

(a) Axion coupling to two photons through a loop diagram.

(b) Axion production by photon propagating in a static magnetic field 
(Primakoff effect).   R. Cameron et al.,PRD47(1993)3707
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cosmology
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355 quasars with significant optical polarization

… the observed behavior remarkably corresponds to the dichroism and 
birefringence predicted by photon-pseudoscalar oscillation within a magnetic 
field, suggesting that we might have found a signature of either dark matter or 
dark energy.

D. Hutsemékers R. Cabanac H. Lamy D. Sluse Astron. & Astroph. 441(2005)915
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Strong CP: No Problem

P. Mitra

hep-ph/200504053

Abstract
Detailed analysis shows that the phase of a complex mass term of a 
quark does not violate CP, while the QCD vacuum angle can 
naturally be set equal to zero. There is no strong CP problem and
no need for axions or similar speculative constructions
to be experimentally looked for.

WRONG!
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before CAST:

BNL & Tokyo

axion-Bragg @ Ge, NaI, …
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CAST  working principle     Sikivie [1983]

CAST @ Sun ?

Axion source Axion detection
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Cern Axion Solar Telescope

Thomas Sahne
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keV4.2Ea =

Solar  axion spectrum

Pa γ ≈ 1.7×10-17
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~33% →

On-Axis Effective Areas at PANTER and at CAST
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Energy spectra with TPC. Data corresponding to sun tracking (red) 
and background (black) obtained during part of the 2003 operation period.

TPC  2003
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2003

CCD

[x10-10GeV -1]

1.55

1.51

TPC

μM

gaγγ(95% CL)<1.16×10-10 GeV-1 (ma< .02eV)

1.23

K.Z. et al., PRL 94 (2005) 121301
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20042004

improvements

less detector background
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GRID  measurements:

with the surveyors of CERN
define pointing of the magnet + XRTelescope

at ~ 100 positions
cold   & warm

Tracking System: 
Calibrated and correlated with celestial coordinates

Filming of the Sun:
March & September 

alignment cross check
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CAST   Phase II 2005 - 2007

why ?

how ?
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AXIONS: RECENT SEARCHES AND NEW LIMITS

G.G. RAFFELT,   hep-ph/200504152

New cosmic structure-formation limits imply 

ma <  1 - 2  eV

a new hot dark matter component, in addition to ν’s .

New cosmological limit on relic axions:

ma <  1.05  eV

S. Hannestad, A. Mirizzi, G. G. Raffelt, hep-ph/200504059
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Quench – Pressure/Temperature Evolution

• Fast Increase - ~13x, in about 3 seconds,
• Maximum increase < 20x, in about 200 seconds.
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Thin windows @ 1.8K
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2005 ~ 100 pressure settings 4He  (<6 mbar)
2006/7 ~ 700 for 3He (6-60 mbar)

IICAST phase I II’
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Coherence region for E=2.4 eV, L=100 m:

FWHM (ma) = 2.98×10-5 eV (ma=1.0×10-3 eV)      ⇒ Δm/m = 3%

FWHM (P) = 5.36 ×10-6 mbar   (P=9.0 ×10-5 mbar) ⇒ ΔP/P = 6%

Coherence region for E=2.4 eV, L=10 m:

FWHM (ma) = 3.01×10-4 eV (ma=1.0×10-3 eV)      ⇒ Δm/m = 30%

FWHM (P) = 5.36 ×10-5 mbar   (P=9.0 ×10-5 mbar) ⇒ ΔP/P = 60%
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RBI group / Zagreb
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Other experiments ?
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X ← PVLAS e.g. KK-axions
≠ PQ axions

K.Z. et al.  PRL 94 (2005) 121301

?
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Test PVLAS @ CERN  & DESY(2006)  & JLAB?    
“Light shining  through a wall experiment” direct detection!

Andreas Ringwald / DESY

`

Possible options:  
• CAST + 1 LHC magnet
• CAST/2                                 
• 2  LHC magnets @ SM18     
• ≥ eV solar axions ⊗ CAST

see VILLARS meeting 2004



P
o
S
(
N
I
C
-
I
X
)
2
6
8

mimic CAST 

⇓

(in)direct axion-signals ?
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GLAST  2006, 2007           Carlo Rizzo

A. Dupays et al., PRL 94 (2005) 
161101 & PRL 95, 211302 
(2005). 

Densité de flux du pulsar A 
vue de la terre à cause de la 

production de LPBs
(valeurs de masse et constante de 

couplage donnés par PVLAS).

Système binaire d’étoiles à neutrons J0737-3039
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Dans ce système, la probabilité de 
transition Photon-LPB est 
maximal pour les rayons gamma.

A.Dupays etal. PRL 94 (2005)161101
& 95 (2005)211302 

Système binaire d’étoiles à neutrons J0737-3039

GLAST : 
Opérationnel en 2007,
Contact pris, observation programmée

Grâce à GLAST on multipliera le 
nombre de pulsars connus dans la 
région gamma d’un facteur 10

AGILE
« 1/16 de GLAST »
Opérationnel en 2006
Contacts pris
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SUNSPOTS Yohkoh - XRTelescope

<1.3 MK>  quiet Sun

<1.8 MK> Umbra

Temperature  distributions A.Nindos, M.R.Kundu, S.M.White, K.Shibasaki, N.Gopalswamy,  
ApJ. SUPPL.  130 (2000) 485

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

“… sunspots remain mysterious”.  
The penumbral mystery  … the very reason for its existence unknown.

http://www.solarphysics.kva.se/NatureNov2002/background.html

Sunspots = “dark spots” T ⇩⇩
photospherephotosphere
~ 4500K heat flux problem

in umbra + penumbra
Spruit, Scharmer, A.&A. (2005), astro-ph/0508504      

CoronaCorona
Soft X-ray fluxes T ⇧⇧
Sunspots: ~  50 - 190   DN/s
Quiet Sun: ~ 10  - 50    DN/s 
(ARs: ~ 500 - 4000 DN/s)

sunspot plasma parameters 
are higher than @  quiet-Sun

B ~ 2 B ~ 2 kGkG above most sunspots !

So
la

r 
C

or
on

a 
Pr

ob
le

m

Penumbra
<2.4 MK>

TAUP2005
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L.W. Acton, Magnetodynamic Phenomena in the Solar Atm. (1996) 3

Stellar observations + theory on stellar evolution

↛ stars might possess atmospheres  … that produce X-rays.

The magnetic field plays a crucial role in heating the solar 
corona (this has been known for many years)
the exact energy release mechanism(s) is(are) still unknown.
the process by which it is converted into heat and other forms 
remains a nagging unsolved problem.

K. Galsgaard, C.E. Parnell, A.& A. 439 (August 2005) 335
R.B. Dahlburg, J.A. Klimchuk, S.K. Antiochos,  ApJ. 622 (2005) 1191

Signal for Axions?
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Power-law index n of  Lx ~ Bn =ƒ(time) YOHKOH / XRT

The relation between the solar soft X-ray flux (below ~4.4keV) …and  B can  
be approximated by a power law with an averaged index close to 2.

Benevolenskaya, Kosovichev, Lemen, Scherrer,  Slater  ApJ. 571 (2002) L181

Note: axion-to-photon oscillation   ∝ B2 e.g.,  in CAST

D.H.H. Hoffmann, K. Z.,  Nucl. Phys. B Suppl. 151 (2006) 359

11 years solar cycle11 years solar cycle?   
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X-ray flux
outside 
flaring times   
in AR7978
● increased

steeply
@ flux

emergence
- - - - - + - - - - -

decreased
@ decay

phase

<X-ray flux> / (cm2 -AR7978) vs. magnetic field <B>(=total magnetic flux / ARsurface).
Solid line: the linear fit; dotted lines: the 3σ error in the slope of  the solid curve. 
Only the decaying phase (diamonds) is included in the fit July-Nov. 1996

The only sizable and long-lived AR on the solar disk @ 5 solar rotations  
it produced 3 slow CMEs + 3 major flares

L. van Driel-Gesztelyi, P. Démoulin, C.H. Mandrini, L. Harra, J.A. Klimchuk, ApJ. 586 (2003) 579

The long-term evolution of AR 7978 (S10o)  Yohkoh / SXT

Lx ∝ B1.94±.12

~ filter independent
Eγ < 4 keV

B [Gauss]

Lx
⇑

TAUP2005
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CAST  @ Sun ?           P. Sikivie [1983]

2nd component

a + γB γ

Ix ~ B2  

low energy solar spectrum + transient phenomena
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↛ 2nd Law of Thermodynamics? solar corona problem
Grotrian (1939)

The enigma of coronal heating represents one of the most 
challenging problems in astrophysics at the present time.

E. R. Priest, D. W. Longcope, J. Heyvaerts,  ApJ. 624 (2005) 1057

Solar temperature distribution



P
o
S
(
N
I
C
-
I
X
)
2
6
8

Corona: fully ionizedChromosphere:
partially ionized

ρe Te

“At any given height, ρe varies by a factor of  10 - 100 over the entire corona.” …
“The physical understanding of this high temperature in the solar corona is still a  
fundamental problem in astrophysics, because it seems to violate the second  
thermodynamic law, given the photospheric temperature T≈5785K (and drops to  
T~4500K in sunspots).”

M. Aschwanden, Physics of the Solar Corona (2004) p.24-26      

Electron density (ρe)
and  temperature (Te)
model of  the  chromo-
sphere and the corona.
The plasma becomes
fully ionized  at the
sharp  transition: *)

Chromosphere Corona

nH0 =  neutral hydrogen
density.

*) ~100 km  thick (vertical)
(S. Patsourakos et al.,

ApJ. 522 (1999) 540)
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M.J. Aschwanden, A.I. Poland, D.M. Rabin,  A.R.A.A.  39  (2001)  75
C.J. Schrijver, A.A. van Ballegooijen, ApJ. 630 (1st September 2005) 552

The mechanism that heats the solar corona remains elusive.

Everything above the photosphere  … would not be there at all.
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S.K. Solanki,   A.&A. Rev. 11 (2003) 153

Thanks Thomas Papaevangelou
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Magnetic fields simulated. The amplitudes of the fields have 
been normalized by their maximum intensity.
S. Couvidat, S. Turck-Chieze, A. G. Kosovichev.  ApJ. 599 (2003) 1434

Solar seismic models + the ν-predictions

103-104 T

30-50 T

2-3 T
...seismic models are 
very close to the real 
Sun in the regions of 
concern.

But 
… as far as the internal 
rotation profile is not 
included in the study, new 
surprises may appear …

- - - - - Bahcall etal.
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The observational limits on the quiet-Sun X-ray spectrum from previous data and from our 
preliminary RHESSI estimate using the offpointing technique, as detailed in this Nugget. Only 
RHESSI can put useful limits in the 3-17 keV range, but we can compare the limits to the 1966 
balloon data above 17 keV. The SXT values are extrapolated from observations at 1.6 keV
assuming temperatures of either 1.1 MK (dotted) or 1.3 MK (dashed). 

http://sprg.ssl.berkeley.edu/~tohban/nuggets/?page=article&article_id=16

Exploring the Quiet Sun I. 2005-12-19  I. Hannah

RHESSI
axions
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SMART: orbiting X-ray detectors dark  moon  large volume + backgr.
Sun

Search for massive ~axions spontaneous radiative decays a → γγ

collaboration with 
Observatory  UH-FI 
RAL-UK
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…. axion search spreads!

RHESSI, SMART, …?...
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• Class 0 protostar origin of X-rays (<10 keV):  
(10-100 kyears)                         matter is falling 10x faster?

K. Hamaguchi et al.,  ApJ. 623 (2005) 291

Similar-to-Sun logic = wrong

Galactic Center origin of diffuse X-rays?
too hot (~ 90MK) to be a gravitationally 
bound plasma!

how to produce it?

Clusters of Galaxies “strong evidence of some thing wrong”
“physical  mechanism  for  the  energy 
(or the entropy) excess? “

“some homogeneous process heats 
the gas”

P. Tozzi, astro-ph/0602072

XRBradiation origin?

X-ray mysteries:
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The average WMAP observed and predicted radial profile for the 31 clusters. The continuum 
of the prediction curve is fixed by alignment with the 2o-3o data, which is at a level higher than 
that of the central 1o data points by 9σ (Q), 4.2σ (V), and 2.3σ (W).

X-rays observ. Hot gas properties 
31 co-added WMAP cluster fields 
expected S-Z effect 4x bigger less e-

Radiative decay of massive particles,
e.g. axions of the KK-type

to reconcile contradiction

R. Lieu, J.P.D. Mittaz, M. Bonamente, S-N.Zhang, 
astro-ph/200510160

expected S-Z expected S-Z 

expected S-Z 

W

VQ
9σ 4.2σ

2.3σ
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Probing Light Pseudoscalars with Light: 
Propagation, Resonance and Spontaneous Polarization 

S. Das, P. Jain, J.P. Ralston, R. Saha, JCAP (2005) in press (hep-ph/0408198)

Radiation propagating over cosmological distances can probe light weakly interacting 
pseudoscalar (or scalar) particles. The existence of a spin-0 field changes the 
dynamical symmetries of electrodynamics. It predicts spontaneous generation of 
polarization of electromagnetic waves due to mode mixing in the presence of 
background magnetic field. We illustrate this by calculations of propagation in a uniform 
medium, as well as in a slowly varying background medium, and finally with resonant 
mixing. Highly complicated correlations between different Stokes parameters are 
predicted depending on the parameter regimes. The polarization of propagating waves 
shows interesting and complex dependence on frequency, the distance of propagation, 
coupling constants, and parameters of the background medium such as the plasma 
density and the magnetic field strength. For the first time we study the resonant mixing 
of electromagnetic waves with the scalar field, which occurs when the background 
plasma frequency becomes equal to the mass of the scalar field at some point along the 
path. Dynamical effects are found to be considerably enhanced in this case. We also 
formulate the condition under which the adiabatic approximation can be used 
consistently, and find caveats about comparing different frequency regimes.
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Gamma rays from the neutralino dark matter 
annihilations in the Milky Way substructures

The radiation fluxes from a dark matter halo is given by:

X.-J. Bi,  astro-ph/0510714  10 Jan 2006

Radiative decay  rate  ~ ρSZ-effect  ~  ρexTe
ΦX-rays          ~   (ρe)2x (Te)1/2

S. J. LaBoque et al., 
astro-ph/200604039
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…this soft plasma is probably heated by supernovae,  along with a small contribution from the winds of  massive 
Wolf-Rayet and O stars. The kT~8 keV component is more spatially uniform… Neither supernova remnants nor 
WR/O stars are observed  to produce thermal plasma hotter than ~3 keV. Moreover,  a kT ~ 8 keV plasma would 
be too hot to be bound to the  Galactic center, and therefore would form a slow wind or  fountain of plasma.
Alternative explanations for the hard diffuse emission that were intended to lessen the energy required are equally 
unsatisfying. The suggestion that the hard diffuse emission originates from undetected stellar X-ray sources is 
unlikely because there is no known class of source that is numerous enough, bright enough, and hot 
enough to produce the observed flux of kT≈ 8 keV diffuse emission. We are left to conclude that either there  
is a significant shortcoming  in  our  understanding  of  the  mechanisms   that  heat  the  interstellar  medium,  or  
that  a  population  of faint  (< 1031 erg s−1),  hard X-ray sources that are a factor of 10 more  numerous than CVs 
remains to be discovered.                                       M. Muno et al.,  ApJ. 613 (2004) 326

Chandra confirmed the astonishing evidence of a diffuse, hot, plasma at T~90 MK to 
extend  over a few 100 pc in GC  ( ~ 9MK).                           R. Belmont et al.,  ApJL. (20.9.2005)

it would escape in <40000years and its origin is therefore unexplained continuum difficult to reconcile with

DIFFUSE  X-RAY EMISSION  OF  THE  GALACTIC  CENTER Chandra

Background subtracted

detector background
⇓

Diffuse 
emission  

Point sources
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AXION: a light pseudoscalar resulting from the Peccei-Quinn mechanism to solve
the strong CP-problem:  why is the nEDM too small? Dark Matter candidate
Primakoff - effect is the basis of axion creation ( )&detection ( ) P.Sikivie

CAST solar axions

PVLAS   signal
LASERpolarization⊗B⊥ongoing axion work

μwave Cavity⊗B
ADMX

USA, JAPAN                  CERN,  JAPAN  (Tokyo helioscope) ITALY      

RHIC CP-violating  events observed?  ALICE

Astrophysical observations suggestive for axion(-like) particle involvement
X-rays  from Sun, Galactic Center, …
light polarization from quasars, e.g. a↔γ mixing in cosmic magnetic fields

K. Zioutas, University of Patras
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Interpretation of PVLAS result 
axion-like ongoing work

“Light shining through the wall”
direct experimental detection

PVLAS signal at  m ≈10-3eV&gaγγ≈2.5 10-6 GeV-1gaγγ ↔ maxion

Other approaches:
• Decay of massive axions in

1m3 DRIFT, LHC large chambers?
• Search for single γ’s + missing

transverse energy in e-e+ colliders.
• X-rays from quiet & spotless Sun

RHESSI preliminary results.
• SMART-X-ray detector⊗dark-Moon
• GLAST: γ-ray attenuation in binary 

pulsars.
• Photon-Photon scattering with

4-wave mixing intense LASERs.

Plans:
CERN γ-regenerationwith LHC magnets
+ Magnetic Birefringence&Dichroïsm
DESY VUV-FEL 5 x 2.3 Tm magnets
Start 2006: up to 30000 regenerated  up to 30000 regenerated  γγ’’ss
assuming assuming PVLASPVLAS parameters in 12x12 hparameters in 12x12 h

“PVLAS typePVLAS type” experiment with pulsed 
magnet (14.2 T) / Toulouse 2007-
Search for low energy solar axions

K. Zioutas, University of Patras

exciting axion work in progress 
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Light regeneration

Future Plans for axions
CAST,  TOKYO maxion < 1-1.2 eV (solar)
ADMX  maxion < 10-4 eV (DM)

Motivated by PVLAS result:
continues own tests

Direct tests

CERN light-regeneration + polarization
DESY VUV-FEL 5 x 2.3 Tm magnets

2006: regenerated γ’s test PVLAS
JeffersonLab FEL below ~1 eV
“PVLAS PVLAS typetype” experiment with pulsed 
magnet (14.2 T) / Toulouse 2007-

Low energy solar axions
Astrophysical obs’s axion(-like) particles

solar X-rays, light polarization (quasars), …
RHESSI, SMART, ….

ILIAS-CAST-CERN Axion training / workshops

also underground detectors

ORSAY, 31/1/2006

K. Zioutas Univ.  Patras

RHIC ALICE
CP-violating events? 
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PVLAS collaboration data providing evidence for light polarization rotation in 
vacuum with a transverse magnetic field. The signal (arrow) is at a frequency shift 
twice that of a rotating magnet. A light neutral spin-zero  particle could cause such 
polarization rotation, though there are strong  astrophysical constraints. 

E. Zavattini et al., Phys. Rev. Lett. 96 (2006) 110406


