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Tradition in Deutschland

Die Sonne hat die Mensch-
heit seit Anbeginn fasziniert.

In  der Antike: 
Beobachtungen von 
Sonnenflecken mit blossem
Auge durch griechische +
chinesische Astronomen.

http://www.linmpi.mpg.de/publikationen/perspektiven/Perspektiven.pdf



Motivation



http://www.fnal.gov/directorate/Longrange/PartAstro1003_Talks/Bauer.pdf

Axion Dark Matter particle candidate new physics



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 .



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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“ If  the  axion is  discovered,  it  would  be an 
extraordinary triumph for theoretical physics ”

Frank  WILCZEK (1997)



ρDM ~ 0.3 GeV/cm3

well-motivated dark matter candidates beyond the SM :  

WIMPs (SS) & Axions (CP @ QCD)

⇓
spin-parity   ⇒ 0- ⇒ ~ πο , γ (M1)

Rotation curve of a spiral galaxy. The dashed 
and dotted curves are the contribution to the 
circular rotational velocity due to the observed disk 
and gas, respectively. The dot-dash curve is the 
contribution from the dark halo:

Most of the mass of the Milky Way is 
contributed by its halo, presumably in the form 
of non-interacting cold dark matter.



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



Primordial magnetic fields from dark energy

D.-S. Lee, W. Lee, K.-W- Ng ,  Phys. Lett. B542 (2002) 1

Evidences indicate that the dark energy constitutes about 
two thirds of the critical density of the universe. If the dark 
energy is an evolving pseudo scalar field that couples 
to electromagnetism, a cosmic magnetic seed field can be 
produced via spinoidal instability during the formation of 
large-scale structures.





Anomalous  Axion Interactions  and 
Topological Currents in Dense Matter

M.A. Metlitski1,  A.R. Zhitnitsky

hep-ph/200505072

Abstract
Recently an effective Lagrangian for the interactions of photons, Nambu-Goldstone bosons 
and superfluid phonons in dense quark matter has been derived using anomaly matching 
arguments. In this paper we illuminate the nature of certain anomalous terms in this 
Lagrangian by an explicit microscopic calculation. We also generalize the corresponding 
construction to introduce the axion field. We derive an anomalous axion effective Lagrangian
describing the interactions of axions with photons and superfluid phonons in the dense matter 
background. This effective Lagrangian, among other things, implies that an axion current 
will be induced in the presence of magnetic field. We speculate that this current may be 
responsible for the explanation of neutron star kicks.

Birth velocities  100 - 1600 km/s !



New Scientist 17 April 2004



Strong CP: No Problem

P. Mitra

hep-ph/200504053



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.



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



before CAST ?

BNL & Tokyo

axion-Bragg @ Ge-detectors



The  CAST experiment

Axion - source                                          Axion - detection
↓ ↓



Cern Axion Solar Telescope

Decommissioned LCH test magnet

Rotating platform

3 X-ray detectors

X-ray Focusing Device

Sunset

Photon 
detectors

Sunset 
axions

Sunrise 
axions

Sunrise

Photon 
detectors



Shelly Stoody of Whittier, California and his  mobile Zeiss Refractor (1933).



CAST

recycling !





keV4.2Ea =

Solar  axion spectrum

Pa γ ≈ 1.7×10-17
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TPC



A spare unit from the  ABRIXAS Space Mission

27 nested shells
Focal length 1.7 m
Transmission 35%

CCD 
detector 

THE CAST X-ray telescope

↑
XRT







HECµM

XRT
CCD

HEC



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



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



2004

improvements









2004
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Systematics

variations with time?





2004 data 

analysis ongoing





Search for energetic axions
Axions from nuclear reactions @ Sun’s core:

d + p  3He + γ (5.5 MeV,  ~2·1038/sec)                     
n + p  d + γ (2.2 MeV)

High Energy Calorimeter
Motivation:
• Broad band axion search with the high axion-to-photon 

conversion efficiency inside the CAST magnetic pipes
• Axion coupling to nuclear magnetic dipole transitions

The Sun is the strongest source of M1 transitions!

Non-solar  axions ??
G.C., Sco X-1, Crab pulsar.  TBE



Energy spectrum
• Without position normalized 

background data
– Good agreement, butbut we know 

there is a systematic effect due 
to the pointing position of the 
magne

• With position normalization
– Error bars increase by factor x2
– Systematic effect of position 

reduced

H.E. Calorimeter CdWO4 crystal 0.6 kg (Ø45mm x 50 mm) 



CAST   Phase II 2005 - 2007

why ?

how ?



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







Thin windows @ 1.8K



Quench – Pressure Evolution



Quench – Pressure/Temperature 
Evolution

• Fast Increase - ~13x, in about 3 seconds,
• Maximum increase < 20x, in about 200 seconds.



IICAST phase I II’

2005 ~ 100 pressure settings 4He  (0 – 6mbar)
2006/7 ~ 700 for 3He (6-60 mbar)



Other experiments ?



PVLAS-experiment

M1 & M2
very high reflectivity 

dielectric mirrors   
Fabry-Perot optical 

resonator 
1 msec

LASER 
linearly polarized light 

elliptical polarized

http://www.ts.infn.it/experiments/pvlas/magnet/pict-magnet/cryogen.jpgMagnet : 

http://www.ts.infn.it/experiments/pvlas/magnet/pict-magnet/cryogen.jpg


Optical production & detection 
of dark matter candidates
F.Brandi etal., N.I.M.A461(2001) 329

Previous works:

K.Van Bibber etal., PRL59(1987)759

Y.Semertzidis etal., PRL64(1990)2988

G.Ruoso etal., Z.Phys. C56(1992)505

R.Cameron etal., PRD47(1993)3707

a) Dichroism induced by the production of a massive particle
coupling to two photons   rotation of the polarization plane.

b) Ellipticity induced by the retardation between the two 
components of the electric field of the laser beam by the virtual
production of a massive particle coupling to two photons.

B   rotates normal to the light propagation direction 

a time-modulation of the effect.



X ← PVLAS e.g. KK-axions
≠ PQ axions



PVLAS PRL (hep-ex/0507107)
Cameron et al., PLD47 (1993) 3707

1.165 eV for PVLAS, 
2.412 eV for Cameron et al.

m [eV]

Thanks Luigi Di Lella

gaγγ [GeV-1]





mimic CAST ?

⇓

indirect axion-signal ?



↛ 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









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



RHESSI Major Events
****************************2005**************************

October 18October 18, 09:00 UT RHESSI was again put into drift mode to view the x-ray 
emission of the quiet Sun "out of the corner of its eye". This mode began at the 
time noted above. RHESSI was commanded back to the Sun at 06:10 UT on 
October 28October 28, and arrived shortly after 08:00 UT on that day. The Sun was very 
quiet during this time, but anyone wishing to analyze data within that interval 
should contact the instrument team.   10 days

July 19July 19, 06:00 UT At this time, RHESSI was put in a new mode that let it drift up
to 1 degree away from the Sun and slewed back, repeatedly. The purpose of 
this mode was to study the x-ray emission of the quiet Sun (the Sun was 
extremely quiet beginning at this time). RHESSI returned to normal operations at 
around 04:00 UT on July 26July 26. If you wish to analyze any flares during this week, 
please contact the instrument team.   7 days



Origin of the GRXE    (un)explained ?

GRXE broad-band spectrum (squares) and 
spectra of its main contributors divided by 2 for 
clarity. The data points in the 3–20 keV band 
(RXTE/PCA) were converted to unit-stellar-mass 
emissivity. The data points in the 20–100 keV band 
show the spectrum of the Galactic Center source 
IGR J17456−2901 measured by INTEGRAL divided 
by the estimated total mass in stars (~108Msolar) 
contained in the nuclear region (~30 pc around Sgr
A∗). The INTEGRAL spectrum was additionally 
multipled by a factor 0.6 to match the RXTE/PCA 
spectrum near 20 keV. Also shown are typical 
spectra of X-ray source classes expected to 
significantly contribute to the GRXE: intermediate 
polars (filled circles), polars (open circles), dwarf 
novae (SU UMa, triangles), and coronally active 
binaries. These spectra are plotted with 
normalizations corresponding to their expected 
relative contributions to the GRXE divided by 2. 
The individual source spectra were obtained by the 
instruments PCA (3–20 keV) and HEXTE (20–100 
keV) aboard RXTE. 

The shaded region shows a sum of these 
spectra reflecting uncertainties in the 
individual spectra and their relative weights.

Mean 3-20 keV X-ray luminosity per Msolar
≈ (3.5±0.5) 1027erg/s   ≈ x105Lx,solar

M. Revnivtsev, S. Sazonov, M. Gilfanov, E. Churazov, R. Sunyaev
astro-ph/200510050  A.&A.



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



Sept. 2004

http://www.soho15.org/PDF/hannah.pdf

µflares are small flares that 
occur in active regions.
They are hot (>10 MK) with 
presence of Fe K Complex
Difficult to interpret thermal vs
non-thermal spectrum or
super-hot component.
Possibly a lot of energy in the 
non-thermal electrons.





CAST  @ Sun ?           P. Sikivie [1983]

2nd component

a + γB γ

Ix ~ B2  

low energy solar spectrum + transient phenomena



magnetic fields of several kG in sunspots

probably ~10 T in the tachocline (-200000 km)

M. Aschwanden, Physics of the Solar Corona (2004) p.175

It is believed that much, if not all, of the magnetic flux 
penetrating the photosphere is aggregated in 200-300 
km Ø, in which the field strength is of order 1.5 kGauss
(~2% of the surface).

P.A. Sturrock, ApJ. 521 (1999) 451
J. Sanchez Almeida  A.& A. (2005) in press, 

astro-ph/0504339

Visible light:

Lvis⇄Laxion

X-rays:
γ⇄axion



(a) Soft X-ray irradiance,  (b) <magnetic Flux> over 
the quiet Sun. Arrows: activity episodes in X-rays.       

Lx⊗ B
QUIET SUN 1992-96 @ disk center Lx ∝ B2.4

At ±50oN exponent >4 !                axions ?

Lomb-normalized periodograms of (a) X-ray
irradiance and  (b)  magnetic  Flux  for quiet-
Sun area at S50W00 similar @ disk center

A.A. Pevtsov, L.W. Acton, ApJ. 554 (2001) 416



FLARES The precise causes of solar flares & CMEs
is one of the great solar mysteries 2003

⊗ B

what initiates the energy release?
what makes some magnetic configurations more likely to flare than others?
Fundamental question:
how and why reconnection starts as an explosive process in flares?

The  trigger  site  of  flares  is  still  elusive.The  trigger  site  of  flares  is  still  elusive.
Understanding how energy is released in solar flaresUnderstanding how energy is released in solar flares
is a central question in astrophysics          is a central question in astrophysics          1999

G. Barnes, D. W. Longcope, K. D. Leka,  ApJ. 629 (2005) 561
K. Kusano, T. Maeshiro, T. Yokoyama, T. Sakurai,  ApJ. 610 (2004) 537

G. Allen Gary, L.R. Moore, ApJ. 611 (2004) 545
DH Hathaway, http://science.msfc.nasa.gov/ssl/pad/solar/quests.html (2003)
Warren, Bookbinder, Forbes, Golub, Hudson, Reeves, Warshall ApJ. 527 (20.12.1999) L121

Less magnetic activity  = fewer solar X-rays.

The magnetic activity is determined by a magnetic  dynamo within the Sun.
http://star-www.st-andrews.ac.uk/~mrt2/XRU2a.pdf



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 !
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Penumbra
<2.4 MK>



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  ∝(LB)2 e.g., in CAST

D.H.H. Hoffmann, K. Z.,  Nucl. Phys. B Suppl. (2006) in press.



Yohkoh / XRT
Dots: flux calculation based on a temperature determined from filter ratios. 
Crosses: flux calculation based on a fixed temperature of 2 MK. 
The correlation between X-ray flux and B is higher with fixed-temperature, but the
implied power-law index is higher with the filter-ratio temperatures. 

For log(|B|) > 0.5, both methods give slopes = 1.86 - 1.88.
Most of the correlation is due to the high-field data … hint at a relation
between Bphotospheric & heating processes⇒ X-ray emission, but

no insight into the nature of such a relation!
R. Wolfson, C.B. Roald, P.A. Sturrock, ApJ. 539 (2000) 995
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X-ray flux vs. photospheric magnetic field quiet + ARs |B| = average field magnitude.

25.7.1996 521 days

… essentially NO correlation 
between the X-ray flux & the 
average line-of-sight magnetic 
field <B>. 
+ P.A. Sturrock, Private communication

it resembles Primakoff effect.



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
⇑



What determines the intrinsic brightness of umbrae and penumbrae,  
in spite  of  the  strong  magnetic  field  which  inhibits  convection?
Is an additional mechanism needed?
How is the umbral chromosphere heated?  

Why are penumbrae brighter? …. 

S.K. Solanki,   A.&A. Rev. 11 (2003) 153

SUNSPOTS

Umbral normalized continuum intensity vs. 
umbral field strength B. Plotted is the 
minimum value and the maximum value of 
B of each sunspot. 
Filled circles (1990–1991) 
Open circles (2000–2001)

A number of fundamental 
questions remain unanswered.B [Gauss]
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50% of the quiet Sun

In the visible



Thanks Thomas Papaevangelou

S.K. Solanki,   A.&A. Rev. 11 (2003) 153



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

the reconnection of  B lines plays a key role in .. solar flares, CMEs …. 
(µ)flares ⊗ polarity inversion lines with strong sheared B lines.
In ARs, …places with field as strong or stronger than in brightest features, 
but the corona is dimmer.

...a hidden process controls coronal heating.

Emerging Φ ⊗ trigger transient brightenings (~1024 – 1028 ergs).

⇩
origin?

M. Hahn et al., ApJ 629 (2005) 1135; M. Barta, M. Karlicky,  ApJ (2005) in press
D.A. Falconer et al., ApJ 482 (1997) 519;  593 (2003) 549

T. Shimizu, IAU Symp. No. 223 (2004) 345



19th December 1995: 6583 quiet Sun pixels, 13.539 photons per # with <0.128 keV>  
[512x512 #s] Lx(0.5-4keV)≈4x1024 erg/s <gaγγ≈22x10-14GeV-1> (between previous values)  

Note:
Quiet Sun Lx MINIMUM: spontaneous decay + Residual: Primakoff-effect

From       2005
S. Orlando,
INAF-Palermo

Quiet Sun

Active Regions

X3 photons/s/#

ra
te

YOHKOH

23 obs’s
during
solar cycle

<Lx>



In short:

1) Radiative decay  of  trapped massive   ~axions

Constant component of Lx

Use XRTs: 

Yohkoh, RHESSI,…, SMART background subtraction

2) Oscillations between light  ~axions & γ’s inside  Bsolar-surface

Solar local effects in the  eV-to-keV range

⊗ 11-years solar cycle?
Suggestive for solar ~axion searches below  1keV 1eV

3) Beyond the Sun real plasma modified

Galactic Center, Galaxy Clusters + S-Z effect, ..., CXRB?
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4)  ~axion–condensate(s) ?

theoretical work???



Thus, … 



… important evidence remained unnoticed?





If ħωplasma≈ maxionc2 ~ resonance crossing
(Primakoff)B >> (Primakoff)Coulomb

The inner SUN

http://science.msfc.nasa.gov/ssl/pad/solar/interior.htm
#) also: M. Aschwanden, Physics of the Solar Corona (2004)175

↓~10 T M. Schüßler, M. Rempel
A.&A. (2005), astro-ph/0506654 #)

ħωplasma≈ 300eV              

→ ●

●←ħωplasma ≈ 1eV -20000 km
ℓabs~20 m

●←ħωplasma ≈ 10-2eV surface
ℓabs~100 km

●
↑

ħωplasma≈ 7 eV
ℓabs~ 10 cm

T ~ 2 MK

New solar axion spectrum?

⇩



δ=1

Limits on the axion-photon coupling gaγγ = f (fundamental PQ mass mPQ). The dashed region 
marks the theoretically favored relation between gaγγ and mPQ in axion models in 4D. The 
dashed and dot-dashed lines correspond to prospects of CAST for KK axions in the case of two 
extra dimensions (R =0.150 mm) for δ=1 and for δ=2, respectively.

R. Horvat, M. Krcmar, B. Lakic, Phys. Rev. D69 (2004) 125011

modelsδ=2

CAST

CAST as a probe of large extra dimensions

δ=1



C.S. Kochanek,  astro-ph/200412089

“ the future is bright the present is painful ”
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