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This talk is based on two very recent
(May 2018) preprints:

l. N.Raza, L.van Waerbeke and AZ,1805.01897
“Solar Corona Heating by the Axion Quark Nugget
Dark Matter,” (collaboration with astronomers)

2.H.Fischer, X.Liang, Y.Semertzidis, AZ and
K.Zioutas, 1805.05184

"New mechanism producing axions and how CAST
can discover them,” (collaboration with particle
physics experimentalists)

There 1s one term in common, the “axion” which
1s key element in both preprints and the
subject of this talk.



AXION AND ITS RELATION TO THREE VERY OLD
(AND APPARENTLY UNRELATED) MYSTERIES

# 1. 80-YEARS OLD MYSTERY: THE NATURE OF DARK MATTER
(ZWICKY 1937)

B 2. ANOTHER 50-YEARS OLD MYSTERY: BARYOGENESIS
(SAKHAROV, 1967)

® 3. YET ANOTHER 80- YEARS OLD MYSTERY: THE SO-CALLED
““SOLAR HEATING PUZZLE” (W. GROTRIAN, 1939)

® | WANT TO OFFER A NEW UNIFIED (UNORTHODOX)
FRAMEWORK WHERE ALL THESE, NAIVELY UNRELATED,
PHENOMENA COULD BE INTIMATELY CONNECTED AND
ORIGINATED FROM ONE AND THE SAME PHYSICS. AXION
WILL PLAY THE KEY ROLE IN LINKING THESE PHENOMENA.
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Left: the temperature distribution in outer Sun: the
drastic changes occur in vicinity of 2000km. The
transition region is about 100 km wide.

Right: the unexpected deviation from the thermal
distribution in EUV and soft x rays from corona

Irradiance (mW/m?/nm)



SOLAR EXTREME UV (EUV) RADIATION

THE QUIET SUN EMITS EUV RADIATION WITH THE ENERGY
OF ORDER 100 EV WHICH CANNOT BE EXPLAINED IN TERMS
OF ANY CONVENTIONAL ASTRO-PHENOMENA.

GeV 1027 . 18
S S

Lo (EUV from Corona) ~ 1030 .

APPARENT VIOLATION OF THERMODYNAMICS. CAN BE ONLY
RESOLVED WITH NON-THERMAL INJECTION OF ENERGY THAT
HEATS UP THE CORONA. THE EUV EMISSION OCCURS ABOUT
2000 KM ABOVE THE SURFACE WHERE THE TEMPERATURE

SUDDENLY JUMPS: T ~ 104 e Sl e 106 K

“EVERYTHING ABOVE THE PHOTOSPHERE (ABOUT 10 % oF
THE TOTAL SOLAR LUMINOSITY) IS NOT SUPPOSED TO BE

THERE AT ALL” (Solar Corona ‘Mystery, 1939)



1.FIRST TWO (NAIVELY UNRELATED) MYSTERIES:
DARK MATTER AND BARYOGENESIS.

2 1.NAIVE” MORAL: DARK MATTER REQUIRES NEW

(UNKNOWN) FIELDS SUCH As WIMPs

2. “NAIVE” MORAL: NEW FIELDS MUST BE NONBARYONIC.
ARGUMENTS COME FROM STRUCTURE FORMATION
REQUIREMENTS, BBN, DECOUPLING DM FROM RADIATION,
ETC

THIS PROPOSAL: INSTEAD OF ‘“NEW FIELDS” =
“NEW PHASES’” (DENSE COLOUR SUPERCONDUCTOR) OF
“OLD FIELDS?”

INSTEAD OF ‘“BARYOGENESIS” =———3 ¢“SEPARATION OF
CHARGES” OF CONVENTIONAL FIELDS (QUARKS) AT 6 # (



® THE IDEA THAT THE DM CcOULD BE IN FORM OF VERY DENSE
QUARK NUGGETS (QN) OF STANDARD MODEL FIELDS IS NOT
NEW AND HAS BEEN ADVOCATED BY WITTEN IN 1984

® THE CRUCIAL (FOR COSMOLOGY) PARAMETERC /M IS SMALL.
THEREFORE, THE NUGGETS ARE QUALIFIED AS DM
CANDIDATES

o Cm2 THERE WERE MANY PROBLEMS
- 1( ) WITH THE ORIGINAL 1984-
M gram WITTEN’S IDEA:
1. THERE IS NO FIRST ORDER
E Witten PHASE TRANSITION IN QCD

2. FAST EVAPORATION
3. HARD TO ACHIEVE STABILITY
Ais=ELTUCH

NEW ELEMENT TO RESCUE THE
NUGGET’S IDEA: THE AXION




2.AXION FIELD STABILIZES THE QUARK NUGGETS

T This is a novel contribution to
ol DM from the axion ﬁefa[, in

addition to conventional

misaﬁ’gnmem mechanism
i and DW c{ecay
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(Phase Unknown)

® POSSIBLE COOLING PATHS ARE DENOTED AS 1, 2, 3. THE
PHASE DIAGRAM AT 6 #(0 IS STILL UNKNOWN. FORMATION
TEMP. 1" = 41 MeV CORRESPONDS TO THE OBSERVED VALUE

® THERE ARE 2 NEW ELEMENTS (IN COMPARISON WITH WITTEN’S)



® 1. THERE IS EXTRA AXION DOMAIN WALL PRESSURE
(ACTING ON THE CLOSED AXION DW BUBBLES). IT MAKES
THE NUGGETS STABLE (FIRST ORDER PHASE TRANSITION IS
NOT REQUIRED, AS IN THE WITTEN’S CASE). THEY ARE
ABSOLUTELY STABLE AND CAN SERVE AS DM PARTICLES.

% 2. THERE ARE TWO SPECIES, THE NUGGETS AND ANTI-

&
NUGGETS. THE SIZE IS DETERMINED BY M, As R ~m,

% A SMALL GEOMETRICAL FACTOR REPLACES A CONVENTIONAL
REQUIREMENT FOR A WEAK COUPLING CONSTANT. NUGGETS
ARE QUALIFIED AS THE DM CANDIDATES:

HRC .~ B3 <] o/M < cm?/g

® COSMOLOGICAL CP-ODD AXION FIELD GENERATES THE
DISPARITY BETWEEN TWO SPECIES AT 6 # 0 WHICH
IMPLIES THE SIMILARITY BETWEEN DARK AND VISIBLE
SECTORS: Qdark = yisible ™ AQCD



% IF CP VIOLATING AXION FIELD 9(-{/—) WERE ZERO AT THE MOMENT OF
FORMATION THAN AN EQUAL NUMBER OF NUGGETS AND ANTI~
NUGGETS WOULD FORM —> NO VISIBLE MATTER

® THE AXION FIELD WITH 9 O DURING THE FORMATION TIME
IMPLIES THAT THE DIFFERENCE BETWEEN TOTAL BARYON CHARGE
HIDDEN IN FORM OF NUGGETS AND ANTI NUGGETS IS ORDER OF ONE:

= C 0O i |Bnuggets‘
visible; C = B °
1 ‘ antinuggets

Qdark L

\

#® BARYON CHARGE OF THE VISIBLE MATTER CAN BE EXPRESSED IN
TERMS OF THIS PARAMETER C(T) ~ 1

® IT IS VERY GENERIC AND MODEL-INDEPENDENT RESULT OF THE
ENTIRE PROPOSAL WHICH HOLDS FOR ANY AXION MASS mCL AND
ANY MISALIGNMENT ANGLE 9 . IT IS THE DIRECT CONSEQUENCE OF
THE THERMODYNAMICS (NO AQIY FITTINGS INVOLVED!)

8 Qgark ~ Qyigible €¢———(as observed




3. THE MAIN LESSONS OF THE FRAMEWORK

¥ THE RELATION Qdawk = Qvisible IS A VERY NATURAL AND
UNIVERSAL OUTCOME OF THIS FRAMEWORK. THIS CLAIM
HOLDS IN ENTIRE VISIBLE UNIVERSE AS INFLATION OCCURS
AFTER PQ: H; < pr. THE CLAIM IS NOT SENSITIVE TO
SPECIFIC DETAILS OF THE SYSTEM (THERMODYNAMICS DOES
THE JOB)

# THE ‘“BARYOGENESIS” IN THIS FRAMEWORK IS REPLACED
BY “CHARGE SEPARATION’ EFFECT WHEN THE ANTI-
QUARKS ARE HIDDEN IN FORM OF THE DM NUGGETS.

! TwO (OUT OF THREE) SAKHAROV’S CRITERIA ARE PRESENT
IN OUR FRAMEWORK: 1. THE CP SYMMETRY IS BROKEN
DUE TO THE DYNAMICS OF THE AXION FIELD Q(t) DURING
THE QCD TIME; 2. THE DISPARITY BETWEEN DM NUGGETS
AND DM ANTINUGGETS IS NOT WASHED OUT DUE TO NON-~
EQUILIBRIUM DYNAMICS OF THE AXION FIELD (9(?5) 1



MATTER IN THE UNIVERSE

A model which explains both the matter-antimatter
asymmetry and the observed ratio of visible matter to DM

Y o o
Qdark — QVISlble
Btot = 0= Bnugget + sz’sible — Bantinugget

BDM — Bnugget + Bantinugget ~ 5 Bvisible

The ratio Bnugget/Bantinaget = 2/3 at (<) ®
the end of formation is determined by the o
sign of axion CP violating parameter (),
: ° .o . & ' '
o':. :
- o0 o . '
One part: Two parts:
visible matter matter nuggets

O

Three parts:
anti-matter nuggets



4. Application to the “ solar corona mystery”
(}ony’ect started at PATRAS-2017 motivated By

discussions with Konstantin Z.)
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# THIS PROPOSAL: WE ADVOCATE A SCENARIO WHEN THE
ENERGY DEPOSITION IS ORIGINATED FROM OUTSIDE THE
SYSTEM (NOT FROM DEEP DENSE REGIONS OF THE SUN)

% THE EXTRA SOURCE OF THE ENERGY IS ASSOCIATED WITH THE
DARK MATTER ANTI-NUGGETS CONTINUOUSLY ENTERING THE
SUN FROM OUTER SPACE.

® THE IMPACT PARAMETER FOR CAPTURE OF THE NUGGETS BY

THE SUN
2G M.,
bcap e R@ \/1 s Yo, §lo 9 9
R@U
® THE TOTAL ENERGY FLUX DUE TO THE COMPLETE

ANNIHILATION OF THE AQN (AXION QUARK NUGGETS) IS
ESTIMATED AS
- €rg

A (AQN)NZwaga .v- ppm >~ 4.8-10%7 . -

# IT NICELY COINCIDES WITH THE TOTAL (OBSERVED) EUV
ENERGY OUTPUT FROM CORONA WHICH IS HARD TO EXPLAIN
IN TERMS OF CONVENTIONAL ASTROPHYSICAL SOURCES
(CORONA HEATING PUZZLE)




B THESE ORDER OF MAGNITUDE ESTIMATES HAVE
BEEN CONFIRMED BY RECENT MONTE CARLO
(MC) SIMULATIONS, SEE ARXIV:1805.01897

B IT WAS GENERATED 1010 SAMPLE PARTICLES
DISTRIBUTED OVER 10 AU IN DISTANCE

(vz — ve)?% + vs + v
202,

fv(v:cavyyvz) ~ EXP | — : V@ ~ 220 km/s

B ONLY 36 x 10 PARTICLES ARE CAPTURED BY
THE SUN. THIS RATE IS DETERMINED BY
NEWTON GRAVITY AND DM DENSITY DM

B THE TYPICAL TIME FOR IMPACT ~ 1 MONTH



Extrapolated Total Annihilation Luminosity

1.5 |
¢ Bnin=3x10" a=25
1.4 - Brin — 3% 102, o= 2.0
- ¢ Buin—3x10" a—12/25
213 1 ¢ Bunin—lx10¥, o0 =235
:r ¥ ¢ Bunin—1x 10, a—2.0
=127 ¢ . ¢ Buin—1x10% o—12/25
E ¢ ¢
£ 1.1
=
E
1.0 -
0.9 —————— ———————
10°1 10% 10%°
(B)
The total luminosity due to the annihilation events of the
AQNs with the solar material is precisely ~ 027erg/s

This intensity is determined by the DM density /DM , and
it is not sensitive to any other parameters of the model.



Total Annihilation Luminosity Prolile
(Bmin — 3 % 107, o — 2.0)
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The AQNs start to annihilate at the altitude ~2000km,
where the drastic changes are known to occur in vicinity
of the Transition Region



5. IMPLICATION FOR THE AXION SEARCH

EXPERIMENTS.
THIS MODEL HAS A SINGLE FUNDAMENTAL PARAMETER, A
MEAN BARYON NUMBER OF A NUGGET (B) ~ 102°

IT IS CONSISTENT WITH ALL KNOWN ASTROPHYSICAL,
COSMOLOGICAL, SATELLITE AND GROUND BASED
CONSTRAINTS

THIS PARAMETER (B) ~ 102> CORRESPONDS TO THE AXION
MASS 1~ 1074 ¢V . THESE TWO PARAMETERS ARE
DIRECTLY RELATED BECAUSE 0 ~~ 111, “ DETERMINES THE
SIZE OF THE NUGGETS [Rform

—4
OUR COMMENT HERE IS THAT My, ~ 107" eV cONTRIBUTES
VERY LITTLE TO Q(DM axion) BUT MAY CONTRIBUTE A
LOT THROUGH THE NUGGET’S FORMATION (THIS PROPOSAL))



THESE HIDDEN (IN FORM OF AQNS ) AXIONS ARE NOT
AVAILABLE UNLESS THE NUGGETS COMPLETELY
DISINTEGRATED, FOR EXAMPLE IN THE SUN

THE AXION DW CONTRIBUTES TO THE TOTAL MASS OF THE
NUGGET APPROXIMATELY 1/3 OF AQN MASS. THEREFORE,
TOTAL AXION INTENSITY (FROM SUN) IS ESTIMATED AS

b o7 €I8
Lo (axion) §L@ (AQN) ™ 3 G i

THE CORRESPONDING AXION FLUX (FROM SOLAR AXIONS)
MEASURED ON EARTH IS

Lo (axion) By 10~°eV 13
D, ions ~ ~ 0.3-10 , Dy ~1.5-10 ,
Am(E,) D cm? s M = i

IT SHOULD BE COMPARED WITH CONVENTIONAL PRIMAKOFF

2
g10
cm? s

®, (Primakoff) ~ 3.75-10*! , 810 = 8ay/1071°GeV ™!, (E) = 4.2keV.



B THE DIFFERENCE WITH CONVENTIONAL CASE IS THAT THE
AXIONS EMITTED FROM AQNS HAVE TYPICAL RELATIVISTIC
VELOCITIES WITH (F) = 1.1 m, , NOT E ~ 4 keV

B THEREFORE, THE ENERGY FLUXES ARE DIFFERENT

eV

cm? s

eV

cm? s’

Mg Paxions ~ 0.3 - 102 (E)®, (Primakoff) ~ g%, - 10*°

B THE EMISSION OF THE AXIONS FROM AQNS FROM DEEP
EARTH’S UNDERGROUND IS

AL AB
m,®(Earth axions) ~ 1016 . ( > eV

B sz . Where F ~ (01 - 1)

B IT SHOULD BE COMPARED WITH GALACTIC AXION FLUX

0.3 GeV g eV

cm>3 cm? s

m,P(galactic axions) ~ ppn - Upm =~ vpm ~ 101
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The axion velocity distribution emitted by the nuggets
during the AQN annihilation events in the Sun.The
velocities are relativistic, but not ultra-relativistic.
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Cavity / ADMX experimental constraints shown in green.The
expected sensitivity for the ORPHEUS axion search experiment
[Rybka, 2014] is shown by blue regions. It covers most interesting
region with m, ~ 10~ eV corresponding to (B) ~ 10%° .
The same region is covered by MADMAX [Caldwell, 2017] .



CONCLUSION

B " NON- BARYONIC DARK MATTER" COULD BE ORDINARY
BARYONIC MATTER (WE KNOW AND LOVE) WHICH IS IN THE
EXOTIC COLOUR SUPERCONDUCTING PHASE. WE COIN THIS
MODEL AS THE AXION QUARK NUGGET MODEL (AQN)

£ Qdark £ Qvisible IS VERY GENERIC CONSEQUENCE
OF THIS FRAMEWORK (NO SENSITIVITY TO AXION MASS 71, ,
NOR TO THE MISALIGNMENT ANGLE Uinitial ). IT IS THE

DIRECT CONSEQUENCE OF THE THERMODYNAMICS.

WE SUGGEST THAT THE SOLAR CORONA HEATING PUZZLE
MIGHT BE RELATED TO THE AQN ANNIHILATION EVENTS

¥ WE ALSO SUGGEST THAT THE AXIONS FROM AQNS CAN BE
STUDIED BY CONVENTIONAL INSTRUMENTS As U ~ (0.0 ¢
IN CONTRAST WITH DM GALACTIC AXIONS WITH U ~~ 10_30



