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AXION AND ITS RELATION TO A NUMBER OF OLD
(AND APPARENTLY UNRELATED) MYSTERIES

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

B 2. ANOTHER S50-YEARS OLD MYSTERY: BARYOGENESIS
(SAKHAROV, 1967)

3. YET ANOTHER 80- YEARS OLD MYSTERY: THE SO-CALLED
“SOLAR HEATING PUZZLE”

® 4. YET ANOTHER (FEW DECADES OLD) MYSTERY:
PRIMORDIAL LITHIUM PUZZLE

® 5. YET ANOTHER 20- YEARS OLD MYSTERIOUS SIGNAL.:
DAMA-LIBRA OBSERVATION OF THE ANNUAL MODULATION



1. Evidence for dark matter

Expected behaviour for
the velocities of stars

The observed
velocity distribution

Vcir (km/s)

Take home lesson: there is
DM in our Universe.

DM knows about gravity, but
does not know about E&M
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Fritz Zwicky and Vera Rubin




2. Short overview on Baryogenesis

The cosmic microwave background (CMB) and Big
Bang Nucleosynthesis (BBN) are highly sensitive to
parameter 1) = nB/n7 , the baryon to photon ratio.

2,

n= -8 ~¢.10"10
They

Take home lesson:

the parameter 7] is known L
with very high accuracy pherical Harmanie on Sk

(Temperature Fluctuation)™




Sakharov formulated precise
criteria when such
baryogenesis is possible:

|. There must be B-violation;

2. There must be C and CP
violation;

3. There must be out -of -
equilibrium dynamics

Sakharov



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 0 # (



® THE IDEA THAT THE DM couULD 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) PARAMETER G /M IS SMALL.
THEREFORE, THE NUGGETS ARE QUALIFIED AS DM
CANDIDATES

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

2. FAST EVAPORATION
3. HARD TO ACHIEVE STABILITY
Ai=E STEC

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




2.AXION QUARK NUGGET’S (AQN) FORMATION

This is a novel contribution to
DM from the axion ﬁe[&[, in

addition to conventional

CS misafignment mechanism

N
Hadron | =" Tom ™ T and DW cfecay
7]

(Phase Unknown)
0
B POSSIBLE COOLING PATHS ARE DENOTED AS 1, 2, 3. THE
PHASE DIAGRAM AT 0 # 0 IS STILL UNKNOWN.
FORMATION TEMP. 1T =41 MeV CORRESPONDS TO THE
OBSERVED VALUE 5B =l el B 05210

= a e Ty

Tl Toy

® THERE ARE 2 NEW ELEMENTS (IN COMPARISON TO 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-

i
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:

e~ S/V ~ B3 << 1 o/M < cm?/g

COSMOLOGICAL CP-ODD AXION FIELD GENERATES THE
DISPARITY BETWEEN TWwWO SPECIES AT 0 # 0 WHICH
IMPLIES THE SIMILARITY BETWEEN DARK AND VISIBLE
SECTORS: Slaapsrs O inpie i AQCD



3. THE MAIN CONSEQUENCES OF THE AXION
QUARK NUGGET (AQN) FRAMEWORK

THE RELATION §23ark ~ visible IS A VERY GENERIC AND
UNIVERSAL OUTCOME OF THIS AQN FRAMEWORK. THE
CLAIM DOES NOT DEPEND ON THE AXION MAss !llgNOR
MISALIGNMENT ANGLE 90 ;

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

THE MOST IMPORTANT CONSEQUENCE FOR THIS TALK: EVERY
ANNIHILATION EVENT LEADS TO PRODUCTION OF PHOTONS
(IN DIFFERENT FREQUENCY BANDS) AXIONS, NEUTRINOS.

THE INTENSITY OF EACH EMISSION DEPENDS ON THE
ENVIRONMENT: 1. EMISSION IN GALAXY, 2. SOLAR CORONA,
3. EARTH’S INTERIOR (NEUTRINOS AND AXIONS)



Antiquark nugget. Source of galactic emission

511 keV

thermalization 1-20 MeV
¢ T~1¢eV

qq — 2 GeV 7
energy —>

)y

X rays ~10 keV
(finite fraction)

Y~ 100 MeV - | GeV
(rare events)

Fermi Pressure

Antimatter
color superconductor

R ~10°cm, B~ 10%

Do

axion domain
wall pressure

laas i

bremsstrahlung radiation

. electrosphere
( largest fraction)



RELEVANT LITERATURE

(EXCESSES OF RADIATION IN DIFFERENT FREQUENCY BANDS AS A
RESULT OF ANNIHILATION OF THE AQNS WITH VISIBLE MATTER).

ALL COMPUTATIONS ARE BASED ON SM PARTICLE PHYSICS

B 511 KEV LINE (INTEGRAL) PRL. (2005)
@ 1-20 MEV EXCEsSs (COMPTEL) JCAP (2008); PRD. (2010)
B X-RAY EMISSION (CHANDRA) JCAP (2008)

B 23 <w<61 GHzZ (RADIO DIFFUSE) PRD. (2008)

® w~ 1 GHz (ARCADE 2) PHYS. LETT. B (201 3)

@ wW-~1GHzZ (NEARBY GALAXIES) PHYs. LETT. B (2016)

® MINI-REVIEW PREPARED FOR
A CONFERENCE PROCEEDINGS ArXi1v:1611.05042 (2016)



Source of EUV in solar corona. Supersonic turbulent

motion with very large Mach number 1/ = = ~ 10

Cs

e




RELEVANT LITERATURE
(EXTREME UV AND SOFT X-RAY RADIATION AS A RESULT OF
ANNIHILATION OF THE AQNS IN THE SOLAR CORONA ).

“SOLAR EXTREME UV RADIATION AND QUARK NUGGET
DARK MATTER MODEL” -JCAP (2017)

"SOLAR CORONA HEATING BY AXION QUARK NUGGET DARK
MATTER” -PHYS. REV. D (2018)

“SOLAR FLARES AND THE AQN DARK MATTER MODEL”
PHYS. DARK UNIVERSE (2019)



AQN traversing the deep Earth interior.
The axion and neutrino emissions

thermalization
T ~ 100 keV

(I S

qq — CS Goldstones — (mw, K,n)

— Ve, Te ( E~ 15 MeV) Ll

ﬁ
Fermi Pressure

_
axion domain
wall pressure

=

bremsstrahlung
radiation with

E~T ~ 100 keV

Antimatter
color superconductor

will be quickly R~ 10"%cm, B ~ 10%
absorbed in deep axion emission
underground (Ve) = 0.6 c



4. THE AXION EMISSION FROM THE DEEP
EARTH INTERIOR

® FLUX OF THE AQNS HITTING THE EARTH SURFACE

<N> s 0.4 1024 PDM <UAQN>
- km?yr \ (B) Bi3 220km /s /

cm?

CORRESPONDING AXION FLUX (ON EARTH SURFACE):
ey

cm?s

M (PN ~ 101 v, =~ 0.6¢.

IT SHOULD BE COMPARED WITH CONVENTIONAL GALACTIC
AXIONS (MISALIGNMENT MECHANISM, DW DECAYS)

(e 10 3¢

PDM ) eV

CL(I)(gadauctic) 9 ~y 1016 (
o - DI D 0.3GeV/ cm?3s ’



5. TIME MODULATION, AMPLIFICATION, AND THE
GLOBAL NETWORK (GN) SYNCHRONIZATION

® THERE ARE CONVENTIONAL ANNUAL AXION MODULATIONS
DUE TO THE VELOCITY DIFFERENCE (JUNE VS DECEMBER),
WHICH IS OF ORDER V@/V@ ~ 10%

® IF A NUGGET HITS THE EARTH’S SURFACE CLOSE TO THE
POSITION OF AN AXION DETECTOR, A HUGE NUMERICAL
AMPLIFICATION WILL OCCUR AS A “LOCAL FLASH” (BURST).

® THE AMPLIFICATION PARAMETER ‘“A” IS DEFINED AS THE
RATIO BETWEEN THE INTENSITY DUE TO THE ‘“LOCAL FLASH”
FROM A NEARBY AQN AND THE AVERAGE INTENSITY

B A e Rg\’
A = 58, = g A




1
“Amplification” A(d) ~ 20 (E

<cut B <

Trajectory of an AQN

Amplification “A” due to the “local flash™ becomes
numerically large A ~ 10? when d ~ 10°km



A  Time Span Event rate

1 10 s 0.3 min~*!
10 3 S 0.5 hr—}!
102 s 0.4 day !
10° 0.3 s 5 yr— !
10% 0.1 s 0.2 yr—!

10 -amplification occurs at every single point on Earth
every 5 years. It shows up as a flash which lasts 0.1s



B WHAT HAPPENS IF SEVERAL AXION DETECTORS ARE
SYNCHRONIZED AND POSITIONED AT DISTANCE

d ~ 10? km when A ~ 107

® IN THIS CASE ONE SHOULD EXPECT THE CORRELATED
AMPLIFIED SIGNALS WITH EVENT RATE O.2/DAY AND WITH
TIME DELAY /\?{ ON ORDER OF A secoND At ~ 1s

AR |
=t —t.| = b~1s, 0=|AR-V
VAQN

B SYNCHRONIZED DETECTORS MUST BE CLOSE TO EACH
OTHER TO RECORD THE SIGNAL FROM ONE AND THE SAME

AQN TRAVERSING THE EARTH

; 102 Iy 2
A el ()] S =
A




v

T r(t) = vaqnt+ryg

102 3/2
Correlated event rate  ~ 0.23 day " (7> .



® WHAT IS A REQUIRED INFRASTRUCTURE FOR A
CORRELATED AMPLIFIED SIGNAL TO BE PROPERLY
RECORDED?

® IN FACT THE REQUIRED INFRASTRUCTURE HAS
ALREADY STARTED TO EMERGE....

® WE JUST NEED TO BUILT THE GLOBAL NETWORK
OF THE STATIONS WHICH CAN DETECT THE
AXIONS WITH

B~ 0.6 - ives () GH

B CAN WE DO THAT?



Live Data News Download Wiki Internal Q

Current date: 2019/09/28 21:54:02 GPS

Show Map Legend ’

View data of:| 2019/09/28 21:54:02 | with length | 60 | seconds ERYUCITAEIEETTRSEITT

or

View most recent data

| Subtract the mean of the data before plotting it

Show datasets to plot selector ’

Dima Budker and the GNOME

Page will update in: 0



6. DAMA/LIBRA ANNUAL MODULATION.
AN OVERVIEW

@ DAMA/LIBRA (DL) EXPERIMENT CLAIMS THE
OBSERVATION FOR AN ANNUAL MODULATION IN (1-6) KEV

RANGE AT 9.5 SIGMA;

@ THE MEASURED PERIOD (0.999 il

- 0.001) AND THE

PHASES (145 + 5) STRONGLY INDICATES THE DM ORIGIN

OF THE MODULATION;

@ HOWEVER THE ANNUAL MODULATION OBSERVED BY DL IS
EXCLUDED BY OTHER DIRECT DETECTION EXPERIMENTS IF
INTERPRETED IN TERMS OF THE WIMP-NUCLEI

INTERACTIONS
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SEVERAL NEW EXPERIMENTS MAY SOON RESOLVE THIS
CONTROVERSY RELATED TO DL OBSERVATIONS.

1. THE COSINE-100 COLLABORATION USES THE SAME
TARGET MEDIUM (SODIUM IODIDE) WHICH IS THE CRUCIAL
ELEMENT FOR THE OBSERVED DL ANNUAL MODULATIONS;

PRESENTLY THE COSINE-100 DATA IS CONSISTENT WITH
BOTH A NULL HYPOTHESIS AND DL (2-6) KEV BEST FIT
VALUE WITH 68% CONFIDENCE LEVEL;

THE ANAIS-112 COLLABORATION ALSO USES THE SAME
TARGET MEDIUM AS DL. THE GOAL IS TO REACH THE
SENSITIVITY AT 3 SIGMA LEVEL IN 5 YEARS.

MORAL: MORE DATA ARE NEEDED TO CONFIRM OR REBUT
THE DL MODULATION SIGNAL



Modulation Amplitude (counts/keV/kg/day)

0.06

0.04

0.02

-0.02

-0.04

COSINE 100.

COSINE-100, 1.7 yrs
¢ Single-hit
Multiple-hit
DAMA/LIBRA-Phase1
DAMA/LIBRA-Phase2

10 15 20
Energy (keVee)

PRL 123 (2019)031302
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7. DL ANNUAL MODULATION AND AQN MODEL

B THE GOAL HERE IS TO OFFER A RESOLUTION (WITHIN AQN
FRAMEWORK) OF THE DL CONTROVERSY.

¥ OUR BASIC CLAIM IS THAT THE ANNUAL MODULATION
OBSERVED BY DL HAS TRULY GENUINE DM ORIGIN, THOUGH
IT IS MANIFESTED INDIRECTLY THROUGH THE FOLLOWING

CHAIN:

AQN — (neutrinos) — (surrounding neutrons) — DL.

# IMPORTANT: WE SHALL NOT MODIFY ANY PARAMETERS FROM
OUR PREVIOUS STUDIES (EXCESS OF GALACTIC EMISSION,
PRIMORDIAL LITHIUM, SOLAR CORONA HEATING) TO FIT DL

® IN PARTICULAR, THE NEUTRINO SPECTRUM AND INTENSITY
EMITTED BY AQNS (WHICH EVENTUALLY DETERMINE (1 — 6) keV
ENERGY RECOIL) HAVE BEEN COMPUTED LONG AGO FOR
COMPLETELY DIFFERENT PURPOSES



AQN traversing the deep Earth interior.
The axion and neutrino emissions

thermalization
T ~ 100 keV

(I S

qq — CS Goldstones — (mw, K,n)

— Ve, Te ( E~ 15 MeV) Ll

ﬁ
Fermi Pressure

_
axion domain
wall pressure

=

bremsstrahlung
radiation with

E~T ~ 100 keV

Antimatter
color superconductor

will be quickly R~ 10"%cm, B ~ 10%
absorbed in deep axion emission
underground (Ve) = 0.6 c



WE USE THE SAME AQN FLUX WE USED FOR THE AXION
STUDIES:

(N) 0.4 (1024> PDM ( (vAQN) >

4xR2 ~ km2yr \ (B) / \ 0.3SY | \ 220km/s

THIS NORMALIZATION DETERMINES THE NEUTRINO FLUX
PRODUCED BY AQNS ON THE EARTH’S SURFACE

dN, e (AB) 1
dtdA {i (B) ) cm? -s

1

cm? - s

~ 10° - Kk,

IN THIS FORMULA (AB)/(B) ~ (10 — 30)% COUNTS THE
PORTION OF THE ANNIHILATED BARYON CHARGE IN THE
EARTH’S INTERIOR

e (1 — 10) IS THE NUMBER OF THE !¢ PRODUCED
DUE TO THE ANNIHILATION OF A SINGLE BARYON CHARGE
(THROUGH THE NAMBU~- GOLDSTONE MESON PRODUCTION)



B THE NEUTRINO SPECTRUM E,7 S 156MeV 1s BASICALLY

DETERMINED BY THE MASSES OF THE NAMBU-GOLDSTONE
BOSONS IN CS PHASE (COMPUTED LONG AGO):

My kn(CS) ~ 20 MeV to be contrasted with m, ~ 140 MeV

IT IS INSTRUCTIVE TO COMPARE THE AQN-INDUCED FLUX
WITH THE (SOLAR) FLUX IN THIS F,; S 156MeV ENERGY
BAND. THE LARGEST FLUX COMES FROM B WHICH IS ABOUT

®, ~5.10°%cm *s )

THE KEY POINT IS AS FOLLOWS: THE SUBDOMINANT AQN-
INDUCED Ve FLUX IS THE SUBJECT OF THE ANNUAL
MODULATION AS IT HAS INHERENT DM ORIGIN. IT CAN BE
DISCRIMINATED FROM THE SOLAR 8B-GENERATED Ve
FLUX .



THE AQN-INDUCED NEUTRINOS WILL LIBERATE THE
NEUTRONS FROM SURROUNDING ROCKS WITH THE RATE:

rAQN 1072 .

v L

neutron
Y |day -m3 |’

THE TYPICAL ENERGY DISTRIBUTION (WITH A SHARP
CUTOFF) OF THESE NEUTRONS WILL BE
%
Pn

B ~ 10% keV, W el
S e Dai=lip = Py

2
THE SHARP cUTOFF ~ 10° keV 1s DETERMINED BY THE Ve
ENERGY (WHICH ITSELF IS DETERMINED BY NG) ~ 15 MeV

WE EMPHASIZE AGAIN: ALL THESE SCALES HAVE NOT BEEN
“INVENTED” TO FIT THE RECOIL ENERGY OBSERVED BY DM
MODULATION SIGNAL AF ol =~ (1 — 6) keV



B WE ESTIMATE THE ENERGY TRANSFER AJ AS A RESULT OF
ELASTIC SCATTERING WHEN M9 >~ 23 M1 1S SODIUM MASS
FOR THE LIGHTEST Na NUCLEON FROM DL DETECTOR:

mimo

aE— O F
(m1 + mo)?

(1 — cosfcnm) ~ 8.6 keV (1 — cosbcnm) -

@ THE RECOIL ENERGY CANNOT EXCEED THIS VALUE, WHICH
IS AMAZINGLY CLOSE TO 6 KEV OBSERVED BY DL.

@ INTENSITY: THE DL OBSERVED MODULATION

, counts |
DI total modulation ~ 10
e QA +eh
® TO BE COMPARED WITH 3
neutrons L

AQN — induced modulation ~ &, —
day 10 m



THE PARAMETER [, IN THIS FORMULA DESCRIBES THE
EFFECTIVE VOLUME FROM SURROUNDING ROCKS WHEN THE
NEUTRONS MAY AFFECT THE DL DETECTOR’S COUNT.

IT IS VERY HARD NUCLEAR PHYSICS PROBLEM TO COMPUTE
THE [ (DUE TO THE RESONANCES). THE PARAMETER [
MUST BE MEASURED.

IN PARTICULAR, ALONG WITH COSINE-100 AND
ANAIS-112 COLLABORATIONS THE CYGNO PROPOSAL MAY
ALSO SUPPORT OR REBUT THE DL MODULATION SIGNAL.

THE CYGNO WILL BE LOCATED AT THE SAME SITE (LNGS)
AND WILL BE ABLE TO MEASURE THE DIRECTIONALITY,
WHICH IS THE KEY ELEMENT TO MEASURE THE NEUTRON’S
DIRECTIONS (FROM SOLAR 1/, ATMOSPHERIC [, oR AQN-
INDUCED UV — T).



CONCLUSION

@ " NON- BARYONIC DARK MATTER" COULD BE ORDINARY
BARYONIC MATTER (WE KNOW AND LOVE). WE COIN THIS
MODEL AS THE AXION QUARK NUGGET MODEL (AQN)

& Qgark ~ visible IS VERY GENERIC CONSEQUENCE
OF THIS FRAMEWORK (NO SENSITIVITY TO AXION MASS 11, ,
NOR TO THE MISALIGNMENT ANGLE O;pitial )-

THE AXIONS WILL BE INEVITABLY PRODUCED EACH TIME
WHEN THE ANNIHILATION EVENT HAPPENS. THE TYPICAL
AXIONS HAVE THE VELOCITIES v, ~ (.6c

@ SUDDEN ‘“LOCAL FLASHES” (BURSTS) MAY HAVE ENORMOUS
AMPLIFICATION UP TO 1() AND EVEN MORE (RARE EVENTS).



THE NOISE BACKGROUND MAY BE DRASTICALLY DECREASED IF
ONE USES THE SYNCHRONIZED NEARBY AXION DETECTORS AT
DISTANCE d ~ 10% km :

THE TIME DELAY TYPICALLY ASSUMES THE VALUE: At ~ 18 ;

THE LONG STANDING PUZZLE ON DL OBSERVATION OF THE
ANNUAL MODULATION (9.5 SIGMA CL) MAY FIND A NATURAL
RESOLUTION WITHIN THE SAME AQN FRAMEWORK;

ALL ENERGY SCALES WHICH ENTER THE PROBLEM HAVE NOT
BEEN “INVENTED” FOR EXPLANATION OF THE DL SIGNAL.
INSTEAD, ALL THE RELEVANT SCALES [LEADING E.G. TO THE
OBSERVED (1-6) KEV RECOIL ENERGY] HAVE BEEN
ESTABLISHED LONG AGO IN UNRELATED STUDIES FOR
DIFFERENT PURPOSES IN A DIFFERENT CONTEXT.
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From Dima Budker’s talk on DM- “the Elephant in the room”



Matter-antimatter Asymmetry Similar amount of matter and Energy

T

From Dima Budker’s talk with “More elephants...”



DARY ™ f NER 1H ¢ CELEPHAN

Vasiliki Demas

The main essence of my talk: different people (from different
fields conducting different experiments around the Globe),
in fact, observe and study different parts of a body of the

same elephant



Qdark ~ Qvisible €¢— —————— Dark Matter

“Baryogenesis” ¢« —— Solar corona
(charge separation) Mystery

Primordial €+——— ———— Dama- Libra long-
Lithium Puzzle standing Puzzle

AQN

We need to dlscover the aXIon, the golden key, '

-

| to unIock all these deeply connected mysterles




