Gravitationally trapped axions and
quark nugget dark matter model

N Sl W L o A ey _ E - = >
RN ¢ B o - .‘ Y . 0 Lods ’y AaERGaE et haenna s o 221 e LT K
. - 'y .
—

Ariel Zhitnitsky

University
of British Columbia
Vancouver, Canada

| 5-th AxionWIMP conference (PATRAS workshop)
Freiburg June 3-7.2019



This talk is based on two recent papers:

1.1805.05184 "New mechanism producing axions
and how CAST can discover

them, " (collaboration with particle physics
experimentalists, i1ncluding 3 members from
the organizing committee: H.Fischer,
Y.Semertzidis, K.Zioutas)

2.1905.00022 “Gravitationally trapped axions
on Earth” (collaboration with astro people)



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 S50O-YEARS OLD MYSTERY: BARYOGENESIS
(SAKHAROV, 1967)

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

® 4. YET ANOTHER OLD MYSTERY: PRIMORDIAL LITHIUM
PUZZLE (PROBLEM STAYS WITH US FOR AT LEAST TWO
DECADES)

® 5. MANY OTHERS...



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” =—— ¢“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 misa[ignment mechanism

RN
Hadron | =" Tom ™ T and DW afecay
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



IF CP VIOLATING AXION FIELD H(t) 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 { 7& () DURING THE FORMATION TIME
IMPLIES THAT THE DIFFERENCE BETWEEN TOTAL BARYON CHARGE
HIDDEN IN FORM OF NUGGETS AND ANTI NUGGETS IS ORDER OF ONE:

1_|_C Bnu ets H
TR (Qisible, €= ’ gsets - fa>—I

‘Bantinuggets ‘
BARYON CHARGE OF THE VISIBLE MATTER CAN BE EXPRESSED IN
TERMS OF THIS PARAMETER C(T) ~ 1. IT 1S ASSUMED THAT INFLATION
OCCURS AFTER PQ WHEN THE SAME (Jj OCCUPIES ENTIRE VISIBLE
UNIVERSE IN WHICH CASE C(T) ~ ] 1S THE SAME IN THE UNIVERSE.

Qdark £he

IT IS VERY GENERIC AND MODEL-INDEPENDENT RESULT OF THE
ENTIRE PROPOSAL WHICH HOLDS FOR ANY AXION MASs 7I'l; AND ANY
MISALIGNMENT ANGLE 6’0 . IT IS THE DIRECT CONSEQUENCE OF THE
THERMODYNAMICS (NO ANY FITTINGS INVOLVED!)

(gark = visible €—————( as observed




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

THE RELATION $2dark ~ (2visible IS A VERY GENERIC AND
UNIVERSAL OUTCOME OF THIS AQN FRAMEWORK. THE
CLAIM DOES NOT DEPEND ON THE AXION MAss 77l4 NOR
MISALIGNMENT ANGLE .

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 AQN FRAMEWORK: 1. THE CP SYMMETRY IS BROKEN

DUE TO THE DYNAMICS OF THE AXION FIELD Q(t)DURlNG

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 0(t 1



MATTER IN THE UNIVERSE

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

Qgark ~ Qisible
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 0,

e 0

...:. 5 O

. 00 o ° '
One part: Two parts:
visible matter matter nuggets

O

Three parts:
anti-matter nuggets



RECENT ACTIVITIES ON THE AQN FRAMEWORK:

# SOLAR CORONA HEATING- PRD 2018 (ARXIV 1805.01897)
IN COLLABORATION WITH ASTRO-PEOPLE

® PRIMORDIAL LITHIUM PuzzLE- PRD 2019 (1811.01965)
IN COLLABORATION WITH NUCLEAR PHYSICS PEOPLE

® NEW MECHANISM PRODUCING AXIONS- PRD 2018 (ARXIV
1805.05184), IN COLLABORATION WITH PARTICLE PHYSICS
EXPERIMENTALISTS (SITTING IN THIS ROOM)

® GRAVITATIONALLY TRAPPED AXIONS ON EARTH (ARXIV
1905.00022) IN COLLABORATION WITH ASTRO-PEOPLE



4. IMPLICATION FOR THE SOLAR AXION SEARCH
EXPERIMENTS.

THIS MODEL HAS A SINGLE FUNDAMENTAL PARAMETER, A
MEAN BARYON NUMBER OF A NUGGET (B) ~ 10

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

THIS PARAMETER (B) ~ 10> CORRESPONDS TO THE AXION
MASS Mg, ~ 107* eV . THESE TWO PARAMETERS ARE
DIRECTLY RELATED BECAUSE O ~ m ! DETERMINES THE
SIZE OF THE NUGGETS [form ~ 10~

OUR COMMENT HERE IS THAT m, ~ 107* ¢V 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 GET DISINTEGRATED,
FOR EXAMPLE IN THE SUN, OR THE EARTH’S INTERIOR

@ 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

1 1 o7 €Ig
s s Lolianigig F 100 = i ) o2 (0L 61RE

THE CORRESPONDING AXION FLUX (FROM SOLAR CORONA)
MEASURED ON EARTH IS (EXPRESSED IN TERMS OF THE
OBSERVED EUV RADIATION FROM CORONA)

i, LA S8 SRR Y
Am(Eq.) D3 cm? s Ma 2 :

® IT SHOULD BE COMPARED WITH CONVENTIONAL PRIMAKOFF
2
£10

®, (Primakoff) ~ 3.75-10*! >
cm? s

ioigi=tea 107 GeV T, (E) =id 2l is




S. IMPLICATION FOR THE GRAVITATIONALLY
TRAPPED AXIONS ON EARTH.

ANNIHILATION OF AQNS IN THE EARTH’S INTERIOR
INEVITABLY PRODUCE AXIONS WHICH CAN BE OBSERVED ON
THE EARTH’S SURFACE.

SOME OF THE EMITTED AXIONS WILL HAVE THE VELOCITIES
BELOW THE ESCAPE VELOCITY (11KM/S).

THE PROBABILITY OF EMISSION OF THESE LOW ENERGY
AXIONS IS TINY. HOWEVER, THEY WILL BE ACCUMULATED
DURING 4.5 BILLION OF YEARS. SO, THE DENSITY OF
THESE AXIONS COULD BE, IN PRINCIPLE, OBSERVED.

WE USE NUMERICAL MONTE CARLO SIMULATIONS TO THE
STUDY THE GRAVITATIONALLY TRAPPED AXIONS ON EARTH



® THE MAIN RESULT OF THESE SIMULATIONS IS THE ESTIMATE
FOR THE AXION DENSITY AS A FUNCTION OF DISTANCE FROM
THE EARTH’S CENTRE (INCLUDING i R@ )

A
/

\
0.8 A

ot (Vo (Rg)) ~ 8 k_m

cm? S

B THIS ESTIMATE IS VERY RIGID AND PREDICTIVE AS THERE IS
NO MUCH FREEDOM TO MODIFY THE ESTIMATE WITHIN AQN
FRAMEWORK (NO ANY DEPENDENCE ON 771, , OR SIZE
DISTRIBUTION FOR AQNS, OR EARTH INTERIOR MODELLING)

pa(Ra) ~ 10



® THE CRUCIAL CONTRAST WITH CONVENTIONAL GALACTIC
AXIONS IS DRASTICALLY DIFFERENT SPECTRAL FEATURES
WHEN (v,) ~ 8 km/s INSTEAD OF GALACTIC (v,) ~ 220 km/s
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0.100 ~
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F(va) [(km/s)™!]

0.050 ~

0.025 ~

0.000 -

0.5 2.5 4.5 6.5 8.5 10.5
Va(Re) [km/s]



@ THE KEY FEATURE OF THE SYSTEM IS HUGE THE DE-
BROGLIE WAVELENGTH DUE TO SMALL ESCAPE VELOCITY

Ao h
= :50m(

ot O

Mg )—1 N
10—%eV 11 km/s

@ THIS KEY FEATURE OF GRAVITATIONALLY-TRAPPED AXIONS
MAY BE A DECISIVE ELEMENT THAT MAY DRASTICALLY
INCREASE THE DISCOVERY POTENTIAL FOR THESE AXIONS
AS A RESULT OF COLLECTING THE SIGNAL FOR A MUCH
LONGER PERIOD OF TIME WITHOUT LOSING THE COHERENT
FEATURES OF THE AXION WAVE.

@ IN PARTICULAR, WE WANT TO MENTION FEW IDEAS ON
COMBINATION OF CAVITIES WHICH MAY DRASTICALLY
ENHANCE THE SIGNAL DUE TO COHERENCE:

1. COUPLED CAVITY ARRAYS (Toﬁar et af, 170307207

2. MULTIPLE CELL CAVITY (Semertzic[is et af, 1710.0690609)
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ORGAN, MADMAX, ORPHEUS, Plasma Haloscope (and other
instruments) are capable to search axions with mass m, ~ 10~ teV
corresponding to AQNs with (B) ~ 10



CONCLUSION

® " 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)

Qolark ey Qvisible IS VERY GENERIC CONSEQUENCE
OF THIS FRAMEWORK (NO SENSITIVITY TO AXION MASS 17}, »
NOR TO THE MISALIGNMENT ANGLE (iitiq )- IT IS THE
DIRECT CONSEQUENCE OF THE FRAMEWORK WHEN THE DARK
MATTER AND VISIBLE COMPONENTS ARE PROPORTIONAL TO
ONE AND THE SAME FUNDAMENTAL Agcp SCALE.

THIS MODEL OFFERS A SIMULTANEOUS RESOLUTION OF A
NUMBER (NAIVELY UNRELATED) OLD MYSTERIES: DM,

BARYOGENESIS, SOLAR CORONA MYSTERY, PRIMORDIAL
LITHIUM TO NAME JUST A FEW



THE AXIONS WILL BE INEVITABLY PRODUCED EACH TIME
WHEN THE ANNIHILATION EVENT HAPPENS BECAUSE THE
AXION FIELD PLAYS A KEY ROLE IN CONSTRUCTION OF THE
AQNS (PLAYS ROLE OF A SQUEEZER). THE TYPICAL
AXIONS HAVE THE VELOCITIES Vg == 0.0 ¢

HOWEVER, A TINY PORTION OF THE NON-RELATIVISTIC
AXIONS CAN BE TRAPPED BY THE EARTH GRAVITY. THESE
AXIONS WILL BE ACCUMULATED DURING 4.5 BILLION
YEARS.

THEIR DISCOVERY WILL BE DIRECT MANIFESTATION OF
THE AQN FRAMEWORK (IN CONTRAST WITH INDIRECT
OBSERVATIONS SUCH AS BARYOGENESIS, LITHIUM
PUZZLE, SOLAR CORONA MYSTERY, DIFFUSE X-RAYS,
GALACTIC 511 KEV, ETC)




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

“Baryogenesis” o«

. —— Solar corona
(charge separation)

Mystery

Primordial €«——
Lithium Puzzle

AQN

! We need to discover |
i the axion to unlock |
. all these mysteries |




EXTRA MATERIAL: AQN FORMATION ON A
COSMOLOGICAL SCALE

® |F CP VIOLATING AXION FIELD {(¢t) WERE ZERO AT THE

MOMENT OF FORMATION THAN AN EQUAL NUMBER OF
NUGGETS AND ANTI-NUGGETS WOULD FORM.

v, # ) DURING THE FORMATION TIME IMPLIES THAT THE
DIFFERENCE BETWEEN TOTAL BARYON CHARGE HIDDEN IN
FORM OF NUGGETS AND ANTI NUGGETS IS ORDER OF ONE:

1 +c ‘Bnu ets’
Q isibl Gk = =5 .
1l —c i e ‘Bantinuggets’

Qdark =

BARYON CHARGE OF THE VISIBLE MATTER IS EXPRESSED IN
TERMS OF THIS PARAMETER ¢(71) ~1 AS THE TOTAL BARYON
CHARGE IS ZERO:

Btot TF Bbaryons ./ Bantibaryons S Bnuggets s Bantinuggets =0



@ THIS RELATION LEADS TO THE BASIC CONSEQUENCE OF
THE PROPOSAL

Qdark = Qvisible fhamcg AQCD

@ THIS IS BECAUSE BOTH COMPONENTS OF MATTER ARE
PROPORTIONAL TO ONE AND THE SAME SCALE. THERE IS
NO ANY FINE TUNING IN THIS FRAMEWORK

@ IT IS ASSUMED THAT INFLATION OCCURS AFTER PQ WHEN
THE SAME 90 OCCUPIES ENTIRE VISIBLE UNIVERSE IN

WHICH casg € <1 IS THE SAME IN THE UNIVERSE.
Hiy
fa > %
® FOR €1t 2/3 — Qdark 25 Qvisible THE

NUGGETS SATURATE THE PRESENT DM DENSITY



® REFS. ON THE AQN FORMATION MECHANISM AND
SURVIVAL PATTERN DURING THE EVOLUTION:

@ EVOLUTION OF A SINGLE NUGGET- PRD 2016 (ARXIV
1606.00435)

® COSMOLOGICAL CP oDD AXION FIELD AND CHARGE
SEPARATION (BARYOGENESIS) MECHANISM - PRD 2017
(1702.04354)

@ RELATION BETWEEN PQ AND INFLATIONARY SCALES;
RELATION BETWEEN AQNS AND CONVENTIONAL AXION
CONTRIBUTIONS TO DM~ PRD 2018 (ARXIV 1711.06271)

B AQN: SIZE DISTRIBUTION AND SURVIVAL PATTERN, (ARXIV
1903.05090)



