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1. TwO (NAIVELY UNRELATED) PROBLEMS:
DARK MATTER AND BARYOGENESIS.

1.“NAIVE” MORAL: DARK MATTER REQUIRES NEW (UNKNOWN) FIELDS

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” m— ‘N EW
PHASES” (DENSE COLOUR SUPERCONDUCTOR) OF ‘“OLD FIELDS”

INSTEAD OF “BARYOGENESIS” m——— ‘“SEPARATION OF CHARGES”
OF CONVENTIONAL FIELDS (QUARKS AND GLUONS) AT 7£ 0

SOME ELEMENTS OF THIS IDEA HAVE BEEN TESTED AT RHIC AND THE
LHC (THOROUGH THE SO CALLED CHIRAL MAGNETIC EFFECT AND

CHARGE SEPARATION EFFECT, (’Kﬁarzee\/ ano{ﬂz, 2007), SEE A PLENARY

TALK BY DIMA AND A NUMBER OF PARALLEL TALKS ON THE SUBJECT
DURING THIS MEETING.



WE PROPOSE THAT ON THE GLOBAL LEVEL THE UNIVERSE IS
SYMMETRIC. THE SEPARATION OF BARYON CHARGES IS ORIGINATED
AT THE QCD SCALE AS A RESULT OF THE AXION DOMAIN WALL
DYNAMICS, SEE DETAILS BELOW

SOME CHARGES ARE LOCKED IN FORM OF LARGE DENSE QUARK
MATTER NUGGETS (AND ANTI-NUGGETS).

THE NUGGETS REMAIN STABLE OVER COSMOLOGICAL TIMESCALES AND
SERVE AS DM (SIMILAR TO THE WITTEN’S STRANGELETS BUT WITH
EXTRA PRESSURE DUE TO THE N=1 AXION DOMAIN WALLS).

WE TAKE THE ADVANTAGE OF STRONG CP VIOLATION RESULTING
FRoM 0 # (0 BEFORE THE QCD PHASE TRANSITION. IT PRODUCES
THE NUGGET-ANTI NUGGET CORRELATED ASYMMETRY IN UNIVERSE.

THIS PREDICTS THAT THE VISIBLE (BARYONIC) AND DARK MATTER
DENSITIES (QUARK NUGGETS) ARE THE SAME ORDER OF MAGNITUDE

TODAY IN THE UNIVERSE: Qdark ~ Qvisible (et AQCD



INSTEAD OF CONVENTIONAL LOCAL FIELDS (SUCH As WIMPs) THE DM
IN OUR FRAMEWORK IS A MACROSCOPICAL COMPOSITE OBJECT WITH A
TYPICAL NUCLEAR DENSITY, SIMILAR TO WITTEN’S STRANGELETS.

IF THE NUGGETS ARE SUFFICIENTLY LARGE IN SIZE (THEREFORE THEY
ARE VERY MASSIVE) THE OBSERVATIONAL CONSEQUENCES DUE TO
THESE OBJECTS WILL BE SUPPRESSED BY SMALL NUMBER DENSITY

typical example : n ~ (fm)°, B ~ 10*°, R~ 10"°cm, M ~ 10g,
A SMALL GEOMETRICAL FACTOR REPLACES A WEAK COUPLING
CONSTANT (TYPICAL FOR WIMPS) FOR SUFFICIENTLY LARGE NUGGETS

e~S/V~B3 <<
A FUNDAMENTAL MEASURE IS THE BARYON TO ENTROPY RATIO IS
DETERMINED BY FORMATION TEMPERATURE Tform AT WHICH THE
NUGGETS AND ANTI-NUGGETS HAVE COMPLETED THEIR FORMATION.

THIS TEMPERATURE IS BASICALLY HAS THE QCD SCALE Tform ~ 41 MeV

CLOSE TO THE GAP A ~ 100 MeV AND CRITICALT~g ~ (0.6A ~ 60 MeV
WHEN COLOUR SUPERCONDUCTOR PHASE SETS IN INSIDE THE

NUGGETS i
np —Np npB —10
ool = i)
T Ty

Tiorm = 41 MeV Ui



MATTER IN THE UNIVERSE

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

Btot = 0= Bnugget =+ Bvisible —

Bantinugget

BDM — Bnugget + Bantinugget ~ 93 Bvisz’ble

The ratio Bnugget/Bantinaget = 2/3 at
the end of formation is determined by the
axion CP violating parameter 0 ~ 1

One part:
visible matter

Iwo parts:
matter nuggets

O

Three parts:
anti-matter nuggets



2. OBSERVATIONAL COSMOLOGICAL PUZZLES

(NAIVELY UNRELATED STORY)

# SEVERAL INDEPENDENT OBSERVATIONS OF THE GALACTIC CORE
SUGGEST UNEXPLAINED SOURCES OF ENERGY:

@ THE MOST KNOWN CASE IS THE 511 KEV LINE (INTEGRAL)
WHICH HAS PROVEN VERY DIFFICULT TO EXPLAIN WITH
CONVENTIONAL ASTROPHYSICAL POSITRON SOURCES.

® A SIMILAR, BUT LESS KNOWN MYSTERY IS THE EXCESS OF
GAMMA-RAY PHOTONS DETECTED BY COMPTEL ACROSS A
BROAD ENERGY RANGE 1-20 MEV. SUCH PHOTONS HAVE BEEN
FOUND TO BE VERY DIFFICULT TO PRODUCE VIA KNOWN
ASTROPHYSICAL SOURCES




® DETECTION BY THE CHANDRA SATELLITE OF DIFFUSE X-RAY
EMISSION FROM ACROSS THE GALACTIC BULGE PROVIDES A
PUZZLING PICTURE: AFTER SUBTRACTING KNOWN X-RAY
SOURCES ONE FINDS A RESIDUAL DIFFUSE THERMAL X-RAY
EMISSION CONSISTENT WITH VERY HOT PLASMA (T= 10 KEV).
SOURCE OF ENERGY FUELLING THIS PLASMA IS A MYSTERY.

% RECENT MEASUREMENTS BY THE ARCADE2 EXPERIMENT
UNAMBIGUOUSLY SHOW AN EXCESS IN THE ISOTROPIC RADIO
BACKGROUND AT FREQUENCIES AROUND THE GHZ SCALE.

# ORIGIN OF THESE EXCESSES REMAINS A MYSTERY AS ALL
CONVENTIONAL SOURCES FOR THESE DIFFUSE EMISSIONS
ARE NOT CAPABLE TO DESCRIBE THE OBSERVATIONS.



RELEVANT LITERATURE

(EXCESSES OF RADIATION AT DIFFERENT FREQUENCY BANDS AS A
RESULT OF ANNIHILATION OF THE DM NUGGETS WITH VISIBLE MATTER)

® DM-BARYOGENESIS JCAP 2003; PRD. 2005; PRD.2006

® 511 KEV LINE (INTEGRAL)

® 1-20 MEV EXCEss (COMPTEL)

#® X-RAY EMISSION (CHANDRA)

B 23 <W<61 GHzZ (RADIO DIFFUSE)

® w~ 1 GHz (ARCADE 2)

® W~ 1GHzZ (NEARBY GALAXIES)

# MINI-REVIEW PREPARED FOR
SNOWMASS E-PROCEEDINGS

PRL. 2005

JCAP 2008; PRD. 2010

JCAP 2008

PRD. 2008

PHYS. LETT. B 2013

PHYS. LETT. B 2016

arxiv:1305.6318



Antiquark nugget structure. Source of emission

511 keV

X rays ~10 keV

(finite fraction)

Y~ 100 MeV - | GeV
(rare events)
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3. EXCESS OF DIFFUSE GAMMA~-RAYS IN
1-20 MEV BAND. OBSERVATIONS.

® THE FLUX OF GAMMA RAYS IN THE 1-20~ MEV RANGE MEASURED BY
COMPTEL REPRESENTS A MYSTERY.

® THE MODELS (OF COSMIC RAYS) FOR DIFFUSE GALACTIC GAMMA RAYS
FIT THE OBSERVED SPECTRUM WELL FOR A VERY BROAD RANGE OF
ENERGIES, 20 MEV- 10 GEV. THE MODELS TYPICALLY ALSO GIVE A
GOOD REPRESENTATION OF THE LATITUDE AND THE LONGITUDINAL
DISTRIBUTIONS. HOWEVER, THE MODELS FAIL TO EXPLAIN THE
EXCESS IN THE 1-20 MEV RANGE OBSERVED BY COMPTEL.

# SOME ADDITIONAL GAMMA RAY SOURCES ARE REQUIRED TO EXPLAIN
THIS EXCESS IN THE 1-20 MEV RANGE (STRONG ET AL, 2004).
THESE DATA SUGGEST THE EXISTENCE OF AN ENERGY SOURCE
BEYOND CURRENTLY ESTABLISHED ASTROPHYSICAL PHENOMENON.

# THE OBSERVED SPECTRUM IS EXTREMELY DIFFICULT TO EXPLAIN BY
KNOWN ASTROPHYSICAL MECHANISMS.



EXCESS OF DIFFUSE GAMMA~-RAYS IN

1-20 MEV BAND. COMPUTATIONS
(EXAMPLE OF A TYPICAL COMPUTATION IN THIS MODEL)

# NON-RESONANCE DIRECT ANNIHILATION WOULD PRODUCE A BROAD
SPECTRUM AT 1~20 MEV WHICH WE IDENTIFY WITH THE EXCESS
OBSERVED BY COMPTEL. THIS CONTINUUM EMISSION MUST ALWAYS
ACCOMPANY THE 511 KEV LINE AND THE TWO MUST BE SPATIALLY

CORRELATED (PREDICTION).

®@ THE RELATIVE RATIO OF 1-20~ MEV PHOTONS AND 511 KEV LINE IS
VERY SENSITIVE TO THE PROFILE FUNCTION OF ELECTRO-SPHERE. IT
WAS COMPUTED USING THE THOMAS-FERMI APPROXIMATION. THERE

ARE NO FREE PARAMETERS IN COMPUTATIONS.

# NO NEW PARAMETERS ARE REQUIRED TO EXPLAIN THE EXCESS IN THE
1-20~ MEV RANGE -- THE NORMALIZATION AND SPECTRUM ARE FIXED

BY 511 KEV FLUX AND KNOWN QED AND QCD PHYSICS.
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4.

LESSONS: GALACTIC EXCESS EMISSIONS

“NON- BARYONIC DARK MATTER” COULD BE ORDINARY
BARYONIC MATTER WHICH IS NOT IN THE ‘‘NORMAL
HADRONIC PHASE”, BUT RATHER, IN THE ‘“EXOTIC” COLOUR
SUPERCONDUCTING PHASE.

IN THIS PHASE THE BARYON CHARGE IS NOT AVAILABLE
FOR BBNUCLEOSYNTHESIS

A SMALL GEOMETRICAL FACTOR ¢~ S/V~B Y3 <<1REPLACES A
WEAK COUPLING CONST.

CONVENTIONAL KILLING PROBLEM (FOR OTHER MODELS) OF
INSUFFICIENT CP VIOLATION IS AUTOMATICALLY RESOLVED
HERE: CP VIOLATION IS LARGE AND CORRELATED AT THE
QCD PHASE TRANSITION AT THE UNIVERSE SCALE; IT IS
DIMINISHED BY NOW AS A RESULT OF THE AXION DYNAMICS.
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CONCLUSION: ground based detection prospects:

|. Radio emission of anti-quark nuggets with B = 10%* — 102®
can be studied by balloon -borne instruments such as ANITA.
2.Analysis of existing ANITA-2 data for these event signatures has
begun, and results may be expected within the next few years.



5.FOIT?1VIATION MECHANISM, ARXIV 1606.00435
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~ 170MeV
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(Phase Unknown)

® POSSIBLE COOLING PATHS ARE DENOTED AS 1, 2, 3. THE PHASE
DIAGRAM AT 0 # 0 IS STILL UNKNOWN. FORMATION
TEMPERATURE (BELOW THE CS PHASE TRANSITION) T{orm >~ 41 MeV

CORRESPONDS TO THE OBSERVED VALUE ) — "B =B "B

Ty Ty

® NUGGETS COMPLETE THE FORMATION AT Ti,,n =~ 41 MeV .



® 1 INGREDIENT: THE PRESENCE OF THE AXION DOMAIN WALLS
N=1 WHEN (J INTERPOLATES BETWEEN ONE AND THE SAME
vAcuuM sTATE:  — @ + 277. THE AXION DOMAIN WALLS
IN GENERAL, DEMONSTRATE A SANDWICH-LIKE
SUBSTRUCTURE ON THE QCD SCALE AééD

® 2 INGREDIENT: THERE IS ANOTHER SUBSTRUCTURE WITH A
SIMILAR QCD SCALE WHICH CARRIES THE BARYON CHARGE.
LOCAL SPONTANEOUS SYMMETRY BREAKING EFFECT. IT
OCCURS ON THE CORRELATION LENGTH &~ m '

® 3 INGREDIENT: KIBBLE-ZUREK MECHANISM WHICH GIVES A
GENERIC PICTURE OF FORMATION OF THE TOPOLOGICAL
DEFECTS DURING A PHASE TRANSITION. AFTER SOME TIME THE
SYSTEM IS DOMINATED BY A SINGLE, PERCOLATED, HIGHLY
FOLDED AND CRUMPLED DOMAIN WALL OF VERY
COMPLICATED TOPOLOGY. IN ADDITION, THERE WILL BE A
FINITE PORTION OF THE CLOSED WALLS (BUBBLES) WITH

—
TYPICAL SIZE OF ORDER CORRELATION LENGTH f Esaip



® 4. INGREDIENT: THERE EXISTENCE OF CS PHASE IN QCD.
THE FORCE WHICH SQUEEZES QUARKS IN NEUTRON STARS
IS GRAVITY; THE FORCE WHICH DOES AN ANALOGOUS JOB
IN EARLY UNIVERSE DURING THE QCD PHASE
TRANSITION IS A VIOLENT COLLAPSE OF A CLOSED AXION
DOMAIN WALL BUBBLE OF siz R ~ &(T)

® THE BUBBLES DO NOT COMPLETELY COLLAPSE (AS
PEOPLE ORIGINALLY THOUGHT). THE COLLAPSE STOPS
DUE TO INTERNAL FERMI PRESSURE.

B 5.IF 6’ VANISHES, THEN EQUAL NUMBER OF NUGGETS
AND ANTI-NUGGETS WOULD FORM. HOWEVER, THE AXION
FIELD (({) DOES NOT VANISH AT THE MOMENT OF DW
FORMATION. PRECISELY THE DYNAMICS OF THE
COHERENT AXION FIELD 6(f) LEADS TO PREFERENCES IN
FORMATION OF ONE SPECIES OF NUGGETS. THIS IS THE
CHARGE SEPARATION EFFECT ON THE UNIVERSE SCALE.




6. ACCRETION OF THE BARYON CHARGE ON A
SINGLE NUGGET.

® WE ASSUME THAT INITIAL SIZE OF THE BUBBLE R ~ &(T) 1s
SUFFICIENTLY LARGE SUCH THAT ONE CAN LOCALLY TREAT
THE SURFACE OF THE CLOSED BUBBLE BEING FLAT, I.E. THE
PROBLEM IS EFFECTIVELY REDUCED TO 2D SYSTEM.

B . T (Z 9 — melP(—o()s _ WO) bl

® WHERE (9(2) IS AXION DW PROFILE, ¢(Z) is n/FlELD.
p 002+ 01)
Y )

U(Hl, (92) — —INmy [COS(Q\/%&H S ¢ G 9)} — My [COS(Q\/%HQ F ¢ = (9)} :

1 1
ot — 5(&“91)2 T 5(6M92)2 —U(601,02) 4

® (), 0 DESCRIBE THE ORIGINAL [/ FERMI FIELD (2 SPIN
STATES) IN EFFECTIVE 2D SYSTEM IN DW BACKGROUND.



® THE KEY POINT IS THAT SOME DW MAY CARRY THE BARYON
(ANTI-BARYON) CHARGE, DEPENDING ON THE BOUNDARY
CONDITIONS

2701 (2 = +00) — 24/m01 (2 = —00) = 27Ny
2/l (z = +00) — 2+/7l5(2

® THE BARYON CHARGE IN GENERAL ASSUMES A NONZERO
VALUE, DEPENDING ON BOUNDARY CONDITIONS

—00) = 27ng

i LRI 0
Ve — /dSZC\IJ”YO\IJ = _ﬁ dZ&(el A 92) & _(nl i n2)7

® THE EFFECT IS SIMILAR TO FRACTIONAL CHARGE
LOCALIZATION ON DW. IT CAN BE THOUGHT AS SPONTANEOUS
CHARGE SEPARATION EFFECT DURING DW FORMATION

#® KEY POINT: PERIODIC FIELDS (917 (92, ¢, (9 MAY ASSUME
PHYSICALLY IDENTICAL, BUT DISTINCT VACUUM VALUES
DURING THE QCD PHASE TRANSITION.



5=

7 .FORMATION OF THE NUGGETS

THE EQUATION OF MOTION WHICH DETERMINES THE TIME
EVOLUTION OF THE NUGGET R(t) IS

M o
R(t) R(t)

0 -DW PRESSURE, 7)(T) -vISCOsSITY (WHICH EFFECTIVELY
DESCRIBES THE “FRICTION’’ OF THE SYSTEM), WHILE IN

AND ouT PRESSURES ARE AP[u(t)] = [Pn(p) — Pout(1)]

R(t)
R(t)’

(1) — FAP () — 4n

WE ALSO NEED A RELATION BETWEEN R(t) AND
CHEMICAL POTENTIAL Iu(t) DURING THE EVOLUTION

: 2 e—p(t)
s [Tk Z0MD | el |
eXp( ) ik [GXP(T) —+ ].:|
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behaviour of the radius with time R(t%)
------- behaviour of the chemical potential u(t)



® THESE NUMERICAL RESULTS CAN BE UNDERSTOOD
ANALYTICALLY

® THE SYSTEM MAKES A VERY LARGE NUMBER OF
OSCILLATIONS BEFORE IT SETTLES DOWN AT R, m

R(t) = Riorm + (Rg — Rform)e_t/T cos wi

® TYPICAL FREQUENCY AND DAMPING TIME FOR THE
OBSERVATIONALLY ALLOWED WINDOW FOR THE AXION

MASS 10 °eV <m, <10 %eV

Y

1 o
—1 11 =,
CU A Y ma7 tOSC 2 ma ) 7- O _Rform Y ].O w
Rform 277

® CHEMICAL POTENTIAL /,L(t)ASSUMES A TYPICAL VALUE
FOR COLOUR SUPERCONDUCTING PHASE



8. NUGGETS VS ANTI-NUGGETS. CORRELATED
FORMATION ON A COSMOLOGICAL SCALE

® 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.

® ( +# (0 DURING THE FORMATION TIME IMPLIES THAT THE
DIFFERENCE BETWEEN TOTAL BARYON CHARGE HIDDEN IN
FORM OF NUGGETS AND ANTI NUGGETS IS ORDER OF ONE:

Bantinuggets i C(T) ' Bnuggetsv where ’C(T)‘ o 1L

® BARYON CHARGE OF THE VISIBLE MATTER CAN BE
EXPRESSED IN TERMS OF THIS PARAMETER ¢(7) ~ 1

1
Bvisible = (Bbaryons i Bantibaryons) e | [1 il C(T)] Bnuggets 311 [1 a5 C(T)] Bantinuggets-



® THIS RELATION LEADS TO THE BASIC CONSEQUENCE OF
THE PROPOSAL

1+ |e(T)
114 ¢(T)
@ THIS IS BECAUSE BOTH COMPONENTS OF MATTER ARE

PROPORTIONAL TO THE SAME SCALE. THERE IS NO ANY
FINE TUNING IN THIS FRAMEWORK

Qdalrk o= . QVisible at I’ S Tform-

Qda,rk = QVisible i AQCD

@ IT IS VERY GENERIC AND MODEL-INDEPENDENT RESULT
OF THE ENTIRE FRAMEWORK.

® FOR C(Tform) ~ —1.9 = Qdark ~ 5. Qvisible THE
NUGGETS SATURATE THE PRESENT DM DENSITY



O. 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) ~ 10°° CORRESPONDS TO THE AXION
MAss m, ~ 107% eV . THESE Two PARAMETERS ARE
DIRECTLY RELATED BECAUSE O ~ 171, DETERMINES THE
SIZE OF THE NUGGETS {%form

=4
OUR COMMENT HERE IS THAT Mg ~ 10 eV CONTRIBUTES
VERY LITTLE TO Q(DM axion) BUT MAY CONTRIBUTE A
LOT THROUGH THE NUGGET’S FORMATION (THIS PROPOSAL)



10-10 é_ ] | Solar _;

.> B i
o 101 E
) - -
— - Cavity Experiments Expected sensitivity -
% 10712 3 e of proposed technique =
2 5 A B G e
2 513 b —
g 1 O — // ]
o : L :
O i // |
O 107* £ 7 _— E
c ; \45\J a’(x—e( §
2 CADMX S ;
< 10 = E
10_16 I ! Lo ! ! Lo ! ! N

107° 1074 1073
Axion Mass mp (eV)
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~ 16V corresponding to (B) ~ ~ 10%°



CONCLUSION
(see arxiv 1606.00435 for the cfemi&)

" NON- BARYONIC DARK MATTER" COULD BE ORDINARY
BARYONIC MATTER WHICH IS IN THE EXOTIC COLOUR
SUPERCONDUCTING PHASE.

Qgark = visible ~ AQCD 1S VERY GENERIC (MODEL
INDEPENDENT) CONSEQUENCE OF THIS FRAMEWORK

LOCAL SEPARATION OF THE BARYON CHARGE

(SPONTANEOUS) OCCURS AT SCALES §(T) ~ mgl

GLOBAL SEPARATION OF THE BARYON CHARGE OCCURS ON
THE SCALE OF THE VISIBLE UNIVERSE DUE TO THE CP
VIOLATING COHERENT DYNAMICS OF THE AXION FIELD e(t)
DURING THE N=1 DOMAIN WALL FORMATION.
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The exclusion bounds on dark matter-neutron scattering released
today, July 21, 2016, by the LUX collaboration. Image credit: LUX
collaboration, retrieved from A. Manalaysay’s talk.

Latest results from LUX (ho WIMPs).
It is a time to change the PARADIGM: from WIMPs to AXION and QUARK NUGGETS



