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1. MOTIVATION. STRUCTURE OF THE TALK.
THE MAIN GOAL OF THIS TALK IS TO ARGUE THAT QCD,
BEING A GAPPED SYSTEM, NEVERTHELESS EXHIBITS THE
TOPOLOGICAL LONG RANGE ORDER, HIGHLY SENSITIVE TO A
TIME-DEPENDENT AND CURVED BACKGROUND.

FURTHERMORE, THERE IS A NOVEL TYPE OF ENERGY (SEE
DEFINITION BELOW). THIS ENERGY HAS ‘“NON-DISPERSIVE”
NATURE, AND CAN NOT BE EXPRESSED IN TERMS OF
CONVENTIONAL PROPAGATING DEGREES OF FREEDOM AND
GREEN’S FUNCTION (CONTRAST WITH A SCALAR FIELD).

ALL THESE NOVEL EFFECTS ARE DUE TO THE NONTRIVIAL
TOPOLOGICAL SECTORS IN THE GAUGE SYSTEM (NO ANALOGY
WITH A SCALAR PARTICLE IN A CURVED BACKGROUND).

THE EFFECT IS NON-LOCAL, AND CAN NOT BE EXPRESSED IN
TERMS OF LOCAL CURVATURE. IT IS EXPRESSED IN TERMS
OF A NON-LOCAL CHARACTERISTIC, THE HOLONOMY.
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2. TOPOLOGICAL SUSCEPTIBILITY

% A CONVENIENT WAY TO EXPLAIN THE NATURE OF NEW TYPE
OF VACUUM ENERGY IS TO STUDY THE TOPOLOGICALLY

SUSCEPTIBILITY ( it is the Eey element in the resolution oftﬁe so-

called U(1) problem in QCD, Witten, Veneziano, 1979 ).

xrm = [ dalgaoy o PO,

To avoid conﬂsian: This is the Wick’s T—Joroafuct, not @yson’s

® XYM DOES NOT VANISH, THOUGH ¢(z)~ 0, K"(x). IT HAS
""WRONG SIGN”, SEE BELOW. IT CAN NOT BE RELATED TO
ANY PHYSICAL PROPAGATING DEGREES OF FREEDOM.
FURTHERMORE, IT HAS A POLE IN MOMENTUM SPACE

kK,
k4
¥ THERE IS A MASSLESS POLE, BUT THERE ARE NO ANY
PHYSICAL MASSLESS STATES IN THE SYSTEM.
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Xdispersive ™ llg% — iy Pl m%
CONVENTIONAL PHYSICALTDEGREES OF FREEDOM ALWAYS
CONTRIBUTE WITH SIGN () WHILE ONE NEEDS SIGN (+) TO

SATISFY WI AND RESOLVE THE U(1) PRloBLEM
Xnon—dispersive — /d43j <Q(x)7Q(O)> = m’Evac‘ >0

CONVENTIONAL TERMS (RELATED TO PROPAGATING DEGREES
OF FREEDOM) ALWAYS PRODUCE exp(—Agcpl) BEHAVIOUR
AT LARGE DISTANCES.

< 0,

WITTEN SIMPLY POSTULATED THIS TERM, WHILE VENEZIANO
ASSUMED THE UNPHYSICAL FIELD, THE SO-CALLED THE
“VENEZIANO GHOST” TO SATURATE ‘“WRONG” SIGN IN X.

IN “DEFORMED QCD” THIS CONTACT NON-DISPERSIVE TERM
WITH “WRONG” SIGN (+) CAN BE EXPLICITLY COMPUTED. IT
IS ORIGINATED FROM THE TUNNELINGS BETWEEN THE
DEGENERATE TOPOLOGICAL SECTORS OF THE THEORY.




Fit points
Fit function

| Contact term (positive sign +,
/ vanishing width in continuum )

o/ Contribution from

H physical degrees of
freedom (negative sign
_with finite width).
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The topological susceptibility x(r) as a function of . Wrong sign for
X is well established phenomenon; it has been tested on the lattice
(plot above is from C. Bernard et al, LATTICE 2007). This x(r = 0)
contribution is not related to any physical degrees of freedom, and
can be interpreted as a contact term.



3.SOME IMPORTANT FEATURES OF ‘““NON-

DISPERSIVE’” CONTRIBUTIONS TO THE ENERGY

THESE CONTRIBUTIONS CAN NOT BE DESCRIBED IN TERMS
OF CONVENTIONAL DEGREES OF FREEDOM (WRONG SIGN);

THEY ARE INHERENTLY NON-LOCAL IN NATURE AS THEY
ARE RELATED TO THE TUNNELLING PROCESSES WHICH ARE
FORMULATED IN TERMS OF THE NON-LOCAL LARGE GAUGE
TRANSFORMATION OPERATOR AND HOLONOMY;

THESE TERMS MAY EXHIBIT THE LONG RANGE FEATURES
EVEN THROUGH QCD HAS A GAP (SIMILAR TO THE CM
TOPOLOGICALLY ORDERED SYSTEMS);

THE () -DEPENDENT PORTION OF ENERGY FEy..(f) (WHICH
IS GENERATED DUE TO THE TUNNELLING TRANSITIONS)
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HAS ALL THESE UNUSUAL FEATURES AS 0" Evac(0) — A
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4. APPLICATIONS TO COSMOLOGY

® WE ASSUME (SEE NEXT FEW SLIDES) THAT THE NON-
DISPERSIVE 6)- DEPENDENT PORTION OF THE VACUUM
ENERGY g () SHOWS THE LINEAR CORRECTION WITH

vVacC

RESPECT TO HUBBLE ‘“H” IN THE BACKGROUND, I.E.

EFLRW = COA%QCD = ClHA3 CD i O(H2AQCD)

® WE ALSO ASSUME THAT THE RELEVANT (GRAVITATING)
ENERGY WHICH ENTERS THE FRIEDMAN’S EQUATION IS
THE DIFFERENCE AFE = (Epprw(H) — Eymink) SIMILAR TO
COMPUTATIONS OF THE CASIMIR ENERGY, WHEN THE
DIFFERENCE A IS OBSERVED. THIS ASSUMPTION WAS, IN

FACT, ORIGINALLY FORMULATED BY Zeldovich in 1967.

® WITH THESE ASSUMPTIONS THE FRIEDMAN’S EQUATION
EXHIBITS A SOLUTION WITH THE DE-~- SITTER BEHAVIOUR

A3
b 91 C QD 4 (#) ~ exp(Hot)

(ClHAQCD ‘|‘PDM) e kg e M2
PL
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THERE ARE FEW PEOPLE (SITTING IN THIS ROOM) WHO
ADVOCATED THE IDEA THAT THE RELEVANT ENERGY
ENTERING THE EINSTEIN EQUATION IS

AE = (Errrw (H) — EMink)
CRaﬁ Schuetzhold, PRL, 2002;
Michele ‘Maggiore, PRD 2011

PEOPLE (NOT SITTING IN THIS ROOM) FROM DIFFERENT
FIELDS WHO ALSO ADVOCATED SIMILAR IDEA:

‘James Bjorﬁen, 2001,

Grisha Volovik, 2008 +many more

d yersonaﬁy aafoptwf this idea in 20009, few papers in Nuc[}oﬁy&
B, Phys Lett.B



WHAT IS THE EVIDENCE FOR THE LINEAR DEPENDENCE
ON COSMOLOGICAL SCALE ‘“H” IN A GAPPED SYSTEM?
(LOCALITY SUGGESTS QUADRATIC BEHAVIOUR AS R ~ H?)

1. A NUMBER OF ANALYTICAL COMPUTATIONS IN
SIMPLIFIED MODELS, SEE FEW NEXT SLIDES BELOW.

2A. LATTICE NUMERICAL SIMULATIONS. IN THIS CASE THE
COMPUTATIONS OF A REAL PART OF THE ENERGY -
MOMENTUM TENSOR Re(7},,) 1S A HARD PROBLEM.

2B. HOWEVER, THE IMAGINARY (ABSORPTIVE) PORTION OF
THE ENERGY-MOMENTUM TENSOR /m(7,,) DUE TO PARTICLE
PRODUCTION, CAN BE COMPUTED, SEE PLOT BELOW.

2Cc. ANALYTICITY SUGGESTS THAT THE DEPENDENCE ON H
MUST BE THE SAME IN Re(T,,) AND Im(T},)
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THE PLOTS FROM A. YAMAMOTO, ARXIV 1405.6665.

1.

THE EXPANSION IN EUCLIDEAN SPACE-TIME WAS
PARAMETRIZED BY THE “IMAGINARY’” HUBBLE CONSTANT
WHEN THE LATTICE ACTION IS POSITIVELY DEFINED;

RED CURVE s DESCRIBES THE PARTICLE PRODUCTION
RATE PER UNIT VOLUME PER UNIT TIME IN THE
BACKGROUND H;;

THE LINEAR DEPENDENCE ON H; HAS BEEN COMPUTED,
]m[<TW>] ~ Hy. IT STRONGLY SUPPORTS OUR ARGUMENTS.



THIS “H”’-DEPENDENT ENERGY HAS THE SAME ‘“*NON-
DISPERSIVE” NATURE, WHICH CAN NOT BE EXPRESSED IN
TERMS OF ANY LOCAL PROPAGATING DEGREES OF FREEDOM
(ANY LOCAL EFFECTIVE MATTER FIELDS LIKE “INFLATON?).

IT SHOULD NOT BE INTERPRETED AS [i+/R.  AS IT IS
FORMULATED IN TERMS OF A DIFFERENT CHARACTERISTIC,
THE HOLONOMY (NOT EXPRESSIBLE AS LOCAL CURVATURE)

THE DE SITTER BEHAVIOUR IS THE QUANTUM EFFECT
DESCRIBING THE DYNAMICS OF THE TOPOLOGICAL SECTORS
OF STRONGLY COUPLED QCD IN EXPANDING BACKGROUND.

WITH THESE ASSUMPTIONS THE NON-DISPERSIVE
CONTRIBUTION TO ENERGY (AT LARGE a(t) ~exp(Ht) = 00) IS

AS
= e ol o e S e ol

PL
IT IS AMAZINGLY CLOSE TO THE OBSERVED VALUES




5. HOLONOMY AND THE LINEAR ~ K
CORRECTION IN H? xS! 1 HYPERBOLIC SPACE

® NORMALLY IT IS EXPECTED THAT ALL CORRECTIONS DUE TO
THE TIME-DEPENDENT (CURVED) BACKGROUND ARE

PROPORTIONAL TO THE LOCAL CURVATURE R [Hi] ~ /12

® WE WANT TO TEST THESE IDEAS IN GAUGE THEORIES WITH
NONTRIVIAL HOLONOMY. IN THIS CASE CORRECTIONS ARE
NOT REDUCED TO THE LOCAL OBSERVABLES. KEY ROLE OF
THE IR REGULARIZATION IN ALL COMPUTATIONS.

¥ SPECIFICALLY, WE COMPUTE THE %TIO WHICH EXPLICITLY

SHOWS THE LINEAR CORRECTION

Y M

EvaC[RS X Sl] = ) . AQCD




THE COMPUTATIONS ARE BASED ON KVBLL CALORONS

WITH NONTRIVIAL HOLONOMY (KRAAN-VAN BAAL-LEE-LU)
1| 1

§TTL = §T7“77 exp <z /05 drgAy(zy, |X| = 00) | = cos(mv)
NORMALLY, NONTRIVIAL HOLONOMY (V # O, ].)
GENERATES ZERO CONTRIBUTION TO THE PARTITION
FUNCTION IN THERMODYNAMICAL LIMIT. HOWEVER, THE
KVBLL CONFIGURATIONS ARE KNOWN TO GENERATE IR -
FINITE CONTRIBUTION TO THE FREE ENERGY (IN HUGE
CONTRAST WITH INSTANTONS).

THE KVBLL CONFIGURATIONS CAN BE THOUGHT AS A
SUPERPOSITION OF ‘“N” DIFFERENT MONOPOLES WHICH
CARRY THE FRACTIONAL TOPOLOGICAL CHARGE () = +1/N

CONFINEMENT CAN BE UNDERSTOOD AS PERCOLATION OF
THESE FRACTIONALLY CHARGED MONOPOLES WHICH
ENTER THE PARTITION FUNCTION IN SETS OF “N” .



THE CRUCIAL ROLE IN GENERATING THIS RESULT IS ZERO
MODE DETERMINANT. THEY ARE DRASTICALLY DIFFERENT
IN HYPERBOLIC IN EUCLIDEAN SPACES.

THIS DIFFERENCE CAN BE OBSERVED FROM ASYMPTOTIC
BEHAVIOUR IN THESE TWO CASES

1 3
A (r) = [ veoth(vr) — = % on R’
7/‘
M KT 3
A (p) = ((V + 1) coth [(v 4+ 1)kp| — co hh:p) ;- on [H

EVENTUALLY, THIS DIFFERENCE TRANSLATES INTO THE
DIFFERENCE IN FUGACITIES (AND VACUUM ENERGIES) AS
CLAIMED ABOVE

2
U805 IS 2| r Sy
£2 — gf : <(AQCD 7“12)62/3 1+ QWV%] [1 b QWV%]:% 1>
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Q. Howa system with a gap could be ever

sensitive to arﬁi’rmry [arge distances?

A1: THE LONG RANGE ORDER IN GAPPED QCD IS SIMILAR
TO AHARONOV -CASHER EFFECT. IF ONE INSERTS AN
EXTERNAL CHARGE INTO SUPERCONDUCTOR WHEN
ELECTRIC FIELD IS SCREENED exp(—r/\) A NEUTRAL
MAGNETIC FLUXON WILL BE STILL SENSITIVE TO EXTERNAL
CHARGE AT ARBITRARY LARGE DISTANCES.

A2: LONG RANGE ORDER IN THE SYSTEM EMERGES BECAUSE
THE LARGE GAUGE TRANSFORMATION OPERATOR T AND
HOLONOMY ARE NON-LOCAL OPERATORS SENSITIVE TO FAR
IR-PHYSICS, SIMILAR TO ‘“MODULAR OPERATOR” IN
AHARONOV -CASHER EFFECT.




6. APPLICATIONS TO INFLATION

WE ASSUME A SCALED UP VERSION OF QCD WITH THE

SCALE Mp; > Agep > {’/M]%;WMPL ~ 108 GeV  TO AVOID
INTERFERENCE WITH EW PHYSICS.

THE FRIEDMAN EQUATION HAS A DE SITTER SOLUTION
AFTER THE PHASE TRANSITION TO THE CONFINED PHASE

WHEN THE TOPOLOGICAL SUSCEPTIBILITY IS GENERATED

8nrG 87G , L C
H? = ik (P + pR) = a3 (O‘HA%CD o PR) TPt Roy T(O‘A%CD)
THIS NON-DISPERSIVE TYPE OF ENERGY (THE CONTACT
TERM) IS LINEAR IN ‘“H’” AND DRIVES THE UNIVERSE INTO

THE DE SITTER PHASE

THE RELEVANT DYNAMICS IS GOVERNED BY SOME NON-
PROPAGATING AUXILIARY TOPOLOGICAL FIELDS WITHOUT
CANONICAL KINETIC TERM; IT CAN NOT BE EXPRESSED IN
TERMS OF ANY LOCAL FIELDS LIKE ‘“INFLATON”’



THIS REGIME WOULD BE THE FINAL DESTINATION OF OUR
UNIVERSE IF THE INTERACTION WITH SM FIELDS IS
SWITCHED OFF.

WHEN THE COUPLING IS SWITCHED BACK ON, THE END OF

INFLATION IS TRIGGERED PRECISELY BY THIS INTERACTION

WHICH ITSELF IS UNAMBIGUOUSLY FIXED BY TRIANGLE
ANOMALY.
@) (HO)

wa NQ [ ( )].FW]:“W,

WHERE b(g;) IS TOPOLOGICAL NON-PROPAGATING FIELD
AND «(Hy) ~agw(Hy) ~ as(Hy) ~0.1 1S THE COUPLING AT
INFLATIONARY SCALE

THIS INTERACTION WITH b(z) ~ 5 1S KNOWN TO LEAD TO
THE HELICAL INSTABILITY WHEN THE VACUUM RELEASES
ITS ENERGY BY PRODUCING THE REAL PARTICLES
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IN QCD CONTEXT (us ~ g THE TYPICAL TIME SCALE FOR
DEVELOPMENT OF THE HELICAL PLASMA INSTABILITY IS

1 1
D, 2
Tinstability ™ 5 7 Tinflation ™ 9 ? Ne—folds =@l (HO> ~ 10
Qs a?(Hy)Hy

EXACT COEFFICIENT FOR PARTICLE PRODUCTION RATE CAN
BE COMPUTED ON THE LATTICE IN A TIME DEPENDENT
BACKGROUND WHEN THE PRODUCTION RATE IS INDEED
LINEARLY PROPORTIONAL TO ‘“H”.

THE NUMBER OF E-FOLDS N,_g4s ~ a°(Hp) ~ 10 1S RELATED
TO THE GAUGE COUPLING CONSTANT (WE KNOW AND LOVE)
AND NOT TO SOME AD HOC INFLATON POTENTIAL



CONCLUSION

WE SPECULATE THAT A LINER IN ‘“H” CORRECTION TO THE
ENERGY COULD BE GENERATED AS A RESULT OF DYNAMICS
OF TOPOLOGICAL CONFIGURATIONS WITH NONTRIVIAL
HOLONOMY. THE IDEA IS TESTED IN “DEFORMED QCD” AND
IN THE SYSTEM DEFINED ON HYPERBOLIC SPACE Hi % Si_l

HISTORY REPEATS ITSELF AS THE QCD-LIKE DYNAMICS MAY
BE RESPONSIBLE FOR INFLATION IN EARLY TIMES, WHILE
THE QCD DYNAMICS3 MAY BE RESPONSIBLE FOR THE DARK

A
R NOW. S o LU eV R Sl R (O
PL

HISTORY REPEATS ITSELF ALSO WITH TECHNICAL TOOLS:
AHARONOV -BOHM EFFECT IS AN EXPLICIT REALIZATION OF
THE SYSTEM (INCLUDING SYSTEMS WITH A GAP) WHEN THE
GAUGE POTENTIAL A, (RATHER THAN [},) IS THE PHYSICAL
OBSERVABLE. EFFECT IS NON-LOCAL IN NATURE, AND CAN
NOT BE EXPRESSED IN TERMS OF F),,



CPmJoosa[: Instead of theoretical syecufau’ons ] suggest to conduct a

rea[ t&LB[eU)’}? experiment to SfMC[y tﬁlS new Wye (Zf energy:

WHEN THE MAXWELL SYSTEM IS FORMULATED ON FOUR-~
TORUS THERE WILL BE AN EXTRA CONTRIBUTION TO THE
CASIMIR PRESSURE, NOT RELATED TO THE PHYSICAL
PROPAGATING PHOTONS WITH TWO TRANSVERSE
POLARIZATIONS (4-TORUS HAS NONTRIVIAL HOLONOMY).

THIS SETTING BASED ON 4-TORUS TOPOLOGY SHOULD BE
CONTRASTED WITH CONVENTIONAL SETTING WHEN THE
CASIMIR ENERGY IS GENERATED BETWEEN TWO
CONDUCTING PLATES (TRIVIAL HOLONOMY).

THE MAXWELL SYSTEM ON THE 4-TORUS SHOWS ALL SIGNS
(DEGENERACY, ETC) WHICH ARE NORMALLY ATTRIBUTED

TO THE TOPOLOGICALLY ORDERED SYSTEMS (ﬂZ, 2014, 2015).



