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O. MOTIVATION.

IT IS KNOWN [FROM NERONOV & VOVK, 2010]. THE LONG
RANGED B-FIELD 10" '°G < B <107?G MUST EXIST IN
THE UNIVERSE. IT MUST BE CORRELATED ON ENORMOUS
GPC SCALES, SEE SLIDES BELOW

IT IS ALSO KNOWN: SUCH ENORMOUS GPC CORRELATION
LENGTH IS HARD TO ACHIEVE WITHIN CONVENTIONAL IDEAS

WE PROPOSE THAT THIS GPC CORRELATION LENGTH IS A
RESULT OF ENERGY TRANSFER FROM A SPECIFIC DE MODEL
TO MAGNETIC ENERGY THROUGH HELICAL INSTABILITY

THE DE IN THIS FRAMEWORK EMERGES AS A RESULT OF
DYNAMICS OF THE TOPOLOGICALLY NONTRIVIAL (HELICAL)
SECTORS IN QCD. IT IS AMAZINGLY CLOSE TO THE
OBSERVED DE TODAY: pPDE ™~ HA%CD ~ (107 3eV)4
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Constraints on the B field [From Neronov & Vovk]. The B-field
correlated on Gpc scales must exist: 107°G < B <107°G
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Fig. 14 The range of IGMF parameters accessible by next-generation vy-ray and UHECR
telescopes. The orange shaded region shows the range of parameters for which delayed
emission following bright flares is detectable at the energies below ~ 1 TeV. The lower orange
hatched region shows the range of parameters for which extended emission is detectable
below ~ 1 TeV. The upper orange hatched region shows the range of parameters which can
be constrained by future UHECR telescopes.

Future experiment constraints (from UHECR and gamma rays
telescopes) on the B field [From Durrer&Neronov, 2013].



1. PRELIMINARY: ENERGY DEFINITION IN QFT

WE WANT TO ARGUE THAT THERE IS A NOVEL TYPE OF
ENERGY IN STRONGLY COUPLED QCD. THIS ENERGY HAS
“NON-DISPERSIVE” NATURE, AND CAN NOT BE EXPRESSED
IN TERMS OF CONVENTIONAL SCATTERING AMPLITUDES.

IT EXPLICITLY CONTRADICTS TO THE ‘“FOLK THEOREM?” THAT
THE S-MATRIX CONTAINS ALL THE INFORMATION ABOUT
ALL PHYSICAL OBSERVABLES.

ALL THESE NOVEL EFFECTS ARE DUE TO THE NONTRIVIAL
TOPOLOGICAL SECTORS IN THE GAUGE SYSTEMS AND
TUNNELLING TRANSITIONS BETWEEN THEM.

THE EFFECT IS NON-LOCAL IN NATURE, AND CAN NOT BE
EXPRESSED IN TERMS OF LOCAL CURVATURE IN GRADIENT
EXPANSION. IT IS EXPRESSED IN TERMS OF A NON-LOCAL
CHARACTERISTICS OF THE SYSTEM ~-THE HOLONOMY.



2. TOPOLOGICAL SUSCEPTIBILITY

@ A CONVENIENT WAY TO EXPLAIN THE NATURE OF NEW TYPE
OF VACUUM ENERGY IS TO STUDY THE TOPOLOGICAL

suscePTIBILITY ( it is the ﬁey element in the resolution oftﬁe so-
called U(1) joroﬁfem in QCD, Witten, Veneziano, 1979 ).

XYM = /d45’3 (q(x),q(0)) # 0 82%?26(9) = XYM

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

® XYM DOES NOT VANISH, THOUGH q(z) ~ 0. K"(z) | 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

| k.k
3 4lds, s RAk
]lg% d-xe <K,u(aj)7Kl/(O)> °Y J4

THERE IS A MASSLESS POLE (VENEZIANO GHOST), BUT

THERE ARE NO ANY PHYSICAL MASSLESS STATES IN THE
SYSTEM.




. (0]g|n)(nlq|0)
Xdispersive ™ llg% — iy m%
CONVENTIONAL PHYSICALTDEGREES OF FREEDOM ALWAYS
CONTRIBUTE WITH SIGN () WHILE ONE NEEDS SIGN (+) TO

SATISFY WI AND RESOLVE THE U(1) PRloBLEM
Xnon—dispersive — /d4$ <Q($),Q(O)> T 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 SOME MODELS THIS CONTACT NON-DISPERSIVE TERM WITH
“WRONG” SIGN (+) CAN BE EXPLICITLY COMPUTED. IT IS
ORIGINATED FROM THE TUNNELLING EFFECTS BETWEEN THE
DEGENERATE TOPOLOGICAL SECTORS OF THE THEORY.




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
TOPOLOGICAL INSULATORS);

THE EFFECTS HAVE BEEN EXPLAINED IN TERMS XY M .
HOWEVER, THE () -DEPENDENT PORTION OF ENERGY Fuac(6)
(RELEVANT FOR THE COSMOLOGICAL APPLICATIONS) HAS
ALL THESE UNUSUAL FEATURES DUE TO THE RELATION

0° Fyac(0)
G Kl 7 i 520 |0=0




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).

2 4 6 i 18 12 14 16 18 28

-8.84

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. DEFINITION OF THE GRAVITATING ENERGY

® WE ASSUME THAT THE RELEVANT (GRAVITATING) ENERGY
WHICH ENTERS THE FRIEDMAN’S EQUATION IS THE
DIFFERENCE AF = (ErLrw(H) — EMink) SIMILAR TO
COMPUTATIONS OF THE CASIMIR ENERGY, WHEN THE
DIFFERENCE AF IS OBSERVED. THIS ASSUMPTION WAS, IN
FACT, ORIGINALLY FORMULATED BY ZELDOVICH IN 1967.

® WE CAN NOT (BY TECHNICAL REASONS) TO PERFORM THE
COMPUTATIONS IN FLRW BACKGROUND. HOWEVER, WE
CAN PROCEED WITH COMPUTATIONS IN A TOY MODEL
FORMULATED ON HYPERBOLIC SPACE [? x S! ;, WHEN ROLE
OF H ~ 1072 ¢V PLAYS PARAMETER Kk — 0

® WE WANT TO ARGUE THAT A NONTRIVIAL HOLONOMY
GENERATES A LINEAR CORRECTION AF(k) ~ k IN CONTRAST

3 2

WITH CONVENTIONAL EXPECTATION AFE ~ R [H?| ~ k



TECHNICALLY, WE WANT TO SEE A LINEAR (RATHER THAN
VERY SMALL QUADRATIC e ) CORRECTION IN THE RATIO

T S S S ST
[ K K ] ~ 1 _|_ O K
Evac [RB X Sl] AQC’D

IF THE SAME PATTERN PERSISTS IN REAL FLRW
UNIVERSE ONE COULD ESTIMATE

1
B~ kLA
QCD AQCDL

IN OTHER WORDS, WE INTERPRET THE OBSERVED DARK
ENERGY AS A MODIFICATION OF THE QCD VACUUM ~ K
ENERGY DUE TO A NONTRIVIAL TOPOLOGY (NOT
EXPRESSIBLE IN TERMS OF LOCAL CURVATURE R [H?] ~ x%)

~ (107 %eV)*

IT HAS THE SAME NON-DISPERSIVE NATURE (CAN NOT BE
EXPRESSED IN TERMS OF PROPAGATING DOF), IT IS NON-~
LOCAL IN NATURE (NOT EXPRESSIBLE IN TERMS OF THE
LOCAL CURVATURE), AND IT HAS A POSITIVE SIGN.



HISTORICAL COMMENTS: MANY PEOPLE FROM DIFFERENT

FIELDS HAD ADVOCATED (AFTER Zefd’ovicﬁ, 1067 ) A

SIMILAR IDEA ON THE RHS FOR THE FRIEDMAN’S
EQUATION

ANE(L)y = EL)y—Eink
Bt RS =

‘James Bjorﬁen (}mm’cfe }oﬁysics), 2001,
Ralf Schuetzhold (GR), PRL, 2002;
gm’sﬁa Volovik (CM Joﬁysics), 2008 +many more

| PERSONALLY ADOPTED THIS IDEA IN 2009, MOSTLY
DUE TO THE INTENSE (AND NEVER ENDING) DISCUSSIONS
WITH GRISHA VOLOVIK IN THE RELATION WITH HIS
COSLAB (COSMOLOGY IN A LABORATORY) ACTIVITIES.



4. HOLONOMY AND THE LINEAR CORRECTION
3 1
k ~ 1/7 IN HYPERBoOLIC sPACE M xS,

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

PROPORTIONAL TO THE LOCAL CURVATURE R [Hi] ~ /{2

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

B SPECIFICALLY, WE COMPUTE THE RATIO WHICH EXPLICITLY
SHOWS THE LINEAR CORRECTION "~ K

B xSt ] %7 K 1

~ |1 — F, ..=—InZ
8 R3¢ ST BV

2 Agebp



THE KEY FEATURE OF THE CONFIGURATIONS WHICH

GENERATE THE VACUUM ENERGY IS THAT THE FIELDS ARE
S 19

HELICAL WITH QUANTUM NUMBERS OF q() 0K (7)

PRECISELY THESE P-ODD COLOUR- SINGLET TOPOLOGICALLY
PROTECTED CONFIGURATIONS CAN BE SENSITIVE TO
ARBITRARY LARGE DISTANCES (THERE IS NO CUTOFF AT THE
QCD SCALE AS NAIVELY ONE COULD EXPECT, SEE BELOW)

. 1kx k k’/
lim [ dtee (K, (2), K, (0) ~ 22 Kj o A® - B

THE GENERATION OF THE LARGE SCALE MAGNETIC FIELD IS
BASED ON SPECIFIC FEATURES OF THE TOPOLOGICALLY
INDUCED VACUUM DE WHICH ITSELF IS GENERATED BY THE
HELICAL CONFIGURATIONS.

THIS MECHANISM CAN BE THOUGHT AS GENERATION BY THE
AXION WHICH AUXILIARY (NOT DYNAMICAL) FIELD AS THE
AXION COUPLES TO TOPOLOGICAL DENSITY ~ { - BMK'LL



BQ Howa system with a gay 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 AND
HOLONOMY ARE NON-LOCAL OPERATORS SENSITIVE TO FAR
IR-PHYSICS, SIMILAR TO ‘“MODULAR OPERATOR” IN
AHARONOV -CASHER EFFECT.




® ARE THERE OTHER HINTS ON A LINEAR DEPENDENCE ON
COSMOLOGICAL SCALE [, ~ H~ 1 IN A GAPPED SYSTEM?
(LOCALITY SUGGESTS QUADRATIC BEHAVIOUR AS R ~ H?)

® 1. A NUMBER OF ANALYTICAL COMPUTATIONS IN SOME
SIMPLIFIED MODELS (E.G. DEFORMED QCD).

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

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

B 2c. ANALYTICITY SUGGESTS THAT THE DEPENDENCE ON H
MUST BE THE SAME IN Re(T,,) AND Im(T},)



0.04 | I I

0.03

0.02

0.01

aN/(L,L,L)) or a*ng

Oq

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 OBSERVED,
]m[<TW>] ~ Hy. IT STRONGLY SUPPORTS OUR ARGUMENTS.



5. APPLICATIONS TO THE DARK ENERGY

LESSON 1: THERE IS A FUNDAMENTALLY NEW TYPE OF THE
VACUUM ENERGY WHICH CAN NOT BE EXPRESSED IN
TERMS OF ANY LOCAL FIELD (DYNAMICAL INFLATON FIELD
OR DYNAMICAL DE FIELD)

@ LESSON 2: IT EMERGES AS A RESULT OF TUNNELLING
PROCESSES BETWEEN DEGENERATE TOPOLOGICAL
SECTORS, AND FORMULATED IN TERMS OF THE ‘“NON-
DISPERSIVE” CONTACT TERMS AND NONLOCAL HOLONOMY.

@ LESSON 3: WE IDENTIFY THIS NEW TYPE OF ENERGY WITH
COSMOLOGICAL VACUUM DARK ENERGY (DE).



THE RELEVANT PARAMETERS ARE AMAZINGLY CLOSE TO
THE OBSERVED DE VALUES:

A3 M2
BRRE S 10 PV, ppr ~ HASop ~ (10%V):, T~ H ! ~ 2L JHEHS
Mpy, AQCD

B IT EXPLICITLY SHOWS THAT THE VACUUM QCD
CONTRIBUTION TO THE HUBBLE CONSTANT AND DE IS
EXPRESSED IN TERMS OF THE AqQcp

B THIS ENERGY WILL BE EVENTUALLY TRANSFERRED TO THE
MAXWELL EM FIELDS (SO-CALLED HELICAL INSTABILITY)
ON THE TIME scALE oF o “H ! ~ a7210% years

® RESULT: THE LARGE SCALE MAGNETIC FIELD (WITH
CORRELATION LENGTH OF ENTIRE VISIBLE UNIVERSE) WILL
BE GENERATED DURING THE EVOLUTION OF THE UNIVERSE
WHEN DE STARTS TO DOMINATE THE DYNAMICS.



6. LARGE SCALE MAGNETIC FIELD

THERE ARE MANY IDEAS HOW THE OBSERVED
COSMOLOGICAL MAGNETIC FIELD IS GENERATED INCLUDING
PRIMORDIAL MECHANISMS (MANY PEOPLE SITTING IN THE
ROOM HERE WERE PIONEERS IN THIS FIELD).

THE B FIELD CORRELATED ON ENORMOUS (GPC) SCALE
MUST EXIST. WHAT IS THE ORIGIN OF SUCH CORRELATION?

WE ADVOCATE UNORTHODOX MECHANISM WHICH IS
DRAMATICALLY DIFFERENT FROM ALL PREVIOUS
APPROACHES: THE B- FIELD IS GENERATED WITH
ENORMOUS COHERENCE SCALE FROM TOPOLOGICALLY
INDUCED DE

NO NEED FOR ANY AMPLIFICATION MECHANISMS AS IT IS
CHARACTERIZED BY THE LARGEST POSSIBLE SCALE AT THE
MOMENT OF FORMATION
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Constraints on the B field [From Neronov & Vovk]. The B-field
correlated on Gpc scales must exist: 107°G < B <107°G
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Fig. 14 The range of IGMF parameters accessible by next-generation vy-ray and UHECR
telescopes. The orange shaded region shows the range of parameters for which delayed
emission following bright flares is detectable at the energies below ~ 1 TeV. The lower orange
hatched region shows the range of parameters for which extended emission is detectable
below ~ 1 TeV. The upper orange hatched region shows the range of parameters which can
be constrained by future UHECR telescopes.

Future experiment constraints (from UHECR and gamma rays
telescopes) on the B field [From Durrer&Neronov, 2013].



THE STARTING POINT IS THE CONVENTIONAL EFFECTIVE
LAGRANGIAN IN TERMS OF THE AUXILIARY FIELD (IT CAN BE
EXACTLY DERIVED FROM TOPOLOGICAL CONFIGURATIONS

( KVBLL CALORONS WITH NONTRIVIAL HOLONOMY)

2 b
T — 40;TNZ]<7§2@ 0+ b(x, H)] - Fl., F* (x)

IT GENERATES WELL KNOWN EXTRA TERM WITH U5 ~ Hy

2
= = — (8 " S — .
VXB=cF+ 5 NZ&QZ : (M5B) , s = (b(z, H))
o f

SIMILAR EQUATIONS HAVE BEEN STUDIED BEFORE CE.G.
DYNAMICAL AXION FIELD). THE DIFFERENCE HERE IS THAT
THE //1‘5 DOES NOT SATISFY ANY EQUATION OF MOTION AS
THERE IS NO CANONICAL KINETIC TERM FOR AUXILIARY

FIELD b(a?, H) . THE [l5 1S NON-PROPAGATING FIELD

THE P-OoDD LONG RANGED FIELD b(z, H) WAS INTRODUCED
AS THE LAGRANGE MULTIPLIER TO ACCOUNT FOR
TUNNELLING EVENTS, GENERATING THE DE IN THIS
FRAMEWORK. IT HAS THE AXION QUANTUM NUMBERS, AND
IT IS SENSITIVE TO ARBITRARY LARGE DISTANCES



IT IS KNOWN THAT THE PRESENCE OF THE M5 TERM
LEADS TO THE HELICAL INSTABILITY. IN THE PRESENT
CONTEXT IT IMPLIES THE GENERATION OF THE MAGNETIC
FIELD ON THE HUGE SCALES WHERE ,LL5 IS CORRELATED.

THE INSTABILITY DEVELOPS FOR LARGE WAVELENGTHS:

@84
B(t) = Boexp(1t), k< —ps, ps~H

THIS EFFECT LEADS TO THE GENERATION OF THE
MAGNETIC FIELD CORRELATED ON THE ENORMOUS SCALES.

THE ORDER OF MAGNITUDE ESTIMATES SUGGEST (PRESENT
TIME),

e liliase G



7. FEW TECHNICAL DETAILS

@ WE ILLUSTRATE THE IDEA WITH OVERSIMPLIFIED ANSATZ
[BOYARRSKY,FROHLICH & RUCHAYSKIY, 2015].
B = B(t)[sin(kz), cos(kz), O}, E = —%B(t)[sin(kz), cos(kz), 0] = — B.

1
5

B IT LEADS TO THE FOLLOWING EQUATION FOR B(t)

kB(t) = -£B(t) + 2 NZE - (usB), ps = (b(a, H)) oc H

B CRUCIAL POINT HERE IS THAT #5= (b(z,H)) x H IS NOT A
DYNAMICAL FIELD (LIKE AXION). IT'S DYNAMICS ENTIRELY
DETERMINED BY THE DYNAMICS OF THE TOPOLOGICAL
SECTORS OF QCD IN TIME DEPENDENT BACKGROUND H(t)



THIS EQUATION HAS A SOLUTION

B(t) = Booxp(t), v=%[2eH k], cox ~5*

THIS IMPLIES DEVELOPMENT OF THE HELICAL INSTABILITY
a —

THIS IS WELL KNOWN PHENOMENON AND DISCUSSED
PREVIOUSLY IN APPLICATIONS TO THE COSMOLOGY AND
HEAVY-ION COLLISIONS [CARROLL, FIELD & JACKIW;
JOYCE & SHAPOSHNIKOV....]

GENERICALLY, WE EXPECT THE FIELD TO BE TWISTED AS IT
IS HIGHLY HELICAL. FOR SIMPLE CONFIGURATION WE
EXPECT MAGNETIC HELICITY DIRECTLY RELATED TO
ENERGY DENSITY

’Hszf-édzga:, ) e




Concfuaﬁ’ng comments on Dark fnergy & ‘B ﬁefaf

QCD VACUUM ENERGY IS DIFFERENT FOR DIFFERENT
BACKGROUND (MINKOWSKI VS DESITTER). THIS
DIFFERENCE GENERATES CORRECT ORDER OF MAGNITUDE
FOR THE OBSERVED DE TODAY

PDE = AFE = (Egesitter — FMink)

—33 3 —3 4
® THERE ARE NO ANY NEW FIELDS ASSOCIATED WITH IODE (t)

THE LONG RANGE MAGNETIC FIELD IS GENERATED AS A
RESULT OF VARIATION OF THE QCD TUNNELLING
TRANSITION RATE IN TIME DEPENDENT BACKGROUND
DETERMINED BY THE HUBBLE H(t) ;



THE SOURCE OF THE MAGNETIC ENERGY IN THIS
FRAMEWORK IS THE DE, I.E. B? x ppg

= ot ilen)
THE ENERGY-TRANSFER TIME SCALE Is « “H ™ “years
(SIMILAR IDEAS APPLIED TO REHEATING AFTER INFLATION
PREDICT NUMBER E-FOLDS N,_¢o14s ~ o 2(Hp) ~ 10?

IT IS EXPECTED A NUMBER OF P-ODD PHENOMENA ON
SCALES OF THE ENTIRE VISIBLE UNIVERSE

THIS EFFECT IN MANY RESPECTS IS SIMILAR TO THE
DYNAMICAL CASIMIR EFFECT, SEE SLIDES BELOW

THE DIFFERENCE IS THAT INSTEAD OF VACUUM’S VIRTUAL
PHOTONS ONE SHOULD CONSIDER THE VACUUM P-ODD
CONFIGURATIONS DESCRIBING THE TUNNELLING
TRANSITIONS BETWEEN DIFFERENT TOPOLOGICAL SECTORS



‘ijoosaf: Instead of theoretical specufau’ons ] suggest to conduct a
real mﬁfewy exyem’ment to stuafy this new Joﬁysics pﬁenomenon:

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).

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

TO THE TOPOLOGICALLY ORDERED CM SYSTEMS.



This Joicture illustrates a

new JO ﬁyS ics ’}0661101%6110”

Casimir }J Vacuum/

—————

Im) |m+1)

The emission of real physical photons as a result of tunnelling
transitions in time dependent background is precisely the
effect discussed in this talk: the cosmological magnetic field is
generated as a result of variation of the vacuum tunnelling
transitions



Extra Slides

. on physical meaning of S' in computations
2. applications to Inflation and reheating



PHYSICAL MEANING OF S! (THE s1ZE OF T)
(a]o]oenafix ‘A3 ﬁom paper with Bawinsﬁy}

ORIGINALLY T WAS INTRODUCED IN EUCLIDEAN SPACE
FOR COMPUTATIONS IN THE WEAK COUPLING REGIME WITH
GIVEN HOLONOMY.

.-
IES— P exD 7,/ drsAs(zy, |X| — 00)
0

IT SHOULD NOT BE CONFUSED WITH REAL SIZE IN 4D IN
MINKOWSKI SPACE.

IN WEAKLY COUPLED GAUGE THEORIES (SUCH AS DEFORMED
QCD) ALL COMPUTATIONS CAN BE CARRIED OUT EXPLICITLY
WITH FIXED ] . ONE CAN SEE EXPLICITLY CONFINEMENT,
FRACTIONALLY 1/N CHARGED MONOPOLES (INSTANTON
QUARKS), GENERATION OF THE VACUUM ENERGY EXPRESSED
IN TERMS OF THE AUXILIARY FIELD b(x, H), etc




IN STRONGLY COUPLED REAL QCD (WHEN YOU START FROM
THE VERY BEGGING FROM 7 — 00 ) SUCH COMPUTATIONS
CANNOT BE DONE AS CALORONS WITH NONTRIVIAL
HOLONOMY CANNOT BE CONSTRUCTED

How DO WE KNOW ABOUT ANYTHING ABOUT HOLONOMY
DEFINED ON Sl IF IT WAS NOT A PART OF CONSTRUCTION
TO BEGIN WITH?

IT TURNS OUT THAT THE HOLONOMY CAN BE DYNAMICALLY
GENERATED (EMERGING) IN STRONGLY COUPLED REGIME.

THE WELL KNOWN EXAMPLE Is 2d CPY ™! MODEL DEFINED
ON ]RQ WHEN THE ONLY INTEGER VALUES INSTANTONS
WITH TRIVIAL HOLONOMY WERE INTRODUCED INTO THE
SYSTEM



@ HOWEVER, WHEN ALL THE INSTANTS ARE TAKEN INTO
ACCOUNT (GRAND CANONICAL ENSEMBLE) THE FRACTIONAL
TOPOLOGICAL CHARGE 1/N DYNAMICALLY EMERGES. IT
LOOKS EXACTLY AS WE WERE STARTED WITH NONTRIVIAL

HOLONOMY DEFINED ON S'. HOWEVER, THE SEMICLASSICAL
DESCRIPTION IS NOT JUSTIFIED.

@ THEREFORE, IN THIS “EMERGENT” CASE DEFINED ON R?
THE EFFECTIVE SIZE S! IS GENERATED DYNAMICALLY.

B THE MAIN LESSON IN THE PRESENT CONTEXT: THE
EFFECTIVE SIZE S' CAN BE UNLINKED FROM THE SO-CALLED
BOOTSTRAP EQUATIONS AND SHOULD BE TREATED AS FREE
PARAMETER TO BE FIXED FROM OBSERVATIONS: T ~ H !

B SUFFICIENTLY LARGE SiZE oF S! IS CONSISTENT WITH
PRESENTLY AVAILABLE CMB OBSERVATIONS FOR T > H ™!



COSMOLOGICAL APPLICATION: INFLATION

B THIS PROPOSAL REPRESENTS A SYNTHESIS OF TWO
PREVIOUS, AND NAIVELY UNRELATED, IDEAS:

B 1. SELF-CONSISTENT GENERATION OF THE DE SITTER
BEHAVIOUR BASED ON THE EUucLIDEAN S° x S!
GRAVITATIONAL INSTANTONS, GARLANDS. THEY CAN BE
THOUGHT AS THE THERMAL (so Is THE S! ) VERSION oF

HARTLE-HAWKING INSTANTONS (Bawinsﬁy and Co),

@ INFLATION STAGE STARTS AFTER ‘“NUCLEATION” OF THE
sYSTEM FROM S° X SINSTANTON. ANALYTICAL
CONTINUATION OF THE SCALE FACTOR LEADS TO THE DE

SITTER BEHAVIOUR (Bar’vinsﬁy and Co),



How THE INFLATION ENDS. THE REHEATING

IN A SIMPLIFIED CASE (NO SM PARTICLES) THE HUBBLE
CONSTANT H AND THE ENERGY DENSITY REMAIN CONSTANT
AFTER THE ‘“NUCLEATION” FROM THE GRAVITATIONAL
INSTANTON. THE SYSTEM ASSUMES CONVENTIONAL
LORENTZIAN SIGNATURE.

@ THE SOLUTION AFTER NUCLEATION CORRESPONDS TO
INFLATIONARY DE-SITTER BEHAVIOUR

A
w = A—IO — —1, a(t) ~ exp(Ht), H ~ T_l,

B0 — Dyac [SS X Sl] T darmre [R4]7 Ny [83 X Sl] — Pvac [R4]7

@ THIS WOULD BE THE FINAL DESTINATION OF THE UNIVERSE
IF THE INTERACTION WITH SM PARTICLES IS SWITCHED OFF




WHEN THE INTERACTION WITH SM PARTICLES IS
SWITCHED BACK ON THE INFLATION ENDS AS A RESULT OF
THIS INTERACTION WITH SM PARTICLES.

THE COMPUTATIONAL PROCEDURE IS WELL DEFINED IN
PRINCIPLE (PROFOUNDLY COMPLICATED IN PRACTISE):

1.ONE SHOULD DESCRIBE THE RELEVANT EUCLIDEAN
CONFIGURATIONS SATISFYING PROPER BOUNDARY
CONDITIONS (SIMILAR TO CALORONS WITH NONTRIVIAL
HOLONOMY DEFINED ON [R°3 x §1)

2. ONE SHOULD COMPUTE THE CORRESPONDING PATH
INTEGRAL ACCOUNTING FOR THE TUNNELLING
TRANSITIONS;

3.ONE SHOULD COMPUTE (p,p) IN THE PRESENCE OF ALL
MASSLESS SM GcAuGE FIELDs ( Y, W, Z, g )



4. ONE SHOULD SUBTRACT THE CORRESPONDING
expressioNs P(R”),p(R*) to perivE (Ap, Ap)

WHILE THESE STEPS ARE WELL DEFINED IN PRINCIPLE, IT
IS NOT FEASIBLE NOW TO PERFORM THE COMPUTATIONS

THERE IS ANALOGY WITH THE DYNAMICAL CASIMIR EFFECT
(DCE) WHEN PHOTONS ARE RADIATED FROM TIME-~
DEPENDENT BACKGROUND.

THE DIFFERENCE IS: IN OUR CASE PHOTONS ARE EMITTED
NOT FROM CONVENTIONAL QUANTUM VACUUM
FLUCTUATIONS, BUT FROM CONFIGURATIONS DESCRIBING
THE VACUUM TUNNELLING PROCESSES.

THIS IS A HARD TECHNICAL PROBLEM: TUNNELLING IS

DESCRIBED IN EUCLIDEAN PATH INTEGRAL WHILE THE
EMISSION REPRESENTS INHERENT MINKOWSKI PROCESS




FORTUNATELY, THE KEY FEATURES CAN BE UNDERSTOOD
USING ALTERNATIVE TECHNIQUE FORMULATED IN TERMS OF
THE AUXILIARY TOPOLOGICAL NON-PROPAGATING FIELD,
SIMILAR TO THE VENEZIANO GHOST FIELD IN QCD.

THE END OF INFLATION IS DESCRIBED BY SUCH EFFECTIVE
AUXILIARY FIELD. IT IS FIXED BY TRIANGLE ANOMALY:

wa (HO)NQ [ ( )] : FWFW )

WHERE b0(7) 1s TOPOLOGICAL NON-PROPAGATING FIELD
(LAGRANGE MULTIPLIER). THIS TECHNIQUE HAS BEEN
EXPLICITLY TESTED IN SIMPLIFIED SOLVABLE SYSTEMS

IN CONDENSED MATTER THIS TECHNIQUE IS WELL KNOWN
WHEN SUMMATION OVER TOPOLOGICAL SECTORS IS
REPLACED BY AUXILIARY (NON-PROPAGATING) FIELD, E.G.
IN TOPOLOGICALLY ORDERED SYSTEMS



Tinstability ™~

IN QCD CONTEXT 6: L5 IMPLIES THAT THE HELICAL
INSTABILITY WILL BE DEVELOPED (STUDIES WERE DONE IN
RELATION WITH THE CHIRAL MAGNETIC EFFECT IN QCD
WHERE (U5 IS THE CHIRAL CHEMICAL POTENTIAL).

IN COSMOLOGY CONTEXT (us ~ Hy) THE TYPICAL TIME
SCALE FOR DEVELOPMENT OF THE HELICAL INSTABILITY IS

1 1

—2 2%
7 Tinflation ™ > Ne——folds el Ot (HO) ~ 10
o s a?(Hy)Hy

WE IDENTIFY Tinstability WITH Tinflaton

THE NUMBER OF E-FOLDS N _fo14s ~ o 2 (Hy) ~ 107

THE DEVIATION FROM PURE DE-SITTER IS RELATED TO THE
COUPLING WITH SM (WE KNOW AND LOVE) AND NOT TO
SOME AD-HOC LOCAL INFLATON POTENTIAL V()



