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attempt to reveal the nature of vacuum energy in QFT
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1. preliminary: energy Iin gauge theories

We want to argue that there is a novel type of
energy in gauge theories. This energy has O non-
dispersive O nature, and can not be expressed in
terms of conventional scattering amplitudes.

= It explicitly contradicts to the Ofolk theoremO 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.

m 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. Plan of the talk

We apply these ideas to cosmology (deSitter
behaviour during inflationary stage and Dark
Energy at present epoch).

We want to test these ideas with explicit
computations in Hyperbolic space and the so-
called Odeformed QCDO model.

We want to apply these ideas to the inflationary
epoch. We also want to apply these ideas to the
present time (the Dark Energy epoch)

We also want to argue that the observed magnetic
field (with huge correlation length on the level
of 1 Gps) is the direct manifestation of this DE.



3. Topological susceptibility

A convenient way to explain the nature of new type
of vacuum energy is to study the topological

susceptibility  !itis "e key element in "e resolu#on of "e so-
ca$ed U!1% problem in QCD, Wi&en, Veneziano, 1979 %.
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wrong signO, see below. It can not be related to

any physical propagating degrees of freedom.

Furthermore, it has a pole in momentum space

- K, K
- 4., ik i
|1'“mo d*xe™ &, (x), K#(0)% # ”

There isa massless pole (Veneziano ghost), but
there are no any physical massless states in the
system.
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conventional physical deg ees of freedom always
contribute with sign (-) while one needs sign (+) to

satisfy WI and resolve the U(1) problem /
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Conventional terms (related to propagating degrees
of freedom) always produce exp (! ! obehaviour
at large distances.

< 0,

Witten simply postulated this term, while Veneziano
assumed the unphysical field, the so-called the
OVeneziano ghostO to saturate OwrongO sign in

In some models this contact non-dispersive term with
OwrongO 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 A YM
However, the tdependent portion of energy Evac(!)
(relevant for the cosmological applications) has

all these unusual features due to the relation
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Contact term (positivemsiiug"_:jnf
vanishing width in continuum

D \ Contribution from |
physical degrees of

freedom (negative sign
_with Pnite width)
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The topological susceptibilityr) as a function of r. Wrong sigr
! is well established phenomenon; it has been tested on the |
(plot above is from C. Bernard et al, LATTICE 2007). THis= 0)
contribution is not related to any physical degrees of freedom, ¢
can be interpreted as a contact term.



4. Cosmological application: inflation, DE

® This proposal represents a synthesis of two
previous, and naively unrelated, ideas:

m 1. self-consistent generation of the de Sitter
behaviour based on the Euclidean Sl S
gravitational instantons, garlands. They can be
thought as the thermal (so is the ) v&sion of

Hartle-Hawking instantons IBarvinsky and Co%ee
next slide with a Figure.

= Inflation stage starts after OnucleationO of the
system from S°! iB&tanton. Analytical
continuation of the scale factor leads to the de

Sitter behaviour IBarvinsky and Co%see next slide
with a Figure.
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S3 x R1 S3 x S

Previous papers (Barvinsky & Co): S' was treated as the
system with Pnite temperature. Novel element; the same S
IS a key element to generate a nontrivial holonomy.
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The OnucleationO of the system occurs in both cases in the

same way after analytical continuation from Euclidean to
Lorentzian spacetime:

| =2m"/# +it, a®! cos(#! )" cosh(#t)! exp(! t)



2. Naively unrelated idea is that the same St
nlays a key role in generation of the vacuum

energy ina conjectured CDwith 55! Mwhen
nolonomy assumes a nontrivial value

i 3 -
BEPoqm i d A x[1" ) . T= d, T=
0 st #

n our framework the vacuum energy entering the
~riedman equation is  defined as the difference
petween the energy in nontrivial background and
flat space time geometry, I.e.

Or !Q%CD
=

R[S S el TR

® This subtraction prescription Is consistent with
conventional subtraction of the UV divergences.
Non-local functions of geometry (such as e
cannot be removed by any UV counter-terms.



Historical comments: many people from different

flelds had advocated (after Zeldovich, 1967 a

similar idea on the RHS for the FriedmanOs
equation

HE (=== =i
By eV ohing

James Bjorken !par#cle physics%, 2001,
Ralf Schuetzhold |GR%, PRL, 2002;
Grisha Volovik ICM physics%, 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.



5. Holonomy and the linear correction
| I /T inhyperbolic space H 'l S

= Normally it iIs expected that all corrections due to
the time-dependent (curved) background are
proportional to the local curvature R [HP]! &°

®= 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.

m Specifically, we compute the ratio which explicitly
shows the linear correction Ll
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The computations are based on KvBLL calorons

with nontrivial holonomy (Kraan-van Baal-Lee-Lu)

1 1 e
ETFL = QTFP exp | dXaAs(Xa, X[ 1" ) =cos(!")
0

Normally, nontrivial holonomy ( } £EO0,1
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 conventional instantons).

The KvBLL configurations can be thought as a
superposition of ONO different monopoles which
carry the fractional topological charge Q= +1/N

Confinement can be understood as percolation of
these fractionally charged monopoles which
enter the partition function in sets of ONO .



The crucial role in generating this result is zero-
mode determinant. These modes are drastically
different in hyperbolic and in Euclidean spaces.

This difference in these two cases is determined by
asymptotic behaviour (different cutoff: VvV !
' gleShibe
AM (r)= vcoth(vr)! sillie on RS
#e3

AM (1) = !("+1)Coth[("+1)#!]! coth# —- on H}

Eventually, this difference translates into the
difference In fugacities (and vacuum energies ) as
clalmed above
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®= The correction Tcan be explicitly computed Iin
some simplified settings (Hyperbolic space, weakly

coupled deformed QCD model, etc):
it I F 32" - 4 Cr F - 32" - : Cr
B P L @ s S Poco 11 i
These corrections do not modify the equation of
states which is normally associated with the

cosmological constant contribution:

ar Picp !
R [S3 " Sl # 1. [RY = TQ ] w= = #1
i i_gTﬂQCD ....:Q%ﬂQCD i 1
1 3! I\/IFZ, 3! ZMFZ, Mp
® The driving force for the deSitter behaviour is not_
a local dynamical inflaton field I (x). Rather, the

driving force should be thought as a Casimir type
vacuum energy generated by tunnelling transitions



How a sys*m wi" a gap could be ever
sensi#ve + arbi,ary large distances?

Al: 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(arfieutral
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 Omodular operatorO in
Aharonov -Casher effect.




6. 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 OnucleationO from the gravitational
Instanton. The system assumes conventional
Lorentzian signature.

® The solution after nucleation corresponds to
Inflationary de-Sitter behaviour
e8P

- - L1 at)! exp(Ht), H™" T'H

il | !vac[§ i Sl]# !vac[R4]’ Lol pvac[§ ; Sl]# pvac[R4]1

® This would be the final destination of the Universe
If the Interaction with SM patrticles 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):

1.0ne should describe the relevant Euclidean
configurations satisfying proper boundary
conditions (similar to calorons with nontrivial
holonomy defined on R31) gl

2. One should compute the corresponding path
Integral accounting for the tunnelling
transitions;

3.0ne should compute (! ip)he {)/{/esence of all
massless SM gauge fields (! ,W, 4, g



4. One should subtract the corresponding
expressions ! (R*), p(Rd)derive (11, ! p)

While these steps are well defined in principle, it
IS not feasible now to perform the computations

There is analo%y 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 technigue 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:

Lon = — ) No2 1 b)) 4R BY

® where b(x)s topological non-propagating field

(Lagrange multiplier). This technique has been
explicitly tested in simplified solvable systems

In Condensed Matter this technigue is well known
when summation over topological sectors is
replaced by auxiliary (non-propagating) field, e.g.
In topologically ordered systems



In QCD context  g= ymplies that the helical
Instability will be developed (studies were done In
relation with the chiral magnetic effect in QCD
where psis the chiral chemical potential).

In QCD context ( ps! MHdghe typical time scale for
development of the helical instabllity is

1 1
: instability | - §u5 : !inBation | T g(HO)HO 1 Ne! folds BHE :5, 2(H O) ! 102
We identify ! instability With | et

The number of e-folds ~ Ngi foias | ! 5 2(Ho) ! 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()



7. 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 the scattering amplitudes (the S-matrix
elements).

Lesson 2: It emerges as a result of tunnelling
processes between degenerate topological
sectors, and formulated in terms of the Onon-
dispersiveO contact terms and nonlocal holonomy.

Lesson 3: We identify this new type of energy with
cosmological vacuum energy.

Instead of unknown gauge theory (we called ) QCD
relevant for inflationary scale we apply the same
iIdeas to QCD (we know and love)



® In this case we simply modify all our previous
formulae and computations by replacing

nldation ! DE Poco ! ! ocp
® The obtained relevant parameters are amazingly
close to the observed DE values:

!3 MZ
T'11 HI h;?gD 1 10 ®eV, Ipe ! HI3cp ! (10'%V)*, T H''1 —EL 1 10Gyr,
PL * QCD

In case of ¥octhe coupling with SM patrticles
leads to the reheating (energy transfer from the
vacuum to gauge fields)

In case of ! ocghe coupling with Maxwell EM
field leads to similar energy (very slow) transfer.

m Result: the large scale magnetic field (with
correlation length of entire visible Universe) will
be generated.



8. Large Scale Magnetic field

There are many ideas how the observed
cosmological magnetic field is generated including
primordial mechanisms

We advocate unorthodox mechanism which is
dramatically different from all previous
approaches: the B- field is generated with
enormous coherence scale from DE, similar to
reheating in the Inflation studies

No need for any amplifications as it IS
characterized by the largest possible scale at the
moment of formation

The B field correlated on enormous (Gpc) scale
must exist. What is the origin of such correlation?



Zeeman splitting

6 L BBN
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Magnetic diffusion
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The starting point is the same Effective Lagrangian
In terms of the auxiliary field

Lpn (X) = I

N ZI\‘I Qf [#+ b(x,H)] &, F* (x)
f

It generates well known extra term with Us ! Ho

2

B - P ‘QiéuBH us # $H(x, H )¢
| 25 Ni 2 e (i

Similar equations have been studied before (e.qg.
dynamical axion field). The difference here Is that
the HMgloes not satisfy any classical equation of
motion as there is no canonical kinetic term for
auxiliary field b(x,He Is packground field

The b(x, H )field was introduced as the Lagrange
multiplier to account for tunnelling events



It Is known that the presence of the ternfis
leads to the helical instabllity. In the present
context it implies the generation of the magnetic
field on the huge scales where IS ¢dgrelated.

The instability develops for large wavelengths:

B(t) = Boexp('t), k< sl us I H

In case of the Inflation this coupling leads to the
reheating. In case of DE at present time the same

physics leads to the generation of the magnetic
field correlated on the enormous scales.

The order of magnitude estimates suggest (present

je) B 1 10 1°G



Concluding comments on In-a#on

We speculate that a liner correction 10 the H
energy could be generated as a result of dynamics
of topological configurations with nontrivial :
holonomy. The ideais tested In Odeformed QCDO and
In the system defined on hyperbolic space Hi S

® Application to the inflation with . [tBenerates
the de Sitter behaviour which ends (reheating) as a
result of coupling with SM patrticles:

1 23 1
ERRIRHOCD s | #L%(Hg) ! 107

Ho! ?— S!MPZ ) InfRation ! #g(HO)HO & Ne! folds -

Technically: Effect is non-local in nature, and can
not be expressed in terms of propagating DoF. There
are many analogies with topologically -ordered
systems, including auxiliary fields



Concluding comments on Dark Energy & B .eld

If the same idea Is applied to the present DE when
the gauge filed is the QCD (we know and love), it
produces correct order of magnitude estimate
which is consistent with the observations:

A3
e 00D EOFP el PDE ~ HA%CD ~ (107%eV)*

m Similar to the reheating (in case of inflation) the
vacuum energy will be eventulally tlransferred to
the magnetic energy in 1 2H* lyears

® The magnetic field at present time could be large:

B! 10 '°G . It must be correlated on the scale of
the visible Universe (order of magnitude estimate
for B-field, at the very best).



Extra Slides



Physical meaning of (e sizeof ) T
lappendix A3 /om paper wi" Barvinsky%

2 Originally Was introduced In Euclidean space
for computations in the weak coupling regime with
given holonomy.

2
L=Pexp i  dxsAs(Xa,|x]!" )
0

2 It should not be confused with real size in 4d In
Minkowski space.

2 In weakly coupled gauge theories (such as deformed
QCD) all computations can be carried out explicitly
with fixed .JOne can see explicitly confinement,
fractionally 1/N charged monopoles (instanton
guarks), generation of the vacuum energy expressed
in terms of the auxiliary field betcH )




In strongly coupled real QCD (when you start from
the very begging from T !'") such computations
cannot be done as calorons with nontrivial
holonomy cannot be constructed

How do we know about anything about holonomy
defined on i 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 ngl\ll known example is 2d CRmMlodel defined
on R“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 . Sfowever, the semiclassical
description Is not justified.

Therefore, in this OemergentO case defined on R?
the effective size  issgenerated dynamically.

The main lesson in the present context: the
effective size @&nbe  unlinked from the so-called

bootstrap equations and should be treated as free
parameter to be fixed from observations: T | Hs

Sufficiently large size of  is cdrsistent with
presently available CMB observations for T! H'?



