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Universe,  and nontrivial topology in QCD



It is known  [From Neronov & Vovk, 2010]. The long 
ranged B-field                                      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:  

0. Motivation. 
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Constraints on the B field [From Neronov & Vovk]. The B-field 
correlated on Gpc scales must exist: 
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Future experiment constraints (from UHECR and gamma rays 
telescopes) on the B field [From Durrer&Neronov, 2013].  
 



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.

1. preliminary: energy definition in QFT   



A convenient  way to explain the nature of new type 
of vacuum energy is  to study the topological 
susceptibility ( it is the key element in the resolution of the so-
called U(1) problem in QCD, Witten, Veneziano, 1979 ). 

        does not vanish, though                       . 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 

There is a massless pole (Veneziano ghost), but 
there are no any physical massless states in the 
system. 

2.  Topological susceptibility

4

the theory is restored not due to the 2⌅ periodicity of Lagrangian (7). Rather, it is restored as a result of summation
over all branches of the theory when the levels cross at ⇤ = ⌅(mod 2⌅) and one branch replaces another and becomes
the lowest energy state as discussed in [23].

Finally, the dimensional parameter which governs the dynamics of the problem is the Debye correlation length of
the monopole’s gas,

m2
⇤ ⇥ L⇥

⌅
4⌅

g

⇧2

. (8)

The average number of monopoles in a “Debye volume” is given by

N ⇥ m�3
⇤ ⇥ =

⇥ g

4⌅

⇤3 1 
L3⇥

⇧ 1, (9)

The last inequality holds since the monopole fugacity is exponentially suppressed, ⇥ ⌅ e�1/g2

, and in fact we can view
(9) as a constraint on the validity of the approximation where semiclassical approximation is justified.

B. Topological susceptibility

The topological susceptibility ⇧ which plays a crucial role in resolution of the U(1)A problem [24–29] and is defined
as follows1

⇧(⇤ = 0) =
⌃2Evac(⇤)

⌃⇤2

����
�=0

(10)

= lim
k⇥0

�
d4xeikx�T{q(x), q(0)} ,

where ⇤ is the ⇤ parameter which enters the Lagrangian (6) along with topological density operator q(x) and Evac(⇤)
is the vacuum energy density determined by (7).

It is important that the topological susceptibility ⇧ does not vanish in spite of the fact that q = ⌃µKµ is total
divergence. Furthermore, any physical state gives a negative contribution to this diagonal correlation function
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k⇥0
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where mn is the mass of a physical state, k ⌃ 0 is its momentum, and �0|q|n = cn is its coupling to topological
density operator q(x). At the same time the resolution of the U(1)A problem requires a positive sign for the topological
susceptibility (12), see the original reference [26] for a thorough discussion,

⇧non�dispersive = lim
k⇥0

�
d4xeikx�T{q(x), q(0)} > 0. (12)

Therefore, there must be a contact contribution to ⇧, which is not related to any propagating physical degrees of
freedom, and it must have the “wrong” sign. The “wrong” sign in this paper implies a sign which is opposite to
any contributions related to the physical propagating degrees of freedom (11). In the framework [24] the contact
term with “wrong” sign has been simply postulated, while in refs.[25, 26] the Veneziano ghost had been introduced
into the theory to saturate the required property (12). Furthermore, as we discuss below the contact term has in
fact the structure ⇧ ⌅

⌃
d4x�4(x). The significance of this structure is that the gauge variant correlation function in

momentum space

lim
k⇥0

�
d4xeikx�Kµ(x),K⇥(0) ⌅ kµk⇥

k4
(13)

1 We use the Euclidean notations where path integral computations are normally performed.
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To avoid confusion: This is the Wick’s T-product, not Dyson’s       



conventional physical degrees of freedom always 
contribute with sign (-) while one needs sign (+) to 
satisfy WI and resolve the U(1) problem 

Conventional terms (related to propagating degrees 
of freedom) always  produce                      behaviour 
at large distances.   

Witten simply postulated this term, while Veneziano 
assumed the unphysical field, the so-called the 
“Veneziano ghost” to saturate “wrong” sign in     .  

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.                      
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IV. INSIGHTS FROM LATTICE SIMULATIONS AND FROM HOLOGRAPHIC PICTURE OF QCD

In this section we want to get some insights from the lattice results. The Monte Carlo simulations are normally
performed in Euclidean space. Therefore, we reformulate the low energy relations discussed in previous sections II and
III to Euclidean space time in order to make comparison with lattice results.

A. Topological susceptibility

The scalar correlation function in Euclidean space takes the form and it is negative

⌥
dx  0|T

⇤
b�s

8⇧
G2(x)

b�s

8⇧
G2(0)

⌅
|0⌦ = �4 0|b�s

8⇧
G2|0⌦ < 0, (19)

while the topological susceptibility in the Euclidean space is positive

⌃Eucl =

⌥
dx  0|T

��s

8⇧
GG̃(x)

�s

8⇧
GG̃(0)

 
|0⌦ = 1

N2
c

|Evac(⌅)| > 0. (20)

The di�erence in signs4 between these two correlation functions can be seen in Minkowski space as well, see eq. (3)
versus (6). The crucial observation here is as follows: any physical state contributes to ⌃Eucl with negative sign

⌃dispersive ⌅ lim
k�0

⌃

n

 0|q|n⌦ n|q|0⌦
�k2 � m2

n

< 0, (21)

in drastic contrast with low energy relation (20). It poses no problem for the correlation function (19) when the
physical dilaton saturates the negative sign in eq.(19). At the same time the positive physical mass m2

�0 > 0 for
the ⇤⇥ meson requires the positive sign for the topological susceptibility (20), see the original reference [33] for a
thorough discussion. Therefore, there must be a contact contribution to ⌃, which is not related to any propagating
physical degrees of freedom, and it must have a “wrong sign” (in comparison with (21) representing the conventional
dispersive contribution) to saturate the positive sign for topological susceptibility (20). In di�erent words, it must be a
non-dispersive contribution to ⌃ which is not associated with any asymptotical physical states in conventional dispersion
relations. In the framework [34] the contact term with “wrong sign” has been postulated, while in refs.[32, 33] the
Veneziano ghost had been introduced to saturate the required property (20).

The simplest way to convince yourself in necessity for a non-dispersive contribution to ⌃ with a “wrong sign” is
to compute the topological susceptibility ⌃QCD in QCD rather than in gluodynamics. The topological susceptibility
⌃QCD(mq = 0) = 0 must vanish in the chiral limit as a consequence of the Ward Identities (WI). It is very instructive to
see how it happens. If one models the contact contribution to ⌃ using the Veneziano ghost, the topological susceptibility
in Euclidean space can be represented as follows, see [9, 49] and references therein:

⌃QCD ⇤
⌥

d4x 0|T{q(x), q(0)}|0⌦QCD =
f2
�0m2

�0

4
·
⌥

d4x
�
⇥4(x) � m2

�0Dc(m�0x)
⇥

(22)

where Dc(m�0x) is the Green’s function of a free massive particle with standard normalization
⇧
d4xm2

�0Dc(m�0x) = 1.
The term proportional �Dc(m�0x) with negative sign in eq. (22) is resulted from the lightest physical ⇤⇥ state of mass
m�0 and it has a negative sign in accordance with (21). At the same time the ⇥4(x) represents the ghost contribution
with “wrong” sign which can not be associated with any physical states. The ghost’s contribution can be also thought
as the Witten’s contact term [34] not related to any propagating degrees of freedom. The topological susceptibility
⌃QCD(mq = 0) = 0 vanishes in the chiral limit as a result of exact cancellation between two terms entering (22) in
complete accordance with WI. The WI can not be satisfied if the contact term is not present in the system. When
mq ⌃= 0 the cancellation is not complete and ⌃QCD ⇧ mq q̄q⌦ in accordance with WI.

In case of “deformed QCD” considered in [40] we could explicitly compute the contact term and see that it is saturated
by the monopoles which in weak coupling regime describe the tunnelling processes between di�erent topological sectors
of the theory. While the topological sectors in case of strongly coupled 4d QCD of course still exist, we do not have

4 A warning signal with the signs: the physical degrees of freedom in Euclidean space (where the lattice computations are performed)
contribute to topological susceptibility �QCD with the negative sign, while the contact term (the Veneziano ghost) contributes with the
positive sign, in contrast with our discussions in Minkowski space, see eqs. (3), (6).

exp (�⇤QCDL)

�non�dispersive =

Z
d4x hq(x), q(0)i = 1

N2
|Evac| > 0

�



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           . 
However,  the      -dependent portion of energy             
(relevant for the cosmological applications) has 
all these unusual features due to the relation 

✓ Evac(✓)

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

�(r)

Contribution from 
physical degrees of 

freedom (negative sign 
with  finite width)

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

�
�(r = 0)



3. Definition of the Gravitating Energy

We assume that the relevant (gravitating) energy 
which enters the Friedman’s equation is the 
difference                                      similar to 
computations of the Casimir energy, when the 
difference      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               when role 
of                     plays  parameter 

We want to argue that a nontrivial holonomy 
generates a linear correction                in contrast 
with conventional expectation 

�E = (EFLRW(H)� EMink)

�E

H
3
 ⇥ S

1
�1

�E() ⇠ 

H ⇠ 10�33
eV  ! 0

�E ⇠ R [H3
] ⇠ 2



Technically,  we want to see a linear (rather than 
very small quadratic      ) correction in the ratio 

If the same pattern persists in real FLRW 
Universe one could estimate  

In other words, we interpret the observed Dark 
Energy as a modification of the QCD vacuum 
energy due to a nontrivial  topology (not 
expressible in terms of local curvature                )  

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. 

Evac[H3
 ⇥ S

1
�1 ]

Evac[R3 ⇥ S1]
' 1 +O

✓


⇤QCD

◆
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⇠ 

�Evac ⇠  ⇠ L�1 ⇠ ⇤4
QCD

✓
1

⇤QCDL

◆
⇠ (10�3eV)4

2

R [H3
] ⇠ 2



Historical comments: many people from different 
fields had advocated (after Zeldovich, 1967 )  a 
similar idea on the RHS for the Friedman’s 
equation  

                                      

James Bjorken (particle physics), 2001,                             
Ralf Schuetzhold (GR), PRL, 2002;                                                    
Grisha Volovik (CM physics), 2008 +many more  

I 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. 

E(L) ⌘ �(�V )�1 lnZ

�E(L) = [E(L)� EMink]



4. Holonomy and the linear correction    
in hyperbolic space 

Normally it is expected that all corrections due to 
the time-dependent (curved) background are 
proportional to the local curvature 

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.  

Specifically, we compute the ratio which explicitly 
shows the linear correction  

H
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 ⇥ S

1
�1

Evac[H3
 ⇥ S

1
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The key feature of the  configurations which 
generate the vacuum energy is that the fields are 
helical with quantum numbers of  

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)  

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 

q(x) ⇠ @µK
µ(x)

4

the theory is restored not due to the 2⌅ periodicity of Lagrangian (7). Rather, it is restored as a result of summation
over all branches of the theory when the levels cross at ⇤ = ⌅(mod 2⌅) and one branch replaces another and becomes
the lowest energy state as discussed in [23].

Finally, the dimensional parameter which governs the dynamics of the problem is the Debye correlation length of
the monopole’s gas,

m2
⇤ ⇥ L⇥

⌅
4⌅

g

⇧2

. (8)

The average number of monopoles in a “Debye volume” is given by

N ⇥ m�3
⇤ ⇥ =

⇥ g

4⌅

⇤3 1 
L3⇥

⇧ 1, (9)

The last inequality holds since the monopole fugacity is exponentially suppressed, ⇥ ⌅ e�1/g2

, and in fact we can view
(9) as a constraint on the validity of the approximation where semiclassical approximation is justified.

B. Topological susceptibility

The topological susceptibility ⇧ which plays a crucial role in resolution of the U(1)A problem [24–29] and is defined
as follows1

⇧(⇤ = 0) =
⌃2Evac(⇤)

⌃⇤2

����
�=0

(10)

= lim
k⇥0

�
d4xeikx�T{q(x), q(0)} ,

where ⇤ is the ⇤ parameter which enters the Lagrangian (6) along with topological density operator q(x) and Evac(⇤)
is the vacuum energy density determined by (7).

It is important that the topological susceptibility ⇧ does not vanish in spite of the fact that q = ⌃µKµ is total
divergence. Furthermore, any physical state gives a negative contribution to this diagonal correlation function

⇧dispersive ⌅ lim
k⇥0

�
d4xeikx�T{q(x), q(0)} (11)

⌅ lim
k⇥0

⌥

n

�0|q|n �n|q|0 
�k2 � m2

n

⌥ �
⌥

n

|cn|2

m2
n

⇤ 0,

where mn is the mass of a physical state, k ⌃ 0 is its momentum, and �0|q|n = cn is its coupling to topological
density operator q(x). At the same time the resolution of the U(1)A problem requires a positive sign for the topological
susceptibility (12), see the original reference [26] for a thorough discussion,

⇧non�dispersive = lim
k⇥0

�
d4xeikx�T{q(x), q(0)} > 0. (12)

Therefore, there must be a contact contribution to ⇧, which is not related to any propagating physical degrees of
freedom, and it must have the “wrong” sign. The “wrong” sign in this paper implies a sign which is opposite to
any contributions related to the physical propagating degrees of freedom (11). In the framework [24] the contact
term with “wrong” sign has been simply postulated, while in refs.[25, 26] the Veneziano ghost had been introduced
into the theory to saturate the required property (12). Furthermore, as we discuss below the contact term has in
fact the structure ⇧ ⌅

⌃
d4x�4(x). The significance of this structure is that the gauge variant correlation function in

momentum space

lim
k⇥0

�
d4xeikx�Kµ(x),K⇥(0) ⌅ kµk⇥

k4
(13)

1 We use the Euclidean notations where path integral computations are normally performed.
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Q:       How a system with a gap could be ever 
sensitive to arbitrary large 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                  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. 

exp(�r/�)



Are there other hints on a  linear dependence on 
cosmological scale                 in a gapped system? 
(locality suggests quadratic behaviour as           )  

1. A number of analytical computations in some 
simplified models (e.g. deformed QCD).  

2a. Lattice numerical simulations. In this case the 
computations of a real part of the energy 
-momentum tensor               is a hard problem.  

2b. However, the imaginary (absorptive) portion of 
the energy-momentum tensor            due to particle 
production,  can be computed, see plot below. 

2c. Analyticity suggests that the dependence on H 
must be the same in                and      
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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;  

2. Red curve         describes the particle production 
rate per unit volume per unit time in the 
background     ; 

3. The linear dependence on     has been observed,  
                          . It strongly supports our arguments. 
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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). 

5. Applications to the Dark Energy 



 The  relevant parameters are amazingly close to 
the observed DE values: 

It explicitly shows that the vacuum QCD 
contribution to the Hubble constant and DE is 
expressed in terms of the  

This energy will be eventually transferred to the 
Maxwell EM fields (so-called helical instability) 
on the time scale of  

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. 
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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 



Constraints on the B field [From Neronov & Vovk]. The B-field 
correlated on Gpc scales must exist: 
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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) 

It generates well known extra term with  

Similar equations have been studied before (e.g. 
dynamical axion field). The difference here is that 
the       does not satisfy any equation of motion as 
there is no canonical kinetic term for auxiliary 
field            . The      is non-propagating field  

The  P-odd long ranged field             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
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It is known that the presence  of the       term 
leads to the helical instability. In the present 
context it implies the generation of the magnetic 
field on the huge scales where       is correlated.   

The instability develops for large wavelengths: 

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

The order of magnitude estimates suggest (present 
time),  
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7. Few technical details 

We illustrate the idea with oversimplified ansatz 
[Boyarrsky,Frohlich & Ruchayskiy, 2015]. 

It leads to the following equation for 

Crucial point here is that                       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 
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This equation has a solution 

This implies development of the helical instability  

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  
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   Concluding comments  on Dark Energy & B field 

QCD vacuum energy is different for different 
background (Minkowski vs deSitter). This 
difference generates correct  order of magnitude   
for the observed DE today   

There are no any new fields associated with  

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          .                                      
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The source of the magnetic energy in this 
framework is the DE, i.e.  

The energy-transfer time  scale is                        
(similar ideas applied to reheating after inflation  
predict number e-folds 

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 
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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). 

The Maxwell system on the 4-torus shows all signs 
(degeneracy,  etc)  which are normally attributed 
to the topologically ordered CM systems. 

Proposal: Instead of theoretical speculations I suggest to conduct a 
real tabletop experiment to study this new physics phenomenon:



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

This picture illustrates a 
new physics phenomenon



Extra Slides 
1. on physical meaning of       in computations
2. applications to Inflation and reheating 
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Physical meaning of     (the size of    ) 

(appendix A3 from   paper  with Barvinsky)
Originally        was introduced in Euclidean space 
for computations in the weak coupling regime with 
given holonomy.  

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

How do we know about anything about holonomy 
defined on       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                 model defined 
on       when the only integer values instantons 
with trivial holonomy were introduced into the 
system 
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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     . However, the semiclassical 
description is not justified.  

Therefore, in this “emergent” case defined on      
the effective size      is generated dynamically.   

The main lesson in the present context: the 
effective size     can be unlinked from the so-called 
bootstrap equations and should be treated as free 
parameter to be fixed from observations: 

Sufficiently large size of      is consistent with 
presently available CMB observations for        
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 Cosmological application: inflation

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

1. self-consistent generation of the de Sitter  
behaviour based on the Euclidean               
gravitational instantons, garlands. They can be 
thought as the thermal (so is the        )  version of 
Hartle-Hawking instantons  (Barvinsky and Co),    

Inflation stage starts after “nucleation” of the 
system from             instanton. Analytical 
continuation of the  scale factor leads to the de 
Sitter behaviour (Barvinsky and Co),  
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 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  

This would be the final destination of the Universe 
if the interaction with SM particles is switched off 
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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                ) 

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

3.One should compute          in the presence of all 
massless SM gauge fields (                    ) 
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4. One should subtract the corresponding 
expressions                    to derive   

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 
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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:  

where        is 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  
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In QCD context               implies that the helical 
instability will be developed (studies were done in 
relation with the chiral magnetic effect in QCD 
where       is the chiral chemical potential). 

In cosmology context  (            )  the typical time 
scale for development of the helical instability is  

We identify                   with  

The number of e-folds                                                   

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  

µ5 ⇠ H0

⌧inflaton
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ḃ = µ5
<latexit sha1_base64="Lp0Y4SUs8UnfmEfgdxkfShx0VVg=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBF0U2YE0Y1QdOOygn1AZyiZNNOGJjNjcqdQhn6HGxeKuPVj3Pk3po+Fth4IHM65h3tzwlQKg6777aysrq1vbBa2its7u3v7pYPDhkkyzXidJTLRrZAaLkXM6yhQ8laqOVWh5M1wcDfxm0OujUjiRxylPFC0F4tIMIpWCvxugnk4vvFV1rnslMpuxZ2CLBNvTspV4p+DRa1T+rJ5likeI5PUmLbnphjkVKNgko+LfmZ4StmA9njb0pgqboJ8evSYnFqlS6JE2xcjmaq/EzlVxoxUaCcVxb5Z9Cbif147w+g6yEWcZshjNlsUZZJgQiYNkK7QnKEcWUKZFvZWwvpUU4a2p6ItwVv88jJpXFQ8t+I92DZuYYYCHMMJnIEHV1CFe6hBHRg8wTO8wpszdF6cd+djNrrizDNH8AfO5w/mt5Lp</latexit><latexit sha1_base64="x6su+HchAWzojNms0w/Pi2N/YhM=">AAAB9HicbVDLSgMxFM3UV62vqks3wSJ0VWYE0Y1QdOOygn1AZyiZNNOGJpkxuVMoQ7/BpRsXirj1I/wEd36Ie9PHQlsPBA7n3MO9OWEiuAHX/XJyK6tr6xv5zcLW9s7uXnH/oGHiVFNWp7GIdSskhgmuWB04CNZKNCMyFKwZDq4nfnPItOGxuoNRwgJJeopHnBKwUuB3Y8jC8aUv085Zp1hyK+4UeJl4c1KqYr/8/fHg1zrFT5unqWQKqCDGtD03gSAjGjgVbFzwU8MSQgekx9qWKiKZCbLp0WN8YpUujmJtnwI8VX8nMiKNGcnQTkoCfbPoTcT/vHYK0UWQcZWkwBSdLYpSgSHGkwZwl2tGQYwsIVRzeyumfaIJBdtTwZbgLX55mTROK55b8W5tG1dohjw6QseojDx0jqroBtVQHVF0jx7RM3pxhs6T8+q8zUZzzjxziP7Aef8BbFaVig==</latexit><latexit sha1_base64="x6su+HchAWzojNms0w/Pi2N/YhM=">AAAB9HicbVDLSgMxFM3UV62vqks3wSJ0VWYE0Y1QdOOygn1AZyiZNNOGJpkxuVMoQ7/BpRsXirj1I/wEd36Ie9PHQlsPBA7n3MO9OWEiuAHX/XJyK6tr6xv5zcLW9s7uXnH/oGHiVFNWp7GIdSskhgmuWB04CNZKNCMyFKwZDq4nfnPItOGxuoNRwgJJeopHnBKwUuB3Y8jC8aUv085Zp1hyK+4UeJl4c1KqYr/8/fHg1zrFT5unqWQKqCDGtD03gSAjGjgVbFzwU8MSQgekx9qWKiKZCbLp0WN8YpUujmJtnwI8VX8nMiKNGcnQTkoCfbPoTcT/vHYK0UWQcZWkwBSdLYpSgSHGkwZwl2tGQYwsIVRzeyumfaIJBdtTwZbgLX55mTROK55b8W5tG1dohjw6QseojDx0jqroBtVQHVF0jx7RM3pxhs6T8+q8zUZzzjxziP7Aef8BbFaVig==</latexit>

<latexit sha1_base64="ikKHiaNZ257oFmFU/F2Gf+9zSXw="></latexit>

Ne�folds ⇠ ↵
�2
s (H0) ⇠ 102

<latexit sha1_base64="nIEWXBz0RLaFSCUCPUuFpwxtWh4="></latexit>

⌧instability ⇠ 1

↵2
sµ5

! ⌧inflation ⇠ 1

↵2
s(H0)H0

! Ne�folds ⇠ ↵
�2
s (H0) ⇠ 102

<latexit sha1_base64="W6E1M7jziwdqQcJ0tRFhu4dh38E=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa45GbAi8cIZoFkCD2dnqRNL0N3jxBC/sGLB0W8+j/e/As/wc4kB018UPB4r4qqelHCmbG+/+WtrK6tb2zmtvLbO7t7+4WDw4ZRqSa0ThRXuhVhQzmTtG6Z5bSVaIpFxGkzGt5M/eYj1YYpeW9HCQ0F7ksWM4KtkxqoI9LuRbdQ9Et+BrRMgjkpXn9Dhlq38NnpKZIKKi3h2Jh24Cc2HGNtGeF0ku+khiaYDHGfth2VWFATjrNrJ+jUKT0UK+1KWpSpvyfGWBgzEpHrFNgOzKI3Ff/z2qmNK+GYySS1VJLZojjlyCo0fR31mKbE8pEjmGjmbkVkgDUm1gWUdyEEiy8vk0a5FFyWynfnxWpllgbk4BhO4AwCuIIq3EIN6kDgAZ7gBV495T17b977rHXFm88cwR94Hz960I/U</latexit>µ5

<latexit sha1_base64="+mXTqKnSy4awSg70bflnDcFn9/A=">AAAB8XicbVDLSsNAFL2pr1pfVZduBluhbkqShbqz4MZlBfvANpTJdNIOnUzCzEQooX/hxoUibv0bd/6Fn+Ak7UJbD1w4nHMv997jx5wpbdtfVmFtfWNzq7hd2tnd2z8oHx61VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntONPbjK/80ilYpG419OYeiEeCRYwgrWRHlC1Xes3x+y8OihX7LqdA60SZ0Eq19+Qozkof/aHEUlCKjThWKmeY8faS7HUjHA6K/UTRWNMJnhEe4YKHFLlpfnFM3RmlCEKImlKaJSrvydSHCo1DX3TGWI9VsteJv7n9RIdXHkpE3GiqSDzRUHCkY5Q9j4aMkmJ5lNDMJHM3IrIGEtMtAmpZEJwll9eJW237lzU3Tu30nDnaUARTuAUauDAJTTgFprQAgICnuAFXi1lPVtv1vu8tWAtZo7hD6yPH/vGkI4=</latexit>

V (�)


