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Abstract

Our research is related to testing dark energy/modified gravity theories.
We determine the positivity bounds on effective field theories with
spontaneously broken Lorentz invariance. We consider all the operators
in a low-energy — effective field theory (EFT) approach and gain the
conditions for EFT coefficients so that a theory is healthy (without
instabilities). These conditions are called the positivity bounds, for which
a theory works. These positivity bounds can give us constraints about the
cosmological model. We mainly follow the paper Positivity bounds on
effective field theories with spontaneously broken Lorentz invariance by Paolo
Creminelli, Oliver Janssen, and Leonardo Senatore, where the positivity
bounds are calculated from the two-point correlation functions of
conserved quantities like the Noether current and stress-energy tensor.
Then we show how this new mechanism of finding positivity bounds can
be used for real cosmological models.
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Chapter 1

Introduction

The context of our thesis is related to the late time universe and effective
tield theories of dark energy (DE), which address the cosmic acceleration
and possibly the cosmological constant problem. In the following lines, we
explain why we use the EFT approach and what the cosmological problem
means.

The idea of using EFTs is that one can make calculations without knowing
the exact theory. We write down the actions in the effective field theory
approach. The EFT approach means writing down all the possible opera-
tors in the low-energy degrees of freedom (while high-energy degrees of
freedom (DoFs) are integrated out). From the symmetries of the theory,
we guess which operators to use, and from the coefficients of operators, we
gain information about the details of the UV theory.

Now, let us explain the case of the cosmological problem. For a massless
spin-2 field in General Relativity, we have the following action:

5= /d4x\/_ R+A0 (1.1)

Where ¢ is a determinant of the metric, M,, is the Planck mass, R is the
Ricci (curvature) scalar and Ay is the cosmological constant (we will see
later that it can get time-dependent corrections). Looking at the energy
density of dark energy (vacuum energy) Aygeyum calculated from the the-
ory including all the fields from the standard model (SM), we will see that
it is 120 orders of magnitude higher than the appropriate observed value
of it (Aypserved).- From the energy (mass) scale’s point of view, it is equiv-
alent to the discrepancy of 30 orders between theory and observation (as

7
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8 Introduction

energy density scales as [energy*])[1]. We can write down the following
expression.
Ao + Noacuum = Nmeasured, (1.2)

where Aygcuum is the theoretical value of the cosmological constant, calcu-
lated from considering standard model fields, A;.qs,req4 1S the value which
can be received from the observations, and A is the cosmological constant
related to the dark energy (the term we have in the action (1.1)). Avacuum,
as we already mentioned, is 120 degrees higher than A,,;.;5,re4, that leaves
us with the negative value of Ag. The value of Ayesureq is fixed while
the value of Ayscuum may change with phase transitions as the universe
expands. Hence, Ay would here be very fine-tuned in a time-dependent
way.

All this suggests the idea that action (1.1) has to be changed. Proposed
action for the effective field theory (EFT) of dark energy (DE)/EFT of cos-
mological perturbations/EFT of Inflation is:

5= /d4x\/_ [(14+ Q)R + Ag(t) + ... (1.3)

In the simplest and most suitable way to discuss the ghost and gradient
instabilities, the action can be written as follows:

2
S—/d4x\/_—[R+Ao]+/d4x\/_ [ (P +B()(v2¢)}

(1.4)
As later can be shown, it turns out that for certain conditions for these
EFT coefficients, Lagrangian received from action (1.4) should give us a
healthy theory. Under "healthy” we mean the theory that is free of insta-
bilities. In order to be free of instabilities, the theory should satisfy some
stability criteria given below:

* to avoid the ghosts, Lagrangian should give a positive energy term
(for (1.4) A should be positive);

* to avoid the gradient instabilities, DoFs should be propagating with
non-negative speed;

* toavoid the tachyonic and Jeans instabilities, DoF should have a pos-
itive mass squared.

Satisfaction of these criteria specifies conditions for EFT coefficients and
that conditions are called the positivity bounds.

8
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We mainly follow the paper: Positivity bounds on effective field theories with
spontaneously broken Lorentz invariance by Paolo Creminelli Oliver Janssen
and Leonardo Senatore, re-derive (get each formula and condition) inde-
pendently and try to relate the given mechanism to the cosmological mod-

els [2].

Under some assumptions about UV completion of a theory (Lorentz in-
variance, locality, unitarity) we can derive inequalities that the low-energy
(EFT) coefficients must satisfy. Mainly, there are two ways to get condi-
tions for coefficients. One of them is considering the analytic structure
of the S-matrix, where one uses a tree-level scattering amplitude of two
particles. The amplitude is written in the EFT coefficients. This matrix
gives crucial information: using Cauchy’s theorem one can relate an inte-
gral (over some physical quantity constructed from scattering amplitude)
along a low-energy contour (using the EFT approach with coefficients) to a
high-energy one. This can be proven to have a definite sign, so conditions
for the EFT coefficients are obtained. We provide an exact way of doing
this in chapter 2. Another way is to look at two-point correlation functions
of conserved quantities, like the Noether current and stress-energy tensor.
Conservation laws of these quantities will help us to get the conditions for
the EFT coefficients, so we will get the positivity bounds. This is provided
in chapter 4.

Generally, in late cosmology Lorentz invariance is spontaneously broken
because we use the FLRW metric which is not invariant under Lorentz
transformations (the metric is evolving in time),

g# A g (1.5)

where A is the Lorentz transformation matrix. Also, contrary to de-Sitter
and Minkowski cases, FLRW background does not acquire the local time-
like killing vector (so, we cannot find any scale up to which FLRW metric
would be Lorentz invariant) [3]. Conclusively, in late-time cosmology, we
have the preferred time direction. So, while choosing the relevant theories
in cosmology one could reduce the allowed parameter space by knowing
which theories of inflation and DE admit a standard UV completion. To
deal with the inflation and DE models we need to consider the UV theory
to be the Lorentz-breaking theory and we cannot directly expand the “pos-
itivity” arguments gained from the Lorentz-invariant cases. It is wrong to
think about the EFT in which Lorentz symmetry is broken as a Lorentz-
invariant theory around another vacuum.
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10 Introduction

Consider we are in a Lorentz-breaking theory. Generally, the low and high
energy states are connected by the boosts, but in Lorentz-breaking theory
we do not have the boost-invariance. This hints that the S-matrix approach
which describes the scattering of the EFT degrees of freedom cannot be ex-
tended to the UV, as the states are intrinsically in low-energy and without
boosts one cannot relate them to states in the UV theory (high energy).
So, it is not clear how to connect the low-energy EFT calculation to the
UV which is quite meaningful when working with positivity logic. So, the
S-matrix approach is good for Lorentz-invariant theories and not the best
way for our investigation when we have the Lorentz-breaking theory.

In [2] another route is used. They look at the correlation function (J#(—k)J"(k))
of a conserved current J# (and the stress-energy tensor T#"). From the con-
servation laws of these two-point correlation functions they gain the con-
ditions for EFT coefficients, so-called positivity bounds. For these deriva-
tions we will use the conformal field theory (CFT) approach (from David
Tong’s lecture notes) [4] because its characteristics match our requirements
(for example, the calculation should be valid both in IR and UV) quite well

as we will see later. A conformal field theory is a field theory which is in-
variant under the conformal transformations” defined as follows: Under the
change of coordinates: o — &*(0), the metric changes as:

8up() = O (0)gup () (1.6)

CFT transformation preserves the angles so the angles are rather impor-
tant here than the quantities like distance etc. The assumption in paper
[2] is that in deep UV the theory reaches a conformal fixed point, which
means the correlation function of J* is fully fixed by conformal invariance.
UV limit together with the analytic properties of the two-point function
of J# give us a possibility to have an argument similar to the one of the
S-matrix and derive positivity bounds on the coefficients of EFT.

In paper[?] they consider the EFT that describes the low-energy excita-
tions of a CFT at finite chemical potential y for an internal U(1) symmetry.
According to this logic, there is only one extra scalar degree of freedom
so both UV conformal invariance and Lorentz invariance are broken only
by p. u can be seen as a cut-off of the effective field theory (the point in
near UV, where the EFT approach ceases to be valid). From the beginning,
it maybe seems strange to relate CFT formalism to cosmology. Until we
explain it more thoroughly, let us provide here a little overview: we know
that at low energy cosmological perturbations are not Lorentz-invariant,

10
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11

butin UV they should have Lorentz-invariant completion. Then, we know
that CFTs are Lorentz-invariant in UV and they also are connected to the
EFT by the large charge section. So, if we use CFTs for our theory, we can
have a possibility to find positivity bounds for the low-energy EFT coef-
ficients. These coefficients would dictate when our Lagrangian (for the
DE/MG theory, which in low energy limit is Lorentz breaking and in UV
has Lorentz invariant completion) gives the healthy theory. In chapter 3
we provide more explicit explanations of why and how we can use CFTs
to gain positivity bounds, which are connected to the Lagrangian coeffi-
cients and, therefore, to the cosmology.

In our project, we want to find the conditions for the EFT coefficients from
two-point correlation functions of conserved quantities like the Noether
current and stress-energy tensor. That conditions represent the positivity
bounds on the EFT coefficients and give a possibility to predict when DE
Lagrangian will give the healthy theory. Then the results can be related to
real cosmology models to constrain the cosmological constant values.

11

Version of January 20, 2023— Created January 20, 2023 - 13:45






Chapter

Formalism

Even though we are not going to use the S-matrix method, it is worth ex-
plaining how it works, because we will need to compare then this method
to the two-point correlation function’s approach. For this, we adopt some
findings from [5]. S-matrix approach means considering of 2 — 2 scatter-
ing in forward limit (i.e. t — 0, where s, t, u are Mandelstam variables)[6].
Then there is calculated the tree-level scattering amplitude in low-energy
EFT, so the amplitude is written in EFT coefficients. After this, the authors
construct a physical quantity from this amplitude which can be used for
deriving the positivity bounds for the EFT coefficients. Then they demon-
strate that the S-matrix in a given limit has certain properties which make
it possible to derive the positivity bounds:

1. S-matrix is a physically well-defined function for all values of the
real variable s.

2. S-matrix is field-redefinition independent.

3. The consequences of locality and Lorentz-invariance:

* S-matrix has an analytic continuation to the upper and lower
half complex s-planes, where singularities belong only on the
real axis. This includes unitarity cuts for energies |s| > 4m?,
where m is a non-zero mass gap in the theory. Here scattering is
for 2 particles, and minimal energy for each particle is the rest
energy m, ¢ = 1, thus |s| > (m +m)?.

* S-matrix has a crossing symmetry: M(s)* = M(4m? — s*).

13
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14 Formalism

4. A consequence of unitarity: the main idea is that the discontinuity
across the cut has a definite sign, namely, it is i X a positive number.

5. A consequence of the minimal requirements to derive the Froissart
bound[6]: Scattering amplitude decays as |(M(s))|/s> — O as |s| —

Q.
Here, § is defined as: § = s — 4m? and M(8) = M(s), then Eq. (5) gives:

A A

M(3)* = M(—8").

At the tree level, the scattering amplitude in the low-energy EFT is:
§? 5t

M(§) =cCg+ CZF + C4F

o 2.1)
where c;-s are real numbers and A is the scale suppressing the higher-
dimension operators in the EFT.

Now, we provide an example of how one can use scattering amplitude to
derive the positivity bounds. To construct a physical quantity that allows
applying of the Cauchy theory, the authors [2] use function M(3)/3%:

M(3) 1 1 8
§3 = CO§—3 + sz -+ C4F =+ ... (22)
Next the integral is computed counterclockwise. Then the following is
obtained: 1)
AM 3 . Co
7{ ds~ 37 = 2mi 2.3)

As we can see from Cauchy’s integral theorem, the only pole that does not
give residue 0 is one with ¢, term. We can perform this integral around the
contour shown in Fig.2.1. Now observe, that M decays sufficiently quickly
at co. Therefore, the integral along the large circle is negligible as r — co.
Then, integrals along the negative s cut and along the positive s cut are the
same. Thus i X ¢y with ¢y non-negative number is obtained. That gives
condition ¢ > 0.

14
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2.1 IR/UV control 15

Figure 2.1: The two contours in the $-plane for S-matrix argument. The integral
around the origin gives the coefficient of the operator in the EFT. It is equivalent
to the large contour that reduces to an integral along the cuts since the arcs at
infinity vanish. The integral along the cuts is positive definite[”]

All this logic (S-matrix approach) works well when we have a Lorentz-
invariant theory because we know how to relate low-energy states to high-
energy ones, but in this thesis, we are focusing on theories for which the
Lorentz-invariance is spontaneously broken. Upon Spontaneous breaking
of Lorentz invariance, Goldstone bosons appear, which represent degrees
of freedom relevant to these kinds of EFTs.

An important obstacle in our reasoning is that when Lorentz-invariance is
broken, we have no boost transformation that relates high-energy to low-
energy states. Due to this, it is difficult and quite compelling to connect
the low and high-energy S-matrices.

Now let us switch to another approach.

2.1 IR/UV control

From the situation explained above we can see that we should search for
such a quantity whose behavior can be controlled both in IR and UV. Un-
der the assumption that deep UV completions of our EFTs are Lorentz-
invariant, unitary CFT-s[?], good candidates with required characteristics
can be the correlation functions of conserved quantities, like conserved

15
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16 Formalism

currents or stress-energy tensor. Conserved currents are primary opera-
tors (a detailed definition of primary can be seen in section 2.4) for CFT-s
and have fixed scaling dimensions. If we consider a 4 dimensional space-
time, the conserved currents will have scaling dimension d — 1, the stress-
energy tensor will have scaling dimension d.

The 2-point correlation function of the conserved currents in Fourier space
will be:

(=) (k) = ey (k" — ")k (24)
Derivation of (2.4) ([7]):

ml(p) = o — PP 2.5)
p

This operator is a projector onto tensors transverse to p, which means
pyn,f: (p) = 0 (because of transversality condition). From the transverse
Ward identities (identities that arise from the conservation law of currents)
it can be shown that the divergence of any 2-point function of conserved
currents is proportional to the 1-point functions (derivations can be seen
in [7]). Under the assumption that 1-point correlation functions vanish, 2
point correlation function is divergenceless, therefore transverse. It can be
expressed as follows:

(JH(p)J" (-p)) = @ (p)C(p) (2.6)

Where C(p) is any function of the magnitude of momentum. From the
Dilation Ward identity, it can be shown that the form factors® should be
the homogeneous functions’ of degree 2\ — d. For the conserved current,
scaling dimension A =d —1,502A —d =d — 2. = C(p) = ¢;p?~2 (¢) is
arbitrary constant here).

So we can see that in our case 4-momentum is k, we have different sign
from different ordering, we have 4D, so &, — 1"’ and 1/k? is out of the
parenthesis, so using (2.5) we definitely get (2.4).

Under the assumption that conserved currents are Hermitian, the corre-
lation functions of the Noether currents become field-redefinition inde-
pendent. This is another property in common with the S matrix approach.

*a function that encapsulates the properties of certain particle interaction without con-
sidering whole underlined physics but providing suitable momentum dependence of
suitable matrix elements instead

*a function of several variables such that, if all its arguments are multiplied by a scalar,
then its value is multiplied by some power of this scalar, called the degree of homogeneity

16
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2.2 Analiticity 17

Focusing on the correlation functions, we should decide which one to
study. Locality and Lorentz invariance are very meaningful, thus quite
natural decision would be if we use the retarded and advanced Green’s
functions[7]:

GR (x =) = 10" = ") (0|1 (x),  )]0) o
Gl (x =) = =i0(4° =) ([ (x), ' W)0)).

2.2 Analiticity

Next, we look at analytic properties of G, and GZV. Here we are using
logic and expressions from paper [2].
Fourier transform of Green’s function is (definition):

GE?A(w, p) = /Rd ddxe_ip'xGﬁi/A(x). (2.8)
Metric convention is (—, +, ..., +).

For retarded function one observes:

Gﬁv — 0 for x¥ < 0 because if x < 0, then # = 0 and so becomes G.';

GL' = 0 for x2 > 0 as commutator of the currents will be 0 because quan-
tum fields at space-like separation commute.

From the calculationst we have that for p/™ € FLC, Gﬁv(w, p) is analytic.
Analogously, for p!™ € BLC G/, (w, p) is analytic.

Now we will show analicity explicitly. For this we write the momentum
in the following way:

p =ko+wi (2.9)
ko, & € R~ are constants, & =& < 1, w™ > 0 for Gg and w!™ < 0 for
Ga.

Then we assume that upon appropriate limits - w!™ — 0F - both functions
GIP;,/A (w) can be defined on the real line w € R.

HIntegration of (2.8) - FLC (forward lightcone): x° > 0,x2 < 0. Considering the
complex values for p and assuming polynomial boundedness (The function f is poly-
nomially bounded means that there exist such polynomials g and / that for all x we
have g(x) < f(x) < h(x)) of the real-space correlation functions, (2.8) converges for
Re(—ip-x) < 0or p/™.x < 0 (negative i x negative imaginary part gives overall 7 — ")
as |x| — oo in the FLC. = p!™ € FLC.

17
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18 Formalism

For each ko and ¢ let us define the following function on the whole com-
plex w-plane:

GVV(w) _ { G?{V(‘UIP) if w'™ >0, (2.10)

Gl (w,p) if w™<o.

It can be shown that G*Y(w) is analytic on C \ {(—o0, —m) U (m, o)}, with
m positive mass. Let us consider w € R (or w = €,€ — 0). Inserting a unit
operator 1 = ¥, |P,)(P,| and remembering that J#(x) = e~ *J#(0)e!l*
we have:

llin (GM(w +ie) — GM(w —i€)) = i/Rd d¥xe =P (0|[J* (x), Y (0)]])

=i [ eI () (L 1P (Bl ) O)) = (1 5 v,x 5 0)

n

:1/Rd *ZPX O\e*lPx]y( ) ip.x(Z‘PnMPn’)]v(o)D—(,'Ll<—>1/,XHO)

1(27fd2{5 (p = Pu) (01*(0) | Pu) (Pu|]"(0)|0) — 5 (p + Py) (0]]7(0) | P} (Pu|]*(0) |0} }
(2.11)

Where we have integrated over x to get delta functions and (271)4 and use:
(0le=* =0, e_lpx|0> —Pe~P¥|0)  and

eilPx |0> =0, <0|esz _ <0|esz

For simplicity we will consider theory with a mass gap: so PY > m > 0.
p? = w, thus if w| < m arguments of delta functions never vanish and G*"
is continuous as we cross the imaginary axis at this point. So, we can see
that for w > m, only the first term of the last line of Eq. (2.11) contributes,
whereas for w < m only the second term contributes. So, we can conclude
that G"V(w) is analytic on the doubly-cut plane C \ {(—o0, —m) U (m, o) }.

2.3 Positivity of cut contributions

We want to check if the contribution from the discontinuity across the cuts
has a definite sign. Let us integrate Guv around the (m, o) cut in a clock-
wise direction, changing measure with some arbitrary powers of w. We

18
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2.3 Positivity of cut contributions 19

get a contribution only from the first part of (2.11), from & @) (p —Py). Ttis
an useful idea to contract G* with 2 copies of a constant real vector V);:

1 dw ~ . [ed
@ S 0= [, G RS PR OV

cut w! m n
(2.12)
This is true because, V,, and J# are Hermitian, so we can write that (0[]#(0)|P,) =
(P4|J™u(0)|0) and in summation we can write down }_ |V, > = LV, V.
This is of the form ix (positive). (because, integration gives _H-Ll from oo
to m=>, we get —(< — 1) that gives L and m is positive).

Integrating over (—oco, —m), we obtain:

—1 dw ~ v LT dw
(2r) /(m’oo) — G (W)W, V, = —z/oo JZfS(d)(p+Pn)\(Pn!]”(0)Vﬂ\O)|2

cut wl _ -
(2.13)
(2.13) is ix (positive) for odd I and ix (negative) for even I. We are inter-
ested in odd [ cases as we want the contribution from both sides to be i x
(positive).

Crossing symmetry and reality properties.

Let us see if the Green’s functions GﬁfA(p) satisfy a crossing symmetry
property.
For p!™ € FLC we have:

G (=p) =i [ | d"xe0(—x") (0] (), J*(0)]]0)
= i [ dle 00 (0|1 (~x), 1 (0)][0) @14
=i [ axe0(—x") (0][J*(0), J*(x)]|0) = G}’ (p)

Where to go from the first line to the second we change the integration
variable (x — —x), to go from the second line to the third we use transla-
tion invariance (translate it by x).

So, we can see that the crossing symmetry property is satisfied.

In the case ko = 0, from Eq. (9) we have:

GM(w) = G""(—w) when ko=0 (2.15)

Let us highlight, that Green’s advanced and retarded functions have cer-
tain reality properties as well. Due to the fact that G*"(x) is real for real x,

19
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20 Formalism

its Fourier transform satisfies:
GR'(p) = (GR'(=p")* (2.16)

where p!™ € FLC. (because G¢'(—p) = [;d%xe’?*GL'(x) and then taking
its conjugate will give [, d?xe’?*GR"(x) = GR'(p) ).

Together Eq.s (16), (14) imply:

GR'(p) = (G (p)™. 2.17)

2.4 EFT contact terms and gauging symmetry

To help understand this subsection, we will first introduce the notion of
the contact terms. Let us use the definition for the operator product ex-
pansion (OPE) [4]. OPE represents the behavior of local operators when
they approach each other. Given two local operators O; and O; at nearby
points z and w on the complex plane (Fig2.2) can be closely approximated
by a string of operators at one of the points z or w.

0i(z,2)0j(w, @) = ;cl’;(z —w,Z—@)Ok(w, @) (2.18)

Cf.‘]- (z —w,zZ — ) is a set of functions. Because of the translation invariance,

Cg-s depend only on the separation between 2 operators. The operators

like (2.18) represent operator insertions inside time-ordered correlations
functions. Now we want to define the primary operator. Ward identities
give that OPE for T (stress-energy tensor) with any operator O must be in
form:

T(2)0(w, @) = .. + % + .. (2.19)

20
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2.4 EFT contact terms and gauging symmetry 21

01(wW) i
x* |
0,(2)

Figure 2.2

A primary operator is an operator whose OPE with T (T) diminishes at
order (z — w)~? ((2 — @) ~?)[4]. So, there are no higher-order singularities:

O((U,CD) + aO((U,_(D) + non — Singular (220)

T(z)O(w, @) = h(z—w)2 P

The equation of energy conservation in a complex plane looks like [4]:
0Tz = —9T:, (2.21)
This leads to OPE:
TosTow = %Tazéw(s(z Wi @) (2.22)

Eq. (2.22) implies that OPE of T,: and T, almost vanishes, however, we
can notice certain singular behavior as z — w. This term (a derivative of &
function) is the contact term between operators and is needed to guaran-
tee the energy-momentum conservation.

After presenting the properties of G/" in the UV let us now discuss the
calculation of GV in the EFT.

We can understand the EFT as the low-energy expansion of the UV theory
where the heavy degrees of freedom are integrated out. Integration of the
heavy modes generates the contact terms. An example of such a term gen-
eration would be when an expansion of a heavy propagator proportional
to (p> + m?)~! at low energy returns a polynomial in p?. This polyno-
mial represents the Fourier transform of a sum of the generated contact
terms, which themselves are the derivatives of the delta function (as we

21
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22 Formalism

saw above in Eq. (2.22)).

Commonly, coupling a given operator to an external source allows to effi-
ciently calculate the correlation functions. If our operator is the conserved
current, then such a field can be a non-dynamical vector potential gauge
field Ay, if the operator is the energy-momentum tensor, then such a field
can be a non-dynamical metric gy.

When (U(1)) is spontaneously broken, this gauge symmetry is sponta-
neously broken as well. Consequently, U(1) symmetry leads to a gauge
symmetry for A,.

Rather than calculating the correlation functions for [#, we can obtain the
functional derivatives in the path integral of the gauged theory.

We can express Green’s function in terms of the time-ordered product op-
erators:

GR!(x = y) =i6(x* — ") (OI[J* (x), " (1)][0) = -
= O T{J" (0] (1) }O) = (O] ()" ()10).

(as 6 leaves only the part where x° > 1°, so if time order is JV(y)J#(x),
expression should vanish, as it does).

The contact terms will appear only in the time-ordered product but not
in the last term of Eq.(2.23).
We will indeed have:

1’/ dxe= P (0] ] (0) JF (x)|0) =

2.24
= i2m) o (p + P01 (1) (Pl (O) 0 -

(Active w < —m mode, so no heavy-energy contribution).

However, due to the product with 6 function in real space, the first term
of RHS of (2.23) involves a convolution in Fourier space. Thus, the heavy
modes also contribute to the time-ordered correlation function at the low
energy.

Useful is to see in path integral approach: The first term is time-ordered,
SO we can write:

OIT{H (W HO) = 5 [ Dpe bt Opr)ry) @29
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2.4 EFT contact terms and gauging symmetry 23

Z - normalization:

7z - / Depel Jra #*¥1(9) (2.26)

¢ is the whole set of heavy and light dynamical fields in theory. The sec-
ond term of (2.23) is without any prescription about ordering, but still
interesting for the observables different from the flat space S-matrix (in
Cosmology, etc). After applying the time-evolution operator: U (¢, ty) from
to — t, the correlator in Schrodinger picture becomes:

(O (y)J" (x)10) = (OJU (o0, y°) J{, (U (", 2 T (x) U (x", —e)[0)
(2.27)
Let us insert twice the identity element at a fixed time:

1= [ Dp®I9()) @(x)], 2.28)

at the time t = x% and + = 1. Then let us express each time-evolution
operator by path integral with appropriate boundary conditions, we will
get:

0§ P g,
QOG0 0) = [ Dge b O, 2.29)

So, we can write

<OUV( ) ( /D(,I) 5‘( /D(P ]V 4)(}/ y))Iy x x / Dése zfo de¢3
o) gy 9(%) .
X/cp(;( D(Pefy dxL(¢) / D(Plelf_o"d xL(¢1)
(2.30)

It is worth noticing that ¢(x?, x) is fixed in terms ¢ (%) : ¢p(x%,x) = ¢(X)|_

Next the authors[?] introduce the external sources coupled to J# and write
the correlation of currents as the functional derivatives wrt gauge bosons.
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24 Formalism

+
HZO

= z(/quOeifRd' ]y((PO(X))] (‘PO( ))
[ Do) [ Do 0Ly (9, %) / D A

‘P(S’) y ‘P( . a0
/ D‘P elf d?xL(¢,, A}, ) / D(Ple‘l . dde(zpl,Ay ) om0 |-
¢( Ay =0

%)
(2.31)

Let us rewrite the currents as derivatives wrt Ay:

i . d xL ‘PO A(O))
v
GJZ (x,y) :z< 5A /D(])oe A0 _g"
W=
d

_ /D(P /D(PS', / D(P dXL(PSA;t)X

(5A

¢(¥) ¥ 4d L( A P(x) 0 A0

/4)( Dge zf xL(¢po, )/ D(Plelf—oo xL(¢1,A;7) ALLZ?’O:O )

(2.32)

This expression is in full UV theory. If we want to gain an appropriate low-
energy EFT expression, we should integrate out the heavy fields: splitting
the fields in heavy, ¢y, and light, ¢;, the following expression can be ob-
tained:

oISEFT(P1,Ar) — /D(PheisEFT((Ph/‘PlfAy)‘ (2.33)

Now resulting Sgrr is gauge invariant, therefore it contains all the “mini-
mal” couplings of ¢; to A, induced by gauging. Integrating out the heavy
fields leads to other operators as well.

Operators quadratic in A, contribute the contact terms to the (J]) (so we
see that only time-ordered part gives contribution).
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2.5 Contour argument 25

2.5 Contour argument

We now will see the example of how one can gain positivity bounds for
theories in which boosts are spontaneously broken. Consider a low-energy
EFT with a cutoff A. Let us compute G"”(w) in this case. 00 component
will look like this:

2 4

(=) +o(5e)] 3

The propagators of the low energy degree of freedom (which has a speed
of propagation ¢s) give us the denominators in Eq. (2.34), u is overall scale,
¢; and d; are the EFT coefficients.

Similar logic what was provided in the case of the S-matrix can be used

here: 0(0) i
G™(0) . 2 u

From the CFT correlator (2.4) we have an expression for G*V. Then we can
do the same trick that was used in (2.3) by applying the Cauchy theorem.
If we have d = 3, G ~ w in the limit |w| — o0 and contribution from
the circle at infinity is negligible. Conclusively, one can guess that the
integral around the origin is equal to the integral along the cuts, which is
ix (positive). This will give us the following bound:

~ 1 w
GO () = pi=2 [cl— +
K 1-c22 A

C2

——S5 +d1 > 0. 2.
i-agp =" (2:36)

To get the most general bounds (inequalities) ¢ should be varied in the in-

terval 0 < ¢ < 1 and G* should be contracted with a generic vector V*.

Getting rid of the mass gap

In the absence of the mass gap, the low energy excitation loops will open
a cut in the w-plane all along the real axis (Fig.2.3). And one can integrate
over 2 separate contours getting the same results for positivity bound as
from integrating over the contour shown on Fig.2.1.
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[€

Figure 2.3: Different contours that give the same result as in Fig. 1. This choice is
suitable when a cut is running all along the real axis.
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Chapter

Conformal fields and Superfluids

Now we will discuss the reason for using a conformal field theory, explain
superfluidity and relate them.

3.1 Superfluids

Generally, the superfluid is called the fluid which flows without friction.
A flow can be observed by transporting something through a capillary[5].
For example, for liquid helium superfluidity can be considered as the fric-
tionless transport of a conserved charge. There exists a certain critical tem-
perature, below which helium becomes superfluid and above which it be-
haves like a normal fluid. So, at the critical temperature, a phase transition
happens, leaving the system in a superfluid phase below this temperature.
This transition can be described as Bose-Einstein condensation, where he-
lium atoms occupy a single quantum state forming a “condensate”. This
phase transition can be characterized by the symmetries of the system, so
one can relate it to the conserved charge: in the superfluid phase of a sys-
tem, a symmetry of the system associated with a charge is spontaneously
broken.

We can now switch from liquid helium to a more microscopic approach
for superfluids. To understand the characteristic properties of a super-
fluid, one can consider the theory for the degrees of freedom forming Bose
condensate. The useful general concepts are stated below:

e U(1) symmetry: is the simplest continuous symmetry under which
the Lagrangian of the model is invariant; U(1) symmetry is charac-
terized by one real parameter. The necessary condition for super-

27
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28 Conformal fields and Superfluids

fluidity is the spontaneous breaking of Lagrangian invariance under
U(1);

* conserved charge: is essential for all superfluids due to the charge be-
ing transported by a superflow; this charge is a consequence of U(1)
symmetry via Noether’s theorem

e Bose-Einstein condensatrion: is an alternative way to express that U(1)
symmetry is spontaneously broken in the context of the bosonic su-
perfluid;

e spontaneous symmetry breaking: is the evidence that the ground state
(the Bose-Einstein condensate) in a superfluid is not invariant wrt to
the original symmetry transformations of the system’s Lagrangian;

* Goldstone mode: is a massless mode, which arises for all temperatures
below the critical temperature if a spontaneously broken symmetry

is global [5].

Now we will keep this in mind for some time and explain why are we
using a conformal field approach. Then it will be clear that this two can be
related.

3.2 Conformal field theory approach

Generally, we are trying to look at the modified gravity by considering
an extra scalar degree of freedom. So, we are interested if there exists a
”global completion” for dynamics of our scalar degree of freedom [Y], that
means if the description of 7t (the scalar field) is still working at large dis-
tances. One way to achieve this is to make 4D Lagrangian conformally
invariant. The 4D conformal group is SO(4,2). It has the following max-
imal subgroups: SO(3,2), 4D Poincare, and SO(4,1) with their isometry
groups of four-dimensional spaces - anti-deSitter, Minkovski, and deSit-
ter, respectively. A single scalar, namely dilaton, can cause a spontaneous
breakdown of the conformal group into any of the above subgroups [?].

In [10], the authors consider a limit in which the gravity is decoupled
Mp; — oo. The dynamical gravity significantly changes the picture at
large distances, but for local analysis, at distances much smaller than the
Hubble scale, the effects of the dynamical gravity can be neglected. Above
mentioned AdS, Minkowski, and dS are the three possible maximally sym-
metric solutions corresponding to different unbroken combinations of the
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3.2 Conformal field theory approach 29

following generators: dilations, infinitesimal special conformal transfor-
mations, translations, and boosts (see expressions for these generators in
appendix A). For example, consider the Minkowski space case. It corre-
sponds to a trivial (constant) configuration of a scalar degree of freedom.
The translations and boosts for this space are unbroken, while dilations
and special conformal transformations are spontaneously broken. Now,
let us write down conformally invariant Lagrangians. To do so, we write
down all possible diff-invariant® Lagrangian terms involving the metric
defined as following (consider that matter is minimally coupled to the
metric):

Suv = eznﬂyv (3.1)

where 77 is our scalar degree of freedom. Note that a conformal group is
such a subgroup of diffeomorphisms that leaves the metric conformally
flat. The simplest term of the Lagrangian will be:

/d4x\/—_g = /171495@47r (3.2)
where ¢ = detg,, = % - det(n,y) = ¢¥- (—1). This is conformally in-
variant, upon changing the integration variable (see appendix A). For the
next terms in the derivative expansion, we will have curvature invariants
R, R?, R,y R, Rffp(,R:,p 7. At short distances and for small values of 7, the
conformal invariance reduces to the Galilean invariance [10].

So we can construct Lagrangian for our theory in the CFT approach where
we have spontaneously broken symmetry, but we should be careful that
received Lagrangian gave at most second order in equations of motion in
order to avoid the ghosts and other instabilities. Because of this, we should
add some terms to the Lagrangian that will cancel the terms gained from
the curvature that give us higher-order EOMs.

Now as we already said that spontaneous breaking is a necessary con-
dition for superfluidity and we have also the Lagrangian in a CFT ap-
proach with spontaneously broken symmetry, we can relate superfluids
Lagrangian to conformal field Lagrangian (just use Lagrangian that we
gained for CFT for superfluids). From now, we will try to construct the
Lagrangian, which will give us the two-point correlation functions for con-
served current and stress-energy tensor.

“an invariant for the action of a Lie group on a space that involves the derivatives of
graphs of functions in the space
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Chapter I

Conformal superfluids

In this chapter, we will use the conformal field theory approach for su-
perfluids and consider the case where gravity is decoupled. The whole
CFT may be quite complicated and subtle to consider but we can consider
its separate sections. We are interested in a large charge Q sector as the
EFT encodes all the information about that, and also it can be identified
with the derivative expansion (as we show in calculations). Also, we are
interested in a theory where Lorentz invariance is spontaneously broken
because of the preferred time direction, while we know that for conformal
superfluids the charge causes the breaking of U(1) symmetry. Thus it will
be a wise idea, if we consider our CFT at a finite chemical potential u as
a state evolving in time around U(1) (in this case we are trying to look
at our theory in the conformal superfluid’s approach) (¢ will turn out to
be the EFT cut-off of the theory)[”]. The spontaneous symmetry breaking
of Lorentz invariance leads to a Goldstone boson — the unique degree of
freedom at much lower energies than cut-off . This symmetry breaking
can be expressed as the charged scalar ) linearly evolving in time

x(x) = ut+ n(x), 4.1)

7t is the Goldstone boson here. One can gain the most general action
through a coset construction [11] or by using an effective metric (appendix
B).

Generally, the CFT correlation functions containing two or more operators
with large charge can be obtained using the EFT[12]. The EFT operators’
coefficients contain all the specifics about the certain CFT, thus the positiv-
ity constraints will specify the region of possible CFT data.
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32 Conformal superfluids

We will work in d = 3, however, our arguments are general. Reasons
why we will consider d = 3 are the following:

* d = 3 the CFTs are the main objects in second-order phase transi-
tions;

e ind = 3 itis sufficient to consider the operators of the theory at next
to linear order (NLO), whereas in d = 4 the contour we are going
to perform integral around would not converge at infinity and one
would have to consider higher order terms.

41 (J]) calculation

Considering the terms next to linear order (NLO) in derivatives, the EFT
Lagrangian for our scalar field 77 that is coupled to A, in d = 3 (relation to
superfluid Lagrangian can be seen in appendix B) is:

(0| Val)? (V¥x0,u|Vx])? VIXV'X

e (L -
IVl Fas( VP e 1vx)

_bFwF* d F/'Fvi
4 |Vxl  2|Vx?

L :C—61|V)(|3 —2¢p

VuxVx,
(4.2)

where y is from Eq.(4.1) and:
Vux = oux — Ay

o] =/ —v, 0! *3)

For obtaining a healthy kinetic term, we need the following condition:
c1 > 0.

Now if we expand the Lagrangian up to the second order in 77 and A and
integrate by parts, we will get:

3 1
L =% + % [+ 4%)2 - S@i— A+ u(+ A%+

2
n % [ — 2007 + 2A%07 + AODAO] n

" | | - (4.4)
+7 | — 0t + 24°00 7t — Aldyt + (A%)? + A%, |+

(b+4d) 042 2 {0 b 2
+ 2 [(3#‘1 )"+ (00A;)" +2A (31'1‘11')} - @(aiAj —9;4A;)
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4.1 (J]) calculation 33

where 0 = 9,,0* and O = —0? + ¢20,0, 2 = 3.

Now up to quadratic order, we can write down this expression:

L=L(A=0)+ Ak +O(A? (4.5)

Prove that we can do that is provided below:
considering Lagrangian for the Klein-Gordon field;

Lkc = (9,9)"(9"9) — m*¢*¢, (4.6)
For global symmetry: ¢ — e“¢;
For local symmetry: ¢ — ¢*(*)¢, that needs also to have

4.7

Then we would have:

1
L = (Dy¢)*(D"9p) —m*p*p — L Fu P = s
. .
= (9u9)*(9"9) — m*¢*¢ — JFuF" + AuJ.

Where the first two terms are the Lagrangian with vector-potential zero,
L(A = 0), the third one is quadratic in A so we neglect it = we could
write down L as:

L=L(A=0)+A,J" (4.9)

Let us find the Noether currents (associated to symmetry x — x + c for
the Lagrangian (4.2)):

= B (2704 + (A0 - 3 (207 A; + A7) + pd®) +

2
202 10 20 - 0 40\ 1+ 2€3 1 A0 i 10\2 | 409 A
+7(2A O+ ADA )+7(2A Oes7t — A'9;7t + (A”)” + A9, A" )+
b+d : b
+ W((aiAO)2 + (30A;)* +24°(0:A:)) — 4~ 9jA;)?
(4.10)
33
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34 Conformal superfluids

If we neglect the quadratic terms in A and consider only the Noether cur-
rent without the contract terms (that are b, d) we will be left with:

AuJ# =L —L(A=0)
_ o (271 AL oy + yAO) + (4.11)

2 2

+ %wm) + %(21“05&7( - A9zt + A%9,A")

The Noether currents are expressed in the following way:

Ucy . 4o . 4c .

1= -2 — eyt — =0 — —0, 7t (4.12)
2 T T
H\] = _7/‘;1 07T — —2;3 0;7t, (4.13)

which are derived from Noether procedure given below:
L=L(A=0)+AuJN +0(A2).

Now we will try to obtain a propagator of 7t as we will need it to calcu-
late the two-point function J}; in EFT. We get it from the quadratic action,
considering A = 0. We have:

e Loy oo 2
Lioya—o = 5 (71 2(8171)> n[ln( i + pl> (4.14)

Let us rewrite (4.14) in a bit different way:
We will use:

7:[2 — 1(81-7-[)2 :at(TCTC) — Tt — 18i(7r8i7r) + lﬁaiaiﬂ =

2 2 2 (4.15)
1 ; ’
= ay(ﬂ'ayﬂ') — 77T + Eﬂaialﬂ;

The first term is full derivative so we can imagine: L — L — 9, (7r#7r) and
use the result from (4.15). Then let’s have a look at the following:
nst = (n07)" — 07 = (n07) — 79,0 7t =

— (n07) — 3, (71" 7t) + (3 7)? o — 72 + (3y70)% (4.16)

Here we neglected the first term because it had a I1I derivative and the
second term because it was a full derivative.
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4.1 (J]) calculation 35

So, using (4.15) and (4.16) we can write:

L(2),a=0 Z%ClnDcsn _2eate) 7t =
1 1 yz(c +c3) (4.17)
57 = 3 (@) + = (7 — (9t)?),
where 7, = \/Hci .

In Fourier space:

_ 1 2 212 Aeates) o5 00
L), a=o(k) = 57(5( k) <w csk +Ww (w”—k ))nc(k) (4.18)
Fourier convention:
Flx) = (21)2 / Pre F (k) (4.19)
The 77t propagator:
5 N - i 42 +c3) H(w? =K
(D) = =z (1= ) G

The current conservation constrains the structure of the current-current

correlator ((J#(—k)J"(k))):
ku(JH(=k)J¥ (k)) = 0 (4.21)

In the absence of the Lorentz invariance, we can express the current-current
correlator with 2 possible tensorial quantities, that guarantee the conser-
vation,

i (=k)J'(k)) = A(K"kY — n"'k?) + B(K'K — 6K?), (4.22)

here A and B are general functions of w and |k]|.

Let us try to calculate A and B. We will do that in the following way:

1. Firstly, we will consider the correlation function of 00 components of
the currents, it will give us A (as we will see a bit later);

2. And then we will consider the correlation function of ii component
of the currents and with already known A we will find B.
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36 Conformal superfluids

For 00 component for the RHS of the equation (4.22) we will have only A
part as following (i and j do not have 0 meanings, so we will not have B
part):

AR — #%%2) = A(w? + (—w? + K?)) = AK? (4.23)

Now let us see what will be LHS of (4.22) considering the 00 component.
Firstly, let us write down our current in Fourier space:

T (k) = iw + iw%(wz — k%) + z‘w‘%(wz — c2k?) (4.24)

Then correlator for 00 component will be:

70 (170 2,22 LI N 4&2_222_
RAOR) = @?ptef (1+ 52 (@ = k) + 5w = i)

. i ( B 4ey0?(w? — k%) 4czw?(w? — k)
w? — c2k? n?cy(w? — cgkz) 12cq (w? — 2k?)
iw?ucy 8, 5 o 803
= 1 _ 2K>
wz_cgk2< P‘ch(w k)+]/l °k7) )
. i (  4ow? (W - K*)  4czw?(w? — k?) )
w? — c2k? n?cy(w? — cgkz) 12cq (w? — 2k?)

(4.25)

Then let us remind RHS of (4.22). For 00 components we will have:

i (=KX ()

- = A (4.26)

Let us calculate A term by term. We will also consider the on-shell condi-
tion which means:

20? = k? (4.27)

Also, we will need to take into account that ¢2 = 1/2.

1. For the first — ¢; term we have:
ucy 20?2 Ucq

Al — (NT?V(—k)T%(k))) _ _
! k> 1 2(w? — 2k?) K? 2(w? — 2k?)
(4.28)
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4.1 (J]) calculation 37

2. For the second — ¢, term we have:
/70 70
Ay = (l<]N( :2)]1\1("»)2 _
_ Wrug (802 2 42y da wz—k2>:
K (w? — c2k?) \p?cy prer w? — 2k

L e (w? — K*)w?

K u(w? — c2k?)?
(@ - K)w?
o K u(w? — c2k?)
o (- KK
(w2 — k)2

(8w? — 8c2k? — 4w?) =

st — ) = 2@ KK
2 Ru(w? — i)

(4.29)
Where we used the following:
2ok
2 (4.30)
2_g2_ K%
w”—k >

3. For the third — c3 term we have:
(RCRROD) _
k> 3
w?uc 8¢ desw? w? — K2
. 2V122<23(w2—c§k2)— 3 >:
k“(w? — c2k°) \pocq

2 2 2
- _kZ(:; fczgkz) (wz —1c§k2 < B ;chl> k? (Tk>> -

me

_ C3(U2k4 .
kK (w? — c2k?)?
5 wWk?

Ho(w? = 2k*)?
(4.31)

So, to sum up, our Ay (contribution to A from only Noether currents,
without contact terms) will be Ay = A1 + Ar + As:

jcy o Ww?—Kk2 5 w?k?

Ay=-——"—1 A - e
N w2 —c2k*  p(w?—2K*)? p(w? - c2kP))

b d
F oo (432)
oo
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38 Conformal superfluids

Now let us find the contact terms for A and call them A.. To do so, we will
use the following expression written for correlation function[2]:

1 / Depet Jn P¥Ligo A M . (4.33)

SAVsAD 1ai=0

Let us look at the Fourier expansion of A°.
A° = (27) 2 / Pre* A0 = kA (4.34)

Now, if we take the fourth line of the Lagrangian (4.4) and try to take the
00 component, we will get:

b+d

22 —(—K*A® = 2iwik; A)) (4.35)
Now if we differentiate it twice wrt A? we get:
(Je (—k)J¢ (k) = —i2k> (4.36)
- b+d
HR ) = i(-i2k) =28 = A (437)
- b+d
Ac= % (4.38)

So, for full A we have A = Anx + Ac:

2 1212 212
Ucy ¢ w”—k“k a3 w<k b d
+ = +—-4+—-. (439
w2 —c2k*  p(w?—2k*)?2 B (w2 —c2KP)2 p o p (39

Now let us derive B. We have the following Fourier expansion:

A=—

=ik L ” L7 (k) + ik, 23 , 3 74 (k) (4.40)

Let us consider the ii component. Then:

. JPp2c? desw?\2, 3
(J(=RI0) == (14 =55 ) (=R k) =

_ 2 k*u2c; (1 SC3w2> (1 ot (W —K)  dcaw?(w? — k2)> _
4(w? — c2k?) w2y 12c1 (w? — 2k? ) 12c1 (w? — 2Kk?)
_ k*u2cy <1 ot (w? —K7) 4w’ (w? - KP) 803w2)
4(w? — c2k?) u2cy(w? — 2k p2ci(w? — 2k
(4.41)
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4.1 (J]) calculation 39

Where we used expansion for small 1/u2. On the other side, from RHS of
(4.22) we have:

i(J(=k)J(k)) =A(k* = 3(—w? 4+ k*)) + B(k* — 3k?) =

4.42
= 3Aw? — 2Ak> — 2BK?. #42)
So, we have:
3 w? i 3 i
B _iAF —A- ﬁ(](—k)](k» =4-4- ﬁ(](—k)f(k» =
A i
=—7" ﬁ([(—k)](k»-
(4.43)
Let us calculate term by term again:
1. For the first — ¢y term we have:
1 ucq ucy
B = — —| — —|— g
! 4 ( 2(w? — cgkz)) 8(w? — 2k?) (4.44)
_ Her I Hel _ Heq '
8(w? — c2k?)  8(w? —c2k?)  4(w? — 2k?)
2. For the second — ¢, term we have:
B — o(w? — IO (W —K)w?
2 dp(w? — cgkz)2 2u(w? — c§k2)2
I S L s T 3 L (4.45)
dp(w? —c2k*)2 2 2u(w? — 2k?)? '
B _k_zcz(cu2 — k)  co(w? —Kk*)?
2 p(w?=c3)? p(w? — 2k*)?
Here we used that )
—’% = w? — k. (4.46)
3. For the third — c3 term we have:
20,2 12
c3 ’ s o c3 w*(w* — k°)
B; = w 2w -kt ————— =
3 4p(w? — 2k?)2 ( > 24 (w? — cgkz)2
_ cw®  1/2k* 3 wi(w? — k%) _ (4.47)
21 (w2 — 2k 24 (w? — 2K?)? '
o L@@~ K
B (w2 = a2
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40 Conformal superfluids

So, for By we have By = By + By + Bas:

B ko o (W-K)? o , (0K
N 4(w? — 2% B (w? =22 p (w?—c2kP)?

S

(4.48)

Now let us find contact terms for B.
b+d .
Le= ( 2 ) [(az‘Ao)z + (90 A;)? +2A0(aiAi)} -

b
4p

(0;A; — 9jA;)* (4.49)

So with the procedure (4.33), we will have the following derivative (dif-
ferenciating twice wrt A;):

_gbrd b (4.50)
weooon

Here I used Fourier expansion for A and the fact that in Fourier space one
can derive that(d;A; — 9;A;) = 20;A;. For the correlator we will have:

b+d 4b
g2t —). (4.51)

(Je(=R)Te) = i ;

Then from equation (4.43) we have relationship:

A i b+d 4b
1 a2 )=
A1 btd o b

S -
4 4w? u TR

Be=—
(4.52)

Then for full B we will have By + Bg:

Hc1 + C_2 (w2 — k2)2 . C_3w2 (w2 — kz) . g (453)
4(w? — 2% B (w?—c2kP?2 g (w2 -2 p

So, in our EFT we get:

2 212 212
jcy ¢ w-—kk c3 w<k b d
A 2 _& +24+% (454
w? —2k* W (w? -2k p (w2 — K)o o
B_ pc L2 (W? =K ngM _4 (4.55)
4(w? -2k H(?—c2kP?2 p (wr— 2K
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4.2 Positivity bounds from (J]) 41

4.2 Positivity bounds from (]])

We want to derive the positivity bounds on coefficients ¢, c3, d. The logic
is similar to Chapter 2. We find the conditions from the two-point correla-
tion function using Cauchy integral formula. We take aim at the tree-level
approximation in the EFT. Let us consider the function:

flw) = G (k) Vi (k) Vi () = (o ey + ) (4.56)

where
GH(K) = i (JF (—k)J" (K)) (457)

and V,(k = (w, ko + wf)) = V(w), whose components are the arbitrary
polynomials in w (we use this vector just for contraction with our func-
tion). Consider expressions:

g (& §) (4.58)
Vi-2
F=(0,%)
k= (w, ko + w8). (4.59)

Hats denote unit vectors, so we have:

§.§:1:f.f, gf:o,
K-K=-1, E-E=1=FF, (4.60)
K-E=K-E=E-FE=0

At each w we can expand V(w) in this basis like:
V(w) = a(w)K + B(w)E + y(w)F; (4.61)

We consider kg = 0 and notice that K mimics k, conclusively, when we
multiply it by correlator its contribution will be zero, so we will not take
into account the contribution from «. So,

k= (w,wl). (4.62)
V(w) = B(w)E + y(w)F (4.63)
41
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42 Conformal superfluids

For two point correlation function (4.22) we have:
i (JH ()T (k) = A(K'E" — y"'Kk?) + B(KK — 671);
Together, (4.22), (4.56), (4.57) give:
flw) = (A(K'K — #"k*) + B(K'K — 67K)) V, Vs,
Let us do it part by part. Start from A part:
A(K'E — g i2)V,V, = A((K'V,)? = K2V?)
For the first term we have:

(K'V,)?2 = (—koVo + k- V)? =

wpg ép ;
:<_ ‘/1_§2+wg( 1_x2+,)/f)> -
::<__ wpg n wpg )2:0.
Vi—&2 J1-22

For the second term we have:
KV = — (—? + W) (- VE+V?) =

_ —Bg? i N\

_wz(l—éz)(l_gz-l-( -i-’)/f))_

—B¢

= 21—

=w(1-¢%)

= =P -A)E+7).

For the B part we should consider that:
k' = 8h KO + o'
5 = (s!'eY);
K _ 2
51OV = (6] V)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)
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4.2 Positivity bounds from (J]) 43

So we have:
.y 2 2 2
(kzvz)z_kZVZZ (CU(-;( :Bg +’)’f>> _w2€2< ﬁ ‘|")’ )
-7 -7
:w2gzﬁz PR V22 = (4.70)
1 — &2 1 — &2
° 2w2€2 .
So, for the B part we have: —B’yzwzgz, =
flw) = Aw*(1-¢*)(B* + %) — By’ w?E? (4.71)

Now we have expressions for the coefficients A and B. Keeping in mind
that : k> = —w?(1 — &?),
k= (w,wi), =
flw) = Aw*(1 =) (B + %) = By’ w’E
c c
Fl 1= ) (B 4+ + ™+

N 2(w? — c2k?) 4(w? - c2R2)
o WK - 2y(g2 4 A2 4 2 (WZ_EZ)_z

P mampt T P

o wW2k? 5 c3w2(w —kz) 2,2,,2
Vw2—03k2 W1 =)+ - Bow?—c2k2 Cren
b+d

F =) ) - yczwz P=1)+2)+6)+@

(4.72)

Where (1), (2) etc. are lines’ numbers. Let us calculate line by line:
We have:

_ perw? a2 Ha a2\ 2 He1 2,2 _
(1) = 2 _Q)(l ¢°)p 2( _(32_2(1 &)y +4(1_¢2_2)€7
___Fa 4 0 2, &
S E R TR -
- _2(1 fwgz/z) <(1 - 62)5 +(1- (:2/2)')’2>~
(4.73)
_ o Wi (1-¢%) 02 (1 -3 wy?
@) =208 21 )47+ 2 i g
P‘wz(( g)) Boo(1-5)2 (4.74)
Co 1-—
= ; 1- 52/2)2w2§2/32-
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44 Conformal superfluids

2x2 2 _x2
0 = e )+ S ) -
o PR 2) (4.75)
w (-2

@ zb—“’zu —B - E )+ (- +02). @76
Z Z ’

So, we will have:

flor =g (-0 —62/2>72)+
1— ) 272 1—
bw

d 2
- -a-aa 62)(52+7)+7((1—CZ)52+72).

Then using the known trick we have:

7{ dw% =intf”(0) (4.78)

Then we know that contribution from cuts should i x positive = f(w)" >
0, that gives us the following condition:

c2 $2(1— &%) , (1-87) b
2% Wﬁ - —C Wﬁhﬂﬁ(l—@z)(ﬁhﬂﬁ”

; (4.79)
2\ 2
+20 (=) ) >0

So,

2 1— 2 2 2
(é; E f;‘z/gz))zﬁ2 N 63‘:2(1 —gz/z)Zﬁ2 HOE ) +d<ﬁ2 T z€2> =0
(4.80)

()]

Forall¢ € [0,1),B,7.

We can find the bounds by taking the following limits:
e —1, 9#0, =d>0
e >0 =b+d>0,
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4.2 Positivity bounds from (J]) 45

* ,Yz — RHS, =
52 2 2 2 2 ”Yz

21_ 2
& 5)2/32—%52(1_62/2)2[3 O+ > b -

“a-a/2)
(4.81)

So, the most stringent bounds we get when v = 0, then,
20-2) o O
(1-g/2p 77 1-g/2p
If we devide everything on ¢?(b + d) and multiply by (1 — ¢%/2)?,
we will get the following constraint:
2 ( _62) €3 >_(1_Cz/2)2
b+d b+d — &2 '

c2 +b+d>0 (4.82)

(4.83)

These constraints hold for all ¢ € [0,1), and they are plotted in Fig.4.1. The
boundary curve for & < —3/4,¢3 < 1/4is given by

G =0 — 14 /1— 46, (4.84)

where &3 = cp3/ (b + d), when for &, > —3/4 the boundary curve is just
the horizontal line ¢ = 1/4 [2].
If ko 7'é 0:

K =k=(w,k),
(K%, wk), (4.85)
= (0, —wky, wky).

Then: For the A part we have:
A((KV,)? = V) =

= A(( koVo + kV)? + (w* — kz)v2> =
- A( WBK* + k1 Vi 4+ ko Va)? + (w? — kz)V2> —
A(( WBK? + BRw — ywkiks + wPKE + ywkiky)
= A0+ (W = K*)V?) =
= AW = IA)(-VZ+ ViV + L) =
— A(W? —K?) ( — B+ 0P (BP +,Yz)> _
= A(w? - kz)k2<(w2 — k)2 + wzfyz>,
(4.86)
45
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46 Conformal superfluids

10

0.0

ey /(0 +d) -0s

0 2 4

9 J.-'l {f.l t rf_]

Figure 4.1: The constraints (4.83) (the blue region is allowed). There are also the
constraintsd > 0 and b +d > 0. ¢q > 0 is required to have a healthy kinetic term
for fluctuations.

For the B part we have:

B(kivi)z _ k2V2> _

= B((kVi + k2Va)? — KA Bk — (B2 + 7P wk?) ) =

— Byt

(4.87)

So,
flw) = A(w? - kz)kz((w2 — k)2 + w272> — By*w?k* (4.88)
We will have 2 new poles:

w? = 2k (w) (4.89)

46
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4.3 (TT) calculation 47

We know that k = k¢ + w¢, so,

1 2 2x2
w? = Ek% + Ekowé‘cosO +22

w?(1 — ¢%/2) — wkoEcosh — %ko =0

D = K050 +2(1 — &/2)k = K3\ /E200520 + 2 — &2 = K3\ /2 — E2sin?0

_ koGcosf £ ko/2 — ¢%sin%0
S 2(1—22/2) B

_ m_k—féz/z)(gcose +kor/2 — (;‘Zsin29>.

(4.90)

Here 6 is an angle between ko and ¢. Now we have 2 more poles so we
consider a contour including all three low-energy poles. The resulting in-
tegral is again positive. Summing the contributions from all the three poles
together gives us exactly the same inequality Eq. (4.82)[2]. So we can say
that non-zero ko will not give any other different condition, which means
our assumption ko = 0 works.

4.3 (TT) calculation

We can consider with similar logic the two-point correlation function of
the stress-energy tensor. From the dimensional analysis, we guess that
the CFT correlator involving a stress-energy tensor will contain two more
powers of w than the correlation function of the currents. So, to have a con-
verging contour at infinity, we should construct the function (to which we
apply the Cauchy integral formula) dividing the correlator by two more
powers of w, thus we should consider the EFT operators with two more
derivatives[2?]. In this case, it is convenient to couple x field with a non-
dynamical metric Suv- Then the most general action non-linearly realizing
the conformal symmetry can be written using a Weyl invariant confor-
mal metric $,v = guv| ¢*Pa, X9px|. At next to next to linear order (NNLO)
in derivatives we gain three new operators (compared to the Lagrangian
(4.2)) and we have the following action:

S = /d3x\/ —§<%1 — R+ C3RHVéyX§VX +caR? + C5IA{WIA{W + C6R2RVO>
(4.91)
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48 Conformal superfluids

where Rg = IA{I)}B AX (derivation that the first three terms of this action co-
incide with an appropriate action for Lagrangian (4.2) and therefore (4.2)
is also derived from this logic can be seen in appendix B). The logic and
the procedure are similar to what we provided for the current.

For the calculation of the stress-energy tensor, one should use linear per-
turbations around the flat space, T = (—g)'/20S/6guv|g—y. We want to
investigate the following correlator:

(TH (—=k)Tr7 (k)) (4.92)

Like (JJ), (TT) will also include the contact terms generated by O(5g?)
terms in the action[2].

We will discuss the conserved traceless object (TH'TF7) ;. (we consider
subleading orders i.e. NLO and NNLO) with the relevant symmetries
(<> v, p < 0o, () <> (po)). One can express this correlator in
d > 2 dimensions as the following linear combination:

(T (=k) TP (k))supt. = C (k)T (k) + D (k)TT**7 (k) (4.93)
with
e = Lo ooy~ L e, (4.94)
[1HP7 = %(n“"ﬁ” + AP+ TP + dljfﬂ‘“ﬁp”, (4.95)
where
‘M v
o =gt — kklzc , (4.96)
min
MY = g _ kkf (4.97)

With the same logic as we calculated A and B coefficients can be calcu-
lated C and D as well, but we should consider the ii components first,
that leaves expression for C. For ii component D is multiplied by 0 (as
il = it — % = 3 — 3 = 0 for ii component), so from (4.91) we can calcu-
late C and than use this information to calculate D.

48
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4.4 Positivity bounds from (TT) 49

Expressions for C and D are the following:

20,2 _ 1.2\2 40,2 12\2
1 w=(w* — k%) 1k*(w* — k%)
C=—Fr———5-(+tc3)+—————F570st+
2 (w? — 2?2 (21 ¢a) #o(w? — c2k?)? !
L@ R K 1 et - k)
21 (w2 — 2K2)2 o (w2 2Ky C
_i(02+c3)2k4w2(w2_k2)2
2 (w? — c2k*)3 '
(4.98)
4/ 2 12 402 12)2
i k*(w* —k*) 1k*(w* — k%) 3
D=——"——-"(20+0c) — ————F5—=204+ —c5 |+
T R R R GRS L)
6 ) ) ) (4.99)
+1k( Z—k)c 1 (co + c3)? kK*w?(w? — k*)?
— 6+ —
2

81 (w? — 2k?)2 pooa (w? — 2k?)3

4.4 Positivity bounds from (TT)

Using the same logic as for (J]), we contract (4.91) by multiplying it twice
with a general symmetric two-tensor A:(T*Tr7) A, Ayy. Let us take ko =
0 here as well and expand this 2-tensor A with the constant coefficients as
follows:

A = oK Ky + BELEy +vE,F, + &(KyEy + KV Ey) + B(K,F, + B Fy) ZLZ(()%R +EF
where K, E and F are given in Eqns. (4.85). Through the calculation we

will use the identities expressed below:

n

TR, = AE, =0,
v, = £,

wp _ (4.101)
i E, = F,
A, = o

Now we will start calculating (T#'TF”) A,y A,y step by step. Firstly, we

49
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50 Conformal superfluids

will calculate the C part:

1 1
—C(Z (o VT o ho Ve T v po
CIIA,, C(z(rc '’ + o) . 17'( T >
+

oS!

I
@

( (BEPE" + yEPET + 4(EPEY + ETEF))

+
l\)lk—‘l\)lb—\

(BEEP + 4B BP 1 5(E7RP + EPE7))—

— S(BE' P AP R + (B R, - B ),
(4.102)

CIIA,, AMY = (%(ﬁﬁpﬁ” + yFPET + §(EPET + E7EP)
+ BETER + 4 FOR 4 (ETFP + EPFO) -
— BEY PB4y PP R) 4 7 (B R, - BV E)) )-

F

+
Ez
7§>

+ BB + A (EpFo + Eoky) ) =

(BE? + 9F? — 2By + 9> + ¥ + 4°) =

NlﬁNlﬂ

[(B—7)*+4%°]
(4.103)
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4.4 Positivity bounds from (TT) 51

we used here (4.60). Now we calculate the D part:
1
DHAW =D (Z(T(Wﬁw + T AP 4+ VO AR nvpﬁya) _ ﬁyvﬁpa)_
+ BB, + BB + 3B+ BE) ) =

A Ao

1 AN A AN A A A
=D <—(fprF(7 4+ FEPET 4 yFPPo + SEPET 4
) —

H~

g BPE, 4+ YEPET 4 4PRo + GEPET) — o BVE 707,
(RoRo + BEoEr + 7 Epfr + &(RpEo + RoEy) +
+ B(R,E, + BB+ F(E B + a,pp)> _
= D(i(‘l'yz +45%) - 72) = DY’
(4.104)

we used (4.60) and (4.100) and we areind = 3 = (d —2) = 1. (4.102)
and (4.103) give:

. C - ~
i (=k) TP (K))sunt. = =5 [(B = 7)? + 49% + DV (4.105)
Now let find the facilitated expression for C using that k = w¢.
Hoo (W —w?E?)?

C:_Ew (wz( 1/262))2(C2+03)+
w4§4(w2 ZCZ) ( 2 wZéZ)Z(wZ(wZ o w2€2) + w4€4)
e 172 T 2y (W21~ 1/282))2 o
LR 1 (a4 el e - o)
4p (w(1 1/252)) 2 g (WP(1-1/282))°
_ 72 401 _ =2
St e vt E R
(1-8)*1-¢+¢Y *(1-3%)? (ca+c3)* §*(1-8%)7
ot (i —1/2022 =t ' n(1—1/2¢2)2¢ " w* o 2u(l—1/282)3
(4.106)

From Eq.(4.106) we can see that in order to neglect the contour at infinity
and construct a physical quantity for which we will use the Cauchy the-
orem, we should divide (4.105) by at least w®. Let us divide (4.105) by
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52 Conformal superfluids

w® and integrate around the origin (in a counterclockwise direction, using
Cauchy integral formula (4.78)). This procedure will give us the positiv-
ity bounds. (We are going to express RHS of Eq.(4.93). Plugging C from
Eq.(4.106) to Eq.(4.102) and plugging the result from Eq. (4.104) and D in
Eq.(4.93) gives the following (6 = B — 7):

1 (1-2&) 1 (1-8%)? -
TW? 4(0% + 47 )+ W cs(1 =g+ ¢4 (0° +47°)+
1 22(1-2¢%)? . 1 (c2+c)* (1-22)? .

T e 1 ) - e e 1y AT
4 2 6 =2
— %—é E 1/2%2)) (2(:4 + ic )’y + i(é (1/2%2)) e+
1(c2+e3)? &1 -2%)? >0
we(i- @) (- 1a2pT =
(4.107)

Facilitation of (4.107) by dividing everything by % leads to:

1 4 0,24 2, C 2 42 | 65 2 2\ ~2
— T+ S+ (1 -+ e+ 2 (1 -2+ +
T R A U S L e Gl S i

1 &eate)?* o 1 (catc3)?

C6 22, C6 2.2 2
4+ S6p252 6252 © -
8;15 +2y57 o(1-122)° " uaa-1/2a97 "
ce C°
+ — 20
8#(1—52)

(4.108)

s (360 4 227 = S0P 4 es(G1 B ENR 4 (1= 242 - )+

(c2 + c3)*¢*

22 2:2 1 zo
+C6< 0+ C 627>—4Cl(1_1/2‘:2)5220
(4.109)
4c4H0% 4 2c5 ((1 — 24P+ (2- 52)2,72> I
2(_C s 4(cy+ c3)? (4.110)
‘|‘C <ﬁ’)’ +4’)’2+52>C6 > WaZCZL
y @-2)7. (c2+c3)?
st 1305 159 e« 2GR sl
4111
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4.4 Positivity bounds from (TT) 53

Let us try to get stringent bounds. For this reason, let us make several
assumptions:

e ) = 0then
2\2,:2 2(2-2%)?7
22— 95+ ¢ W'}f ce >0 (4.112)
2(1 — &)es + %6 > 0 (4.113)

* =1—=¢62>0,
* C=0—0c52>0,

[ ] ’7:0

45*0* (c2 +c3)?

4525%c, +2(1 — & + x4)%cs5 + F20%ce > (4.114)
2-¢%
*¢=1—
2
Aoy + 205+ cg > 4(CZC+—C3). (4.115)
1
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Chapter 5

Results

To summarize, for the conformal field theory Lagrangians (that we be-
lieve can be extended to more general theories for DE/Modified Grav-
ity models) from the two-point correlation functions of conserved current
(5.1) — (5.4) and stress-energy tensor (5.5) — (5.7) the following bounds
can be obtained[2]:

c1 >0 (for healthy conditions), (5.1)
bizd(l_gz)_bfdz_(l%zz/z)z' 6-2)
d>0, (5.3)

b+d>0, (5.4)

deg + 205+ co > 4(cr +¢3)%/cq, (5.5)

cs >0, (5.6)

ce > 0. (5.7)

The constraints in (5.2) hold for all { € [0,1) and are plotted in figure
(2.1). Spontaneous breaking of Lorentz boosts leads to a Goldstone boson
71, whose EFT action is given by Eq. (4.91) where §,, = £0|8*P9.x9pX|
and x = ut + 7.

5.1 Applying results to cosmology

Until now we presented a quite new method of getting the constraints for
EFT coefficients, but now we would like to explain how this method will

55
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work in cosmology for real cosmological models, in our case for DE/MG.
For that firstly we should write down the most general EFT action for
DE/MG models up to second-order perturbations, including the most rel-
evant operators [13].

S = % /d4x\/—_g[M§lf(t)R —2A(t) —2c(t)g%+

+ M3(t)(68™)% — m(t)5gooK — M3 (£)K>— 5.8)
— M3 (£)0Ky0KY + pf (£)3g™ SR + m3 (£)h*9,,8%9,8% + +..]
+ Sul8uv,xml-

M, is the Plank mass, g% = —1+ 6¢%, ¢ — determinant of the metric, SR
and 6R,, — perturbations of Ricci scalar and tensor, S, — matter action
for all matter fields x,.

EFT functions — f, A, ¢, M; m; u;.

This model-independent construction of the action can be connected to
Horndeski theories as follows:

M;=—-Mj=2uj, mj=0 (5.9)

After writing the general action (5.8) one can find the EFT functions from
modified Friedmann equations. But as we see, there are 4 free functions
- EFT functions f, A, c together with the unknown expansion history
H, and 2 Friedmann equations. So, in order to find 2 functions from this
system of equations, one should fix the other 2. Another interesting fact
is that as in the unitary gauge, the extra DoF is hidden in the metric, we
cannot get an explicit equation for the scalar field. So, evolution histories
of the DoF and metric perturbations cannot be studied separately in the
unitary gauge. However, one can make such a field appear explicitly in
the action by using the Stuckelberg trick *[11]. For this one needs to force
back broken gauge transformation on the field Lagrangian. After this pro-

“restoring the full diffeomorphism invariance
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5.1 Applying results to cosmology 57

cedure, the resulting action will be:

2
s— |/ ﬁﬁ[#ﬂw 7R = A(t+ 1)

—c(t+m)(=1+0g% — 27t +2716¢%) 42V, g% — 72 + ;—2Vi7rvi7t

4
t
3 (4 ' . ViVin
—%((%00_27()(5[(;:4‘31{774‘ )
-9 i
M (t . ViVin
— 2()(51<5+3Hn+ )
—2
Ma(t T s
_ 32( )[(5K;+Hn5;+ — V') (0K} + Hr,
1 i N2 i Hoi 0
+ 5 VIVIT) + (0K))? +2(0Ky — 5 Vi) (0K + HV )]
2 t Vvl
+le()(§gOO_27-'[)((5R+4H =)
+—m%(t> (8" 4 n'n¥)a, (8% — 271)9, (8% — 271)] + S| I
2 p\& v(8 m|8puvs XmJ 1 1]-

(5.10)

Now we would like to explain (show the explicit steps theoretically) how
the equations (4.91) and (5.10) relate to each other. Firstly, in Eq. (4.91)
we are using the conformal transformations to express the field and the
curvature explicitly (exact calculations are done in appendix B) [14], then
we decouple the gravity and get an action similar to the action for La-
grangian (4.2) with some extra terms (extra terms are from the three more
terms in (4.91), that give us more bounds). For this derived action we al-
ready have obtained the positivity bounds (above in Chap.5). Now, let us
compare this gained action with the action (5.10). If we compare the cor-
responding terms and find the connection between them we will be able
to use the same positivity bounds for the functions in (5.10). The latter
corresponds to a real cosmological model. According to [15], there exists
a connection between the EFT functions in (5.10), also called Wilson func-
tions," and the terms of our action received from (4.91) [15]. However,
the coefficients from the action (4.91) are complicated functions of Wilson
functions and we could not find the exact relation between them at the

*the coefficients of metric perturbations
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moment of submission of this thesis because of the lack of time. Also, the
CFT model works for 3D, but it is not clearly known yet how it will work
for 4D. The needed assumption is that CFT starts to work at a scale lower
than the string theory scale. But it is quite a strong assumption that yet
needs to be checked carefully. Next, if it works and if a relation between
Wilson functions and obtained action’s terms is found, we will be able to
use the gained positivity bounds for the Wilson functions to constrain the
« values of the theory. Consequently, we will obtain the constraints about
the cosmological constant.

5.2 Conclusion

In this thesis, we looked at a new mechanism of finding the positivity
bounds (in Sec. 4), which would guarantee the proposed Lagrangian/action
to give the healthy theory [2]. This new approach could be a useful tool for
testing DE/MG theories. So, we tried to apply this mechanism to the real
cosmological models in Sec. 5 (with provided assumption, that needs to
be carefully checked yet). The mechanism considers finding the positivity
bounds from 2-point correlation functions of conserved quantities like the
Noether current and the stress-energy tensor. We propose the idea of re-
lating the new mechanism of bound-constraining to the real cosmological
models. The idea is the following: firstly, we take the Lagrangian/action
of the model—in our case we consider the DE/MG model, which has an
extra scalar degree of freedom. Next, we write down the equation of mo-
tion (EOM) for the scalar field of our theory, expand the solution of EOM
in the low-energy limit, and plug the solution back into the initial La-
grangian/action. As a result, we get an expression similar to (4.91). Fi-
nally, we find the positivity bounds following the approach explained in
Sec. 5.1 and use them to constrain our model of DE/MG.
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Chapter 6

Future plans

As I already mentioned we were not yet able to find the exact connec-
tion between the Wilson functions and the coefficients from the (4.91)
action, but we enjoyed working on this and we hope we will be able to
find them soon. Also, we want to investigate how CFT works in 4D and
try to find other constraints from 2-point correlation functions of a linear
combination of the conserved current and stress-energy tensor ((J(—k) +
uT(—k))(J(k) +uT(k))) as it is proposed in paper [2].
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Appendix A

CFT/superfluids

Generators:

¢ Dilations
D: n(x) — '(x) = n(Ax) + logh;

¢ Infinitesimal conformal transformations

Ky: m(x) = 7'(x) = m(x + (cx® —2(c- x)x)) — 2c,x";

¢ Translations
P,: m(x) — '(x) = m(x+a);

e Boosts
My @ m(x) = m'(x) = m(A - x).

If we check the following Lagrangian:

/d4x\/—g = /d4xe4”,

(A1)

(A.2)

(A.3)

(A.4)

(A.5)

we will see that it is conformally invariant upon changing the integration
variable. For instance, under spacial conformal transformations, Eq.(A.2),

we get:

/d4xe47((x) N /d4xe47'[(x+(cx2—2(c-x)x))e—BCMx?‘ _ /d4xle47r(x/).
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Appendix B

Modified metric & EFT operators

The modified metric can be written as:

S = 8uv|g*Pouxdpx|, (B.1)

where x = ut + 7t(t, x). Atleading orders derivative we have:
s =2 [dxy/=g =T [ /=gy (B.2)
For the next order, we have to add the terms:
s = /dg’x vV —=8§(—caR + 3R, x9x) (B.3)

Now let us consume that the first three terms in action (4.91) give us
the same Lagrangian as (4.2) (up to total derivative) Let us consider term
by term. First term of the action (4.92) is:

%/dg’x\/—g = %/d‘?’x\/—gax“?’ (B.4)
So, for the Lagrangian, the first term will be

a9x° (B.5)
6
That perfectly coincides with the ¢; term of the Lagrangian (4.2) (we do
not have a covariant derivative here, because it is not coupled to A, not
any other difference). For ¢, term in (4.91) we will use the following for-
mula [14]:

R = 2(n — 1)g”‘5(8)()3(vav,58x) —(n—=1)(n— 4)g“58)(*4va8xv58x

(B.6)

R
|9x|?
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64 Modified metric & EFT operators

Putting the partial derivative everywhere instead of covariant, n = 3, and
Suv = Muy gives:

R= |aR|2 2% 2(9x) 20x® + 2% ax *(99x)? (B.7)
Now we consider that the gravity is decoupled and plug the result from
(B.7) we get for ¢, term in (4.91):

/d?’x\/—_g(—ch{ = /d?’x\/—_ga)(?’(—CzR) =
— /d3x\/_ 88)()

where we threw away the first term of (B.7) because of the decoupled
gravity and the second term because it gives us a total derivative and
would not make a change in EOMs. So, we can see that the second La-
grangian term that we get from the action (4.91) also coincides with the
relevant ¢, term of the Lagrangian (4.2).

(B.8)

Now let us look at the (c3) term. For this one, we also use formula:[15]
RW — Rgpgm/gﬂoﬂ — |aX|—4RUpg0ng =
= (0% 78”8 (Rop — (1 — 2)(3%05 + g0pg"")|0x| ' Va Vgl |+
+2(1 = 2) (855 + 8op8™) 19X 2 Vol x| Vsl ) =
= ox| = (R — 19" Vo VploxIgng™ — 19x] ™ gepg™ 37 8 ViV s 0|+
+2(0x| Vo 0x|V,lax]g™ g + 2|8X\‘ngag“ﬁg”gp”vaIax|Vﬁ\ax!)/
(B.9)

From the action (4.91) we have:

/d3x \/—_gARWaMan = /de\/:g8X3IA{W8yxavx, (B.10)
Then for the Lagrangian term equivalent to this, we will have:
IX RM 0, x0ux =
O 0|3y xdux (R — [0x719"9" 0| — [ox| g™ 8*P2adpl0|+

+219x| 20" 9x[o" x| + 2/ox| 2" *a.0x0p0x ),
(B.11)
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Considering the gravity decoupling we have:

axgﬁ”vayxavx _ _ayxavxaﬂawax\ _ 9ux0¥x0"9.0x eIy Al rdr gty _

+ +
9x[? 0x | ox |
8yxavxa?‘8”]ax\ ayXaVXav‘aMaylaX’

= — —0%0,0x + 2
X2 wox BYE

(B.12)

We can see that the third term of the (B.12) is similar to the 1 — st part
of the c3 term in (4.2), the second term is the full derivative and we can
ignore that as it will not change EOMs. For the first term of (B.12) we
have:

0y, X9y X010 |0x| B

9x|?
(B.13)
o (9Mxd"xd,dx oM xo"x
= a],l (—aXZ ) + a],l (—aX2 )ava)(/

So we can see that from here we could keep only the second term of RHS
of (B.13) if we want which coincides with the second part of the C3 term
in (4.2), as the first one is the total derivative. So, we have shown that the
action (4.91) definitely leads us to the Lagrangian like (4.2).
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