Gravitational Particle Production in Gravity
Theories with Non-minimal Derivative
Couplings

George Koutsoumbas
Konstantinos Ntrekis
Eleftherios Papantonopoulos

Department of Physics, National Technical University of Athens

Seventh Aegean Summer School: Bcgoni Einstein's f}ucry of Gmnify

September 23, 2013

JCAP 1308 (2013) 027 Gravitational Particle Production in Gravity Theories with Non-minimal Derivative Couplings



Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The Lagrangian density of a scalar field in curved spacetime

1r
£ =v=g{;[g"0:00:9] - V()}
leads to the equation of motion Euler-Lagrange

Op+Vs=0 where L¢=(—g) "*0.[(-9)"*d""0ué] (1
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Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The Lagrangian density of a scalar field in curved spacetime

1r
£ =v=g{;[g"0:00:9] - V()}
leads to the equation of motion Euler-Lagrange
Op+Vs=0 where L¢=(—g) "*0.[(-9)"*d""0ué] (1

We define the inner product of the solutions of (1) as

(61,62) = i / (—0)"/26™ (67 (X)Bu ba(x) — d2(x)0 1 (x)) d'x
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Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The Lagrangian density of a scalar field in curved spacetime

1r
£ =v=g{;[g"0:00:9] - V()}
leads to the equation of motion Euler-Lagrange
O+ V, =0  where O¢ = (79)71/28‘L [(fg)l/zg‘“'(?mj)] (1)

We define the inner product of the solutions of (1) as

(61:62) = 1 [ (-0)""26™ (6} (00.6n(x) — ()05 () '
We expand the field ¢ in terms a complete set of modes Y&k

9(0) = Y (exw(x) + aixic(x))
Kk
with xx satisfying
(O Xw') = O (Xx> Xi') = — O (x> Xw) = O
The ny excitations are given by
1

|le> = \/@(akT)nk|OX>
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Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The transformation connecting two different sets of complete modes Xk , ¥k is
the Bogolyubov transformation

Xk (x) = Z (o Y (%) + B i (X))

K/
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Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The transformation connecting two different sets of complete modes Xk , ¥k is
the Bogolyubov transformation

Xk(x) = Z (akk/wk’ (X) + Brw 1/);’ (x))
k/
The scalar field ¢ can be expanded in terms of any of the two sets
B(x) =D (xx() + afxa(x)  d(x) = (b (x) + bl v (x))
k "

One can prove that

&k = Z (O[;k/ i)k’ — 6{:1(’ i)i/)
"G
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Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The transformation connecting two different sets of complete modes Xk , ¥k is
the Bogolyubov transformation

Xk (x) = Z (Oékk/wk/ (%) + Bw Vwr (x))
K
The scalar field ¢ can be expanded in terms of any of the two sets
B(x) =D (xx() + afxa(x)  d(x) = (b (x) + bl v (x))
Kk K/
One can prove that

CAlk = Z (Oé;:k/ i)kl — B;k’ i)i,)
K/

An observer in |0y ) vacuum using the xx modes can count the average
number of x particles

(00| |00) = (0u & ax|0y) = | B |
k/
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Quantum Field Theory in Curved Spacetimes Quantization of a scalar field

Bogolyubov coefficients

The transformation connecting two different sets of complete modes Xk , ¥k is
the Bogolyubov transformation

Xk (x) = Z (o Y (%) + B i (X))

The scalar field ¢ can be expanded in terms of any of the two sets

$x) = D (aoxw(x) + abxi(x)  d(x) =D (o (x) + bl (x))

kK &

One can prove that

CAlk = Z (Oé;:k/ i)kl — B;k’ i)i,)
K/

An observer in |0y ) vacuum using the xx modes can count the average
number of x particles

(00| |00) = (0u & ax|0y) = | B |
k/

Knowledge of the Bogolyubov coefficients Sy is essential in order to calculate
the x particles produced
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Inflation The inflaton field

Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang
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Inflation The inflaton field

Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang

@ It seems necessary in order to understand observables that cannot be
explained by the Big Bang model.

JCAP 1308 (2013) 027 Gravitational Particle Production in Gravity Theories with Non-minimal Derivative Couplings



Inflation The inflaton field

Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang

@ It seems necessary in order to understand observables that cannot be
explained by the Big Bang model.

@ The scalar field ¢ which drives the inflation is called inflaton. It is
homogeneous and only time-dependent
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang

@ It seems necessary in order to understand observables that cannot be
explained by the Big Bang model.

@ The scalar field ¢ which drives the inflation is called inflaton. It is
homogeneous and only time-dependent

We consider a FRW Universe with a metric ds® = dt* — a®(t)dx* and a scalar
field with the action

Sy = /d4x\/—7g[

Einstein equations

R

1 .. . 1 5 9
oG + 29" 0000~ V(@)] with V(o) = SMie

Guw = —8nGTu
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang

@ It seems necessary in order to understand observables that cannot be
explained by the Big Bang model.

@ The scalar field ¢ which drives the inflation is called inflaton. It is
homogeneous and only time-dependent

We consider a FRW Universe with a metric ds® = dt* — a®(t)dx* and a scalar
field with the action

Sy = /d4x\/—7g[

Einstein equations

R

1 .. . 1 5 9
oG + 29" 0000~ V(@)] with V(o) = SMie

Guw = —8nGTu

Friedmann equation

a(t) 8w [¢2
a*(t)  3M2
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang

@ It seems necessary in order to understand observables that cannot be
explained by the Big Bang model.

@ The scalar field ¢ which drives the inflation is called inflaton. It is
homogeneous and only time-dependent

We consider a FRW Universe with a metric ds® = dt* — a®(t)dx* and a scalar
field with the action

R 1 1
So = | d*xyv/— [7 ~g" 0,00,6 — V } ith V(¢) = ~M¢”
b / X g 167G + 29 Moleno) (¢) wi (45) ) P
Einstein equations
Guw = —8nGTu
Friedmann equation acceleration equation

2 12 a

a®(t) 8T [ a(t) 4
( ) a2(t) SMSZ ) + (¢) a(t) 3M31 (P¢ qu)
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

@ Inflation is an exponential expansion of the universe taking place after
the Big Bang

@ It seems necessary in order to understand observables that cannot be
explained by the Big Bang model.

@ The scalar field ¢ which drives the inflation is called inflaton. It is
homogeneous and only time-dependent

We consider a FRW Universe with a metric ds® = dt* — a®(t)dx* and a scalar
field with the action

R 1 1
So = | d*xyv/— [7 ~g" 0,00,6 — V } ith V(¢) = ~M¢”
b / X g 167G + 29 Moleno) (¢) wi (45) ) P
Einstein equations
Gy = —87GTu.,
Friedmann equation acceleration equation
5 5 ..
a®(t) 8T [ a(t) 4
(= 0 _ 8T8 )] aln A, g
() a2(t) SMSZ ) + (¢) a(t) 3M31 (P¢ qu)

equation of motion —  ¢(t) + 3H(t)¢(t) + Vg = 0
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Inflation The inflaton field

Non-minimal derivative couplings of the inflaton

inflation = a(t) >0 = g(L(t)) <0
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Inflation The inflaton field

Non-minimal derivative couplings of the inflaton

inflation = a(t) >0 = d (H_l(t)) <0
inflation = = —(——=~
dt\ a(t)
We define the dimensionless time 7 = Myt and the dimensionless field

P(1) = o(7)/ My
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

e _ d(H(t)
inflation = a(t) >0 = a( a(t) )<O

We define the dimensionless time 7 = Myt and the dimensionless field
P(1) = o(7)/ My
@ We use the slow - roll approximation ¢ < 3H¢ and ¢ < V(¢)

)

equation of motion — 3H(7) ~ —(1)

Friedmann equation — H>(7) ~

Inflation ends at

Tf :2\/3ﬂ'wo -1
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

e _ d(H(t)
inflation = a(t) >0 = a( a(t) )<O

We define the dimensionless time 7 = Myt and the dimensionless field
P(1) = o(7)/ My
@ We use the slow - roll approximation ¢ < 3H¢ and ¢ < V(¢)

)

equation of motion — 3H(7) ~ —(1)

Friedmann equation — H>(7) ~

Inflation ends at

Tf :2\/3ﬂ'wo -1

@ We solve the initial equations numerically

Friedmann equation — @ (r) _ am (1/}(7')2 +¢7(7))

a?(r) 3
equation of motion — 1/}(7') + 3H(T)1/'J(T) +(r)=0
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Inflation The inflaton field

Non-minimal derivative couplings of the inflaton

Dimensionless inflaton v in terms of the dimensionless time 7

¥(n)
10
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The inflaton field
Non-minimal derivative couplings of the inflaton

Inflation

Dimensionless inflaton v in terms of the dimensionless time 7

¥(n)
10

@ Until the end of inflation the numerical
and the approximated solution coincide
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The inflaton field
Non-minimal derivative couplings of the inflaton

Inflation

Dimensionless inflaton v in terms of the dimensionless time 7

¥(n)
10

V@)
@ Until the end of inflation the numerical

and the approximated solution coincide

@ After the end of inflation the field v
oscillates at the bottom of the potential
producing particles until it discharges

2]
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

We consider the action

S0 = [ dxy=a{ g + 59" 0.0+ 301G 0,00.6 - V(6)}
Friedmann equation
HZ(T) — 4?71- [1/)2(7') (l — 9)\71H2(7')) + wZ(T)] ()\71 = )\lMg)

equation of motion

(1 - 3T1H(T)2)12}(t) T (SH(T) — 3N H(7) (2H(7) + 3H2(T)))¢}(r) Ty(r) =0
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

We consider the action

. R 1 . 1. .
s, = /d VTG o g 00, + G 00,6~ V(9))
Friedmann equation
H(r) = ST [02(0) (1 - ONH (7)) + 02(r)] (= Aim2)

equation of motion

(1 - STIH(T)Z)zL(t) T <3H(T) — 3N H(7) (2H(7) + 3H2(r)))z/}(7) +4(r) =0

inflaton v in terms of 7 for A\ =—4
A=-4

[20]

—  numerical

=== dow - roll
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

We consider the action

. R 1 . 1. .
s, = /d VTG o g 00, + G 00,6~ V(9))
Friedmann equation
H(r) = ST [02(0) (1 - ONH (7)) + 02(r)] (= Aim2)

equation of motion

(1 - STIH(T)Z)zL(t) T <3H(T) — 3N H(7) (2H(7) + 3H2(r)))z/}(7) +4(r) =0

inflaton v in terms of 7 for A\ =—4 inflaton v in terms of 7 for A =0

AL =-4 y@
28] 100

—  numerical o8l naica

=== sow - roll 06

== dow-roll

04

02

\
80 100 _o2l
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The inflaton field

Inflation Non-minimal derivative couplings of the inflaton

We consider the action

. R 1 . 1. .
s, = /d VTG o g 00, + G 00,6~ V(9))
Friedmann equation
H(r) = ST [02(0) (1 - ONH (7)) + 02(r)] (= Aim2)

equation of motion

(1 - STIH(T)Z)zL(t) T <3H(T) — 3N H(7) (2H(7) + 3H2(r)))z/}(7) +4(r) =0

inflaton 1) in terms of 7 for A\; = —4 inflaton ¢ in terms of 7 for A; # 0
M=-4 [

[20]

—  numerical

=== dow - roll
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

The complete action of the theory is

le

/dx\/i

+5 [(g“” + A0 G") 0, X0 X — (Mx + + gQQbQ(t))XZ} }

/d‘*x\/?g{% [(g“” 40 G) 0B — Mj;qsz]
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

The complete action of the theory is

le

/dx\/i

+5 [(g“” + A0 G") 0, X0 X — (Mx + + gQQZ(t))XZ} }

/d‘*x\/?g{% [(g“” 40 G) 0B — Mj;qsz]

Equation of motion for the quantum field X

[1—3>\2M¢ ZET;} w(T )+3[%—)\2M¢( SE:; +2aggf)(7))]xk(r)+
R e )

(R(7) , gV (T)My
MZa?(7) a*(T) T

=+ ?xu(r) =0
a2 2 2
Mg Mg

@
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

The complete action of the theory is

le

/dx\/i

+5 [(g“” + A0 G") 0, X0 X — (Mx + + gQQbQ(t))XZ} }

/d‘*x\/?g{% [(g“” 40 G) 0B — Mj;qsz]

Writing xx(7) = f(7)hx(7) we get a more “convenient” form

- AT A% (T
() + [Br) - 2 - 2D () = 0
2 4
where
a(r) /\2( @(r) | za@am)
A(r) =32 0 O (2 = AoM3)
1-3350
(1)
12 2 2a(r)a(r)+a%(r) CR(T) g ()M
miAZk#+Mz+ JF M?) —
B(T) - a2(‘r)
1-3%5%0

JCAP 1308 (2013) 027 Gravitational Particle Production in Gravity Theories with Non-minimal Derivative Couplings



Study with non-minimal derivative terms

Particle production after inflation graphsidrcsulls

The complete action of the theory is
2R 1 v w
o [l

+3 [(g‘“’ + 0G0, X0 X — (M + + gquz(t))Xz] }
For the differential equation
hue(7) + Q*(T) (1) = 0
there is a solution

(T) _ Oék(T) e—i.fQ(T')dT + ﬁk(T) eifQ(T’)dT
2Q(71) 2Q(7)

if we define the Bogolyubov coefficients through a system of differential
equations

(7)) = 2%5( zl/Qk dT]ﬁk( )

Bk(T) = 2%1{5(:_)) exp [— Zi/Qk(T/)dT/} (1)
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

JCAP 1308 (2013) 027 Gravitational Particle Production in Gravity Theories with Non-minimal Derivative Couplings



Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

@ After the end of inflation we enter the phase of matter domination,

(a(T) = 72/3)
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

@ After the end of inflation we enter the phase of matter domination,
(a(T) = 72/ 3)

@ There are no particles before the end of inflation
(Be(1r) =0, ax(7y) = 1)
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

@ After the end of inflation we enter the phase of matter domination,
(a(T) = 72/ 3)

@ There are no particles before the end of inflation
(Pe(1y) =0, ax(7r) = 1)

@ We measure the X field production at the time 7. when the
Bogolyubov coefficients have become time-independent
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

@ After the end of inflation we enter the phase of matter domination,
(a(T) = 72/ 3)

@ There are no particles before the end of inflation
(Be(1r) =0, ax(7y) = 1)

@ We measure the X field production at the time 7. when the
Bogolyubov coefficients have become time-independent

@ We set the value of the inflaton mass M, = 10~ °M,,
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

@ After the end of inflation we enter the phase of matter domination,
(a(T) = 72/ 3)

@ There are no particles before the end of inflation
(Be(1r) =0, ax(7y) = 1)

@ We measure the X field production at the time 7. when the
Bogolyubov coefficients have become time-independent

@ We set the value of the inflaton mass M, = 10~ °M,,

o )\71 and /\72 are the couplings of the Einstein tensor with the kinetic
terms of the fields ¢ and X respectively
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Study with non-minimal derivative terms
graphs - results

Particle production after inflation

@ The quantity |5x|? is the mean number of particles in state k.

@ The system should obey the relations * > 0 and % < 1 (adiabatic
approximation)

@ After the end of inflation we enter the phase of matter domination,
(a(T) = 72/ 3)

@ There are no particles before the end of inflation
(Be(1r) =0, ax(7y) = 1)

@ We measure the X field production at the time 7. when the
Bogolyubov coefficients have become time-independent

@ We set the value of the inflaton mass M, = 10~ °M,,

o )\71 and /\72 are the couplings of the Einstein tensor with the kinetic
terms of the fields ¢ and X respectively

@ We study the quantity \ 6k|2 in terms of the mass My for different values
of the couplings
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Particle production after inflation

Study with non-minimal derivative terms
graphs - results

Fields ¢ and X without non-minimal kinetic terms

Mn=0, 2=0, £=0 =0, 2=0, g=0
182 1Bd?
0.000012
0.000014 B
0.000012 0.00001 “:
0.00001 8.x10°6
8.x10°

6.x10°6

6.x10°¢
4.x107%

4.x10°
2.x107°

2.x10°®
1.x10°®

3.x10°®

Mx
4.x10° 5.x10°6 Mpl

S
1.x10°8 3.

Mx
4.x10°® 5.x107% Mpl
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Study with non-minimal derivative terms

Particle production after inflation Ephiepieesnlts

Fields ¢ and X without non-minimal kinetic terms

0.000012 0.00001

0.00001

8.x10°
8.x10°
6.x10°
6.x10°
4.x10°
4.x10°
2.x10°
2.x107°
Mx = Mx
M . L
1.x10° 2.x10° 3.x10°¢ 4.x10° 5.x10 Mpl 1.x10° 2.x10° 3.x10°¢ 4.x10° 5.x10% Mpl

@ Enhancement of the particle production as the couplings g, ¢ are
increased
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Study with non-minimal derivative terms

Particle production after inflation Ephiepieesnlts

Fields ¢ and X without non-minimal kinetic terms

- F
s
&

0.000014

o
o

,§

N}

0.000012

=T

0.0000111%

0.00001 8.x10°6

8.x10°¢

6.x10°¢
6.x10°6

4.x10°6

4.x107%

2.x10°
2.x107°

Mx

1.x10°® 2.x1078

Mx
3.x10°® 4.x10°°

5.x10% Mpl 1.x10°°

% 1076 4.x10°° 5107 Mpl

@ Enhancement of the particle production as the couplings g, ¢ are
increased

@ Possible correlation of the results

(CR(t) + g*¢*(1)) X*
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Study with non-minimal derivative terms

Particle production after inflation Ephiepieesnlts

Field ¢ with coupling A\ = —4 and X with \y # 0

M=-4, g=0, ¢=0
1B4?
5.x107
=0
4.x1077 V=--4
2 =-50
3.x107 2 = -100
2.x107
1.x10°7
Mx
. ] -
1.x10° 15x10° 2.x10° 25x10° 3.x10° Mpl
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Study with non-minimal derivative terms
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@ We need quite larger 2 than A, in order to have some change in
particle production
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