Energy distribution and equation of state
during and after tachyonic resonance

Kenneth Marschall
IFIC

(with S. Antusch, F. Torrenti)

PLANCK2024

26th International Conference From the Planck Scale to the Electroweak Scale



The Reheating Epoch

Why should we study the phase
of (p)reheating?

iw:1/3

i * Energy Transfer

¢ Expansion History

- Number of e-folds N, of
inflation (N, = 55 £ 5)

- Accurate predictions for
CMB observables
nsand r

Inflation Reheating Hot Big Bang
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‘inflation’ ‘(p)reheating’

e Inflaton ¢, scalar preheat field X

° Mass scales A and M

— inflaton mass: mj = A*/M?

e Couplings h?and X
=» potential bounded

4 2
form below when: S0 /2m¢



Reheating Model: Motivation

V(¢7X) = §A4tanh2 (%) 4+ §h2¢X2 4 ZAX4

‘inflation’ ‘(p)reheating’

* For interactions of the type ~ ¢?X? we have
seen that [1]:

= inflaton does not decay completely during
the process of parametric resonance

= the system does not become radiation
dominated

e What happens in case of ¢ X?%-interactions?

=» tachyonic resonance [2]

=» perturbative decay channel



Inflaton Potential

Vg, X) = %A‘*tanh? (%) + ...

‘inflation’

A4
V(6) ~ { 2
¢

» separated by ¢ = Marcsinh(1/v/2)

6] > M
o] < M

V(g) x (2/A%)

0
¢/M
e plateau is fixed by
AY = 65 A MmN £ (M, )
e inflation ends at
Oy = MaI‘CSinh(\/gmpl/M)/2



Inflaton Potential

Vg, X) = SA%ann? (2 + |
= — an —
’ 2 M o
[ Y [] i
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‘inflation’ :</
S
AL fgl> M =
v ~{
¢ 9l < M 0! ‘
d by ¢; = Marcsinh(1/v/2) !
» separated by ¢; = M arcsin
o/M
o We fix M = 5my, for the following! o plateauis fixed by
» V(¢) can be well approximated At = 6772ASM2m12:»1Nk_2f(M7 Ni)
by a monomial during reheating e inflation ends at

o Marcsinh(\/gmpl/M)/2




Preheating: Homogeneous Phase

1 & Evolution of the homogeneous inflaton
Vg, X) = 5A4tanh2 (M) + field is determined by:

b+3HG+;V =0

1.0 2 1 (1 p) )
H* = —°+V
\ 2
3 3mg; \ 2
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= e decaying amplitude: @& ~a 2
/\ e oscillation frequency: w, = my
' \/ \/ VWV M N~ o effective equation of state: w =0
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Preheating: Homogeneous Phase

1 & Evolution of the homogeneous inflaton
Vg, X) = 5A4tanh2 (M) + field is determined by:

b+3HG+;V =0

f 1 [1-
h =g (5 )
\ mpl
\
0.5F 1 . . 3
e e decaying amplitude: ® ~a" 2
/\ e oscillation frequency: w, = my
' \/ \/ VWV M o effective equation of state: w =0
0 10 20 30 40 Natural variables:
U = Wyt 0= (qb/gb*)a?’/Q U = wyt
X = (X/¢.)a®? U = wi



Natural Variables

The equation of motion in natural variables
are then given by:

¢ = a7 V50 + o+ F(p) +7Mx* =0

X' =a?Vix +dMeox +iVx* =0

With the effective coupling parameters:

g = ¢Ma=3/2 ¢ = h24, ju?

~ — A
qN =qMa? g =l

e Potential is bounded

(h)\2 (N)
from below when: (@) > 2q.



Preheating: Tachyonic Resonance

The equation of motion in natural variables

are then given by:

¢ = a7 V50 + o+ F(p) +7Mx* =0

X' =a?Vix +dMeox +iVx* =0

With the effective coupling parameters:

q‘(h) >g(hl)a—3/2

’ q£h) = h’2¢*/w§

~ — A
qN =qMa? g =l

=49

e Potential is bounded

(h)\2 (N)
from below when: (@) > 2q.

Preheating: Tachyonic Resonance

e Linearised mode equation of y:

Sxr + </%2 + (j(“@) Sxk = 0
with & = k/(w.a)

° (p//+()520



Preheating: Tachyonic Resonance

%e(ﬁk)
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g™ > 0.5 : broad resonance

¢™ <0.5 : narrow resonance
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Preheating: Tachyonic Resonance

e Linearised mode equation of x:

o« o+ (R2+3"Mp) bk 0
with & = k/(w.a)
° (ﬁ// + ()5 ~ 0

¢ Inflaton induces a tachyonic mass term
each time when ¢ < 0; modes for which
72 < g™y grow exponentially:

- |5Xk|2 ~ 6219ku

e Tachyonic resonance is always stronger
than parametric resonance (~ ¢*X?)



Preheating: Lattice Simulations

Cosmolattice [3]:

e Simulations have been performed for
the T-model:

_14 2 ¢ 12 2 1 4
V = - Attanh <M)+2h OX% + AX

with mass scale M = 5my and N, = 55,
initialised the simulations at ¢,

e Details on simulations:
« For N =128 — 512 grid points

* Performedin (2 + 1) dimensions

& results almost identical to the
onesin (3+ 1)dimensions!



Preheating: Lattice Simulations

Cosmolattice [3]:

e Simulations have been performed for
the T-model:

_14 2 ¢ 12 2 1 4
V = - Attanh <M)+2h OX% + AX

with mass scale M = 5my and N = 55,
initialised the simulations at ¢,

e Details on simulations:
« For N =128 — 512 grid points

* Performedin (2 + 1) dimensions

& results almost identical to the
onesin (3+ 1)dimensions!

Energy density o= E;
ratios: ‘" Eio
Total energy density:
P, X
Eiot = Z <E1{ +Eg —l—Eg) + E;
A S X

kinetic gradient potential interaction

Energy density components:

1 1 1
El=2(f  Ef=50+[] E=3i%ex
1 2 Loy 4
Ef = o (Vaf)* By =7a%x
Equation _ 1

of state;



Lattice Simulations: Effective Energy Ratios

Equations of motion:
¢ —a Voo + o+ Flp) +§Vx* =0
X' = a7 Vex+iPex +iVx* =0

e Homogeneous phase: 5‘1“5 o~ ég ~ (0.5
e System starts to become non-linear
at up, ~ 20

e Backreaction process terminates when
™ < 0.5 at u~ 70

e Self-resonance process continues until
u ~ 1800

o Eventually: & ~&f — 0.5

10!
u
=p X X = =
=& = Ef - & = & = &7 - & = |g]




Lattice Simulations: Effective Energy Ratios

Equations of motion:
03 1. 2. 3. 4. 5. 6. 7. 8. 9.

P —aPVio+ o+ Fp) +ix* =0
X' = a7 Vex+iPex +iVx* =0

I3 ;
e Homogeneous phase: w ~0 g ;
e System starts to become non-linear and [ !
equation of state grows -0.5¢ w
e Backreaction process terminates and - W

w — 0.25 1.k

e Self-resonance process continues and
equation of state stays at w ~ 0.25

10° 10! 102  10°  10* 10° 10

e Eventually: w — 0



Lattice Simulations: Effective Energy Ratios
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Lattice Simulations: Number of e-folds of Reheating

The trilinear interaction ~ ¢X? provides a

perturbative decay channel, with decay rate:

h4

T, =
¢ 32mmg

Thus reheating may be completed by the

decay process ¢ — X X ,when Hry ~ I'y.

We can then determine;

1 Pend
e Npg= In
i 3(1 +wWru) prH
1 Nru
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Lattice Simulations: Number of e-folds of Reheating

The trilinear interaction ~ ¢X? provides a
perturbative decay channel, with decay rate:

h4

T, =
¢ 32mmg

Thus reheating may be completed by the
decay process ¢ — X X ,when Hry ~ I'y.

We can then determine;

0.15! .
1 Pend I y
e Ngpyg = In ~ [ ¢
RH 3(1—|—U_JRH) PRH |§ 0.1; ° ¢
[ [ ]
[ [ J
_ e 0050 *
©OYRETAN Sy, ol Ay 0 50 100 150 200



Lattice Simulations: Number of e-folds of Inflation

The number of e-folds of inflation are given by:

k 1
Ng >~ 67 —1n =2 — —1
K naoHO 12 ngth+
1 2 1 - 3w
.+ —=1n Vi SWRH In PRH

+ -
4" mipena  12(1 +WRH)  Pend

Assuming the system stays in RDuntil BBN,
followed by the standard expansion history
of the universe (RD + MD = AD)

= with Ngrg and wrg We can determine Ny

% since Vi, depends on N we use an
iterative scheme

Ni

1

N, for the p/vot scale keys = 0.05Mpe™*:

O N _ (B
I& qx :(Q* )2
58 B : (Q*h))min
56}
s4f .« ©° ° ° ¢ ¢
! e
I
s2le® """
50 : (gen = 10°)
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Concluding Remarks

e Equation of state eventually returnsto w — 0 and the total energy is
distributed as &f ~ &% ~ 0.5

e Thus, the reheating process is not completed after the initial preheating
phase.

e The inflaton decays at latest perturbatively via the trilinear interaction.
This allows us to determine the maximal possible number of e-folds
and Ngy, as well as the according ns and r.



References

[1]:

References on quadratic-quadratic interactions

Energy distribution and equation of state of the early Universe: matching the end of
inflation and the onset of radiation domination (2005.07563)

Characterizing the post-inflationary reheating history, Part I: single daughter field
with quadratic-quadratic interaction (2112.11280)

Characterizing the post-inflationary reheating history, Part Il: Multiple interacting
daughter fields (2206.06319)

References on tri-linear interactions:

Preheating with trilinear interactions: Tachyonic resonance (0602144)

Gravitational wave production from preheating with trilinear interactions (2206.1472)

Cosmolattice:

Cosmolattice: A modern code for lattice simulations of scalar and gauge field dynamics
in an expanding universe (2102.01031)



Thank you



