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Abstract: We investigate the feasibility of explosive particle production via parametric resonance or tachyonic preheating in multi-field inflationary
models by means of lattice simulations. We observe a strong suppression of resonances in the presence of four-leg interactions between the inflaton
fields and a scalar matter field,

leading to insufficient preheating when more than two inflatons couple to the same matter field. This suppression is caused by a dephasing of the
inflatons that increases the effective mass of the matter field. Including three-leg interactions leads to tachyonic preheating, which is not suppressed
by an increase in the number of fields. If four-leg interactions are sub-dominant, we observe a slight enhancement of tachyonic preheating. Thus, in
order for preheating after multi-field inflation to be efficient, one needs to ensure that three-leg interactions are present. If no tachyonic contributions
exist, we expect the old theory of reheating to be applicable.
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Energy needs fo be transferred from the inflationary sector to ordinary matter:
- Old Theory of reheating (field decays once the decay rate ~ H)
Abbot et. al (82). Dolgov and Linde (82), ...
Or Preheating (subsequent phase of thermalization needed)
- Resonances (explosive particle production)

randenberger and Traschen (90), Dolgov and Kirilova (90), Kofman. Linde,
tarobinsky (98). ...
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- Tachyonic Instabilities (i.e. in hybrid infiation)
Dufaux, Felder, Kofman, Pelosc and Podolsky (06), ...
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- High temperatures after preheating are common:
good for GUT-baryogenesis, but problematic w.rt. relics (gravitino problem).

- Unrelated (important) application:
moduli trapping near loci of enhanced symmetry.

- Preheating models are phenomenological. since the couplings of the inflaton(s) to
other fields are generally unknown.

- Preheating in mulii-field inflationary models is largely unexplored (a brief review
follows).
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- High temperatures after preheating are common:
good for GUT-baryogenesis, but problematic w.rt. relics (gravitino problem).

- Unrelated (important) application:
moduli trapping near loci of enhanced symmeiry.

- Preheating models are phenomenological. since the couplings of the inflaton(s) o
other fields are generally unknown.

- Preheating in mulii-field inflationary models is largely unexplored (a brief review
follows).

Jlesiion
Under what conditions does preheating take
place if multiple inflatons confribute?
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Energy needs fo be transferred from the infiationary sector to ordinary matter:
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- Qld Theory of reheating (field decays once the decay rate ~ H)
Abbot et. al (82), Dc. gov and Linde (82), ...

Or Preheating (subsequent phase of thermalization needed)

- Resonances (explosive particle production)
Brandenberger and Traschen (90), Dolgov and Kirilova (90), Kofman. Linde,

Starobinsky (98). ...

- Tachyonic Instabilities (i.e. in hybrid inflation)
Dufaux, Felder, Kofman, Pelosc and Podolsky (06),
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- High temperatures after preheating are common:
good for GUT-baryogenesis, but problematic w.r_t. relics (gravitino problem).

- Unrelated (important) application:
moduli trapping near loci of enhanced symmeiry.

- Preheating models are phenomenological. since the couplings of the inflaton(s) o
other fields are generally unknown.

- Preheating in mulii-field inflationary models is largely unexplored (a brief review
follows).
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- High temperatures after preheating are common:
good for GUT-baryogenesis, but problematic w.r.t. relics (gravitino probiem).

- Unrelated (important) application:
moduli trapping near loci of enhanced symmeiry.

- Preheating models are phenomenociogical. since the couplings of the inflaton(s) o
other fields are generally unknown.

- Preheating in mulii-field inflationary models is largely unexplored (a brief review
follows).

JAuestion
Under what conditions does preheating take
place if multiple inflatons confribute?
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Review: Wands (07)
Why consider more inflatons?
“Natural” in string theory (presence of many moduli fields eifc.)
Assisted inflation effect (Liddle, Mazumdar and Schunck 98):

- possible avoidance of super-Planckian field values

- increased Hubble friction, steeper potentials wark, reduced fine tuning

Examples are

- Inflation from axions (N-flation), Dimopolus. Kachru, McGreevy, Wacker (09).
- Inflation from multiple M5-branes, Becker. Becker, Krause (06).

- Inflation from tachyons (D-branes), Majumdar, Davis (03),

- Inflation on the landscape (staggered inflation; inflation from random potentials).
Battefeld, Battefeld, Davis (08); Tye, Xu, Zhang (09)
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. irrwgie inflaton, parametric resonance (PR)
- fwa inflatons, Cantor preheating (enhanced PR)
- hundreds of inflatons, suppressed PR due to dephasing

(4 1]

_atlice simulations (including backreaktion). N=1.2.3.4and 5
- Case A: four-leg interactions (PR case)
- Case B: three- and four-leg interactions

- Case C: three-leg interactions (tachyonic instability)
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N inflatons. one additional scalar field. canonical kinetic terms
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N inflatons, one additional scalar field. canonical kinetic tferms
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Inflaton potential. expanded around minimum.
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N inflatons, one additional scalar field. canonical kinetic terms
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Three-leg interaction (Yukawa coupling), leads
to a tachyonic instability/preheating in single
field modeis.
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N inflatons, one additional scalar field. canonical kinetic terms

four-leg interaction, leads to PR and stochastic
preheating in single field models.
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‘e Inflaton: N=1, sigma=0, no backreaction
Kofman, Linde. Starobinsky (97)
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Oscillating effective mass — resonances.
explosive particle production

Pirsa: 09050067 Page 17/57



-

e Inflaton: N=1, sigma=0, no backreaction
Kofman, Linde, Starobinsky (97)

)
j
(@]

O k> ’
Xk—3H:lu;—l-(a—2+Q-+””)xk=U

Oscillating effective mass — resonances.
explosive particle production
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e Inflaton: N=1, sigma=0, no backreaction
Kofman, Linde, Starobinsky (97)
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Analytic understanding: stability/instability bands; modes shift through bands
as the universe expands: stochastic resonance”
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cheating: N=2, sigma=0, no backreaction
seit. Tamburini (97,98)
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- Analytic result (spectral theory): stability bands dissolve into a nowhere dense set

if the oscillation frequency of the inflatons differ (quasi periodic modulation of
chi's effective mass).

- Expectation: almost all modes should get amplified (no prediction for the magnitude).

- Numerical study: 2 inflatons. 1 matter field:
dissolution of stability bands and amplification of almost all modes is observed.
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Cantor Preheating: N=2, sigma=0, no backreaction
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Bassett. Tamburini (97.98

- Analytic result (spectral theory): stability bands dissolve into a nowhere dense set.
- Expectation: almost all modes should get amplified (no prediction for the magnitude).

- Numerical study: 2 inflatons, 1 matter field:
dissolution of stability bands and amplification of almost all modes is observed,
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Cantor Preheating: N=2, sigma=0, no backreaction
Basseit. Tamburini (97.98)

- Analytic result (spectral theory): stability bands dissolve into a nowhere dense set.

- Expectation: almost all modes should get amplified (no prediction for the magnitude).

- Numerical study: 2 inflatons, 1 matter field:
dissolution of stability bands and amplification of almost all modes is observed,
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N=large, sigma=0, no back-reaction
D. Batiefeld. S. Kawai (08)
Consider
1 1
y N B = v
L= -52 (9“”“?“-: Vi +mip; +9 93X ) — 39" VuXVuX

Many fields A" =150 (arisesi.e. in N-flation.)
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N=large. sigma=0, no back-reaction
D. Battefeld. S. Ka 08)
Consider
7 1
L=—3% (9‘“” 7 0:V 0 +mipl + g ::ff) — 59" VuxVox
T =1

Many fields A" = 150 (arisesi.e. in N-flation.)

Equations of motion: 0; +3Hy; + m?g:i — |
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The fields’ collective behavior is coherent; indistinguishable from a single field modei:
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Particle number:
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The oscillating part of the mass term is unchanged; an increase in the number of inflatons
does not change the resonance effect since it is equivalent to the single field model.
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Use mass distribution of N-flation

The inflatons’ collective behavior is not coherent due to de-phasing. Effective mass of chi
is bigger (non-adiabaticity parameter remains smail).

No resonances:

Note: Beats (and a some minor partiicle production) are possible if fields start out in phase
and one waits long enough.
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. Tamburini and B. Basset (98). 2 inflatons — in

D. Batiefeld and S. Kawai (08). 150 inflatons — strong suppress on

(Also: J.Braden at COSMQOQ8)
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D). Batiefeld Batiefeld and T. Giblin (09

- incorporate backreaction (lattice simuiation)

- simulate N=1.2.34 and 5.

- consider three- and four-leg interactions
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~. Tamburini and B. Basset (98). 2 inflatons —increased pariicle pr

D. Batiefeld and S. Kawai (08). 150 inflatons — stron
(Also: J.Braden at COSMOQ8)
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). Batiefeld Batiefeld and Siolin (U2)

- incorporate backreaction (lattice simuilation)

- simulate N=1.2.34 and 5.

- consider three- and four-leg interactions
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Seaeversl fields th back-reaction
et e W S ] T4 BA™ LW v 1Ll MO A\ LW
HafalA Battefeld Giblin
D. Batiefeld. T. Battefeld and T. 09):

- Using the LATTICEEASY-code, we solve for N=1,2.3.4and 5
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- Mass distribution: m; = % m- = gmo
- Equal energy initial conditions (0) = ii
(for zero mode): VN3
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Use mass disiribution of N-flation

The inflatons’ collective behavior is not coherent due to de-phasing. Effective mass of chi
is bigger (non-adiabaticity parameter remains smail).

No resonances:
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Note: Beats (and a some minor particle production) are possibie if fields start out in phase
and one waits long enough.
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~. Tamburini and B. Basset (98). 2 inflatons — increased
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- incorporate backreaction (lattice simuiation)

- simulate N=1.2.34 and 5.
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Particle number
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Where ..:%.k — (I-?" Xk and W = \,f {1_2 -+ i,.:"?‘

The oscillating part of the mass term is unchanged; an increase in the number of inflatons
does not change the resonance effect since it is equivalent to the single field model.

=, SRl &2 AMRNNS & SOYG (o ":“'j“ & Nran 'wilala
_ In ng+1
S £ 5 .r_|'1—l
.35 o
= :r—"_
37 —_— 3 . '“,—-
.25 et
Z 4 —
0.15 —yt
0.1 e -
. . i
L1 ] 3 —
Pirsa: 09050067 ] - ] J Page 34/57

10 20 30 20 50 24 4Q 60 30 100



—
EAarlial masese

The fields’ collective behavior is coherent; indistinguishable from a single field modei:
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Particle number:
1 [ | Xz]2 ' 1
ng = — | - + Wi JYI;Z IR
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Where Xz = a” “X& and wr =1\ = +g ©2
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The oscillating part of the mass term is unchanged; an increase in the number of inflatons
does not change the resonance effect since it is equivalent to the single field model.
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- Equal energy initial conditions
(for zero mode):
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- Initial inhomogeneities are specified natively by LATICEEASY in momentum space.

- Use: n° = 12%° latlice. box size: L. =5/m ;cover: 27/L < k < 2

- Investigate three cases:

Case

;% (0.193)-

A
B

10

100}

Pirsa: 09050067

Page 38/57



Pirsa: 09050067

n

i

1E-3
1E-4

1E-5

1E-6

1E-7

—
0.014 ’ _ After initial delay. similar

fast increase, consistent
with Bassett et al.

ctions (Parametric resonance case)

: T . !
C 100 200

. ' ; ! ' |
300 400 200 e00 700

Page 39/57




1

0.1 4
u.m-;;

= {E-3
§ 1E4
1E-5

1E-6

g interactions (Parametric resonance case)
."’ff._
!
|
I —N:1
5 — N=2
B OB e gt e N=3
o =i MBI D —— N=4
——N=5

Pirsa: 09050067

Page 40/57



C)
Q)
wn
(D

n

i

Pirsa: 09050067

-
-l

ns (Parametric resonance case)

)

D‘]!

——
0.014 ’ _ After initial delay. similar

fast increase, consistent

- | with Bassett et. al.
1E4 )
1ES / ,. ——N=1
-' v Sk Al ——N=2
L& T T ———sump ——N=3
‘TE-E- — T —— __‘____________ S T N=4
——N=5
1BE-T+ I T 1 T T T T 1
0 100 200 300 400 500 600 700 800

Page 41/57




|

' ip
N/l

Pirsa: 09050067

D‘]!

0.01
3

1E-3

1E-4

1E-5

1E-6

0w

(Parametric resonance case)

| |

Slight suppression for N=2
(after backreaction
became important) - each |
field caries about the same |
energy. ‘

L] l L I LI
400 500 600 700 800




Pirsa: 09050067

n
P,

i

our-leg interactions (Parametric resonance case)
1 ; A‘ #,_f-"'"_
014
0.01 ’
1Ea Strong suppressiop for N>2, |
| Inefficient Preheating.
Iin | _ _ _ 1 —
1E-5 = =
5 ——N=2
R ——N=3
1E-6 e IR — N=4
——N=5
1E-7 4 , ,

Page 43/57




-
o =3
- =
=
= e
el
=

i
w

(T BT AT AT BT SRRTE T RN T BT R )

I m
]

=
2] E—':’—_'
= 3
[= 3
[ 1
= 1S5
>
=
=
= =

Variance

Pirsa: 090500

=
]

in
&

-

Cass & MN=1

(!

Y

"

i ]

4o =i GED o0

Cazs A M=3

i
i

08

67 4

T
200

Joa

Manano

Wi nance

PRI BT SENTI| BYRTITT BURATET RURRTTT BRI RRTIT ]

g

L il

”

——Var

—Wer_

.

= .II a-

i~

SR '-.a‘_

'."a_

ar

Page 44/57



0Tz
3

Varanca
W
I
CIRRTIT |

m o
W
i

Varnanoe

|

boa U &
\

Consequence: back-reaction is crucial.

Ca=s= A N=2

Variance

TR T T TR e T ] S

===

Wi nanee

Variance

=5

Pirsa: 09050067 4

T
o 400 S0 500 ) L

Page 45/57




m m B
i

1Y |'|, =~
i

AT BRI

Variance

m I
W % m

=
Cass & M=1 3"

Vananoe

i
CERNIT ST

Varianca

i ]

GED

T
OO ano a om 200 biala | Lo i =00 T BOG

1 The Variance remains small (N>2).
resonances are suppressed, _
no field fragmentation, - N
backreaction can be neglected.

Variance
|
|

1]
..u._u!_ bbbl
Uiy

0E

i 1'||-?+J.-_\.* T
'

t T
it a0 o it =0 o 400 i 50 o} C 1N

Pirsa: 09050067 4

T
200

Joa

Page 46/57



Ed
)
wn
D

P B

Pirsa: 09050067

o
5

]
- 1E-3 '
1E-4 ;I

AN N el =] ==

1 | - — —_— — o

- L g g g ol o il N N
—

-I E _’_._ﬂ=l"_-__ — —— — = -
j‘“_'-’-—-’""___ S S
3 i — — =
/___._\_,-' e ; g T

—a

0.1

0.01

I |
400 500

Page 47/57



Pirsa: 09050067

n,/P

- 1E3

0.01

1E-4

1E-5

Preheating is independent of N.

T T T T

T v : T
200 300 400

!
200

—N=1

— N=

——N=4
——N=5

Page 48/57
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Case A. four-leg interactions (Parametric resonance case)
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- Initial inhomogeneities are specified natively by LATICEEASY in momentum space.
- Use: p? = 1283 lattice. box size: L =5/m ; cover: 2x/L < k < 2=v3n/(2L)

- Investigate three cases:

Case| g x (0.193)-/m=| o x0193/m= A x (0.193)-/m-
A 10 () 5o HF
B 10= 10} 5 % 107
{ 100) 100 =
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C. primarily three-leg interactions (tachyonic preheating)
jc
14 s ———— o
i —_— I/_H.-._;-a\-\‘___.,_?x .-_" \—-—._.a—;_,z_-n:-_\
AV a TAW. 2N I _H_Hw. N
0.14 LA VNS 7AAVN

0014 /!

=

163 i

E-4 | e

——N=4

1E-6

Page 54/57




Y /D
P

Pirsa: 09050067

14 b —
3 ~~ ~ AN e
- S o [ 1'1__"_—-5\-\_ = .’_.' e
- S . v ) F w“"x_.___,_,-f
0.14 VA AN ‘A AL
] Preheating is compiete afier one |
: burst of particle production for
i N>2: no oscillations of the
= inflatons needed!
r.T.
1E4 j
{
/
1E-5
‘E-'E T 1 1 ' 1 I
0 5 10 15 20

——N
—N
==
——0

arily three-leg interactions (tachyonic preheating)

=1

=4

Page 55/57




Summary of Results
Parameilric resonance is suppressed for more than one inflaton (absent for N>3),
opposite to expectation based on Cantor preheating. As a result, the old theory of

preheating is applicable for large N.
Possible way to avoid suppression: couple each inflaton to its own matter field.

Tachyonic Preheating remains efficient (even slightly enhanced), if N is increased.,
even in th e presence of four-leg interactions.
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Conclusions

Preheating after multi-field inflation should not be discussed within an effective

e B S S el o T i el

Couplings (type and magnitude) need to be known to assess whether or not
preheating occurs.

If preheating occurs, the universe still needs o thermalize and the proper degrees
of freedom need to be heated (ordinary matter and radiation), while preventing
the aoverproduction of relics (challenging, but possible i.e. if a second phase of
reheating or a few e-folds of thermal inflation follow before nucleosynthesis).

freedom and no tachyomc contr[butmns exist), the old theory of reheating is
applicable; this avoids the overproduction of relics and might be desirable.
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