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Motivation

All you need to drive inflation (a ~ e) is a scalar field,
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Stochastic Particle Production

Consider Nt coupled (scalar) fields. Assume the evolution of fluctuations contains localized
non-adiabatic events with random strengths at random intervals, and that the fields are
otherwise free

[1ai+¢2+m5(7)] VTR =0, U= Pl
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Stochastic Particle Production

Consider Nt coupled (scalar) fields. Assume the evolution of fluctuations contains localized
non-adiabatic events with random strengths at random intervals, and that the fields are
otherwise free

[1ai+¢2+m5(7)] VTR =0, U= Pl

A—ﬂ e Lo

A random walk (with drift) for the occupation number

: 1 o o 1
na(j) = S (\Xj|2 +w§|xj|2) oot 161
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Stochastic Particle Production

Randomness and non-adiabaticity are encoded in M.
A probability distribution can be defined, P(M; 7)

M>

ek |

Ll e

ot

If the processes in the 7 and 7 strips are uncorrelated, the distribution for M = M2M; satisfies

P(M; 7 + 67) :/du(MQ)P(M;M;T)P(MQ;aT)

= Markovian evolution.
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Stochastic Particle Production

Randomness and non-adiabaticity are encoded in M.
A probability distribution can be defined, P(M; 7)

i M1 M2
A J A B
T iy

If the processes in the 7 and 07 strips are uncorrelated, the distribution for M = M2M satisfies
P(M; 7+ 67) = / di(My) P(M; "M; 7) P(Ma; 57)

= Markovian evolution. Moreover, as 67 /7 — 0,

(M, ,

8, P(M:7) = — { (M;T)} + ik [LM .

My ;
o 5e PM;T)| +...

(Fokker-Planck)
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Stochastic Particle Production

A general transfer matrix can be parametrized as

G i)

where u,v € U(N;), and n = diag(ni, n2,---) = Np(2N; + 1) variables in FP equation!
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Is it possible to derive universal or quasi-universal results?
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Stochastic Particle Production

A general transfer matrix can be parametrized as

G i)

where u,v € U(N;), and n = diag(ni, n2,---) = Np(2N; + 1) variables in FP equation!

Is it possible to derive universal or quasi-universal results?

Late-time equilibrium = maximal entropy
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Stochastic Particle Production

A general transfer matrix can be parametrized as

M(u 0NN Vvn v 0
= \UEE U vn  V/1+n)\0 v*
where u,v € U(N;), and n = diag(ni, n2,---) = Np(2N; + 1) variables in FP equation!

Is it possible to derive universal or quasi-universal resufts?

Assume the building block P maximizes the Shannon entropy
S[P| = —/P(Mg;(ST) In P(M3; 67) dpu(M2)

subject to the constraints:

L (nj)sr

The local mean particle production rate is known and fixed, p; = ST
t  OT

. . 570
Coarse-grained continuity, Myisr ——— M,
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Stochastic Particle Production

Consequences (Mello, Pereyra, Kumar 1988; Amin, Baumann 2016):

D Pis independent of u,
dP({u,n,v}) = P({n,v}) du(u)
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Stochastic Particle Production

Consequences (Mello, Pereyra, Kumar 1988; Amin, Baumann 2016):

D Pis independent of u,
dP({u,n,v}) = P({n,v}) du(u)

® The marginal distribution [ P({n, v}) du(v) satisfies the Fokker-Planck equation
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Stochastic Particle Production

Consequences (Mello, Pereyra, Kumar 1988; Amin, Baumann 2016):

D Pis independent of u,
dP({u,n,v}) = P({n,v}) du(u)

® The marginal distribution [ P({n, v}) du(v) satisfies the Fokker-Planck equation

) el
;EP(na;T) = Z 1+ 2n,) +

a=1

Ng 2
il Mg + np + 2nqnp | OP 2 (o0&

E E a(14+7n0) —

Ne+ 1 P By N e e 5

a=1 a

b#a

® A closed set of equations for the moments of n = > n, can be obtained. It implies

T—00 2Nf
- (In(1 R
97 (In(1 + n)) Wl
e it T—00
d-Var[ln(1 + n)] —— e

i.e. exponential growth for the occupation number
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Exact Results

Consider the approximation

N
Mep(T) = 2v/was Y _ Aas(13)8(7 — 75)
! <

where 7; are uniformly distributed, and
ey =0, {(AapAca) = 025 (8acOba + Gaadsc)

The transfer matrix takes the form

Bl e e = diag(e“1™. 427 ...
M]f]l—kz(o aj>(_Aj e a; = diag(e™* ™, 27 .. .)
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Exact Results

Consider the approximation

N
mi(7) = 2v/waws y  Aan(m3)d(7 = 73),
j=1

where 7; are uniformly distributed, and
ey = O (AasAca) = 02 (8acbd + Gaadbe)
The transfer matrix takes the form

Bl e e = diag(e“1™. 427 ...
M]f]l—kz(o aj)(_Aj R a; = diag(e“7, 27 .. )

m;

Will focus on the total occupation number. Define R = MMT:

nG) = 7T [MEM () - 1] = JTrRG) - 1)
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Exact Results

Algorithm:

P Parametrize R

piie (0 0 f f\ /uf 0 f=2n+4+1
= N0 U SN )\ Cul f= /f2 4
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Exact Results

Algorithm:

D Parametrize R
il u O f f uf 0] f=2n+1
T U )\ 0 T f=vf2-1
@ Solve for first and second order perturbations in terms of previous value of R

R(j+1) =R(j) + R,
6R = R(])mj+1 + h.c. + m; 1 R(])le .
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Exact Results

Algorithm:

D Parametrize R
il u O f f uf 0] f=2n+1
T U )\ 0 T f=vf2-1
@ Solve for first and second order perturbations in terms of previous value of R

R(j+ 1) = R(j) + 4R,
SR=R(mI  +hc +m;RGml

3 Calculate correlators

{ersta e ST Z o2, (uleulgucrua + o uf ucauan)
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Exact Results

Algorithm:
D Parametrize R
il u O f f uf 0] f=2n+1
T U )\ 0 T f=vf2-1
@ Solve for first and second order perturbations in terms of previous value of R
R(j+1) = R(j + IR,

SR=R(mI  +hc +m;RGml

3 Calculate correlators

{ersta e ST Z o2, (uleulgucrua + o uf ucauan)

4 \Write and solve the FP equation
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Exact Results

Single field
Only two parameters, f and « = €*®. Computation is straightforward,

(GE0rC)) R
(6 3®) =0

02 -
(6P 51y = ﬁmﬁ )

(6f®) = 2fo”
(6%} = 0
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Exact Results

Single field

Only two parameters, f and « = €*®. Computation is straightforward,

(aEor ) —e @ btz
o (5£®) = 2fo
/ > (86?) = 0

2
5V gy = Z_(2f% + f2
(06259 = TGP + £

No ¢ dependence!l = maximum entropy

The FP equation is
1

f(f,)

f
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Exact Results

Single field

Only two parameters, f and « = €*®. Computation is straightforward,

(GE0rC)) R

(6 3®) =0

(6f®) = 2fo”
(6%} = 0

02 -
(6P 51y = ﬁmﬁ )

No ¢ dependencel!

The FP equation is
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= maximum entropy
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Exact Results

Single field
Only two parameters, f and « = €*®. Computation is straightforward,

(65D = 2§20

(2)y _ 2
e (&f®) = 2o

(66 =0
2

5¢WopVy = Z_ (27 + £

(06259 = TGP + £
No ¢ dependence!l = maximum entropy

The FP equation is

%—P(n, )= {nQG—P(n, T)]
with solution
282
Pln:ic) d— i exp {f M} dlnn
dmo?T dge7
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Exact Results

Single field

Only two parameters, f and u = €. Computation is straightforward,

(65D = 2§20

(6 3®) =0

(6P 51y = "—2(2}2 )
- 5

No ¢ dependencel!

The FP equation is

(6f®) = 2fo”
(6%} = 0

= maximum entropy

%—P(n, )= {nQa—P(n, T)]
with solution
oo
Pln:ic) d— . exp {f M} dlnn
42T lo=T
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Exact Results
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Exact Results

Two fields

Six parameters now, fi, f2 and

=it 3 (i
_l¢ cos 6 e 2(4P+w) —sin 6 e 2(4’ )
2 2 2

u(e,0,9,0) =e

: B i
sm% ez(¥—¥) cos% ez (pt+¥)
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Exact Results

Two fields

Six parameters now, fi, f2 and

=it 3 (i
_l¢ cos 6 e 2(4P+w) —sin 6 e 2(4’ )
2 2 2

u(e,0,9,0) =e

: B i
sm% ez(¥—¥) cos% ez (pt+¥)

= need 27 correlators
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Exact Results

Two fields
Six parameters now, fi, f2 and

iy cosfe 2 (p+9) sm§e 2 (=)

u(e,0,9,0) = e

sm 0 62(s0 ) cos & 62(w+w)

= need 27 correlators

Let

(M) —"ci | ((A22))sr = 05, (Al = (M) e ol .
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Exact Results

Two fields
Six parameters now, fi, f2 and

¢ COS oo (‘P""w)

u($,0,9,p) =e

sin & ez ACE)

= need 27 correlators

GIV8) T ) w10 5 [ 727 ,)m.w)ﬂw( A 55
(311151") =2 cos(2¢) 35(0). S ‘[ / - , [EJ i
r\,w\:,f.+71—
@000 = = 5L [1 + o contan] @), Ll 5
e —_ L (k@
(@86%) = i sin (20) (—w) 2—'\4“‘/)&»“!) W) = - £ (} 0
if @y - Lol
6080y = 2k o o) cacd) (B0 Va0)
(6713pV) = 2537 $in(26)74(6) 0.
(6505 =3

712 sin(2u)35(0
2 sin(20)73(0)
(Vo) =1 u(ux

(oo = — 2 [’m T cos(26)] 2(0)

(Vs Rain(2y) { £15(0) ’23““"(”““ i
(4500 = Qhh ‘,u,(m )5 (6) esc,
(6056 = /}an[lv,}ﬂ(ﬁ)

B) (vt - st ona -

(@00807) =20 + 15 (F-+ B+ 2hfrcos(z0)) 106)

—smfe 4 (p=1)
cos§ 62(50+w)

i
o7) + 2002003 — con0 (2 0 V85) 4000 55557
2 (et +03) - m] cosf~ cos0 {66V 55)
9 — (55 56) cos,
b ;
= fz]—‘) cux(Zw)]

58 cos(a9)| 25(0);
2L m] )

P08) it hsin ) (543 30) 4 (000 — 5£800%) 4 S )55 -

0550y - 2 s many ) L L (£ gmggm 7( D56
(lm/, 561%) = £ oA ’)7(}5W’ 50%) + 2 6200 ))

‘ = (w. 5ty %uﬁ’&;‘“:) cos0+ L im0 (10056) — cos 5%
wwdm)\_L[mmw ,,m]ww,“,W«w,\ e 2
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Exact Results

Two fields

Six parameters now, fi, f2 and

L (p4p) s 0~ (e—1)
COS e 2 = el = (@ 2
u(4,0,9,0) = e 4’[ 2 }

sin8 e3@=¥)  cos 8 letV)

Solution of full FP equation can be bypassed,

= 6a 2 1 e (o
ar<ln(1+n)>< 201+ n) Z f 2 _8(1+n)2 Z <f5{_b>§ >

=il =i

==, (16) - 57(9)>

with
( ) 0% + sin* (g) a% + 4sin? (g) cos? (g) 03_}

() =2 [0052 (%) o% -+ sin? (g) o3 + Ui]

N

F(O)—=-2 |:cos4
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Exact Results

Two fields

Six parameters now, fi, f2 and

u(é, 0,9, ) = e 3% [

cos & e~ 20T _gin 9 e—;w—w}

E Ll e
sin8 e3e=¥)  cosf Fle+)

Solution of full FP equation can be bypassed,

11 e, 1 S (8faSfs)or
87(111(1 g TL)> = <2(1 It n) azzzl ST b 8(1 AL ,n)2 a’g::l o >

=2 (16) - 5+(6))

1 sin 0 [
/Pdfd¢ dp dip = N m exp |:2Varctanh < % COSG>:|

Bfoi ot |2

Bod i 802 /[QI1+ Q)

with

@)=
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Exact Results
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Exact Results
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Exact Results

8, (In(1 + n)) = 202

2 2

G50 —%l

2.57 | aP(4,0,0,%) = L sin 6 dp do dp dp 2/
el o ed L

ap[U(2)]

MEA« A-isotropy \

§ 2.0r 1
=
i
< 15t E
3 (ne),
1.0F :§(05+U§%20i)7
0.0 0.2 0.4 0.6 0.8 1.0
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Exact Results

Nt fields

Ni(Ng + 1) parameters now, fi, fa, . . ., fa; and  (Tilma, Sudarshan 2002)

= < H A(k)) ([SUN=1)]- e n2-1%n2-1 A(k) = 3%2k-3) A (k=1)2 41 92(k—1)
2<k<N
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Exact Results

Nt fields

Ni(Ng + 1) parameters now, fi, fa, . . ., fa; and  (Tilma, Sudarshan 2002)

= < H A(k)) ([SUN=1)]- e n2-1%n2-1 A(k) = 3%2k-3) A (k=1)2 41 92(k—1)
2<k<N

= need O(N;*) correlators! Assume

2 2 2
ORr28 Fosmn = 2 0
2 2 2
: @] - @I RS
g — ;
2 2 2
ad o5 st 002

= Results depend only on the angle 6 = ap(x;—1) and
F(Qn;) = F(Qn;—1) cos* (ap(wy—2)/2) + sin® (o (nvp—2)/2)

with F(Qs) = 1
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Exact Results

Nt fields

Ni(Ng + 1) parameters now, fi, fa, . . ., fa; and  (Tilma, Sudarshan 2002)

H A(k) | - [SUN=1)]-e AN2_19N2_1 A(k) = eP3%2k-3) A —1)241%2(k-1)
2<hSN

= need O(N;*) correlators! Assume

2 2 2
ORr28 Fosmn = 2 0
2 2 2
: @] - @I RS
o =5
2 2 2
ad o5 st 002

S in(liap e <z(e) 3 %V(G,QM)>

(0) = 2[07F cos®(/2) + o3 sin®(0/2) + o3 (Ny — 1)]
(0, Qn;) =2 [o% cos*(0/2) + o2 sin*(0/2) Fq + 202 (1- cos*(0/2) — sin(0/2) .7-'9)]
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Exact Results
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Exact Results

1.4} 8, (In(1 4+ n)) = N¢o? ]
w(6) o cos(0/2) sin(h/2)2NE 3

2ok du[U(Ng)] ]
&
=

S0 ]
By
3

+ 0.8f i
G2
=

T 0.6f —

0.4re =5 2 2 2 o) ]

N werr (o1 + (Ve — 1)og + Ne(Ne — 1)o7 ]
0.0 ()>2 0.4 0.6 0.8 1.0

(o1/01)?
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Exact Results

(In(1 + n))/a%Nst

(01/01)
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Exact Results

(In(1 + n))/a%Nst

(01/01)
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Conclusion

Conclusion
Avoid relying on detailed model building, and take a coarse grained approach to
the particle production in the early universe

MEA captures the universal features arising from a Central Limit Threorem
(concentration of measure)...

...as long as there's no hierarchy of couplings
Break from weak scattering limit = Random Matrix Theory?

Next: include expansion and metric perturbations
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Conclusion

Conclusion
Avoid relying on detailed model building, and take a coarse grained approach to
the particle production in the early universe

MEA captures the universal features arising from a Central Limit Threorem
(concentration of measure)...

...as long as there's no hierarchy of couplings
Break from weak scattering limit = Random Matrix Theory?

Next: include expansion and metric perturbations

Thank you
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