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Abstract: We use a field theoretic generalization of the Wigner-Weisskopf method to study the stability of the Bunch-Davies vacuum state for a
massless, conformally coupled interacting test field in de Sitter space. A ssimple example of the impact of vacuum decay upon a non-gaussian
correlation is discussed. Single particle excitations aso decay into two particle states, leading to particle production that hastens the exiting of
modes from the de Sitter horizon resulting in the production of \emph{ entangled superhorizon pairs} with a population consistent with unitary
evolution. We find a non-perturbative, self-consistent & quot;screening& quot; mechanism that shuts off vacuum decay asymptotically, leading to a
stationary vacuum state in a manner not unlike the approach to afixed point in the space of states.
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Is de Sitter Space Stable?

Why worry?
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Why wouldnt de
Sitter space be
stable?

Polyakov: IR behavior of QFS is such that
inferactions produce so many particles that
the in and out vacua become inequivalent.
This is the Tadiabatic catastrophe”

There are some calculations that
claim to bear this out. ALL use
some Kind of S-mafrix type
argument:

But is this how
It works out?

(many particles| H;|vacuum) # 0 = vacuum decay rate
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The Wigner-Weisskopf Method: QM
and QFT

If you want to know what happens to a
quantum state, do quantum mechanics!

HZH{‘}+H[

i—[U(t))r = Hi(t)[¥(t))s

c')f
f‘I = ZCn |H\

me,(t m)C (2)

m




In general, an infinite But s'pose that at some order in the interaction one
dimensional mess! state is only connected to a subset of states.

t
C.(t) = —i f (k| Hp ()| A) C4(t)dt’
)

Then we can restrict ourselves fo
his sector and set up a simpler set

of equations S(t.¢') = Y _(A[Hi(t)lx) (x| Hi ()| A)

Cal8i=1Y. C.{0)=0

~
Calt) = ‘/ Y(t.t") Calt') dt
i

How do we solve this integro-differential equation?
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The Wigner-Weisskopf Method: QM
and QFT

If you want to know what happens to a
quantum state, do quantum mechanics!
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In general, an infinite But s'pose that at some order in the interaction one
dimensional mess! state is only connected to a subset of states.
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The Markovian Approximation

The kernel is perturbatively , = =—J ==
LT . ’ .p il -F_ff Elf‘! J('H.’ ] =P ( / fj’ Et-’.f J) ('Ufl
slow . S pose its mostly \Jo -
constant over the time range : = g
: _ :—-(';:Hx{'l:lnvx;:(— [ dt’ '*_.u_.f:)
under consideration. : : = -

We can systematize this _ , o e , d . . .
4 Wo(t. ') :j S(t. t")dt" = S(E) = —Wy(t.t'), Wy(t.0) =0

approximatfion as a S
consistent expansion in
derivatives of the
coefficient of A

dt
af § # ’ ‘-f —y ]
[f dt! Wy(t.t') —Ca(t)

¢
/ (.t Ca(t) dt’ = Wy(t.t) Calt) —

"h—l—.\".—l—l—_—f
s {'th order

Wi(t.t’ /Il]...r,r"'|;fr"’_ Wit 0)=0

F r 'f r r - -
f Wolt.t) Ff"_llf"lrff = Wilt.t) Calt) + ---
i {

/ E(t, VY C4(t ) dt' = Wylt.t) Ca(t) — Wilt.8) Calt) + ---
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Finally

Calt) 11— Wi(t.t)] + Wy(t.t)Ca(t) = 0=

(_' ‘ri 2 ]ll :qlr!:.‘it.r c"lfll 't- [1"]'it-f::l ® l‘- 1r r'i 1-}- ‘I-.- {,r r" -
- A — € o = LR == ve—— e L) | T L.
St el ].Hl[f.f} . : 2 =

In the t t’' :
Markovian C.(t) = —i / dt’ (k|H(t")|A) exp | —i / dat” E(t” i)
« ()

approximation b

st order PT
matrix elt

VWW goes beyond PT and is valid at LATE fimes




Does this actually work? Look at
case where interaction is time
independent.

te time evolution determined by pole nearest the
real axis. With no interaction, pole is at origin.

IHw) =~ —_\;Ei — Z gl + 1

_u;l_r/
-i_p/

1 4= }*‘p:f:vli




How does the
Markovian
approximation do in
this case?

. plw sinfe — E 8 —— =~ _ . W)
Alt) e 1 — —l i — xP / dw ‘L—
: (' — E4)t 4 (E

f
. - !__“-i

FI
,'.”...._ |

E_s, — \ 2

i,rJ!_......'fl

¢) L i i A
Bi(t) (Ea— o)

=~
1 — cos(w’ — E )]t — contp(E 4) + 'P/ des’
- x

This gives the same result as the
exact answer!




Some Flat space QFT resulfs

Normal ordering connects
Hi(t) = A [u’": - 9% (. 1) : vacuum to 4-particle state at
' leading order

(__.|||it:| — <0 4 B

; 2. 17 £k 1 1
AEg = —\?) [,1:—[:1{2??1 = _)

6 (krkaks|Keor ) (T, ki + Koot

Note that vacuum i1s
stable, as Nature

F L 1 1 .
/H 3 f - intended!

( Krkaks|Kuoe ) (Zioi ks + [Recel )
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Take phi to be massive and chi

Hit) =M /-rf'!i' o(E. ) Y° (£, 1)
. massless

SC
S\.u s — [ tf__' ;_.l.,‘.r“.:_‘_" |
— o0

= d* Pk - k- lE+8)
Fj\';i.:'_.,':.:' =} ,‘{- / 8 p / : | Er P

(2x)

233 i p L -
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Suppose we take all fields massless =
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WW in de Sitter Space

Do the conformal
Consider CONFORMALLY COUPLED rescaling of the field
scalar in (Poincare patch of) DeS to make it look like
flat space QFT

- /i’f’[lf}'!{‘_’ 1'—_,.T1.‘|"_"L.1-;r”:.l-+ _Iq, i1 ._rl:rfl 11—}

x(Z.n) = a(n)o(x.n)

Now quanftize using (x.n) — lu:_f_;..,r_i;: n) e * + 1k g vik:ng)e
BD mode functions :

in a comoving box = Sigad = n H'* (kn) agi0igp =0

Interaction
=ruvoddtonian IS




Now just use the WW Cu(n) = —i [ df (x| Hi(n)| A)Caln)
formalism as in flat 0,Catm) =~ [ dnf S(n.n)
Space, now USIng BD FOCK Y(n.n') = Zi_ﬂl.ff;iulhf: slH;(n")|A)

space states E Lo ,_
Calg)=1. C_ (1) =0

——— — [ Wai(n'.n')dy'
g s oy

Markovian Approximation

n " ”
Wo(n'.n') = / Y(n',n )dn
T

Now go back and revisit our previous examples




Just like flat space in

terms of rescaled field.

Vacuum is stable, just
as in flat space

e 1.

Resolution: Having a non-zero
matrix elt of interaction between
vacuum and 4-particle state does
NOT mean vacuum decays. It gets

Disagrees with Higuchi
ho uses 1st order PT
to calculate decay

rate. :
dressed up instead!
hdiabatic turn on gives 0) = Ue(0, —0)|0) =
exact ground state = |0) — ,'[ Y |w) (k| H(2)]0) e dt

= k10 2 Page 21/35



- T (n) = —i ‘rlz-:frr = (VM AC aln'

Now just use the WW C=(n) / P tr e
‘FOI"I'TIOIISI’T'I as Iﬂ ﬂCl'l' d,Caln) = —/ dn’ (n.n')

space, now using BD Fock Snn’) = S (ALH () ) (<1 Hy ()| 4)

space states : i :
Calng) =1, C.lng) =0

== — [ Waln' .n')dn'
Ca(n) =€ 'm

Markovian Approximation

rlr re r
Woln'.n') = / ¥(n'.n )dn

. r.lffl

Now go back and revisit our previous examples




WW in de Sitter Space

Do the conformal
Consider CONFORMALLY COUPLED rescaling of the field
scalar in (Poincare patch of) DeS to make it look like
flat space QFT

x(Z£.n) = a(n)o(z.n)

}3 / d*x dy {

_ : = 1 r = _ e =

Now gquantize using L, 1) = Z [*igf.r;-'il':r;|,~a “4a_. g'vikin)e "
. % -

BD mode functions :

1-

in a comoving box = i~ /mm HE (ky) agl0)pp =0

Interaction
=svcitonian IS




Just like flat space in

terms of rescaled field.

Vacuum is stable, just
as in flat space

X 1.

Resolution: Having a non-zero
matrix elt of interaction between
vacuum and 4-particle state does
NOT mean vacuum decays. It gets

Disagrees with Higuchi
ho uses 1st order PT
to calculate decay

rate. :
dressed up instead!
Adiabatic tfurn on gives 0) = Ue(0, —00)|0) =
exact ground stafe = ,-/ Y [ (| Hr(£)[0) <

T
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Now there IS vacuum decay; wave
function renormalization is time
dependent and grows as we go info the

far IR

It gets harder and
harder tfo overiap
dressed state with the
bare one as the

We can make contact with the flat
space case here in a particular
renormalization scheme where UV

-~

cutoff is constant in PHYSICAL coords.

universe expands



Non-Pertubative Screening
Mechanism?

R e Cal l (_‘-U l: ”. — — _I.-::? .-f:l,l e85 .r;,-" ) : ‘f'__‘ { ]? :|. = I——.“[:;&

can Wi(n.n If it did, maybe it could cancel
become secular? late time behavior of the
wavefunction renormalization.

This would be like finding a dressed state with
very small, but NON-ZERO overlap with the
bare state; no adiabatic catastrophe.
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Non-Pertubative Screening
Mechanism?

Can Wit If it did, maybe it could cancel
become secular? late time behavior of the
wavefunction renormalization.

This would be like finding a dressed state with
very small, but NON-ZERO overlap with the
bare state; no adiabatic catastrophe.




Discussion and Further Questions

We have a formalism that resums late time behavior and can track
the evolution of quantum statfes.

In deS with conformally coupled scalars, we can see examples of

vacuum decay. However, other examples just show state dressing,
NOT decay.

Its really time dependent wavefunction renormalizations that
diverge at late time/large physical volume that drive the decay of

the state.

Decay of one particle states has its own inferesting sfory (Read our
paper?)

How fto go beyond leading Markovian approx?

Mass generation in massiess MINIMALLY coupled theory?
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In deS with conformally coupled scalars
vacuum decay. However, other examples
NOT decay.

Its really time dependent wavefunction
diverge at late time/large physical volu
the state.
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Discussion and Further Questions

We have a formalism that resums late time behavior and can track
the evolution of quantum states.

In deS with conformally coupled scalars, we can see examples of

vacuum decay. However, other examples just show state dressing,
NOT decay.

Its really time dependent wavefunction renormalizations that
diverge at late time/large physical volume that drive the decay of

the state.

Decay of one particle states has its own inferesting story (Read our
paper!)

How to go beyond leading Markovian approx?

Mass generation in massiess MINIMALLY coupled theory?
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