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Conbkenkts

o Motivation
3 Se -~ kL
o Qubiks in 45

o lake-time resumwmation evaluaked exyti&i&tv; critical
slowing dowin; non-Markovian evolution



The Punchline

3 Gravi&j as an EFT

Lowwenergj quan&um
effects in gravity can
be understood as a
Wilsonian EFT



The Punchline

e.q. Hawlking radiation calculation
relies on Q«<M, with & = 1/rs

tihe e 2
Ll _MpR+(:1R | m2R -
2L - 1V
0> 0 OB Y ‘|
Lo ~\ 32 )\ Tont 11 W(Z)
p P nd>2 | & 3

Leading order: tree-level &R
Nexkt order: lwtoop &R
free R with one R2 Userkion

4 see e.9. gr-qc/03110%2



The Punchline

&osmotagj sLmiL&rL:j thvolves a
sertes ua H/MP

ZL ~ /=8 |MIR + (0)°] + ¢;R? + ¢,(0h)* + Sl T

A
3 M2 (2 W £\ @DV
OV T\ Z)

New feature: dangerous low-energy contributions
from zero-derivative interactions

see e.q. 170%.07443



The Punchline

o BUT: there are hinks EFT methods fail
ok late btimes even abk small curvatures

o secular growth and IR sewmsitivity in
cosmological perturbations

o information Lloss ab late times for BHs

Can domain of validity of EFT sometimes require

more than swall curvabures?




The Punchline

o Will arque yes: EFT with gravity can
differ from ordinary Wilsonian EFT

o similar to effective description of particles
o nmedium

o can involve issues of open systems
(par&iaut&rij i presence of horizons)




The Punchline

o Late-time brealkkdown of goer&urbaﬁmn theory
illustrated by geometrical optics regime

// Naive per‘&urbaﬁam Ehearoj fails
rd at late kimes

U(t) e —i(Hy+V)t

‘kasws Ls not Foweri.ess 17\

geomelrical optics regime:
tools exist for understanding
Llate time evolubtion




Opem EFTs

o Open EFTs: consider the evolution of a subset A of
a larger system B

eq: Light in glass or neubtrinos in Sun or
super-Hubble modes during inflation

o0 ExT Emr&:
e . B[ evolution often
9 simplbﬁes for b
P ; |
ahas {m Hint} nmuch longer
ot than bypical
correlakion time
0P 4 ,
= ~ Flpy, (Hyp (), (Hy (DH;, (1)), -]



An Introduction to Effective Field Theory

Thinking Effectively About Hierarchies of Scale

© C.P. BURGESS

Ehan &vpi,ad
correlation btime

=kl (HOH. (1)), ]

10



EFTs

o Simplest example of late-time resummation:
exponential decay

Qpem

Mty =naer . vs n(pi= no(l — Ft) I'=0(g%)

dn
e — Fn
d?

T S et &P

all orders in g%t
11



see Leonardo’s talk
* Starobinsky (¥6)
o “ Salopel . Bcw\d (91)
SEarobmskj Yokohama (94)
| \fevmm, Starobinsky (15)
Collins, Holman, \/ardan-jan

(3 PQ WA

o As applied to inflationary cosmology captures
stochastic mebthods* and decoherence

System comsists of super-'Hu,bbLe modes; environment is
Hubble and sub-Hubble modes

9P
= ~ i[Hipe, pal|+ Z C; [2L;‘<pALj — B /)AL,-*L]]
i

Diagonal terms give stochastic inflation + corrections

o°P o’ 0
Plopl ={(¢p|o| @) = = (VB 4+ —(FF)
ot  Jdp? 0

Schrodinger evolution becomes stochastic th WKB Limit

12 see e.g. 1612,00169



Lesgourges, Polarski & Starobinsky
CB, Holmawn, Tasinako, Williams

O-F?em e~ Ts

o As applied to inflationary cosmology captures
stochastic mebthods* and decoherence

System comsists of super-'Hu,bbLe modes; environment is
Hubble and sub-Hubble modes

Off-diagonal terms give decoherence and more

(plol’)

Quantum fluctuations rapidly decohere (in field basis) in few Hubble times

see e.9. 14-0% 6002
13



o

o

D

Conbkents

Motivalbkion
Secular terms in de Sitter space
o Secular @f%ﬁiﬁt?ﬁfﬁ near A4S s pace

Qubiks tn &S

o lake-time resummation evaluaked expti&i&tﬁ; critical
slowing dowin; non-Markovian evolution

14



Qubits i Space

o Evolution of two-level qubit in various spacetimes:

example of late-time resummation in qubit coupling;

shows how field interaction changes naive evolution

Unruh

6))
i
: : 4
Heerq = — Jd3x\/?g 5452 il d)° +7¢2

In dS choose qubit on co-moving trajectory

16



Qubits i Space

o Compu&e per&urba&ive evolution itn inkerackion piaﬁure

5

ds; |V(sp), p(0)] + (—i)ﬂ dslj ds, |V(sy), [V(s)). p(O)]| + O(V?)
0 0

p(1) = p(0) — iJ

0
V(s) = eiHOSHinte_iHOS p(0) = [| Q)(Q |] ® Qo

o Trace oul field deqrees of freedom to krack evolution of
reduced qubit density makrix

T $1

0/(7) ~0y— 8 2Jd51 stz{ Wa(s1,5,) [Qo my(s)), mI(SZ)]
e Y +WZ(s1,5,) 0o ™(s)), mI(S2)]T} + O(g*)

o(t) = Try p() Wo(sy, ) = (| ply(s)] Ply(sy)][€2)

16



Lake Times V1.0

o Choosing qubi& initially in ground state qives

Q(T) = I l >< l« | + g203J dSIJ dS2 WQ(S] it Sz)e—ia)(sl—sz)
0 0

o In late-time Limit ( T = OO ) the inteqral over si+s; is ill-
defined, so compute the rate for a transition

v 00(7)
11m
T— 00 07

Sciama &
Candelas

==t 203 %9(0))

Ro(®) = J dr Wg(7) ol

17



Lake Times V2.0

o Liouville equ.a&ion and Projea&ian onko reduced cie;s»\sif:fj makbrix are
both Linear processes, so can do a better job of time evolution

0p=F(p) where Z(p):=— i[V(t), p]
and  F(0) := |QNQ| ® Tr, (0) so that P[p()] = QXL o(r)
con checkk P =2 so that @*°=0 where Q@.=1-P

o Then Liocuville equation for the full density matrix can be expressed
as a integro-differential equation for the reduced density matrix

gj(azp) % @gt(p) o g’gt@(ﬂ) + @gt@(lg) Nabka jinma
Zwanzig
Q(0,p) = QZL (p) = QL P (p) + QZL Q(p)

1%



Lake Times V2.0

o Wealk Coupling: Evaluated to second order in perturbation
theory the Nalka jinma-Zwanziq equation becomes

0,0(t) = — i|m(1), o(0)| (Q| (1) | Q)

+(—i)ZJ ds{ [m(t), m(s)g(s)] (Q |5 (D)5A(s) | Q)

)

- | m@), ewm()| (@635 Q) }+ O(V)
where V() =m@) Q L)

and S = A1) —(Q| A1) | Q)

Although nonlocal in time, on both sides this refers directly only
to the reduced density matrix.

19



Qubits i Space

o For the qubit system of interest the Nakajima-Zwanzig
equation becomes (i Schrodinger picture)

0011
ot

= gzj ds Wq(s) e "5 — 4g2J ds Re[Wq(s)] cos(ws) 0(t — )
—7 0]

T

= — IwQ,(7) — 4ig2J ds Re[Wq(s)] Im[g,(7 — 5)]
0

001,
ot

so off-diagonal and diagonal terms evolve independent of each
other at this order

In general evolution is non-Markovian due to the
integration over the qubit’s past history (‘memory effect)

20



Qubits i Space

o For the qubit system of interest the Nakajima-Zwanzig
equation becomes (in Schrodinger picture)

0 7 | {
g: — gzj ds Wq(s) e ™ — 4g2J ds Re[Wq(s)] cos(ws) 0(t — )
5 0 .
001> L o 01
pre b IwQ,(7) —4ig” | ds Re[Wq(s)] Im[&y,(z — 5)]
78 0 .

so off-diagonal and diagonal terms

‘\ endent of each
other abk Ehis order "\

Late-time simplicity follows if W falls off and evolution
sought for times longer than falloff time

(f w is large nust also coarse grain W)

1



Qubits i Space

o Approximately markovian form at very late times U W(s) is
suﬁiai@xﬂv shocrpi.v Feal&d i time since Q,-j(r — ) Qij(T) wikhin
the integral, leading to a Lindblad equation:

‘thermalization’
Eivme:

Er = [28°Bo(w)]™!

Candelas-
Sciama resulk

_ L —— ¥ decoherence’
frequency i i - btime:
renormalization wikh Colw) = 2J dz Re[Wu(7)] cos(wr)

0 &p = 267

Aq(w) = 2J dz Re[Wq(7)] sin(wr)
Describes relaxakion ko aosjmpm&ia: stakic solubkion:
e P 0] 1
O 1] etoi]

E"f Wo(t —if) = Wo(—7) then Qstatic:[

R2



Qubits in de Sikter

o For de Sitter space evaluate Wightmon function using BD vacuum
and qubit along a co-moving curve to compute relaxation rates as
system approaches static solution at very late times

)
sinh (%) — ie]

Hz(% — i)

Wap(n) =

3 3
—+v,—u;2; 1 +
167 cos(zr) = ' |2 2

1 H*
167 [sinh (Hz/2) — ic|”

conformal scalar: Wyp(n) = —

o Also sabisfies the thermal ‘KMS' condition

: . 1 H
U Wo(r—ip) = Wo(-1) for T:ﬁ:

27

R3



Qubits in de Sikker

o For de Sitter space evaluate Wightmon function using BD vacuum
and qubit along a co-moving curve to compute relaxation rates as
system approaches static solution at very late times

i W
e.q. for conformal scalars: &, =2 ~—— tanh i
g

Trust the above Markovian Limit on timescales &> H™!

For m << H the Markovian Limit instead requires &> H/m?
(eritical slowing dowin)

R4



Qubits in de Sikter

o These expressions also allow resummation of scalar self-
interaction because the leading resummed graphs
correspond to there being a coupling-dependent mass shift:

4
3AH CB, LeBlond,
1672 M2 Holman & Shandera

2 e
M= M” +

Resums all orders in (3AH?*/167°M?) In(kr)

As M becomes smaller M is bounded from below, with

RS



Conclusions

o IR and secular issues likely generic for Light
bosons in gravitational fields, and cause
perturbative failure ot late times

o Small curvatures/couplings need not be
sufficient for caleculation comnkrol

o Resummation techniques available: Open EFTs

o Practical implications for black hole
information loss and/or Lake-time cc:-smc)i.ogj?

RE



