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Weinberg’s adiabatic mode (WAM)

Adiabatic Modes in Cosmology

Steven Weinberg?
Theory Group, Department of Physics, University of Texas
Austin, TX, 78712

We show that the field equations for cosmological perturbations in Newtonian

gauge always have an adiabatic solution, for which a quantity R is non-zero

and constant in all eras in the limit of large Wavelength so that it can be
used to connect observed cosmological fluctuations in this mode with those at
very early times. There is also a second adiabatic mode, for which R vanishes
for large wavelength, and in general there may be non-adiabatic modes as
well. These conclusions apply in all eras and whatever the constituents of
the universe, under only a mild technical assumption about the wavelength
dependence of the field equations for large wave length. In the absence of
anisotropic inertia, the perturbations in the adiabatic modes are given for
large wavelength by universal formulas in terms of the Robertson—Walker
scale factor. We discuss an apparent discrepancy between these results and
what appears to be a conservation law in all modes found for large wavelength
in synchronous gauge: it turns out that, although equivalent, synchronous
and Newtonian gauges suggest inequivalent assumptions about the behavior
of the perturbations for large wavelength.




Why important”

Tensor-to-scalar ratio (79.002)

0.94 0.96 0.98 1.(
Primordial tilt (ng)

Pe(k) |k jatio Large scale evolution



C|aImS Tanaka § Y-W (1), Bordin, Tanaka, Y W (tn ‘PVC‘P-)

1) What’s the condition for the existence of WAM?
- perturbed LFRW is enough?  No, recall solid inflation  swisnesat.aa)

There exists WAM iff dilatation inv. + locality condition (LC) holds.

2) Inflation models in perturbed FLRW can be categorized
Into three classes:

Q. Whether LC holds or not?
Type ME: Manifest existence of WAM — Universal IR structure
Type HE: Hidden existence of WANM (o outstanding signal)
Type NE: Non-existence of WAM



Why useful?

Getting an intuition w/o careful inspections

e~

- not living animal w

- not dangerous

copyright:webpage you go, girl
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Infrared triangle

Strominger+ (13,14, ...)

Christodoulou (1991) review 1703.05448
MEMORY e G
EFFECT lf oo

from talk slide of A.Ishibashi
Cancellation of

IR divergence
Faddeev-Kulish (1970)
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SOFT IDENTITY ASYMPTOTIC
THEOREM SYMMETRY
Bloch § Nordsteck (19337) Bondl, Metzner, Sachs (1962)

weinberg (1965)



Large gauge transformations /-

see, e.9., Harvey (96)

. Small GTs & g—=1 (inlx| > gedg
> Large GTs 4. g#1 (inlx| > gea

e.g. Large GTs in U(1) gauge theory
AHX) = A(X) = AH(X) + OMA(X)

Lorentz gauge  9,A*H(x) =0

- Small GTs  fixed by 0LOHA(X) = -9AH(X)
- Large GTs  duotA(x) =0

AMx) = Z Clyoop, xHt o xhn
1 pn symmetric traceless tensor




Large GTs in cosmology /s

Fixing small GTs, e.g., w/
- Time slicing d(t, X) = d(1)

- Spatial coordinates 0'vij =0 hij = a’e* 7]

Yet, there are infinite number of large GTs thinterbiehler et al. (14)

e.g. Spatial dilatation rl = s s: constant

dr?

= p2¢(t, ) [efy(t,x)]ijdxidxj _ 62Cs(t,a:s)—l—2s[6’ys(t,xs)]ijdxidxj
a



Weinberg’s adiabatic mode (WAM)

( )
Extension of k=0 mode generated by large GTs

. to soft modes (k # 0)

Dilatation z* — ez ﬁ Ck=0 —> Gk=0 — S

S: const

weinberg (03)

Excitation of k=0 mode

Extension to soft mode k. #0

(inhomogeneous) : :
Dilatation @ — ¢*F )y C—p Gy = C
WAM

s(kL): time indep., varies in 1/kL Excitation of k. mode

* Similar argument is possible also for tensor mode.

WAM “generically” exists for perturbations around
LFRW spacetime (linear classical theory). weinberg (02)



WAM in single field model

Single field inflation model around LFRW w/4D Diff

50 -1 / an / Baz2(n) [ — E0)(0:0)

e.g., canonical scalar field 2% = 2M37a%e Cs=1
dn
— G > ci(k) + (k) 20n) —cskn < 1

WAM



Bottom-line story Bordin, Tanaka, § Y.U. (i preparation)

Existence of WAM = (@d |s a solution of quantized system

['[Ck] = T[Ck + Clad)]
[ : effective action

Dilatation inv.
Locality condition

Tanaka § Y.WU. (L7)

Qc|¥) =0

W) Soft theorem
- 7 s(krp) .1 d

WT2(others) ~~ * et for ¢

Maldacena (02),
Creminelll § Zaldarriaga (04),....

Cancellation of
IR div. of (lad)

Extension of Weinberg’s argument to non-linear quantum
Clarification of the underlined assumption



Locality condition? Towakn § Y.k 67)

QY (k) W)es = sp, 6(ky +p)

4 h
_ y /.\k/

. 1k hs

(kL << kg)

Change of the coordinates Change of the short modes
in the local patch 1/kc due to long mode

Just gauge effect locally



Bordin, Tanaka, § Y.WU. (in preparation)

3 categories of “general” inflation models in FLRW)

WAM exits iff we choose a quantized model w/DI + LC

DI + LC?
Type ME (Manifest Existence):
WAM exists as the dominant mode of Gk
Yes
Type HE (Hidden Existence):
WAM exists, but is hidden by other modes of (k.
No Type NE (Non Existence):

WAM does not exist.



Bordin, Tanaka, § Y.WU. (in preparation)

Classification (in FLRW)

Types DI+ LC (k. = Cl({aLd) G, = 0 Cancceﬁl\./of R
Type ME v v v v v
Type HE v X v X X (%)
Type NE X NA NA X X

X: Leaving possibility that these can be ensured in a different way



ype M E Tanaka § Y.U. (15, 17)

' a CSk b a
WAM exists & ¢k — C( V= 0(1) x (aH) ,(cd) p: natural number

IR universality of WAM — CRW = CR of (x
— Time conservation of (k

Ex 1) Single clock model

1 DOF in background phase space

Ex 2) Single clock model + Massive (HS) excitations
(M> H)



ype HE

. (ad) csk\" (ad)
WAM exists & ¢ — ¢~ Z O(1) x ] p: natural number

IR universality of WAM — CRW, which does not describe
correlation of soft mode.

- Time conservation of (x

Ex 1) Multi-light field models (m<<H)

Ex 2) Non-attractor single field model Kinney (05),....

dn
z%(n)

G = e (k) + ea(k) /

second mode grows

Ex 3) Quasi-single field model Cheng § wang (09)



ype NE

Dilatation inv. Qcl¥) =0

Locality condition Q¢ (ke)[W)ep, = sp,0(ke +pr) 57— V)ep,

Dilatation inv.

Type NE-d X o/

Type NE-I X X




yvpe NE-d

WAM does not exist, because the dilatation inv. is violated.
Qcl®) £0

Ex 1) No spatil Diff.

Ex 2) Non-flat FLRW background
Spatial Diff. > Dilatation inv.

EX 8) SOlld Iﬂﬂ@.thﬂ enlich, Nicholas and wang (11, 12)
N=NI(, ...] changes under the dilatation.

Dilatation ;Z' Dilatation described by Q¢



ype NE-|

WAM does not exist, because the dilatation inv. holds,
but the locality condition is violated.

Ex 1) Non-local theory

e.g., Cs >> 1

Ex 2) Non-adiabatic vacuum Gong & Sasaki (13)



Sorting out Z00 more tidily  eordin, Tanaka, 5. G preparation)

Type NE
solid

non-flat
FLRW

ultra SR

quasi-single

non-adiabatic

vacuum

multi-light fields
non-local




Summary

- IR structure of (/y; is much richer than the one for

gauge theories in asymptotically spacetimes.

- WAM has IR universality: CRW, Cancellation of IR div.

- "General" inflation models can be categorized into
ME, HE, or NE



