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Motivation: Euclidean wormholes

Context: 4D Euclidean path integral approach to quantum gravity Z ~ [ Dg el

= are topology changes allowed?

Wormholes = extrema of the euclidean action connecting 2 # asymptotic
regions (instanton — anti-instanton pair)

Semi-wormholes interpreted as the production of baby universes
— no solution in pure gravity
First explicit solution: supported by an axion-flux [Giddings, Strominger 1988]

= Non-locality & Non-unitary process made concrete

29 April 2024



Paradoxes and puzzles

@ Initial interpretation: apparent non-unitary processes — loss of quantum

coherence [Hawking 1987, 1988; Giddings, Strominger 1988; Rubakov et al. 1987]

@ Coleman’s v parameter: [Coleman 1988] remove non-locality by introducing

spacetime independent parameters in the path integral

Z = /(szaz) P(a)/DgD¢e_SE[97¢7)\—a]

— multiverse picture, Acg = 0, overdensity of wormholes,...
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@ Initial interpretation: apparent non-unitary processes — loss of quantum

coherence [Hawking 1987, 1988; Giddings, Strominger 1988; Rubakov et al. 1987]

@ Coleman’s v parameter: [Coleman 1988] remove non-locality by introducing
spacetime independent parameters in the path integral

Z= /(Hidai)P(a)/Dquse‘SE[““‘a]
— multiverse picture, Acg = 0, overdensity of wormholes,...
@ More puzzles from AdS/CFT and string theory solutions

° AdS/CFT factorization puzzle Maldacena, Maoz |[hep-th/0401024]

(0102) = (01)(02) + O(e™F7)

e Coleman’s a parameters do not exist in the dual CFT AdSs3 x S3 x T4
Arkani-Hamed, Orgera, Polchinski [0705.2768]
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Negative modes of wormhole solutions: a

Wormbholes would not be relevant saddle points if they are unstable = if

they possess negative modes: action can be lowered by adding perturbations
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Negative modes of wormhole solutions: a way out?

Wormbholes would not be relevant saddle points if they are unstable = if
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Giddings-Strominger wormholes [Giddings, Strominger 1988]

Axion-gravity with or without a massless dilaton

o 1 7[1’4)1@ nuvp 1 m
Sk /d xf[ Rt g5za¢ " Hup B + 5,69 qﬁ}

29 April 2024



Giddings-Strominger wormholes [Giddings, Strominger 1988]

Axion-gravity with or without a massless dilaton

o 1 7ﬂd)r€ nuvp 1 m
Sk /d xf[ Rt g5za¢ " Hup B + 5,69 qﬁ}

Spherically symmetric & homogeneous ansatz:
ds? = h(tr)2dtd + a(tg)?d0Z,

Hoij =0, Hijp = q€f-\j]-k .
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Giddings-Strominger wormholes [Giddings, Strominger 1988]

Axion-gravity with or without a massless dilaton

1 7ﬂd)r€ Y
Sk /d xf[— sz Bt g " o H vmv”(ﬁ]

Spherically symmetric & homogeneous ansatz:
ds? = h(tr)2dtd + a(tg)?d0Z,
¢ =o(te),

Hgy;j =0, Hijk = qsl]-\j’-k .

GS solution with a massless dilaton: regular solution V 8 < 8. ~ 1.632...:

ds® = af cosh(2tg) (dt} + dQ3),

1 N2 1
= ZIn |— cos? —B arccos ———— ||, with N2 = ——,
1
3ag Be cosh(2tg) 2f2

2 _ N T8
aofﬁcos(wc)'
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’I’I’?/Q ¢2
2

1 1
—[M)K, v p "
S /d $f|: R+ 12f2 ]Jy,z/pfllK P+ §vu¢vl ¢+

Boundary solutions:

o regularity at the throat:
a(0) =0, $(0) =
o asymptotic flat space:
a(t >00)=1, ¢(t > 0)=0
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Massive dilaton

’I’I’?/Q ¢2
2
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—[M)K, L p L
S /d $f|: R+ 12f2 ]Jy,z/pfllK P+ §vu¢vl ¢+

Boundary solutions:
o regularity at the throat:
a(0) =0, $(0) =
o asymptotic flat space:

a(t >00)=1, ¢(t > 0)=0
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m = 0.01, N = 47089 and 8 = 1.58
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GS wormbhole solution with a massive dilaton

@ Andriolo, Shiu, Soler, Van Riet [2205.01119]: solutions exist above 8. = 1.632...

@ we find new branches of solutions + solutions with several minimas:
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GS wormbhole solution with a massive dilaton

Values of B:
— 1.64

X 1.6
1.58
— 1.579

\< — 1.4142

.....mZN
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Branching structure of the GS-like wormhole solutions in the

massive dilaton case: 5. = 1.632...
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Perturbative stability via the Sturm-Liouville p

Perturbative stability — negative modes of the quadratic part of the action:

_ R N R
SE[erX]zSE[:E]Jri 522 .
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Perturbative stability via the Sturm-Liouville p

Perturbative stability — negative modes of the quadratic part of the action:

525k

1 2
2 a2

SE[E + X] o~ SE[:Z'] +

For a certain gauge-invariant quantity R, we will get:

@_1 [ g ¢’ o 2
s 2/dx\/§<Q(a7¢)R +U(a,¢)R>
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Perturbative stability via the Sturm-Liouville pro

Perturbative stability — negative modes of the quadratic part of the action:

_ 1628y
SE[erX]zSE[:E]Jri 522

2

For a certain gauge-invariant quantity R, we will get:

@_1 [ g ¢’ o 2
s 2/dx\/§<Q(a7¢)R +U(a,¢)R>

Associated to the eigenvalue equation (EoM for R)

- (a?’qp?i’,) +UR = w(tg)R
Q Al
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Perturbation ansatz and quadratic order action

Lorentzian conformal time 7 ansatz:

ds? = a®(n) [-(1 4+ 24(n,z")) dn® + (1 — 2¥(n,z")) Q3] ,
¢ = ¢(n) + (n,z'),
Hpij =0+ sﬁ\]]-kziklalW(n,xi) ,
Hiji = geiyy, (1+Y (n,2")) .

* axion perturbations W, Y non dynamical in the homogeneous sector V> = 0

* a good gauge-invariant variable is R = W + %CI),

Quadratic part of the Euclidean action in physical time tg (dtg = —ia(n)dn)
S =2 [ [ et (gn ; U7z2> - [t s wr

: -2 [v¢? N? 44 . N? 54
with Q = H? h‘zoz/(:i and U = { ‘U (1 3 e j") t VUOH<1 € o )

a2@Q? 3 a

4 ., . 2 N? 54
+ ¢° — .’U!m(\f" — 7) e ! .
3a? a? a*
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Associated eigenvalue equation:

1 d (597 _
i (a QR) +UR = Mw(te)R

Analysing the asymptotic and throat limits:
e ¢?/Q and U regular at the origin and asymptotically = w(tg) = $2/Q is
well-suited.
e R(tg — 00) = 0 and R(0) = 0 set the surface term to 0.
= We look for eigenmodes with BC: R(0) = 0, R(0) =1, R(c0) = 0, R(c0) — 0
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Associated eigenvalue equation:

_1d (a0
@ dig (a or

Analysing the asymptotic and throat limits:

) +UR = \w(te)R

e ¢?/Q and U regular at the origin and asymptotically = w(tg) = $2/Q is

well-suited.

e R(tg — 00) = 0 and R(0) = 0 set the surface term to 0.
= We look for eigenmodes with BC: R(0) = 0, R(0) =1, R(c0) = 0, R(c0) — 0
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t > +
11,932 1947 R
actions are m?N actions are m?2N
equal here equal here
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Conclusions and outlook

Current status:

@ Better understanding of axion-dilaton GS-like wormhole solutions
phase space of solutions, connection to massless case, perturbative stability of
humogeneuus sector ('dlS() inhumugeneous sector, see Hertog, Maenaut, Missoni,

Tielemans, Van Riet, to appear)
@ new puzzles related to oscillating solutions — lower Euclidean action

@ bifurcating structure appearance of additional negative mode — new

symmetry?
Future prospects:

@ better suited variables to avoid the negative ) problem

— stability of oscillating solutions?
o different types of asymptotic boundaries / boundary conditions for the axion

* axion-gravity in de Sitter Aguilar-Gutierrez et al. [2306.13951]
* AdS wormholes in axion-scalar-gravity Petzios, Papadoulaki [2403.17046]

o uplift to 10D asymptotically AdS as in Loges, Shiu, Van Riet [2302.03688]







Coleman’s a parameters: removing bilocality

For a detailed explanation: Preskill 1989, Arkani-Hamed, Orgera, Polchinski [0705.2768]
or Hebecker, Mikhail, Soler [1807.00824]

Partition function for one wormbhole:

Ziw = /Dqu&e*S[g’d’] (/d4m\/g(7)/d4y g(y)efsi”[z‘y’g"b]).

Approximating S, with bilocal operators: Sw[z,y, g, ] = Sw + Z Aij@i(x)(?j (v).
4]
In the dilute gas approx (N wormholes independent of one another, with length of

the throat > its diameter), the sum exponentiate as in the instanton limit:

Zw = /Dqub e S+ with

1 -
=3 / d'zy/g / d'yy/G > AiOi()05 (), Ay ox e
@]

This can be rewritten in a local expression by integrating over spacetime

independent parameters «;: )
_§ZaiAi_j1aj Zal/d4$\/§01($)
i.J e i

CTI(f )

7



Coleman’s a parameters: multiverse interpretation

Since S[g, \] = Z )\i/d4x\/§ O;(z) where \; are the coupling constants, the

effect of the wormholes is to shift them \; — A\; — a;. Then the partition
function reads

2@ = [ Pacie) U Dges“””q L Gla) = e T il

Multiverse interpretation: each baby universe state correspond to a

specific set of fixed a’s:
@ Each species of baby universe labeled by i = aj, a; : [ai, a;r] =1
@ Sgrr = So + ZAi/d4x Li, with A; = al. + ai: A;i|a) = oy @)
e [H,A;] =0 = different |a) = different superselection sectors of the EFT

@ On a |a)— eigenstate: Sgrr = So + Zai/d‘lx L;: a; are the coupling

constants



Loss of unitarity elegantly explained by the |a)— eigenstate:

|\I/> = “IJEFT> X |‘IIBU> — |\I//> = Zci

e ) x | Wi )
— tracing out the baby universe state:
|YerT) (YEFT| — Z |Ci|2 “I’EFT> <‘I’EFT‘ .

|\I/]3U> = |a> and [H, Az] =0 = |a> is
invariant under time evolution and each {«;}— set defines a well-defined and
unitary EFT.

Statistical prediction of the effective coupling constant:
o Coleman’s calculation that Aeg = 0 Coleman 1988

e FKS catastrophe (overdensity of wormholes) calculated similarly for

O(l‘) = R2. Fischler, Kaplunovsky, Susskind 1989



Massive dilaton potential

Values of B:

1.64
1.63
1.6
1.58
1.579
1.57
1.5
1.45
1.4142
1.2

All GS-like solutions for the massive dilaton case: 5. = 1.632...



Expanding baby-universe solutions

One example - 3 = 1.2, N = 30000, m = 0.01

a(r)

600

500

400

300 0 20 30 4 s
200
100
100 200 300 400 500 600
o
10
8f-—)
& T
N— P
\ ,
<
2.0 2.5 3.0 3.5 4.0 4.5 5.0

T
700

Values of 3:
— 09

— 11
— 1.2
— 14
— 15

\

26000

28000

30000

32000



Stability of massless dilaton solutions

[ = 1 massless dilaton solutions:

a(tg) d(tg)
25 1.2
20 1.0
18 0.8
0.6
10 04
5 0.2
0 ty 0.0 tg
0 5 10 15 20 0 5 10 15 20
$°1 U
0.15
3
0.10
2
1 0.05
0 : : tg 0.00 ty
0 5 10 15 20 5 10 15 20

Potential and kinetic term positive throughout — Perturbatively stable



Stability of massive dilaton solutions
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Example with one negative mode

B =1.579, m2N = 2.2, ¢y ~ 3.477 — U < 0 initially

P(tg)
4 -

3t

(93
1.0 1.5 2.0 25 3.0

Of
-50000
-100000
-150000
—-200000

tg
1.0 1.5 2.0 2.5 3.0



Example with one negative mode

Nodal Theorem:

# nodes of solution to the zero eigenvalue equation = # negative modes

1 d (ad +U-Ro =0, with Ro(0) =1, Ro(0) =0
(13th Q o o — U, o =1, o = V.

B =1.579, m2N = 2.2, ¢ ~ 3.4TT:

. . > t
05 10 15 20 25 3.0

(a) Even zero eigenmode with one node (b) Corresponding negative mode with A\ & —10.36



Negative QQ problem

Negative kinetic term — presence of a ghost (infinitely many negative modes)

o Similar problems for certain Euclidean bounce solutions [Rubakov et
al. 1985]/ CDL bounces [Coleman, De Luccia 1980]: tunneling negative modes

with on top an infinite tower with much higher frequency.

o Negative mode problem: much studied for the last 30 years but no

solution so far [Gratton, Turok, Lavrelashvili, Rubakov, Tinyakov, Lee, Weinberg, ...]|

@ Physical or mathematical problem? — location of the singularity can be
shifted by a canonical transformation / in Hamiltonian treatment @ is

singular for all wormhole solutions

= solved by finding suitable variables?

. . ; 9 7 . .
NB: "expanding" wormhole solutions all have Q = H? — k%¢? /6 negative when

a = 0 — stability cannot be analysed here
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