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Inkro
Complex metrics: why, what, how?

* = =~ . Horizon

BKL Sngularity



quasi-de Sitter




quasi-de Sitter




quasi-de Sitter

classical
prelude
(extension)




quasi-de Sitter

classical
prelude
(extension)

flat FLRW: lim a(?) =0

[——00

. d*® (HdJH
lim = 7
a—0*t da® < a da )




quasi-de Sitter




quasi-de Sitter




quasi-de Sitter

“quantum gravity”



quasi-de Sitter

qguantum
prelude

“quantum gravity”



Gravitational path integral

final hypersurface

¥ = J 2gexp <%S[g])

initial hypersurface



Gravitational path integral

final hypersurface

P = J Dg exp (%S[g])
initial hypersurface

N
: ' l L2 N
' ! «




Gravitational path integral

B
l l
¥ = J@g CXp (%S[g]) ~ €XP (%Son—shell[gAeB]) T ...
A

X

on-shell
“classical”
tree diagram



Gravitational path integral
as a sum over complex metrics

5% . .
l l
¥ = Jgg CXp (%S[g]> ~ €Xp (%Son—shell[gAeB]) T ...
A

ga_.p IS a “gravitational instanton”



Gravitational path integral
as a sum over complex metrics

6(/

5% . .
l l
¥ = j@g CXp (%S[g]> ~ €XP (%Son—shell[gAeB]) T ...
A

] 1
¥ ~ exp (%Son—shell[gAaB]) = CXp (% (% T lCS))) ’ 7,5 eR

— & =~ Re Son—shell , W ~—Im Son—shell

2W
W |* ~ exp (7)



g=—dt* + coshz(t)dQ(23)

Lorentzian dS,




g=—dt* + coshz(t)dQ(23)

Lorentzian dS,

guantum
prelude




g=—dt* + coshz(t)dQ(23)

[orentzian dS, Lorentzian dS,

guantum
prelude t— —it

Euclidean S*

g =dr’ + Sinz(T)dQé)

Hartle-Hawking no-boundary proposal



Hartle-Hawking wave function

final hypersurtace

P — J @g e_SE[g]/h

no boundary

no boundary = compact and regular spacetime — closed universe



8rGy=c =1

Hartle-Hawking wave function

Einstein gravity + A H=+/A/3

g = — d* + H™* cosh*(H1) dQg;,

Lorentzian dS,

Euclidean S*

g = dr* + H % sin*(H7) dQ(23)



8rGy=c =1

Hartle-Hawking wave function

Einstein gravity + A H=+/A/3

g = — dr* + H™* cosh’(H1) dQg,

g = dr? + H?sin*(Hr) dQ(23)



8rGy=c =1

Hartle-Hawking wave function

Einstein gravity + A

S
]

A/3

t Lorentzian (real) time

A

g = — dr* + H™* cosh*(Hr) dQ,

t=—i(r—n/(2H))

» 7 Euclidean (imaginary) time

g = dr? + H™?sin’(Hr) dQ(23)



8rGy=c =1

Hartle-Hawking wave function

Einstein gravity + A H=+/A/3

t Lorentzian (real) time

Ty

Son—shell = AJd“x \/ | det(g,,) | ~H*(H™")* ~H™

1272
Py ~ exp A

¢ » 7 Euclidean (imaginary) time




(Vilenkin)

Real time

A

1272 . 1272

h A \If ~ @ " hA
ap ap
N~
' ' Imaginary time

Complex conjugate/
Tunnelling geometry

Hartle-Hawking

Effectively opposite Wick rotations



Real time

A

2 LS 72 1272  3kS 1.2

\I!%e_lizx F5ra b U~ et 7x —2ral
Unstable Stable

Imaginary time

Complex conjugate/

Tunnelling geometry Hartle-Hawking




nucleation poin&
D

| 1272 | ¢SP

Py ~ exp A

2472
nV(Re(psp) )

—>  Prob(¢qp) ~ exp




2472

| 1V(Re(gsp))

More likely to nucleate
lower on the potential

Prob(¢gp) ~ exp

e

¢ The more difficult it becomes to get inflation
¢ The universe could collapse after nucleation



Part 1
Is the Universe more likely
to bounce before inflating?




V(¢) = a tanh? (i) + [ tanh (i
NG ve) "

V(o)




V(¢)

Lorentzian proper time

Classical bouncing solution
closed FLRW + canonical ¢
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de Sitter-like bouncing
Instanton Instanton
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a,. +% (> +V) =0

aT
¢TT+3_,¢T_ V¢ — O
) a )

a’ [ 1 Im(7)
@) —1=—|(=(p) -V f a(zy) € R, () € R
3 \2 .
(1)
alt=0)=0 Re(7)

Pp(r=0)=¢gpeC



Bouncing instanton solution at 4 = 30
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1
Wave function ¥ ~ exp <%(W + ioS’))
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V(o)

Inflationary instanton solution
for the same final conditions
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|| ~ exp <%> X exp ( 127
n hV(R€(¢SP))

~ 137.9

non—bouncing

Wbouncing ~ 154 ’ /4

V(o) | 4
08| 7
0.6
0.4
0.2




Takeaways so far

¢ Bounce has a higher weighting, but has more fine-
tuned Initial conditions...

not quite conclusive yet

¢ Pre-inflationary bouncing instantons that emerge into a
classical universe exist!



Part 11
Should we really include all complex
geometries in the path integral?



Lorentzian time

:

o o . » Fuclidean time

¢ Adding n spheres enhances the wave function by powers of n:

1 |SE[S4]|
Y ~ exp (n + 5) >




Kontsevich-Segal criterion

¢ Consider an arbitrary real non-zero p-form gauge field A with associated
g-form field strength I = dA, g = p + 1, on a fixed background g:

* Then

1
FAXF = Tq' Jde \/th 8ap gﬂlm...gﬂqVqFﬂlmﬂqulmyq

DA e 3El8AN converges if Re(Sglg,A]) > 0

¢ It we diagonalise the metric as g, = ’1(/4) o then \/det 8ap = 1_[1 [ Ay

and t

Re

(D

\

Hmm

u=0 UES

ne Convergence condition becomes

>0VvVSc{0,...D-1} &= X= Z ‘Arg(ﬂ(ﬂ))‘ <7

p=0



saturated bound

conditionally convergent path integral

# regulate

gﬂydx”dx” = —(1F i&:)dt2 -+ hl-]-dxidxj



ds? = — dt* + a(r)*d¥? = — '(u)’du? + a(t(u))*dx?

Im(#(u))

Arg (t'(u)) = 0

Re(t(u))

tinitial tﬁnal

= X(u) = | Arg (—1@?) | +3 |Arg (a(@)?) | 2 |Arg(~r@?)| =



Witten J'@ g J@ A ¢ Selg-Alln

Example: ds? = dr? + rzdgz(zz) > rw) €C, ueR
3D)
( —  ds” = r(w)du” + r(u)°dQp,,

Im(r)

Im(r)




[ S Jonas-Lehners-JQ [JHEP08(2022)284]
ge °*

no bd

Lorentzian time

o ! o ——» Fuclidean time



o » Fuclidean time

in(H
ds? = 7/(uydu? + aX(z(W)dQZ, ,  a(r) = Sm;{ 2



Y = “ @g e_SE[g]/h
no bd

Lorentzian time

:

*>
>

N . .
—e » Fuclidean time

in(H
ds? = 7/(uydu? + aX(z(W)dQZ, ,  a(r) = Sm;{ 2



Lorentzian time

:

» Fuclidean time

in(H
ds? = 7/(uydu? + aX(z(W)dQZ, ,  a(r) = Sm;{ 2



Y = J @g e_SE[g]/h
no bd

2N i :
Arg(a”)=nr Lorentzian time

Iz

*>

3

» Fuclidean time
sin(Hrt
ds® = 7'(u)’du” + a*(z(u)dQG,,  a(r) = ;{ )

i
Y = |Arg(z?)| + 3| Arg(a®) | > 3| Arg(a®)| =3z £ n
b non-allowable




Quantum bounces are similarly non-allowable

a(t) = cosh(?)

[t
L -—— a(t) ER
i /2
a(t) € C\R

----

— e {0 a(t) € R




Consider the no-boundary saddle

lz.

—

o
I I I . L ' ' : ] ¥ T
Lorentzian time

Eucl

||||||

-15 ~1.0 05

ds? = 7 (u)2du? + a(z(w)) dgé)’ a(?) = sin(H7)

H



Consider the no-boundary saddle

Z‘_(u) = ‘Arg [T’(u)zl ‘ + 3 ‘Arg [a(f(u))zl ‘

5_
4\
s

||||||||||||||||||||

T T T T | T T
Lorentzian time

ds? = 7'(u)’du® + a*(r(u))dQ%,, a(z) =

3y T



Let’s solve the equations of motion on a complex
path where 2(u) = x

Lehners [2209.14669]
Hertog-Janssen-Karlsson [2305.15440]
Lehners-JQ [PLB 850(2024)138488]



a 2
e (P )"+ V(g)) =0
2 1.2 2 132
ds“ = dz“ + a(r) dQ(3) = a
l¢?TT+3 ,¢,T_‘/,¢=O
a



a 2
e (P )"+ V(g)) =0
2 1.2 2 132
ds“ = dz“ + a(r) dQ(3) = a
l¢?TT+3 ,¢,T_‘/,¢=O
a




ds® = de* + a(7)°dQ}, =

ds® = y'(u)’du” + a*dQ7, =

|
|

|

act 5 (67 + V() =0

aT
¢TT+3_,¢T_ V¢= O
) a '’ ’

7 Y / a ! !
a’'——a +—(qb2+y2V(q§)) =0
% 3
17 }/” / Cl, / !
0= Z 4354 -2V, =0
)4 a



2 2
{ +2 (@02 + V@) =
ds® = dz* + a(r)’dQ7;, = "
l qbﬂ+37’gbﬂ— V,gb = ()

T > y(u)

a’ — y—a’ + % (qb/z + ;/QV(qb)) =0

ds? = y'(u)*du’ + adeé) = ! ; , "= 0
7 Y / a / 2 “
l 0L+ 35y v, =0
Y 2 ,

a*

3/2
4+ y’=i<—> ‘Arg ‘+3‘Arg(az)‘ — 7z



allowed



not
allowed

allowed
nmaximal allowable path
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final value unreachable
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nucleakion POEM&
)

247°
nV(¢;)

Prob(¢,) ~ exp

¢ Kontsevich-Segal
disfavours ¢)qp too

complex,
so favours nucleation on
flatter potentials

¢ Nucleation probability favours
nucleation low on the potential



A V(o) Q

allowable

most likely nucleation point

allowable




V(g) = Vi (1 + cos(plf)) . N = In(a, 4/a,,.)

70 - ® numerical solutions
D :
= quadratic fit
§60- &
<
— 00 7 o
540- o
I=
£30- o
2:20_ o
4 5, 0
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Further takeaways

¢ The Kontsevich-Segal bound appears to be a
reasonable criterion on complex metrics

¢ It is only satisfied for sufficiently long inflation

¢ With the weighting of the wave function, it suggests
minimal inflation



Summary so far




Summary so far




Part 111
Complex “black holes”?




Deep inside: ?7?

atomic nucleus

) ¢

Deep inside:
perturbative QCD

Far away:

F :
perturbative QED ar away

perturbative GR



Quadratic gravity

1 1
S = | d*x /= R+ —R*— —
quad grav [ S ( 167G 30 20

e Renormalizable

 Asymptotically free UV fixed point

 But ghosts and potential tachyons...



Deep inside:
perturbative quadratic gravity

atomic nucleus

) ¢

Deep inside:
perturbative QCD

Far away:
perturbative QED

Far away:
perturbative GR



r=2GM r=2GM+3§

— 0 r — o0
F = Quad Grav near .
° its UV fixed point :

) 1
S = [d* /=g [ —R*- —C?
pure quad J 8 ( o 2 >

1
S =— | d* \/—gR
GR 167zG,[ * 2

g = Schwarzschild

interface



|

S d*x/—g
pure quad — J X < 36 20

5)

g, dx"'dx" = — ArPdt? + Bridr? + r*dQ?

(2)

=%<1¢i\6>, B = %(u:f) AecC

Complex Powerball:

g, dx"'dx" = — APAFVI2g2 4 <1+1\/ )

2112
dr? +r dQ(z)

quantum “black hole interior”



hab —
r

(

0
0

r
_Ar(lii\/TS)/z 0 0 |
2 0
0 r*sin’0)
Si

=2GM + o
r —> o0
S
ey g @
haw| =1 0 2 0
. 0 0 r°sin®0,
nterface

Matching = A =

(2GM + 5)BFiV15)2



r=2GM + o

[ FFi/15)/2 ) (
r = O _(ZGM +5)(3:f/ﬁ)/z 0 0 2(iM -1 0 0 )
— hab — O 2 hab = O ’,.2 O
® r a 0 . o0
\ L 0 r*sin®0, . 0 0 r*sin“0)

4 1
Squad grav bdry = JCPY —h—nn,C""K,, Sinterface Sany = =5~ Jd3y V—-hK

o

1
Effective “interpolating theory”:  §; = Jd3y \V—h (C CR + @(\/5)>

nterface —
8r\/ G

yr — 0



r=2GM + o

( (15iy/15)/2 \
o 8 0 0 (26M _ 4 0 0 )
(2GM+ 5)(311\/3)/2 r
hab . 0 72 0 hab . 0) r? 0
2 ain
\ 0 0 ’,2 SiIl2 9} \ 0 0O r°sin 6)

4 1
Squad grav bdry — "d3y —h _n,unycﬂabeab SGHY - = % Jd3y V —h K

o
Sinterface — C Jd3y —h (3)R
8%\/5
5Stota1 boundary 0 N s C 2
or SM
r=2GM+o

yr — 0



r=2GM r=2GM + o O~ —

——
proper distance ~ | {| £y,



Im(7)

(1
N

Re(r)>

_. V15 .
200 X I"(I_H\/E)/z — (_ l)n | r|1/2ein7t\/I_SiTArg(r) (COS(O)) 4+ SlIl(Q)))

1

W =—
2

(Arg(r) ¥ \/1_51n | 7| >

r =2GM + —

r = &0
——

GR: Schwarzschild



. V15 ..
20 X AAF/15)2 (—1)"| r|1/2einﬂ\/EiTArg(r) (cos(a)) i sm(a)))

a)=%<Arg(r)1\/Eln|r|)

Im(r)

ComplexjPowerball

Lorentzian Schwarzschild

Re(r)

Euclidean Schwarzschild




Liu-JQ-Afshordi [PRD 111(2025)044031]

. ViE .
200 X r(1+1\/1_5)/2 = (=1)"] rll/Zeimr 15+ Aro(r) (cos(a)) n zsm(a)))

a)=%<Arg(r)¢\/1_51n|r|>

Euclidean Schwarzschild

Lorentzian Schwarzschild
Complex Powerball



t+At

l l
Y = J g exp (%S K ]> ~ CXP (% on—shell[gpowerball]>

5

2 M At
= |‘I’|2 ~ exp nei””\/l_S/z 1 — S —
4GM? h

& hoice of rotation direction

“Standard Wick rotation” (# = — 1): unstable virtual objects,
in accordance with AE At > h/2

“Anti-Wick rotation” (7 = 1): exponentially preferred endpoint
of gravitational collapse



T+

Z= J Dg exp (—Sglgl/n)

T

- on—shell ~ o—
= In | / | R@(SE [gpowerball]) 1 AGM?2 + 36G32M3

Mﬁ[ R i
2

Gibbons-Hawking to leading order,

T with Planckian corrections



Final takeaways

* Rough toy model of a quantum “horizonless black hole

e Schwarzschild-like from the exterior, but continuously
interpolates toward a pure quadratic gravity complex
spacetime (powerball) in the interior

e Has a quantum interpretation, though it depends on
the choice of “Wick rotation” (not too different from

the no-boundary proposal)



Thank you for your attention!

Questions?



Additional slides



Lightning review:
minisuperspace quantum cosmology



SﬂGN:CZI

l
P — J@g””@¢ exp <% Jd“x, [—g <R — 8"0,00,¢ — 2V(¢)>>
v _ 2 2
gﬂydx”dx — N dt + Cl(t) dQ(3)

3 1
S=2n°|dtN | ——ad* + — 3¢2 + 3a — a3V(¢)
N? 2N?

1 A A
S = JdtN<2N2GABq g" — Ulg )) q” = (a, )



1
S = JdtN (2—]\]2GABQAQB — U(QA))

l

par— Pra=—1V,, ?/l—>%=—7GABVAVB+U



7 "

O :

OR) :

‘P=exp(%(%+ié’)), W.,S eR

GV, VW =0, GV, V,8&=0

1
EGAB (VAS VS =V W' VgW)+U=0, GV, W' V8 =0

1
(VW)Y < (VS)? = 5(V5)2+ U=~ 0



‘P:exp(l
1
h( +z5)), V,S €R

(VW)Y < (VS)? = :
E(V05°)2+ U=~ 0



‘P:exp(l
1
h( +z¢5°)), V,S €R

(V)Y < (VS)? = :
E(Vos>)2+ U=~ 0



‘P=exp(%(%+ié’)), W.,S eR

1
(V)Y < (VS)? = E(Vos>)2+ U=~ 0

pY=—ihV,Pr(V,; Y = p,~V,S

Y = J@09¢ cXp (%S) ~ EXp (% (Re Son—shell + 1 Im Son—shell))

— & ~ Re Son—shell , W ~—Im Son—shell



‘P:exp(%(%+ic§°)), W.S € R

7
JA = —% (P VAW - @VApE) = V,J4 =0

2W
Iy =PIV, =pV,S, P=|‘P|2=exp<7)






Jonas-Lehners-JQ [JHEP08(2022)284]

de Sikker classical Erawnsikiowns

N2
g/wdx/“‘dx = — %dtz i Q(t)dgé)



Jonas-Lehners-JQ [JHEP08(2022)284]

de Sikker classical Erawnsikiowns

N2
g, dxtdx’ = — —df* + g(1)dQ?
i q(?) ,

€)




Jonas-Lehners-JQ [JHEP08(2022)284]

de Sikker classical Erawnsikiowns

N® 2l i 44
9 _

®)
40




Jonas-Lehners-JQ [JHEP08(2022)284]

de Sikker classical Erawnsikiowns

2

N 9 i 4
g dridx? = — —di? + g()dQ, ¥ = Jg NJ D B [Ty TRR=N
q(?) . .
q(t) = a(t)’

[ dN %(N3/3\—62 -t N<3 - %(C]o + %)) - %(41 = 40)2>
e



Jonas-Lehners-JQ [JHEP08(2022)284]

de Sikker classical Erawnsikiowns

N® 1 i 44
9 _

®)
40
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Jonas-Lehners-JQ [JHEP08(2022)284]

saddles : N——( \/—ql—l-l-\/—qo—l)




A, A A
saddless V= (/2 - 12/ 201
~ 3411 : \/340

smaller saddle larger saddle




Feldbrugqe-Lehners-Turok [1703.02076 ]



Feldbrugqe-Lehners-Turok [1703.02076 ]






Jonas-Lehners-JQ [JHEP08(2022)284]

Kontsevich-Seqal to determine
ali.aw&bi;ti;%v: ?

g, dx"'dx” =

2=

2

q(1)

Arg

dr® + q(1dQZ, =

2

(W)

t,(l/t)z

) () du” + q((u))dQZ,

+3 |Arg [q@)] | <7 Vu
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Kontsevich-Seqal to determine
aitaw&bil&v: ?

2

g, dx"'dx” =

2(u) = |Arg

q(1)

2

(W)

dr® + q(1dQZ, =

t,(l/t)z

) () du” + q((u))dQZ,

+3 |Arg [q@)] | <7 Vu

= FLin(q(t)),N) < Arg (1)) < Fpax(q(t(u)), N)



Jonas-Lehners-JQ [JHEP08(2022)284]

Kontsevich-Seqal to determine
aitaw&bit&v: '

2/
gﬂydx”dx” e 0 dr? + q(t)dQ(3)
2 2'
> = A §
Wi el O

) () du” + q((u))dQZ,

+3 |Arg [q@)] | <7 Vu

= Frin(q(t)), N) < Arg (£(w)) < Fx(q(t(w)), N)

=

mln

(n) < t(u) <t (1)



Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}
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de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}
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Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}

@)

IS

s&eepesE descenk
conkours

(N

saddle ch}m&s

|
(&)

I
1N

|
|
]
|
|
|

I
| @)
@)




Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}

s&eepes& descenk
conkours

saddle ch}m&s

allowable




Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}

non-allowable

s&eepes& descenk
conkours

saddle ch}m&s

allowable




Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}

non-allowable

s&eepes& descenk
conkours

saddle ch}m&s

allowable




0.0 0.2 04 0.6 0.8 1.0




—— — > '

PIRN N SR S S N PR S S S S 1 | N S TR S N1 PR SR 'Y o 3

00 02 04 0.6 0.8 1.0¢%

D

-----.
- ..

-
-
-~ -
-
-
~ -
~ .
v -
-

1 1 1 L 1 1 1 L 1 1

04 06 08 1.0




0.2

0.1

e e

e e

3.20

3.15

1 3.10¢

3.05

3.00

1

1

-

- .
-

1 I 1 1 1 I

1

-
-
-~ -
-
-~
~ -
~ .
v -
-

1 1 L 1 1 1 1 1 1

00 02 04 06 0.8




Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}

non-allowable

s&eepes& descenk
conkours

saddle ch}m&s

allowable




Jonas-Lehners-JQ [JHEP08(2022)284]
de Sitter classical transitions with A =3, g, =2, g; = 10

S0 NSP = {iz, g 4}

non-allowable

s&eepes& descenk
conkours

saddle ch}m&s

allowable




0.0 0.2 04 0.6 0.8 1.0







Jonas-Lehners-JQ [JHEP08(2022)284]
o Bouncing saddles are unreachable

non-allowable

s&eepesE descenk
conkours

saddle ch}m&s

allowable




Jonas-Lehners-JQ [JHEP08(2022)284]
o Bouncing saddles are unreachable

o Lefschetz thimbles are cut off

non-allowable

s&eepesE descenk
conkours

saddle ch}m&s

allowable




o B e 1t . - —y - g8 7 b B AL pas L T A e
B Srae L RPN s b b ) S5 el = BT . o /) " - -




Jonas-Lehners-JQ [JHEP08(2022)284]
o Bouncing saddles are unreachable

small bounce: ¢y = ¢ = 1.81




Jonas-Lehners-JQ [JHEP08(2022)284]
@ Boummv\g saddles are unreachable

—~Pp perhaps only brue for “larqge” bounces

small bounce: ¢y = ¢ = 1.81




What qoes wroing arcund
the (large) bouncing saddle point?



What qoes wroing arcund
the (Larqge) bmm«ch saddle point?

d'x,/—g 00, — 5m*
Consider a real massive scalar: QZgb e ( 78100 2m¢>




What qoes wroing arcund
the (Larqge) bmm«ch saddle point?

d*x (/=g | —58"0,40,¢ — sm?
Consider a real massive scalar: QZgb e ( & s 2m¢>

B
—y/=85m$” &~ Nq()




What qoes wroing arcund
the (Larqge) bmm«ch saddle point?

d*x (/=g | —58"0,40,¢ — sm?
Consider a real massive scalar: QZgb e ( 78 0 2m¢>

.
—y/=85m$” &~ Nq()

To converge, e/ 9L < 1, wank Im (Ng(1) <0




What qoes wroing arcund
the (large) bouncing saddle point?

& . . d*x /= (—— 0 o, — 5m? 2)
Consider a real wmassive scalar: JQZ¢ e”“I 78" 00

1
—y/=85m}* x = Nq(»)

To converge, e/ 9L < 1, wank Im (Ng(1) <0

Im (Ng(t))
pert. about

- bouncing saddle
_A /

pert. about
expanding saddle




What qoes wroing arcund
the (large) bouncing saddle point?

@ : . Id4x\/ (—— 0 o, — 5m? 2)
Consider a real wmassive scalar: JQZ¢ e” 78" 00

1
—y/=85m}* x = Nq(»)

To converge, e/ 9L < 1, wank Im (Ng(1) <0
Im (Ng(t))

pert. about
bouncing saddle

ims&abiti&v

pert. about
expanding saddle




127‘(‘ _I_

Unstable

3
3k 2
2hAh

Complex conjugate/
Tunnelling geometry

,,
V"r.

Real time

A
2 3
1 3k3 12
U + A P
Stable -
Imaginary time
Hartle-Hawking

credil: Lehners
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o steepest descent contours cut off; the upper and
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