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Holographic Singularity
Resolution

B. Craps, T. Hertog, NT (2009);
NT (in prep);
M. Smolkin, NT (in prep)




on crime and disease




is the singularity the key?

was it the gateway from
a previous universe?

will there be another
in the future?




holography
» (GELED
P

a theory with gravity
“ina box" is
to

a theory with no gravity
living on the boundary!

-a field theor



Holography:

Quantum Gravity = CFT on fixed background!

Cosmology -> dual CFT has H unbounded
below (on flat space)

-> need to make sense of new class of CFTs

Guiding Principle:

Conformal Symmetry <-> UV-completeness




CHT 2009

Setup:

M theory on AdS, x(S,/7Z,)

: : 7
- fibration over (CP.
2

. | CFT, on

Asymptotic S » R
[sometry -

Group Conformal

SO(3;2)| Group
SO(3,2)




For purposes of choosing AdS-invariant bcs,
truncate bulk theory to gravity + scalar

Stk = I (%R ~g (/A@@): T Rj&s (3cosh \/E P
bulk

V(gp)‘ quadrupole of S_ traceless bilinear under SO(S)

/-\"'Q) eg O(6)x0(2) invariant

g . z E s, 9 —2 L £,
w - O . }n@ il ZRAdS ~ R_{d.S' il mBF

4

-> stable with usual SUSY bcs
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Setup:

M theory on A4dS, x(S,/7Z,)

- fibration over (P

. | CFT, on

Asymptotic S y R
Isometry 2

Group| Conformal

SO3:2).| Group
50(3,2)




For purposes of choosing AdS-invariant bcs,
truncate bulk theory to gravity + scalar

Sk = I (% R—3 (/?(0)2 T Rﬁzs (3cosh \/E P
bulk

V quadrupole of S__ traceless bilinear under SO(S)
(), - -

/-\"‘Q) eg O(6)x 0(2) invariant

P = () m(; = —ZR;Q,S s ——R_ E

AdS

-> stable with usual SUSY bcs




general asymptotically AdS solutions:
a(1,Q) " P(1,Q) 1

' § F
AdS isometries act as confmlgp on CFT
-> identifya(1,Q) ~ O, B(1,Q)~J,, O ~ ¢ in D=3
generalised AdS-invart cosmological bes
B =ha’

- correspond to adding deformation to CFT
Serr = S +2[ 07, e,
V' —>V +2¢°
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Setup:
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- fibration over (P

. | CFT, on

Asymptotic S y R
Isometry 2

Group| Conformal

SO3:2)| Group
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For purposes of choosing AdS-invariant bcs,
truncate bulk theory to gravity + scalar

2 -2 & [~
Stk = I (%R —5 (/? @)+ R, s (3cosh,/5¢
bulk

i quadrupole of S'..' traceless bilinear under SO 8)
Vip), | (-

/—-\"'Q) eg O(6)x0(2) invariant

@:O:} = 2R >—2R . . =

AdS

-> stable with usual SUSY bcs




general asymptotically AdS solutions:
a(t,Q)  f(t.Q) N

i

;_. =
AdS isometries act as confmlgp on CFT
-> identifya(1,Q)~ O, B(1,Q)~J,, O ~ ¢ in D=3
generalised AdS-invart cosmological bes
B =ha’
- correspond to adding deformation to CFT

h <
Serr = S +2[ 07, e,
V' —>V +4¢°




holographic cosmology

collapsing
k=-1
cosmology

T e mmm mem




general asymptotically AdS solutions:
a(t,Q2) p(t.€Q)

L

4 ;4:
AdS isometries act as confmlgp on CFT
-> |den-|-|fya(f Q)~0, B(t,Q)~J,, O~¢” in D=3

generalised AdS-invart cosmological bes
B =ha’
- correspond to adding deformationto CFT
Scrr > Ocrr + iJ‘ S ALY S
V' —>V +2¢°




holographic cosmology

collapsing
k=-1
cosmology

.-"'I--.-d-"'—




general asymptotically AdS solutions:
a(t,Q2)  f(.Q) N

r ;
AdS isometries act as confmlgp on CFT
-> identifya(1,Q) ~ O, B(1,Q)~J,, O ~ ¢ in D=3
generalised AdS-invart cosmological bes
B =ha’
- correspond to adding deformationto CFT

h >
SCFT — SCFT "'?J‘O ; LG,
Vo>V +24°




holographic cosmology

collapsing
k=-1
cosmology

'1-"-_4—'-.




In 2008, ABJM identified dual CFT

UM )xU(M) CS-theory with 4 bi-fundamental Higgs Y

cld

R Hk(j AF+ANANA)— |DY‘: — k(YY) + fermions |

t Hooft limit R i R (MY
M/ k; L, A S

M .k — oo, at fixed g,




Cosmological deformation

Craps ,Hertog, NT

b r e ] Ll (2009)
Each Y_ — 2M " real fields

— O(N)xO(3N) model, with N =2M "~

S ~ f (%(ccf%) +4(09,)* + 2 (@:‘5;)3)

S. xR

Two fields: classically, one stable and one unstable




Big question:

does QF T with an unbounded negative potential
make sense?

* no ground state or equilibrium

* but this may be just what we need for cosmology



Cosmological deformation

Craps Hertog, NT
(2009)
viyt 2vT 3yt 4yt
O=TrY'Y' —Y2Y —Y°Y! —Y*Y))
Each Y_ — 2M " real fields

— O(N)xOBN) model, with N =2M "~

8-~ j(%ﬁﬁﬂ-%%fg) ﬂ(%:_@ﬂj

S. xR

Two fields: classically, one stable and one unstable
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Cosmological deformation

Craps,Hertog, NT
(2009)
aval val 2wt 3vT 74y T
O=Tr(Y'Y' —Y*Y —Y°Y —Y*Y))
Each Y. — 2M~ real fields

— O(N)xOBN) model, with N =2M "~
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S. xR

Two fields: classically, one stable and one unstable




Big question:

does QF T with an unbounded negative potential
make sense?

* no ground state or equilibrium

* but this may be just what we need for cosmology



CHT 2009
Renormalization:

Ven = o (A (@) + 40 (87 6 + A (8, + Ao (8,))

<0 >0 <0 >0

UV fixed p

A =197




Big question:

does QF T with an unbounded negative potential
make sense?

* no ground state or equilibrium

* but this may be just what we need for cosmology



Cosmological deformation

Craps Hertog, NT
(2009)
viyi yv2yi  yviyit  véyt
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Renormalization:

&N
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Cosmological deformation

Craps Hertog, NT
(2009)

avalva r2xrt 3y T AT
O=Ir(YY -YY -YY —-YY)
Each Y_ — 2M " real fields

— O(N)xO3N) model, with N =2M "~

S ~ j (%(cc?%) +1(09,)" +-% (512_‘53:)3)
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Two fields: classically, one stable and one unstable
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Renormaliza'rion'
(6°) 8, +/1__@ (8.) + Ao (67))

b1 @ ) . 222
H ~ L} H ”

UV fixed p

2 19




Why?
Pisarski 80's - for O(N) model =,

... .8 q 2 | 3
b = g (/L 7 A ) )@

* suppressed by 1/N

* UV fixed pt exists as long as N sufficiently
large, k>>N

* In opposite regime, of strong 'tHooft coupling ,
k<<N, AdS/CFT calculation (a la Witten)

also indicates UV fixed point



holographic cosmology

collapsing
k=-1
cosmology

T e mmm mem




general asymptotically AdS solutions:
a(t,Q)) p(.Q) N

A

= =
AdS isometries act as confmlgp on CFT
> identifya(,Q) ~ O, f(t.Q)~J,, O~ §* in D=3
generalised AdS-invart cosmological bes
B =ha’
- correspond to adding deformation to CFT

h -
Serr = S +2[ 07, e,
V' —>V +2¢°
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Renormalization:
(__/L (82 + 4, (82) 8} + 4,62 (92) + A __((D ) )
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Ay =19




Why?
Pisarski 80's - for O(N) model =,

e 1] - 1 23
/8;, — :3‘\*(/1 192 A ) Q

* suppressed by 1/N

* UV fixed pt exists as long as N sufficiently
large, k>>N

* In opposite regime, of strong 'tHooft coupling ,
k<<N, AdS/CFT calculation (a la Witten)

also indicates UV fixed point



Including O(1/N) running, renormalised
potential continues to take form

, 72 T2\3
A #;{::z (9, —79)

where 4 runs to zero in UV

Dynamics: @, is classically unstable
-> drives system to UV

@é1~|/'1|§911:>@1"“ 1 _ t > 0

Ao [ o]



Renormalization:

7 t Ko #3203 . % #F232Z2 . 7 ETiE2ND
I ren e ( /"Il'l(-. @1 ) A 112 {(91 ) ‘;‘D: + A “12:(‘01 ( @: )

Fagy

<0 > () <0




Including O(1/N) running, renormalised
potential continues to take form

, 5. B 1%
V er :#/12:2 (9, —79)

where 4 runs to zero in UV

Dynamics: ¢, is classically unstable
-> drives system to UV

b~ |6 = 4~ —— 1> 0

":':11‘; M
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Renormalization:
I = ( A “111(.:(/971: )3 + A “112(:,(5;:):&:: + A ::ﬁi: ( ‘5__ :': + A, ('-:?;:: .:)3 }

61 |

<0 ~ () <0 > ()

UV fixed p

/;.'..ﬂ_.m — 1 9




Why?
Pisarski 80's - for O(N) model =,

3 q 2 | R
/6,:; = 22N (/L 192 A ) @

* suppressed by 1/N

* UV fixed pt exists as long as N sufficiently
large, k>>N

* In opposite regime, of strong 'tHooft coupling ,
k<<N, AdS/CFT calculation (a la Witten)

also indicates UV fixed point



Including O(1/N) running, renormalised
potential continues to take form

, 32 7.1
Pi*en 9 &%/‘L’“ (¢3 _f/qbl )

where 4 runs to zero in UV

Dynamics: ¢, is classically unstable
-> drives system to UV

b, ~ s |#7 = b~ ———. 1> 0

|
L

|’:':11|_ M



BUT: as 4., grows, ¢, goes quantum unstabl

Trial wavefunction: free field mass m

A 21
()= [ 25 L~ L(A-m);

0 (272')2 26{) Bardeen Moshe Bander
i | m’ A
($*) =L(-m) =>(H)=N—|1 _,
e | | | 247 167~

For A > 167", theory has no ground state




Why?
Pisarski 80's - for O(N) model =,

-3 ' 2 | 3
/6/1 — 22N (i 192 % ) ﬁ

* suppressed by 1/N

* UV fixed pt exists as long as N sufficiently
large, k>>N

* In opposite regime, of strong 'tHooft coupling ,
k<<N, AdS/CFT calculation (a la Witten)

also indicates UV fixed point
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Renormalization:
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Why?
Pisarski 80's - for O(N) model =,

- L L4 2 | 3
/8,:, & f._‘,:‘\f()“f 192 A ) @

* suppressed by 1/N

* UV fixed pt exists as long as N sufficiently
large, k>>N

* In opposite regime, of strong ‘tHooft coupling ,
k<<N, AdS/CFT calculation (a la Witten)

also indicates UV fixed point



Including O(1/N) running, renormalised
potential continues to take form

, yp. 723
V eer :#/1222 (95 —79)

where 4 runs to zero in UV

Dynamics: @, is classically unstable
-> drives system to UV

. ~ |2, |8 = 6, ~ : £ —> 0
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BUT: as 4.,, grows, ¢, goes quantum unstabl

Trial wavefunction: free field mass m

<¢:>=I e =L (A-m);

0 (272' _)2 26{)1 Bardeen Moshe Bander
. ‘ m3 /;i.
) =4(-m) =>(H)=N 1 :
<¢ >F‘€?? 7 ( ?n) < > 2477 [ 16177_ ]

For A > 167", theory has no ground state




BUT: as 4., grows, ¢, goes quantum unstabl

Trial wavefunction: free field mass m

(¢°) = [ 25 L~ L (A-m)

0 (272')2 26{)n Bardeen Moshe Bander
2 | m3 /1
F— HY=N—|1
(# ) =) = (H) 247?( 16.3:)

For A >167" theory has no ground state

However... there is a quantum scaling
solution, which is stable




P <¢‘5’> =——N (at N =c0; at finite N
ren H exponent gets N corms)

—

O = Z;{E(J‘) eﬁ;”i ¢3 —> <5> in N - oo limit

, . £ il
Fieldeq = 7. =—k° X.—A— X, Bessel v =l
2
) = /.:(I_L L!_ -
Gap equation 1—v" =——(cotvr)
1677

A>A=192=>v >v.=N.i, N.=1.061..

Instability dynamically breaks conformal sym

SO(3.2) = SO(3,1)




As ¢, rolls, it induces
a transition to the
quantum scaling phase




QM instability of ¢, dominates nr singularity

1) UV fixed pt
2) D=3-> no trace anomaly
-> free to change conformal frame

i 0] ¢ e Lo I
{<¢'>:_‘7*\- ¢$_>‘T‘¢6 7 >|f:77

Minkowski de Sitter!




S xR

Just Weyl-transform from global d;:
: 1 ~ 5. Jap) e
ds” = ~(-d7"+d€);), (@~ )=—CN
(cos7) |
: - ,. =)\ CN
— ds” =(-dr~+d€Y)), (P )=—
] 4 COST

bulk- boundary symmetry correspondence
Conf gp SO(3.1)

boundary = 3§,

- ho gravity
- no divergences

bulk = dS,




QM instability of ¢, dominates nr singularity

1) UV fixed pt
2) D=3-> no trace anomaly
-> free to change conformal frame

- C. + ;&= |
(62)=-17N. > . 1> 7
| 4 4

Minkowski de Sitter!




S* xR

Just Weyl-transform from global ds;:
~ 1 ~ o /7 Eeess
ds™ = —(-dr"+d€);), (@~ )=—CN
(cos7) |
i CN
— ds” =(-dr"+dQ))) P )=—
) COST

bulk- boundary symmetry correspondence
Conf gp SO(3,1)

boundary = §,

- ho gravity
- no divergences

bulk = dS;




S xR

Just Weyl-transform from global ds;:
> 1 9 . Lo % A
as = —(-dz7+dY)), (¢°)=—CN
(COST) I
.ﬁ ' red CN
— ds” =(-dr~+d€Y)), (P~ ) =—
] ' COST

bulk- boundary symmetry correspondence
Conf gp SO(3,1)

boundary = 3§,

- no gravity
- no divergences
- Euclidean contin”

bulk = dS;




M ds’




Bulk picture

By choosing

boundary to
be dS3,

we avoid the
singularity!



Dual theory spontaneously generates a
mass «< H ; = R_rs

No infinities enter at singularity
Euclidean continuation exists
No tachyonic modes (with M. Smolkin

New, stable quantum phase on dS3

(no bubble nucleation)



Bulk picture

By choosing

boundary to
be dS3,

we avoid the
singularity!



Dual theory spontaneously generates a
mass < H ds — Ri_lm

No infinities enter at singularity
Euclidean continuation exists
No tachyonic modes (with M. Smolkin

New, stable quantum phase on dS3

(no bubble nucleation)



Crossing the singularity
dS; conformal to Einstein cylinder

2| | meed"Smatrix 471040
$ = demand $SO(3,1) invariance™
1 ¢1 /conformal weight

$ ~(Z—1)"" f(Q)+he, 7 >Z%

Factor out t dependence -> correlators take
CFT form, weight h=1+iN.

* mav be chown +o0 be anomalv free +o all order<



heorem: if  f, (2 J‘d()' G(€2,QY") f,7(Q2")
and

roff”m) [da' Q) O, £(Q) ¥ £(Q

oo then G(QQ) =5(Q.Q)
Also, for d.S:S adiabatic in -> adiabatic out
-> zero particle productionin limit N —

—> aperfectly cyclic universe,
with calculable 1/N corrections




Proof: dS, : embed in Mink, — X, + X, + X, + X =1

0
ds~ =—dli; +(cosht. )" d<},

-

apply O = X,0,—X,0, =cos@ 0, —tanh7.siné o,

0

to G(2,Q)=G(n-n") =G(A) (by SO(3) invariance)

==
(h(cos 8'—cos ) —2cos0")G(A) = (cos &+ cos O)(A-1)G'(A)

Choose cos@ =—cosl@'= rhs =0
= {A)=0V -1<AL 1]
= G(A)=0(,Q"



Particle creation across bounce
(in all modes) only occurs due to running
of couplings i.e. violation of scale invariance

Bogoliubov 3 ~ 3 function ~ f/M?

Parametrically small in large M limit:

4d cosmology bounces whereas 5d
cosmology (dual to deformed N=4 SYM)
does not!



Strong 't Hooft coupling

bulk equations

with o’ corrections
-> strong coupling
solution of CFT

Bulk solution for
O(6)x0O(2) case - lifted
to 11d - is asymptotically
Milne near the singularit
I.e. the same bulk as for
a brane collision in 11d




a holographic bounce




an alternative to inflation?

“scale invariance from scale invariance”

nearly scale-invariant perturbations are
automatically generated (in the dual theory)
nearly Gaussian

small-amplitude (1/N© suppressed)

adiabatic

scalar

slightly red (perts go to zero at UV fixed pt )

need to translate these into the bulk, but
expect these properties to survive



Thank you




a holographic bounce




Strong 't Hooft coupling

bulk equations

with ' corrections
-> strong coupling
solution of CFT

Bulk solution for
O(6)x0O(2) case - lifted
to 11d - is asymptotically
Milne near the singularit
i.e. the same bulk as for
a brane collision in 11d



