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DISCLAIMERS

No Gauge-Gravity Duality

Apologies for missed references

VWORK IN PROGRESS

caveat emptor (buyer beware)

Suggestions welcome!
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@ Microscopic/High-energy scales

Intuition:

The “number of degrees of freedom (DOF)”
will DECREASE

. Macroscopic/Low-energy scales




. Example

Below a mass threshold,
integrate out massive DOF




Monotonicity [ heorems

Provide a precise way to count humber of DOF



F-theorem

3-dimensional QFT

Jafferis, Klebanov, Pufu, and Safdi | 103.1 18l
Casini and Huerta 1202.5650




c-, F-, a-theorems

Euclidean signature!
For QFTs that are

. ENORMALIZABLE

. UCLIDEAN SYMMETRIC



RG flow between fixed points




RG flow between fixed points

Scrr — Scpr + /ddﬂ? Ao O

Ap < d




central charge C




Weyl Anomaly

non-dynamical background metric gpv

T} #0




Weyl Anomaly




UV CFT
CuUv = CIR

Proven directly,

using correlation functions of 1,







F-theorem
3-dimensional RULE QFTs

Jafferis, Klebanov, Pufu, and Safdi | 103.1 18l
Casini and Huerta 1202.5650

At fixed point: conformally map to S

F=—-InZg =—(1)g




F-theorem
3-dimensional RULE QFTs

Jafferis, Klebanov, Pufu, and Safdi | 103.1 18l
Casini and Huerta 1202.5650

Fuv 2 FIr

Proven using Strong Sub-Additivity (SSA)
of Entanglement Entropy (EE)




Weyl Anomaly




ayyv = QIR

Proven using “Weyl Anomaly Matching”




The g-theorem

Affleck and Ludwig PRL 67 (1991) 161
Friedan and Konechny hep-th/0312197

Renormalizable, Unitary, Local CFT in d = 2

on a space with a boundary

L



The g-theorem

Conformal boundary conditions

Boundary CFT (BCFT)

L



The g-theorem

SBCFT — SBCFT + / dx dy é(x)\,O(y) Ap <1

Tow = [Tuvlpu +0(2) [Tuvy

T,/ bulk — T} =0(z) [T,}],#0



. CFT with boundary condition “qa”

SECrT — SBoFT /da:' dy 0(x) A, O(y)

Ap <1

. CFT with boundary condition “(3”



The g-theorem

Affleck and Ludwig PRL 67 (1991) |61
Friedan and Konechny hep-th/03 12197

At fixed point: conformally map to disk

conformal boundary condition “o”

In g,




The g-theorem

Affleck and Ludwig PRL 67 (1991) 161
Friedan and Konechny hep-th/0312197

Proven directly,

using correlation functions of T,uu



Generalizations?

Proposals
Yamaguchi hep-th/0207171
Takayanagi etal. 1105.5165, 1108.5152, 1205.1573

Estes, Jensen, O’B., Tsatis, VWrase 1403.6475
Gaiotto 403.8052

Many tests in particular examples




GOAL

Proposals

Nozaki, Takayanagi, Ugajin 1205.1573
Estes, Jensen, O’B., Tsatis,Wrase 1403.6475

Method
“Weyl Anomaly Matching”

Komargodski and Schwimmer 1107.3987
Komargodski 1112.4538



Examples

M-theory: M2-branes with a boundary
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The Systems
BCFTin d = 3

With a planar boundary




SBCFT — SBCFT T /dx dy dz o(x) )‘OO(% z)

scalar (D with Ap < 2







Weyl| Anomaly

BCFT in d =3

non-dynamical background metric  Yuv (x)

Tuﬂ — [Tuu]bulk +0(x) [Tuu]a
[Tuﬂ bulk — U




Geometry of Submanifolds

“target space” xH

Embedding " (o)

Rabcd Rab R




Geometry of Submanifolds




Weyl| Anomaly

What is the general form of |1},"] 5!

See also:

Graham + Witten hep-th/9901021




Weyl| Anomaly

1
K*)
%

[Tu”} 5 =C1 R+ CQ(KabKab




Weyl| Anomaly

1
K*)
%

[Tu“} 5 =C1 R+ cz(KabKab

2€)
Guv —7 € Guv




Weyl| Anomaly

2€)
Guv —7 € Guv
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The Proof

Komargodski and Schwimmer |1107.3987
Komargodski | 112.4538

RULE QFT in any d
RG flow between fixed point CFTs




L
T} #0
RG flow between fixed point CFTs




Dilaton

non-dynamical background metric Ypuv (x)

non-dynamical background scalar 7 ()

Guv — eQQgW T — 7+ )



Dilaton

non-dynamical background metric Ypuv (x)

non-dynamical background scalar 7 ()

A\, O(z) = ero=DT@ ) O(z)






Dilaton

non-dynamical background metric Ypuv (x)

non-dynamical background scalar 7 ()

— /dda: VgL ),

= [d'e/g |L(\ @)rmo + 7 [T,1] _ +O()



Dilaton

non-dynamical background metric Ypuv (x)

non-dynamical background scalar  T(7)

Weyl Anomaly Matching

d even






Weyl Anomaly Matching

. [T“M}UV [T M}Ifio T [TMML




Dilaton

Integrate out massive DOF

Obtain low-energy effective action

Regular and local in T



Dilaton

Guv — emgw/ T — 7+ ()

5Se 0
Q60

InZ. = —\/§TM“

At the IR fixed point,

7’s contribution to Sef must produce

UV
7=0

[TMM}T — [Tuu] - [Tuﬂ}iio



Dilaton

SeerT = SBeFT /dl' dydzo(x) A\, Oy, z)

Ao Oy, z) — el2o=D7W:2) )\, O(y, 2)




UV . 1
. T/, = Rt ey (KoK b—§K2)

L= [Tﬂu}bulk

L

SECFT — SporT + /da: dydzd(x) A, Oy, 2)

[T:U“'u] bulk

1
. [T ’UJ} R—Cl R—|—C (KabKab—iKQ)

=0



The Proof
Strategy

Komargodski and Schwimmer |107.3987
Komargodski 1112.4538

@ Weyl anomaly matching
coefficient X C}N — CllR
@ Unitarity —> coefficient > 0




The Proof
eTff - —/d?’a; o) Vg T [(C — ) B (eg = e ) (Kap K™ - %Kﬂ]

O(7°)

Guv = QQQQW/ T — 17+ ()

ViR = /g |R—2v?Q

50 (\/§ [TMM}UV — /9 [TMM}IR)‘F V3 (Cl — C1 ) AVEZ



The Proof

eTff B —/d?’a: o) vy T [(C}W —a) R+ (e3" — ) (Kap K™ — S K?)

— [d20@) Vg (Y — )TV L




The Proof

eTff - —/d% o) Vo T [(C}N — ) R+ (6 — ) (K K — S K?)

— [d2o@) g (Y — )TV L




The Proof

Juv = Opv

7 = / Dlfields] e =5~

S’T — /d?’f\[q {L()‘ﬂf)TZO T |:T,U/'UJ:|T:O * 0(72)}

g = —1InZ = —<6_fd3m7($)TuM($) ) =0



The Proof

Juv — 5,u1/

<€—fd3:z:fr(x)TM“(:c)—|—... __ 1—/d3337‘(33) <Tu’u(£l?)>
by [ dodyr@r) L @T @) +

T

Taylor expand about &



The Proof

% /d% d*y 7(x)7(y) (Th ()T} (y))

D ¢ [P r(2)0,0,7(@)[ [ @1t -art- @ rwm o)

TMM — [Tuu]bulk +0(x) [Tuu]a
[TMM] bulk =0



The Proof

% /d% d*y 7(x)7(y) (Th ()T} (y))

D ¢ [P r(2)0,0,7(@)[ [ @1t -art- @ rwm o)

(T, (2)T, " (y)) = 6(x)s ()T, (z)] 5 [T,/ ()] )



The Proof

% /d?’x d*y 7(x)7(y) (Th ()T} (y))

D ¢ [P r(2)0,0,7(@)[ [ @1t -art- @ rwm o)

(T, (2) T, (y)) = 8(2)3 () ([T, ()], [T, ()] ,) > O



The Proof

% /d?’x d*y 7(x)7(y) (Th ()T} (y))

D ¢ [P r(2)0,0,7(@)[ [ @1t -art- @ rwm o)

0(x) / dyo(y) (y — )" (y — =) ([T, (2)] , [T, ()] o)

— 5(:1:)%5” / d*yo(y) y* (T, (0)], | T, ()] ,)



The Proof

% /d% d*y 7(x)7(y) (Th ()T} (y))

D ¢ [P r(2)0,0,7(@)[ [ @1t -art- @ rwm o)

0(x) / dyo(y) (y — )" (y — =) ([T, (2)] , [T, ()] o)

—6(@)50" [ dys) P (T,10), [TAW)],) = 0



The Proof

/d?’x 0(z) V2T (C}W — cllR)

:/ d’zé(z) TV 7 % / Pyity) {1,100, [L4W)],)

eyt —cp = % /d?’y S(y) y*([T,"(0)], [TM“(y)M: > 0




Defects

Renormalizable, Unitary, Local CFT inany d > 3

With a two-dimensional planar defect




Defects

> 1 ~AQC A
[TMM] defect — C1 R+ €2 (KSbK,ZJb o §K'UK,LL) -+ C3g gdeabcd
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Summary
Renormalizable, Unitary, Local, BCFT in d = 3

Boundary or Defect RG Flows




Outlook

Immediate questions

Other methods of proof?



Examples

M-theory: M2-branes with a boundary




Outlook

I”

Find a “‘universa

Myers and Sinha Giombi and Klebanov
1006.1263, 1011.5819 1409.1937

proof of monotonicity theorems?



Thank You.




