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Microscopic/High-energy scales

Macroscopic/Low-energy scales







Quantum Field Theory

Generating functional /

Non-dynamical background metric ¢, ()

Stress-Energy Tensor

2 0
T = 75 597 In Z{g,, ]




Quantum Field Theory

Generating functional /

Non-dynamical background metric g, ()

Guv — O

0, T, = 0



Conformal Field Theory

Generating functional /

Non-dynamical background metric ¢, ()

Conformal Transformation

Diffeomorphism
o — o' (x)
such that

2Q(x)

guv(T) — € Juv ()



Conformal Field Theory

2Q2(x)

guv(T) — € Juv ()

1 o
T H = InZ\g,,.
H \/géﬂn [g,u]




CFT
flac space R

Rotaions A
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1+ 2xvb,, + b2x?

SO(d+1,1)



Boundary Conformal Field Theory (BCFT)

CFT dimension d

Boundary dimension d — 1

Co-dimension 1

—

Y
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Examples

Quantum Field Theory
free fields, Ising model, Wilson-Fisher; etc.
with a boundary




Defect Conformal Field Theory (DCFT)

CFT dimension d

Defect dimension P

Co-dimension d — D




Examples

Quantum Field Theory
Wilson lines, surface operators, etc.




CFT
flac space R

Rotaions A
Tador o

: : I3 I3
Dilatations rr = AT

Special Conformal .+ — "
X ?
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SO(d+1,1)



BCFT + DCFT
boundary or defect in flat space

Rotations o N

Tandon o
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Dilatations rr = AT
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BCFT + DCFT




BCFT + DCFT




BCFT + DCFT
boundary or defect in flat space

Dilatations rt S \r?




BCFT + DCFT
boundary or defect in flat space

Special Conformal " — "~
" 14 22vb, + b2x2




BCFT + DCFT

boundary or defect in flat space
SO(d+1,1) - SO(p+1,1) x SO(d — p)
2 \

conformal transformations rotations around
preserving the boundary/defect the defect




BCFT + DCFT
boundary or defect in flat space

xH with p=1,2,3,...,d




BCFT + DCFT

ut _ Sd—p =2\ 1M
0, T"" =0""P(x)D
Displacement operator [’

T4 = (1] + 84 77(3) [T,

0

D [TJ_J_] bulk

X [Tbﬂ 7

8(1 [Tab] bulk

p=d—1



BCFT + DCFT

boundary or defect in flat space
0,TH" = §°P(¥) D"

Displacement operator [D*

T4 = [T], + 0477 (@) [T

p




BCFT + DCFT
boundary or defect in flat space

0,T" = 5% P(F) D"’

Displacement operator [D*

T4 = (1] + 84 77(3) [T,




BCFT + DCFT
boundary or defect in flat space

Co-dimension d —p > 1

SO(d+1,1) = SO(p+1,1) x SO(d — p)

symmetry allows




BCFT + DCFT

Average Null Energy Condition (ANEC)

Jensen, O’Bannon, Robinson, Rodgers 1812.08745
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CFT

Average Null Energy Condition (ANEC)

Faulkner, Leigh, Parrikar,Wang 1605.08072
Hartman, Kundu, Tajdini 1610.05308
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Weyl Anomaly

Conformal Field Theory

Juv — 5,uu

T/ =0




Weyl Anomaly

Conformal Field Theory

Juv a 5;w




Weyl| Anomaly

What is the general form of 7'/ ?

da=4 CFT

T,u'u a ClR,u,/pgR’uV’OU -+ CQRW/R’W/ + 63R2 —+ C4




Weyl| Anomaly

What is the general form of 7'/ ?

Fixes some coefficients

T,u'u a ClR,u,/pgR’uV’OU -+ CQRW/R’W/ + 63R2 —+ C4




Weyl| Anomaly

What is the general form of 7'/ ?

Fixes more coefficients

TM““ = 1R 0 RYP7 4+ o Ry, RPY + c3 R? +ﬂ



Weyl Anomaly

Conformal Field Theory

What is the general form of T/ ?

d odd " =0

d even T #0



Weyl| Anomaly

1
d =2 TM“ — ECQCZEQ
1
d — 4 Tu'u — 1672 ( Gyaq L0g + C4q WMV’O(;W“V’OJ)
1 (1) (2) (3)
d=6 T.= (7 (a6a B + ol I + ) I + o) I)

Deser, Duff, Isham NPB 111 (1976) 45
Bonora, Pasti, Bregola CQG 3 (1986) 635

Duff hep-th/9308075

Bastianelli, Frolov, Tseytlin hep-th/000104 |



Weyl| Anomaly

1
d — 2 T,ulu — 6 C@
1 Voo

1
d=06 1=y (a chal T+ € T+ ey o)

1
H1iV1..-Hd/2Vd /2 1pi01 pP202 Pd/20d/2
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— 9d/2 101.--Pd/20d/2



Weyl| Anomaly




Weyl| Anomaly

1
d = 2 TMM — ECQCZEQ
1
d — 4 Tlu'u — 1672 ( A4d E4 + Cad W,quUW'quJ)

a=0 TMM B (47)3

AOT v

A oT v

6
I3 = Wy <D2 6% — SR, + 4R'1,> WorAs



Weyl| Anomaly

1 O'
d =4 T“M_mw “’”’WW
— L (47)3 .‘.‘







Weyl| Anomaly




Weyl| Anomaly

=2 T“MZQ

1

Monotonicity Theorems




Weyl| Anomaly

a=2 1= .@' -
1

1 1 9 3
d=6 T)= 5 (a6a B + ol I + ) I + o) I)
c-theorem a-theorem
UV IR Uv IR
Coq = Coq Agq = OQyuq
A.B. Zamolodchikov Cardy PLB 215 (1988) 749

JETPVol.43 No. 12 p. 565, 1986 Komargodski + Schwimmer JHEP 12 (2011) 099



Weyl| Anomaly

().
®
1
d=4 T/ = (4 + Caq Wy po WHYP)

d:2 TMM:

1 1 (2) (3)
d=6 1= 5 (a6a B + ol I + ) I + o) I)

c-theorem a-theorem




Weyl Anomaly

(e
C

d:2 T,ulu:

1

1
d=6 1,/ = (47)3 (@‘ 6 T Cé}} Iy + Cé? I + Cé?:z) [3)

spherical region of radius /

Area
SEE:#gd—Q | gjle | ...—I—#CLIH(Z/E)—F...




Weyl| Anomaly

a =2 T“MZZ

1 UVpo
1
d — 6 T,uu — (47_‘_)3 (a6d E6 + C(l) [1 + 6(2) [ -+ C(S) 1 )




Weyl| Anomaly

¢ =2 T“MZZ

1

1 (1) (2) (3)
d =06 T”M_(47T)3 6 + Coq 11+ g i Lo+ ¢y [)

type A coefficients are independent of marginal couplings

Osborn NPB 363 (1991) 486



Question

T“—[T“

M }bulk_l_éd P( )[T Iu}

p

What is the general form of [T,ﬁ]p?



Geometry of Submanifolds
boundary/defect "
“target space” s

(o)

. oxH Ox?
Jab = Jpw 0o Oo?

embedding

e A

Rabcd — Rab — R

L
]Iab
__ ~ab
I['u — gCL I[/Cjb

trace
-y 5
traceless L, =15, — gasl"/p




Question

T“—[T“

M }bulk_l_éd P( )[T Iu}

p

What is the general form of [T,ﬁ]p?



Question

T“—[T“

o 07T @) [1,]

p

What is the general form of [T,ﬁ]p?

Dependson p and d



Question

Do we get boundary/defect central charges!?
Do they obey monotonicity theorems!?
Do they appear in entanglement entropy!?
Do they appear in stress-energy correlators?

Do they obey bounds!?

and so on...
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1d Boundary or Defect
p=1 d>2

4

What is the general form of [TM“]pzl
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2d Boundary or Defect
p=2 d>3

What is the general form of [Tu“]ng !

Berenstein, Corrado, Fischler, Maldacena hep-th/9809188




2d Boundary or Defect




2d Boundary or Defect

f
Type A




2d Boundary or Defect

b-theorem

Jensen and O’Bannon 1509.02160
Casini, Landea, Torroba 1812.08183




2d Boundary or Defect

Herzog and Shamir 1906.11281, 1907.04952
Bianchi 1907.06193



2d Boundary or Defect

Bianchi, Meineri, Myers, Smolkin 1511.06713
Herzog + Huang 1707.06224
Herzog, Huang, Jensen 1709.0743 |

Displacement operator [’




2d Boundary or Defect

Weyl tensor

d=3 = W, =0

> defect co-dimension > 1




2d Boundary or Defect

Bianchi, Meineri, Myers, Smolkin 1511.06713
Jensen, O’Bannon, Robinson, Rodgers 1812.08745




2d Boundary or Defect

Average Null Energy Condition (ANEC)

h20 = 20

Jensen, O’Bannon, Robinson, Rodgers 1812.08745




2d Boundary or Defect
Entanglement Entropy (EE)

spherical region of radius /

centered on the boundary/defect

g Rd_l




2d Boundary or Defect

Kobayashi, Nishioka, Sato,VVatanabe 1810.06995
Jensen, O’Bannon, Robinson, Rodgers 1812.08745

Area
SEET = g T

...+ FH#aln(l/e)+H#H+ ...

| |
cd—2 cd—4

5 1 d—3
p=2 __ -~
Stp = . (b d—1d2> In(l/c)+#+ ...




Examples

Theory BC b dl dz
Scalar  |Dirichlet| —1/16 | 3/32 N/A
Scalar  |Neumann| 1/16 3/32 N/A

Fermion Mixed 0 3/16 N/A

Nozaki, Takayanagi, Ugajin 1205.1573

Jensen and O’Bannon 1509.02160

Fursaev and Solodukhin 1601.06418




Examples

Theory BC b dl dz
Scalar  |Dirichlet| —1/16 | 3/32 N/A
Scalar  |Neumann| 1/16 3/32 N/A

Fermion Mixed 0 3/16 N/A

A7

y

1
= —(1+~Y )P
2( ")

Dirichlet for W, or W_
+ Neumann for W_ or ¥




Examples

Theory BC b dl dz
Scalar  |Dirichlet| —1/16 | 3/32 N/A
Scalar  |Neumann| 1/16 3/32 N/A
Fermion Mixed @ 3/16 N/A
4 1
\If: — 5 (1 1 ’yx) |\

y

Dirichlet for W, or W_
+ Neumann for W_ or ¥




Examples

Theory BC b d 1 dz

Scalar  |Dirichlet| —1/16 | 3/32 N/A

Fermion Mixed 3/16 N/A

Scalar  |Neumann 1@3 3/32 N/A

“fermion = Scalar Dirichlet + Scalar Neumann”




Examples

Theory BC dq do
Scalar | Dirichlet 3/32 N/A
Scalar  |Neumann ‘ 3/32 N/A

Fermion Mixed 0 3/16 N/A
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3d Boundary or Defect
p=3 d>4

What is the general form of [Tuu]ng !




3d Boundary




3d Boundary




3d Boundary




3d Boundary
Displacement operator [)




3d Boundary

Displacement operator [)
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4d Boundary or Defect
p=4 d>5

What is the general form of [Tpﬂpﬂl ?

p=4 d=5

See A. F Astaneh’s talk!




4d Boundary or Defect

1 N
[TMM] p=4 (4n)2 ( — b By + 1T+ doJz + dsWapeaW e + dy(Wyp™?)?

+ ds Wi W 4 dgW P,y W + de Wi WKL 1 dg W0, W HI*

+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

o 5bc

oi ocd o o ib
+ disWap Loy + diaW 10, I ™

-+ d15Waz'bjf[ZacH
0oj o 04 o o4 o jab
+ dy WL, Mg 4 dir W, T 410, + dygW e 10, 1T

+ di9'IT ﬁzﬁzﬁjﬁj + dog'IT f[zf[j]olzﬁ] + doq (TI‘ f[zf[z)2 + dQQ(Tl“ f[zf[])(TI‘ f[zf[])




4d Boundary or Defect

o b EA4 + dljl + d2j2 + diabchade T d4(Wabab)2

+ ds Wi W 4 dgW P,y W + de Wi WKL 1 dg W0, W HI*

+ dgwabjkwabﬂ“ + d1oWiae W™ + dis W eaes W™ + diaW 0 W,

o be o 1be
+ dlSWab H dH + d14W bz]Hac]:[J + d15W ’Lb]]:[ ac]:[j

) ab
+ digWIT, g + dyr Wl i + dyg W50 I, I

+ di9'IT ﬁzﬁzﬁ ]:[j + dog'IT H H HZ'H]' + doq (TI‘ H HZ) + dQQ(Tl“ f[zf[])(Tl“ f[zf[])




4d Boundary or Defect

+ dsWaing W™ + deWiapWe'™ + dyWijra WM + dgWoiju W "
+ doWabje W " + dioWiabe W™ + dia W aes Wa™® + di1aW*iaj Wy

o7 o cd o7 o 1bc o1 o 1bc

+ dis W10, + d14Wabz'jHacH] + dis W10 aell’
0oj o 04 o o3 o jab

+ W, g 4 dir WP 1L 4 digW e 1, 1T

iﬁjﬁj + dooTr ﬁzﬁjﬁiﬁj + do1 (TI‘ ]OIZ]OL;)Q + do9 (TI‘

ofio )

g o o
I )(TI‘ Hiﬂj)

T = RIS — L NP R ML — 2RI —
+ gwcmﬁﬁgb A DI g — ST ML 4+ I i
+ ngﬁichf[ica :
o= oW NP R, — SR, ;‘EZ - gRachacb
B 5(d4; 2. W @I, + 2(d = 5) Wcicaﬁbf[ib + Hd+1) f[wsz'Wcacb
—~ %Ww“cﬁaﬂi _ 245 priy i 1, + d 1210)]1@’02-%1)“6 - %DiDz-Wabab



4d Boundary or Defect

1 N
[TMM] p=4 (4n)2 ( — b By + 1T+ doJz + dsWapeaW e + dy(Wyp™?)?

+ ds Wi W 4 dgW P,y W + de Wi WKL 1 dg W0, W HI*

+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

o 5bc

oi ocd o o ib
+ disWap Loy + diaW 10, I ™

-+ d15Waz'bjf[ZacH
0oj o 04 o o4 o jab
+ dy WL, Mg 4 dir W, T 410, + dygW e 10, 1T

+ di9'IT ﬁzﬁzﬁjﬁj + dog'IT f[zf[j]olzﬁ] + doq (TI‘ f[zf[z)2 + dQQ(Tl“ f[zf[])(TI‘ f[zf[])

\
Type B

f
Type A




4d Boundary or Defect
} p=4 (471r)2 (4 + 1T+ do Tz + dzWapegW ™ + da(Wep™)?

+ dsWain; W + dgW iy We' + de Wi W I* 4 ds W W*I*
+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

oi oecd oi o ib
+ dis W PTLI, + dyg W 0, I

oi o ib
+ d15WaiijZach ’

0oj o 04 o o4 o jab
+ dy WL, Mg 4 dir W, T 410, + dygW e 10, 1T

+ di9'IT ]OIZ]OIZ]OIJ]OIJ + dog'IT f[zf[jﬁzﬁ] + doq (TI‘ ]Olz]olz)2 + dQQ(Tl“ f[zf[])(Tl“ f[zf[])

b-theorem
Wang 2101.12648




4d Boundary or Defect
TMM] p=4 (4717)2 (4 +di J1 + doJa + dzWapeaW ! + da(Wap™)?

+ dsWain; W + dgW iy We' + de Wi W I* 4 ds W W*I*
+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

oi oecd oi o ib
+ dis W PTLI, + dyg W 0, I

@] ) (@] .b
+ d15WaiijZach ’

o 'L o o ’[, o o 'I, o a/b
+ dy WL, Mg 4 dir W, T 410, + dygW e 10, 1T

+ di9'IT ﬁzﬁzﬁjﬁj + dog'IT f[zf[jﬁzﬁ] + doq (TI‘ f[zf[z)2 + dQQ(Tl“ f[zf[])(Tl“ f[zf[])




4d Boundary or Defect
[T'U“'UJ} p=4 (471r)2 ( ~bE, do Jo + dzWapeaW 4 + dy(W,5)?

+ dsWains W + dgW iy We' + de Wi W I* 4 ds W W*I*
+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

o i ocd o i b
-+ d13Waba’bHidﬂ,§ -+ d14Wa’b7;jHZCHJ ‘

@] ) (@] .b
+ d15WaiijZacHJ ’

o 'L o o ’[, o o 'I, o a/b
+ dy WL, Mg 4 dir W, T 410, + dygW e 10, 1T

+ di9'IT ﬁzﬁzﬁjﬁj + dog'IT f[zf[j]olzﬁ] + doq (TI‘ f[zf[z)2 + dQQ(Tl“ f[zf[])(TI‘ f[zf[])

Displacement operator [D*




4d Boundary or Defect
[TM'“’} p=4 (4717)2 ( —bEy+dJ ‘ dsWoapea W + dy(Wep™)?

+ dsWains W + dgW iy We' + dg Wi W™ + dsWoueW 7"
+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

o i ocd o i o b
+ d13Waba’szdﬂg + d14Wab7;j]:[zw]:[J ‘

oi oib
+ d15Waz'ijZacHJ ’

o4 o o4 o o4 o iab
+ dygWL, Tipg + dy7 W, 0T 410 + digW e 1L, I

+ di9'IT ﬁzﬁzﬁjﬁ] + dog'Ir f[zf[jflz]olj + doq (TI‘ ]‘:’[Zf[z)g + dzg(TI‘ f[zﬁj)(Tr f[zf[])




4d Boundary or Defect
[TMM] P=4: (471T)2 ( —b E4 +didh A3 WapeaW P 4 dy (W)

+ dsWains W + dgW iy We' + de Wi W I* 4 ds W s W 7"
+ dgWapW* + dioWiape W™ + diy W ay W + dia Wi W,

oi ocd oi oib oi o
+ di3 WL, 00 + d14WabinZcHJ “+ d15WaiijZacH

7bc

0oj o 04 o o4 o jab
+ dy WL, Mg 4 dir W, T 410, + dygW e 10, 1T

+ di9'IT ﬁzﬁzﬁjﬁj + dog'IT f[zf[jﬁzﬁ] + doq (TI‘ f[zf[z)2 + dQQ(Tl“ f[zf[])(Tl“ f[zf[])

Average Null Energy Condition (ANEC)

R0 = d220




|

T,u

4d Boundary or Defect

d3Wabc Wabcd d (W ab)2

4 L4

+ d5 atb JWaZb] + dGsza W. wac + d7Wz]le 1kl + d8Wa’LJ Wazgk

T d9WabjkW byk + leWzachmbc + dll Wcacdead =+ deWaiajW;bj
o 7bc

o 7bc

+ dyg W T T 4 dyg W T I + dys W11 gl

° 9 ab
+ dy WL Mg + di7 W, baCHbdﬂw +disW i I, I’

+ dyoTr M I T + dooTr T IV + dog (Tt )2 + doo(Tr T ) (Tr 11,

Entanglement Entropy (EE)

spherical region of radius /

centered on the boundary/defect



|

4d Boundary or Defect

4 +dih ‘dgwabc W - dy(Wap™)?

T d5 atb JWaij + dGsza W, wac + d7szlewkl + dSWam Wazgk
+ dgWapjeW* + dioWiape W + diy Wy Wo® + d1oa W0 Wy

+d13Wab HcdH —|—d14W bz]f[ Hjbc 1

d15W ’Lb]]:[ acH
o4 o jab

+ dyi W, g + dir W, baCHdew + dlgwaqﬂabﬂ
+ di9'IT ]OIZ]OIZ]OI Hj + dog'IT H H Hiﬂj + doq (Tr H Hz) -+ dQQ(Tl“ f[zf[])(TI‘ f[zf[])

(d—5)(d—4)

. 46
" d—1

dg ln(f/e) + ...
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Question

Do we get boundary/defect central charges!?
Do they obey monotonicity theorems!?
Do they appear in entanglement entropy!?
Do they appear in stress-energy correlators?

Do they obey bounds!?

and so on...



Outlook

thermal entropy?




Thank You.




