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‘| wanted to quit physics,
but then | learned EFT
and everything started to make sense”

-Nima Arkani-Hamed-

‘| am a particle physicist: >
| think in terms of EFT all the time” -
.

-Gia Dvali-

“Effective Field theory: the single most powerful organising
principle in the zoo of quantum field theories.”
-Slava Rychkov-
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‘| wanted to quit physics, R
but then | learned EFT
and everything started to make sense” B
(m,s) =(0,%£2) = JgR+... |R
-Nima Arkani-Hamed-
...but

= physicist:
-FT all the time”

A

“Effective Field theory: the single most powerful organising
principle in the zoo of quantum field theories.”

"

-Gia Dvali-

-Riccardo Rattazzi-

S

-Slava Rychko_\/—
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SWAMPLAND PROGRAM

What'’s the landscape of consistent EFTs?

‘energy

uv
QG/strings what defines the boundary?

J/

» Not every IR theory can be embedded in a consistent UV-theory
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WEAK GRAVITY CONJECTURE

N. Arkani-Hamed, L. Motl. A. Nicolis, C. Vafa hep-th/0601001

in any QG theory that reduces to
gravity+U(1) gauge theory in deep IR M

1 0 / 1 (7. > NIV
. 3 state with € V2Mp;

graviton and photon
the only massless particles
(e.g. our universe)

() = ¢ -y = charge x gauge coupling

“gravitational attraction is weaker than U(1) repulsion force
for certain states in the spectrum”
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WEAK GRAVITY CONJECTURE

in any QG theory that reduces to
gravity+U(1) gauge theory in deep IR M

] n ,‘ (7. ::,7
—» ( I state with Q> =

graviton and photon

the only massless particles

(e.g. our universe) :
: () = ¢ - g = charge x gauge coupling

“gravitational attraction is weaker than U(1) repulsion force
for certain states in the spectrum”

it looks beyond EFT reasoning:
as g—>0 the theory should get better, not break down
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WGC MOTIVATIONS: |

» No exact Global Symmetry in QG

ﬂ Mp Schwarzschild Bm

L]

\ Gqglobal J
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WGC MOTIVATIONS: |

./

G

* No exact Global Symmetry in (

Schwarzschild Bm

\ Yqglobal j

M ~ 10M v yloo
e.g. g~ 10 100 » N~ s

\/“3."\ fm

“ban of cheap tricks”

WGC: Q| >

f Reissner-Nordstrom Bm
Mpn

&>

extremality

K (c)_n;uu_q.- /

\N
N Y Yqlobal
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WGC MOTIVATIONS: |l

e avoid infinitely many stable remnants unprotected by symmetry

o A

RN-BH
1 /'\extremallty extremal BH
4

—s» Hawking evaporation

4 # decay product

h
H
\Ne—®
\
\

—_—
m;
/ ‘..-{_\”'J \‘ mri'h| . .U“” \‘ i Mpun
. rad = 4 |Qrn -~
Mpr Qpn ; —
P kinematically forbidden

extremal BH
decay products
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WGC MOTIVATIONS: Il & IV

Nno counter-example from string theory compactifications

....but 10°"Y vacua, hard to extract general lessons

....in retrospect, see our proof
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WGC PROOF: STRATEGY

“existential statement”
M

state wit Q| > —— put forward a natural candidate
J state with Q] T3

we know is in the spectrum

( Extremal Black HolesD

ition Qpu = Mpu true only asymptotically, the least irrelevant operators dominant

N — 1 o
\ 5 /rf‘,\- “( 5 R I." ..

QT
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WGC PROOF: STRATEGY

“existential statement’
M

J state with Q| > ——— put forward a natural candidate
‘ l \ﬁﬂfm

we know is in the spectrum

( Extremal Black HolesD

Qun = Mpn , the least irrelevant operators dominant

R P — V7 1.
\ 5 / d*r v i 5 R 1 F<+ ..
+ Muu Qpn + e Mun Qun -)

[ Fyrau Fearl

QL
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REFINED EXTREMALITY

Irf 9 (Y9 (v ) ) o
] - 7! f } el R l I,"’ I‘ PI‘ JTll JLrper
v I r l\-lrfli( } .1.1!!1”( ] + ')‘[f)’r H il +

Maxwell-Einstein EFT: £ =

QIV2 Y A,
M/Mpi | 5 M?2 :

Y. Kats, L. Motl, M. Padi hep-th/0606100
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REFINED EXTREMALITY

l..

Maxwell-Einstein EFT: £ = ;rh,,,” (R P2 4 2 (B PP 4 = P FpgWHPe
45T AN, AN, 202,
/’I —\\ | S——
M QIV?2 bt 20
l ;‘1[/;‘1.{]-1 v 5 M2 - '

Y. Kats, L. Motl, M. Padi hep-th/0606100

proof reduces to show | 2a; — a3 >0

Qr_/

how to show that certain Wilson coefficients are always positive?
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REFINED EXTREMALITY

MF, .

, X I B
Maxwell-Einstein EFT: £= —=R - jf‘;;,, +

ﬂﬂ[ \ (W) ~

ey 2
ntl ) 1

(F )% 4 Fur Fpe W7 4

‘v 'f4'”_} %) (Y 'l,
4M}, W AM 2ME,

;‘1!/;‘1!]'1

Y Kats, L. Motl, M. Padi hep-th/0606 100

proof reduces to show | 2ap — a3 > 0

@

how to show that certain Wilson coefficients are always positive? JEEEgleo1(Ve S oTe S (14
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UV-IR CONNECTION: POSITIVITY

lAnalylic;ity, Crossing, Unitarity, Locality ]

— schematically

(e ‘ o

J0

RS

o3 T12—anything (s) > ()‘

/ . O' i ” 1|q3€” UV-side
5-pl /

s”-terms are strictly positive

Adams, Arkani-Hamed, Dubovsky, Nicolis, Ratlazzi hep-th/0602178

r'!
e BB 160506111
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UV-IR CONNECTION: POSITIVITY

1 3
M [/\nalyli(:ily, Crossing, Unitarity, Locality ]
2 al

’LP T

paradigmatic example

schematically

M (2

= 2)‘ —— / dh(}'l-) , Mt (S) S (]
IR 3 2—anything\®) -
J0

s

IR-side

Adams,

BE 1605

t

UV-side

s”-terms are strictly positive

f n] 1
06111

Arkani-Hamed, Dubovsk

v, Nicolis, Rattazzi hep-th/0602178

R U
l'sr » 7+ const L= ,)(t)ﬂﬂ)" i

.'& |

(Dum)* + ..

—~P» M(rr = ar)(s,t =0) = cs? —P ¢
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POSITIVITY: APPLICATIONS

Komargodski Schwimmer 1107.3987

Luty, Polchinski, Rattazzi 1204.5221

Goldstini R-axion
Dine Festuccia Komargodski 0910.2

Bellazzini 1605.06111 ; Quantum Gravity

] ! - I
Bel ! | Harmex

lazzini, Mariotti Redigolo Sala 1702.02152 Adams, Arkani
Galileon & massive gravity

Cheung, Remmen 1601.04068

Bellazzini 1605.06111

fly 42 ; 1702 NKIAIL T " -y ¢ . N o
ey, £nou 17020651 Bellazzini Riva Serra Sgarlata 1903.08664

Mel

Bellazzini Riva Serra Sgarfata 1710.02539
Bellazzini, Serra, Lewandowski 1902.03250 Gauge Boson scattering
Falkowsk! Rychkov Urbano 1202 1532

Distler, Grinstein, Porto, Rothstein hep-ph/0604255
{ow Rattazzi Vichi 0907 5413
153 Remmen Rodd 1908.09845

Zhou Zhang 1808.00010

» g
merr!

ndrasekaran,

and many others...
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e ————— ol _ " e " 2
- £ S T (\1 — .[{1 /;_(1;”!)& _+_ ”2 — ([_‘1 ;.[."1“”“)
1672 A1 Fa ' [672A4 \7 1
/.

linear polarization basis

M(115 1) = [nf2a, s*
. s . P .
ML 1) = [n|70s 7 ay >0

(Y \{]
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t)".l ()".1 iy 2
1YL nl 1YL L
o 1grrpt FuF*)" + a2 (Fu )
)

272
linear polarization basis -
e ) 9 ) fll \"‘ {]
M(TT5 11) = [n|7aq s° 0 :
,_ L. —» < 0 almost what we want!! | 2a; — a3 >0
M(TL: 1)) = [n]700 s* ez > U

ﬂff‘] [ (a3

L==HR—-F + ——(Fu,F")+ Fu P 4 - Bl Fpa W7 .
o T gt T g ) m,‘,( e 1)’ T ongz, ke +
/
M 1) = ~ + regular terms
I Mt - o q—0 q—0
-1‘ ['”
M(T): 7)) = ——5— + regular teris ! \ hjo \

M2,
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4 4 i

e ) o € = s
(3.3 Wy F, ,Fm) +(12‘7‘(1~4.LP“:’)
“}Tr'}'[\l ( i ’ I(UT“}]\] Lt
y
| ??
linear polarization basis .
¢ \ 9 o >
VI(TT Wt): |'N|“r1|.~."' ] - |
' 2 2 TP ~ 0 almost what we want!! | 2a; — a3 >0
M(TL: 1)) = [n|700 s* vy > (]
[’" = ﬂ{f‘] R - l}‘d + H—I(}“ 1""”‘)3 - —H_, ("\ [“JH-’)'J i g3 F. F H»ﬂr-‘pn i
2 |- ,l.”,l», v ) 1‘_”11," s j —25”;;“),; vt por i

M 1) = S regular terms
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REGULATE THE FORWARD SCATTER.

< an IR singularity,
: 8 qg—0 q—0 : - -
M(forward) = — —— + ... '/‘\W F\J‘\A i.e. volume divergence,
ﬂ[},,f '\ \

il s graviton probing arbitrarily large space

how to regulate it
and extract bounds at finite Mpl?
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REGULATE THE FORWARD SCATTER.

an IR singularity,

‘2

- 8~ qg—0 q—0 : _ .
M(forward) = — —— + ... " d e V(J-Iurne d‘lvergenc,e,
Mg, t A . \ graviton probing arbitrarily large space
4D flat space 31 flat space

how to regulate it

and extract bounds at finite Mpl? e space — ’7
L

v
~td

.’

ds3[gmn] = €7ds3[g,,] + €77 (dz + V, dz*)

2

Apdz™M = A, dxt + ddz
1 L

¥ ] ]

Z !'|{_|! 1 -clof 1 -dof
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REGULATE THE FORWARD SCATTER.

an IR singularity,

£

- 8~ q—0 q—0 : : ‘
M(forward) = ——— + ... ” 1 i.e. volume divergence,
M, t e\ \ graviton probing arbitrarily large space
40 Har space 3D lat space
how to regulate it
and extract bounds at finite Mpl? - s
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a7 " gy 2 A R ) Z2-A0T1 I
F2 4 2(00)%)° 4 g d)? X [
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FORWARD AMPLITUDES

short-distance: recover 4D

2
—_8

s* l q =0 ! ’ AV A L* <t <s < Mp
.-‘\/I;HJU L 8) = [ + - ’f”;-;{-'

T4 s2/(IGLEML) M2, L [ AAAl t=

! l i
Ciataloni ‘92, Deser McCarthy, Steif ‘94 , 't Hooft ‘88, ... ¥+ An const t<«1/L°
long-distance: regular
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FORWARD AMPLITUDES

short-distance: recover 4D

2
—_8=

“‘, ] q 0 A2 l,f"J I—“: < / K 5K ‘ljfril
.-‘\/I;;;)(f L 8) = kﬁ ﬁ’ +...= "'1!]71-'

o+ s2/(16L2ML) MR L | e | *RAA =

! t
Ciafaloni ‘92, Deser McCarthy, Steif ‘94, 't Hooft 88, ... ¥+ Au const t<1/L"
long-distance: regular

\/  Lul e
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FORWARD AMPLITUDES

short-distance: recover 4D

s2 ] q—0 TATFOT 1/ Pl s< ,'Uf,,
Mip(t < 5) = - { . haA (N7 L

t+s2/(16L2M %) M3, L [ By AAA T =

[ i i
Cratalon ‘82, Deser McCarthy, Steif '94 t Hooft ‘88 ¢, ll’ (‘()llh‘l l < ]/I';
long-distance: regular

¢ A, '
AV E7 B I o

- - - = " ')

/\ !(T i ;\!f)i]\_(l‘ (Y

H

\/_\/ . s o 2a A=

_ o us 2" og —
/N AN\ T g I S
|\ [H=continity

just (positive) running! IR -~ Discontinuity
[trivial WGC for asymptotically large BH's] KR =Hareshol production

%
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BLACK HOLE WGC

. H .1[% l 3 (& ) [R5 .3 rrhsy D (8521 * 1L DT
Maxwell-Einstein EFT. £ = =R — ~F2 + —— (Fu F")? + — (B ") + ——5F F. W7 + ...
2 AT A AN}, 203,
1.0 T - T
positivity bound @ ~A
0.5

-0.5¢

~1.0b— - : . .
04 -02 00 02 04

(e8]
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BLACK HOLE WGC

Maxwell-Einstein EFT: £ = =2LR — —F2 + ——(F F")? + — (Fu F"™)? + ——5 Fu Fpa WP 4 ..
2 A7m T aME; AN}, M3,
1.0 - T - T
positivity bound @ ~A
Qlv2 : 1 (dm)2 MG, 0.5
M/Mp g P E R

-0.5¢

IQ‘VJ MO T 02 00 02 o4

i
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BLACK HOLE WGC

(Fl FI'™)? 4 = B F WP 4

My 1
A0, 207,

Maxwell-Einstein EFT. £ = = ) YT 4

L,
A, E

F3, +

1.0— - - -
ﬁ positivity bound @ ~ A

2 H 4 (dm)2ME, . 0.5
GRSV
ertr.

-0.5¢

a3

|QTJ 0TS T 02 00 02 o4

extr. BH’s live on the lower curve, do satisfy WGC |Q|>M (are self-repulsive)

and are unstable to decay to smaller ones!
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CONCLUSIONS

- Not all EFTs are created equal: some are born in the swampland
(UV-progenitors break either unitarity, causality, Lorentz of scattering amplitudes)

Regulating the coulomb sing. we derived new positivity bounds in gravitational
theories:

extremal Black holes actually have |QI=M once higher-dim. operators included
they are self-repulsive and unstable

. provide explicit state obeying the WGC
trivialising the WGC, devoided of predicting powers, just EF T+causality+unitarity

Other applications: can rule out bunch of EFT used in cosmology
(e.g. Galileons cutoff~ 1/(10A7 km), massive gravity,...)
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