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The Weak Gravity Conjecture

* WGC: A theory with a U(1) gauge group consistently

coupled to gravity must contain a particle that satisfies
m < gqMp;
¥

 Charge-to-mass ratio larger than for extremal BHs

* Gravity as the weakest force
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The Weak Gravity Conjecture

* Super-extremal particle allows BHs to lose charge, as well as

mass, as they evaporate

* In particular, extremal s
\O

black holes can decay
M<Q

»

(from hep-th/0601001)

‘ UV: absence of string counterexamples
* Further evidence

IR: connection tb cosmic censorship
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The Weak Gravity Conjecture

* Magnetic version of the WGC:

Same considerations apply to BHs with magnetic charge

* [f monopole size ~ L : Mimon ™~

A=L"1 < gMp

» At scale A < gMp; : new description/dof to account for

monopoles’ structure
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The Weak Gravity Conjecture

T A nrlere I Tawvrmad T 1 ] 3 1ET=) o fa Har-t ar~fatfalall
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* Ior instance, SU(2) — U(1) through adjoint Higgs

1
= 't Hooft-Polyakov monopoles L ~ —

9f

L' ~mw ~ gf < gMpy

* Magnetic scale might just signal new weakly coupled dof
3

* ‘Sub-lattice’ version: Agg ~ g"*Mp; > gMp, for gk 1

AT Raansa T
denreicn, iVl neece, 1 v
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The Weak Gravity Conjecture

The WGC fits in well with two other constraints believed

to be true of all theories of quantum gravity...

* No global symmetries

A S gMpy Aga ~ g3 Mp,

» Completeness hypothesis
m < gqMpi

Also expected +o hold fov discrete Sywmwmetries
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Discrete Gauge Symmetries

 Can arise after spontaneous symmetry breaking,

e.g. U(1) — Zy due to Higgs field carrying charge NV > 1

» Under the leftover discrete symmetry & —s @, but

UV — ei%w
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Discrete Gauge Symmetries

 Can arise after spontaneous symmetry breaking,

c.g. U(1) — Zy due to Higgs field carrying charge N > 1

* Under the leftover discrete symmetry & —s @, but
Y — T

* In the broken phase: my, m., ~ v
X

* At energies << v discrete symmetry forbids Zn-violating

interactions among light dof
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Discrete Gauge Symmetries

* Local theory contains solitons. In 2 dimensions: vortices

/)
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Discrete Gauge Symmetries

* Local theory contains solitons. In 2 dimensions: vortices

/)

(@) =0~

e In 3 dimensions: flux tubes

(cosmic strings) inside of which

magnetic flux remains confined
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Discrete Gauge Symmetries

* After spontaneous symmetry breaking: electric screening,

magnetic confinement
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Discrete Gauge Symmetries

* After spontaneous symmetry breaking: electric screening,

magnetic confinement

* Not true if discrete Zn subgroup left: long-range
interactions between particles and strings dominated at low

energies by Aharonov-Bohm scattering

* Discrete gauge charge becomes an asymptotic observable
I
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Discrete Gauge Symmetries

* BHs can carry discrete electric charge as hair, which can be

measured from far away

°@

* BHs carrying discrete charge can be subject to the same

type of thought experiments that lead to the WGC

DT 29 71090y 199
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No discrete remnants

Gauge group Zy

1 : unit charge, mass m

Q~N

1

B>m = T<&m
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No discrete remnants

Gauge group Zy

1 : unit charge, mass m

Q~N

1

R>m = T<Km
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No discrete remnants

* Kinematic requirement:

2
M ~ —Aip L 2N «m
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No discrete remnants

* Kinematic requirement:

M2

A/,
A£>J\”"' m-A < £

M ~ e
N

« Same result for gauge group Z2', except now:

Mpy
e
VN
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No discrete remnants

 A: ‘something’ happens that allows BH to lose charge

* Effect of Z charge on BH properties can be studied in a

semiclassical expansion — exponentially suppressed

" Wilczek

* Dvali et al.: A related to physics in the gravitational sector
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No discrete remnants

 A: ‘something’ happens that allows BH to lose charge

* Effect of Z charge on BH properties can be studied in a 4

semiclassical expansion — exponentially suppressed

* Dvali et al.: A related to physics in the gravitational sector
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Discrete WGC

Now:

* Build on intuition that a version of the WGC also applies

for theories with discrete gauge symmetries

* ‘Residual’ of the WGC that survives in the Higgs phase

* Need for discharge reconciled with effect of discrete hair
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Discrete WGC

*fora U(1) gauge theory: two types of asymptotic

observables = two versions of the conjecture.
X

m < gqgMpy A < gMp;
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Discrete WGC

*For a U(1) gauge theory: two types of asymptotic
observables = two versions of the conjecture.
m < gqgMpy A < gMpy
* Absence-of-remnants argument:

M2,

I
m-A <
~ N
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Discrete WGC

*For a U(1) gauge theory: two types of asymptotic
observables = two versions of the conjecture.
m < gqgMp; A < gMpy
* Absence-of-remnants argument:

M2,

m-A <
~ N

 for Zy gauge symmetry: magnetigflux confinement =-

no magnetic charge can be measured asymptotically.
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Discrete WGC

* Equivalent description of Z gauge theory at low energies:

two U(1) gauge groups coupled through a topological term.

U(1)a: l-form A, F = dA

U(l)p: 2-form B, H = dB

1 1 N oo
_WHﬂVPH”Vp — g P B — —e"" B Foo

L=
442 8

QOoONITNEN
9201059

Xiv:1011.8120
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Discrete WGC

U(1)4 — point particles.

* Objects with electric charge {

U(1)B — strings.

Wa(C,q) = exp (iq i A) Wg(S, k) = exp (mé B)

q.k € Z
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Discrete WGC

* Relation to an Abelian Higgs model:

1 1 N
c=—Lm, mv g, pw N wep o

19 =€ 4 S
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Discrete WGC

* Relation to an Abelian Higgs model:

‘C s 12 H'U'VPH.(.LV'() 4 F'U’VF,(LV

NG ome
=IO A, —

127
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Discrete WGC

* Relation to an Abelian Higgs model:

1 wp 1 v
ﬁ — 7EH#VPH,( P — iF‘uuF"

Ngf vpo 1 vpa
4 ——gH¥P H,u-ypAcr — 6995'” 3 aptHVpO'

127

_Ngt ,

* Egs. of motion: H = — x (dy -

)

1 s 3 Ngf
L = 7ZFF“/F# = 5(8“},9 = ?Au)z

* Low energy limit of Abelian Higgs model, with v =
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Discrete WGC

Abelian Higgs
Vla x 0l wodel ”
cosmic string threaded by

Strings Wi g1 eharge & k units of magnetic flux

U(1)p electric charge Scalar field vorticity

U(1)p gauge coupling f Higgs vev v = /

2
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Discrete WGC

*In the U(1)4 x U(1)p picture, two types of electric charge

than can be measured asymptotically

what 1§ we 3pply the wace to both u(l)s ?
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Discrete WGC

*In the U(1)4 x U(1)p picture, two types of electric charge

than can be measured asymptotically

what i§ we 3p7Ply the w&c to both u(l)s ?

m < gMpy Ts S fMp
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Discrete WGC

*In the U(1)4 x U(1)p picture, two types of electric charge

than can be measured asymptotically

what i§ we 3??\\’ the wé&ce +o both u(l)s ?

m < gMpy Ts S fMp

* In an Abelian Higgs UV-completion:
J ey
T & 4

as 1/N
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Discrete WGC

*In the U(1)4 x U(1)p picture, two types of electric charge

than can be measured asymptotically

what i§ we 3??\\’ the w&ce +o both u(l)s ?

m < gMpy Ts S fMpy

* In an Abelian Higgs UV-completion:

.
/ <« Mpi
m< ——
TS s 'U2 . N

gS1/N
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Discrete WGC

» Gauge group Zé\r — N copies of U(1)4 x U(1)p

, G Remmer

gMpy T < fMpy
VN "~ VN

ms

I
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Discrete WGC

» Gauge group Zé\r — N copies of U(1)4 x U(1)p

L Lheung, r Remmer

gMpy T < fMpy

VN NN

m <

* UV-completion into N copies of an Abelian Higgs model:
f~uo
,I‘s & /02

g51/2n~1
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Discrete WGC

* Consistent with BH-decay arguments if we identify A ~ v

* Suggestive that a residual of the WG 1s left in the Higgsed

phase of continuous gauge theories
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Discrete WGC

* Consistent with BH-decay arguments if we identify A ~ v

* Suggestive that a residual of the WGUC 1s left in the Higgsed

phase of continuous gauge theories .

* Is UV-completion into an Abelian Higgs model enough to

allow BHs to lose their discrete charge?
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BHs with Discrete Charge

* Effect of discrete charge can be studied semiclassically using

Euclidean path integral

* Leading effect of discrete gauge charge on BHs:

—— /'// ;
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BHs with Discrete Charge

* Euclidean BH is topologically R* x S=:
2 _ {1+ 2 TN T 2 202
ds? = (1- ) ar? + (1- ) dr? + 120
2

~ f—zdﬁ + dp? + r2 Q2 p(r=ry)=0
T+

7 angular coordinate on plane, period g = 47ry
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BHs with Discrete Charge

* Euclidean BH is topologically R* x S:

. ) -1
ds? = (1= ") ar?+ (1-7F) @

1 T

o

~ dr® + dp? + rid’
T+

* 7 angular coordinate on plane, period g = 4mry .

* Fuclidean BH background supports vortex solutions:

A

(@) = 0\‘

r — 7 plane
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BHs with Discrete Charge

* Need to sum over different vorticity sectors:

ZPN k(8,Q)

k=—c0

Pirsa: 20030118 Page 43/59



Pirsa: 20030118

BHs with Discrete Charge

* Need to sum over different Vorticity sectors:

ZeN k(8,Q)

k=—0c0

)‘1 _ AR Bn [1 o (%N@)] ",
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BHs with Discrete Charge

* Need to sum over different vorticity sectors:

Bee i 2k
ZB,Q) ~ > "7 Zi(B,Q)

k=—o00

2(8,Q)
log ( Z(6)

)_1—5AF(@Q)22[

* Non-zero expectation value of radial electric field

(E,(r)) ~ sin (?) Frp(r)e= 25
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* Two regimes:

thin-StI‘ing rymy > ] S Coleman, J Preskill, F Wilczel

thick-string rym, < 1 166 o
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* Two regimes:

thin-string  rym, > 1

" Dowker, R Gregory, J Traschen

thick-string rym, < 1 1ce

* In the thin-string limit:

AS, ~ 4%7’?}_ T ~ (2
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BHs with Discrete Charge

* Semiclassical expansion breaks down for small BHs —

when AS, = 0(1)

* for ¢gN <1 this happens as we approach the thick-string
limit

-1
?"_,_SU

X
* Effect of discrete hair potentially unsuppressed — as well as

electric field outside event horizon!
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Discrete WGC

V Craig, IGG, S Koren — arXiv:1812.0818]

* Applying the WGC to theories with discrete gauge groups
consistent with absence-of-remnant arguments + our

knowledge of properties of discrete BH hair

* WGC as applied to both U(1)4 x U(1) important

* Precludes thg limit of a U(1) global symmetry by taking

N — oo while keeping gN fixed
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The Swampland Program

* Not all EFTs that are semiclassically consistent can be

consistently coupled to gravity.

* Basic idea: identify conditions

for ‘landscape membership’.

* Hope: Powertul discriminator
as applied to EFTs.

.

Swampland

(from hep-th/0601001)
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The Swampland Program

* WGC as applied to EF1s constrains:

Models of inflation involving super-

Planckian field ranges
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The Swampland Program
(from arXiv: 140{‘73.6?{4.5)

Limits on a B-L force

with Dirac neutrinos

|
-4
o

Casimir

=
=)
(o))
Q
-]

I
-
O

0
LogplM/eV]

A S_; Q‘B_.L]\ffpg S_; 1 keV
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The Swampland Program

* WGC as applied to EF1s constrains:

Models of inflation involving super-

Planckian field ranges

Forbid gauging of certain symmetries...

c.g. U(l)B_.L

I
Parametrically light massive photons with

Stuckelberg masses.
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Naturalness in the Swampland

The WGC sets upper bound on a mass scale... could it explain

the hierarchy between the weak scale and the Planck scale?

* Gauge U(1)p_; and impose super-extremality condition on

neutrinos

h
* Requires an extra U(1) factor + charged matter that gets

some mass from EWSB
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Naturalness in the Swampland

* Theory with a parametrically large number of discrete
symmetries Zj5 cannot have a parametrically large cutoff

A Mp,
W UN

e.g. if N ~10%? then Aqg ~ 100 GeV

Pirsa: 20030118 Page 55/59



Naturalness in the Swampland

* Theory with a parametrically large number of discrete

symmetries Z5 cannot have a parametrically large cutoff

e.g if N ~10°? then Aqg ~ 100 GeV

* Theory with a parametrically large discrete symmetry Zy

can have high cutoff, but at least one particle must be light

M
A~ Mp mS =

e.g. U(l)p_r — Zn with N ~ 10%®
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Naturalness in the Swampland

* Imposed on neutrinos:

If N ~10%, then m, <0.1eV

* If neutrinos get Dirac masses from the SM Higgs, then:

Mpy

UsMm 5
YN

My = YpUsSM N
I

Correct value of the weak scale for v, ~ 10712
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Naturalness in the Swampland

* Theory cut-off still ~ Mp;, and Higgs mass-squared

parameter still quadratically sensitive to higher scales

* Not a solution to the hierarchy problem, rather an
I
explanation of why nature 1s fine-tuned

* Doesn’t work 1f (neutrinoless) double beta decay observed
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Conclusions

* Evidence that WG C more general than ‘gravity is the

weakest force’

* Low cutoffs/light states mandated by the WGC whenever

an approximate global symmetry is realized
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