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Building a theory.

Effective theory/theories. Full quantum gravity
and our universe.

Different pieces of the effective theories fit together 
(self-consistently).

But, are all of these self-consistent chunks part of the 
whole picture?

Do we really need all of these pieces?



Building a theory.

Effective theory/theories. Full quantum gravity
and our universe.

It is helpful to let the gross features of the full theory inform
the way effective theories are put together and vice-versa!

Let’s try to eliminate some of the pieces!



Pitfalls in effective theories.

• Not every self-consistent effective theory need be a low energy limit of a 

real theory of quantum gravity. Some “bad” effective theories:

• Infinite volume moduli space.

• Arbitrarily large rank gauge groups. 

• Potentials below the Great Divide.

• Theories not satisfying the AMNV bound..... and many more

“Bad” = Not realized in a candidate theory of quantum gravity (i.e. string 
theory), and/or has pathological semi-classical effects.

Vafa’s finiteness criteria.



• Constructing “informed” effective theories is not as hard as 

constructing full quantum gravity, but contains some of its elements.

• We may get some clues as to what the full theory is.

Why do we care?



• Constructing “informed” effective theories is not as hard as 

constructing full quantum gravity, but contains some of its elements.

• We may get some clues as to what the full theory is.

Why do we care?

• The string theory landscape is an effective theory full of inconsistent 

pieces: “Swampland.”

• We may be able to reduce            states to something more 

reasonable.

• Implications for testing string theory (i.e. using statistics of the 

landscape, eternal inflation, etc.).
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Focus for today.

Why is gravity the weakest force in our universe?

(The A(rkani-Hamed)M(otl)N(ichols)V(afa) bound.)

Is it always the weakest force?

(Seemingly, yes!)



m ≤ e mp

The AMNV Bound

• AMNV claim that:

1) There has to be a light charged particle with

e ≥
m

mp

This is a bound on the gauge 
coupling!



m ≤ e mp

The AMNV Bound

• AMNV claim that:

1) There has to be a light charged particle with

Λ ≤ e mp

2) The effective gauge theory breaks down at a scale 

(2 is a consequence of 1)

e ≥
m

mp

This is a bound on the gauge 
coupling!
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The AMNV Bound

Monopole mass must be at least:
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The AMNV Bound

Monopole mass must be at least:

gmag =
1

gel
≥

Mmonopole

mp
→ Λ ≤ gel mp

Now, use the AMNV bound to define the cutoff 



The AMNV Bound

Why do we expect the AMNV bound to be true?

• Charged black holes can have entropy larger than their 
Bekenstein-Hawking entropy.

• Charged black holes cannot evaporate completely, and form 
planck-sized remnants.

• These “particles” violate entropy bounds.

• Dominate the phase space of thermodynamic systems.

If it is not true, then:



The AMNV Bound

Why do we expect the AMNV bound to be true?

• Charged black holes can have entropy larger than their 
Bekenstein-Hawking entropy.

• Charged black holes cannot evaporate completely, and form 
planck-sized remnants.

• These “particles” violate entropy bounds.

• Dominate the phase space of thermodynamic systems.

If it is not true, then:

A rule appears: 
Charged black holes should be able to evaporate.

Gravity is the weakest force!
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coupling between the conserved charge and a gauge field. However there is a clear sense in
which there is not in fact a discontinuity. Measurements of charge are done by performing
scattering experiments and are ultimately limited by the energy and momentum resolution
of detectors. As the gauge coupling is taken to zero for fixed resolution, larger and larger
integer charges will become unobservable. Roughly speaking, a change of charge will have
to be o(1/e) in order to be detectable. (Recall that for electromagnetism in the real world,
1
e ∼ 3). In our discussion of entropy below, we will be referring to ensembles with charge
uncertainty of this order.

3 Black-holes and U(1) gauge symmetries.

The Classical Einstein-Maxwell theory

S =
1

16πG

∫
√

gR−
1

4e2

∫
√

gF2 (3.1)

has the Reissner-Nordstrom (RN) solution of an electrically charged black hole in 4 dimen-
sions

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

2, A =
e2Q

r

with f(r) = 1 −
2GM

r
+

Ge2Q2

r2
and F = dA.

(3.2)

Here M is the ADM mass and Q is the integral charge quantized in units of e. The BH
(outer) horizon lies at

r+ = GM +
√

(GM)2 − Ge2Q2. (3.3)

This solution is generally believed to make sense physically (i.e. obey Cosmic Censorship)
only when

(GM)2 ≥ Ge2Q2 ⇔ M ≥ eQmp (3.4)

where we have been cavalier about order one coefficients in denoting mp ∼ 1/
√

G. Notice
that the horizon is always of order M , namely

GM ≤ r+ ≤ 2GM. (3.5)

The extremal RN BH saturates the inequality in Eq. 3.4. This extremality bound can
be understood physically by neglecting the effects of gravity, and finding the energy stored
in the electric field resulting from bringing a charge Q in from infinity to r = r+ ∼ GM

EQ =
1

e2

∫ r+

0

( e2Q
4
3πr3

+
)4
3πr3 · ( e2Q

4
3πr3

+
)4πr2dr

r
∼

e2Q2

GM
. (3.6)

We now require that the actual BHs mass should at least account for this energy

M ≥
e2Q2

GM
⇒ M ≥ eQmp, (3.7)
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coupling between the conserved charge and a gauge field. However there is a clear sense in
which there is not in fact a discontinuity. Measurements of charge are done by performing
scattering experiments and are ultimately limited by the energy and momentum resolution
of detectors. As the gauge coupling is taken to zero for fixed resolution, larger and larger
integer charges will become unobservable. Roughly speaking, a change of charge will have
to be o(1/e) in order to be detectable. (Recall that for electromagnetism in the real world,
1
e ∼ 3). In our discussion of entropy below, we will be referring to ensembles with charge
uncertainty of this order.

3 Black-holes and U(1) gauge symmetries.

The Classical Einstein-Maxwell theory

S =
1

16πG

∫
√

gR−
1

4e2

∫
√

gF2 (3.1)

has the Reissner-Nordstrom (RN) solution of an electrically charged black hole in 4 dimen-
sions

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

2, A =
e2Q

r

with f(r) = 1 −
2GM

r
+

Ge2Q2

r2
and F = dA.

(3.2)

Here M is the ADM mass and Q is the integral charge quantized in units of e. The BH
(outer) horizon lies at

r+ = GM +
√

(GM)2 − Ge2Q2. (3.3)

This solution is generally believed to make sense physically (i.e. obey Cosmic Censorship)
only when

(GM)2 ≥ Ge2Q2 ⇔ M ≥ eQmp (3.4)

where we have been cavalier about order one coefficients in denoting mp ∼ 1/
√

G. Notice
that the horizon is always of order M , namely

GM ≤ r+ ≤ 2GM. (3.5)

The extremal RN BH saturates the inequality in Eq. 3.4. This extremality bound can
be understood physically by neglecting the effects of gravity, and finding the energy stored
in the electric field resulting from bringing a charge Q in from infinity to r = r+ ∼ GM

EQ =
1

e2

∫ r+

0

( e2Q
4
3πr3

+
)4
3πr3 · ( e2Q

4
3πr3

+
)4πr2dr

r
∼

e2Q2

GM
. (3.6)

We now require that the actual BHs mass should at least account for this energy

M ≥
e2Q2

GM
⇒ M ≥ eQmp, (3.7)
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The Reissner-Nordstrom solution

Charged black hole from Einstein-Maxwell theory:
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coupling between the conserved charge and a gauge field. However there is a clear sense in
which there is not in fact a discontinuity. Measurements of charge are done by performing
scattering experiments and are ultimately limited by the energy and momentum resolution
of detectors. As the gauge coupling is taken to zero for fixed resolution, larger and larger
integer charges will become unobservable. Roughly speaking, a change of charge will have
to be o(1/e) in order to be detectable. (Recall that for electromagnetism in the real world,
1
e ∼ 3). In our discussion of entropy below, we will be referring to ensembles with charge
uncertainty of this order.

3 Black-holes and U(1) gauge symmetries.

The Classical Einstein-Maxwell theory

S =
1

16πG

∫
√

gR−
1

4e2

∫
√

gF2 (3.1)

has the Reissner-Nordstrom (RN) solution of an electrically charged black hole in 4 dimen-
sions

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

2, A =
e2Q

r

with f(r) = 1 −
2GM

r
+

Ge2Q2

r2
and F = dA.

(3.2)

Here M is the ADM mass and Q is the integral charge quantized in units of e. The BH
(outer) horizon lies at

r+ = GM +
√

(GM)2 − Ge2Q2. (3.3)

This solution is generally believed to make sense physically (i.e. obey Cosmic Censorship)
only when

(GM)2 ≥ Ge2Q2 ⇔ M ≥ eQmp (3.4)

where we have been cavalier about order one coefficients in denoting mp ∼ 1/
√

G. Notice
that the horizon is always of order M , namely

GM ≤ r+ ≤ 2GM. (3.5)

The extremal RN BH saturates the inequality in Eq. 3.4. This extremality bound can
be understood physically by neglecting the effects of gravity, and finding the energy stored
in the electric field resulting from bringing a charge Q in from infinity to r = r+ ∼ GM

EQ =
1

e2

∫ r+

0

( e2Q
4
3πr3

+
)4
3πr3 · ( e2Q

4
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+
)4πr2dr

r
∼
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GM
. (3.6)

We now require that the actual BHs mass should at least account for this energy

M ≥
e2Q2

GM
⇒ M ≥ eQmp, (3.7)
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coupling between the conserved charge and a gauge field. However there is a clear sense in
which there is not in fact a discontinuity. Measurements of charge are done by performing
scattering experiments and are ultimately limited by the energy and momentum resolution
of detectors. As the gauge coupling is taken to zero for fixed resolution, larger and larger
integer charges will become unobservable. Roughly speaking, a change of charge will have
to be o(1/e) in order to be detectable. (Recall that for electromagnetism in the real world,
1
e ∼ 3). In our discussion of entropy below, we will be referring to ensembles with charge
uncertainty of this order.

3 Black-holes and U(1) gauge symmetries.

The Classical Einstein-Maxwell theory

S =
1

16πG

∫
√
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1

4e2

∫
√

gF2 (3.1)

has the Reissner-Nordstrom (RN) solution of an electrically charged black hole in 4 dimen-
sions

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

2, A =
e2Q

r

with f(r) = 1 −
2GM

r
+

Ge2Q2

r2
and F = dA.

(3.2)

Here M is the ADM mass and Q is the integral charge quantized in units of e. The BH
(outer) horizon lies at

r+ = GM +
√

(GM)2 − Ge2Q2. (3.3)

This solution is generally believed to make sense physically (i.e. obey Cosmic Censorship)
only when

(GM)2 ≥ Ge2Q2 ⇔ M ≥ eQmp (3.4)

where we have been cavalier about order one coefficients in denoting mp ∼ 1/
√

G. Notice
that the horizon is always of order M , namely

GM ≤ r+ ≤ 2GM. (3.5)

The extremal RN BH saturates the inequality in Eq. 3.4. This extremality bound can
be understood physically by neglecting the effects of gravity, and finding the energy stored
in the electric field resulting from bringing a charge Q in from infinity to r = r+ ∼ GM

EQ =
1

e2

∫ r+

0

( e2Q
4
3πr3

+
)4
3πr3 · ( e2Q

4
3πr3

+
)4πr2dr

r
∼

e2Q2

GM
. (3.6)

We now require that the actual BHs mass should at least account for this energy

M ≥
e2Q2

GM
⇒ M ≥ eQmp, (3.7)
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coupling between the conserved charge and a gauge field. However there is a clear sense in
which there is not in fact a discontinuity. Measurements of charge are done by performing
scattering experiments and are ultimately limited by the energy and momentum resolution
of detectors. As the gauge coupling is taken to zero for fixed resolution, larger and larger
integer charges will become unobservable. Roughly speaking, a change of charge will have
to be o(1/e) in order to be detectable. (Recall that for electromagnetism in the real world,
1
e ∼ 3). In our discussion of entropy below, we will be referring to ensembles with charge
uncertainty of this order.

3 Black-holes and U(1) gauge symmetries.

The Classical Einstein-Maxwell theory
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∫
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1
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has the Reissner-Nordstrom (RN) solution of an electrically charged black hole in 4 dimen-
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2, A =
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with f(r) = 1 −
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+

Ge2Q2
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and F = dA.
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Here M is the ADM mass and Q is the integral charge quantized in units of e. The BH
(outer) horizon lies at

r+ = GM +
√

(GM)2 − Ge2Q2. (3.3)

This solution is generally believed to make sense physically (i.e. obey Cosmic Censorship)
only when

(GM)2 ≥ Ge2Q2 ⇔ M ≥ eQmp (3.4)

where we have been cavalier about order one coefficients in denoting mp ∼ 1/
√

G. Notice
that the horizon is always of order M , namely

GM ≤ r+ ≤ 2GM. (3.5)

The extremal RN BH saturates the inequality in Eq. 3.4. This extremality bound can
be understood physically by neglecting the effects of gravity, and finding the energy stored
in the electric field resulting from bringing a charge Q in from infinity to r = r+ ∼ GM

EQ =
1

e2

∫ r+

0

( e2Q
4
3πr3

+
)4
3πr3 · ( e2Q

4
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+
)4πr2dr
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∼
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GM
. (3.6)

We now require that the actual BHs mass should at least account for this energy

M ≥
e2Q2

GM
⇒ M ≥ eQmp, (3.7)
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coupling between the conserved charge and a gauge field. However there is a clear sense in
which there is not in fact a discontinuity. Measurements of charge are done by performing
scattering experiments and are ultimately limited by the energy and momentum resolution
of detectors. As the gauge coupling is taken to zero for fixed resolution, larger and larger
integer charges will become unobservable. Roughly speaking, a change of charge will have
to be o(1/e) in order to be detectable. (Recall that for electromagnetism in the real world,
1
e ∼ 3). In our discussion of entropy below, we will be referring to ensembles with charge
uncertainty of this order.

3 Black-holes and U(1) gauge symmetries.

The Classical Einstein-Maxwell theory
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2, A =
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with f(r) = 1 −
2GM

r
+

Ge2Q2
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and F = dA.

(3.2)

Here M is the ADM mass and Q is the integral charge quantized in units of e. The BH
(outer) horizon lies at

r+ = GM +
√

(GM)2 − Ge2Q2. (3.3)

This solution is generally believed to make sense physically (i.e. obey Cosmic Censorship)
only when

(GM)2 ≥ Ge2Q2 ⇔ M ≥ eQmp (3.4)

where we have been cavalier about order one coefficients in denoting mp ∼ 1/
√

G. Notice
that the horizon is always of order M , namely

GM ≤ r+ ≤ 2GM. (3.5)

The extremal RN BH saturates the inequality in Eq. 3.4. This extremality bound can
be understood physically by neglecting the effects of gravity, and finding the energy stored
in the electric field resulting from bringing a charge Q in from infinity to r = r+ ∼ GM

EQ =
1
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0

( e2Q
4
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+
)4
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+
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We now require that the actual BHs mass should at least account for this energy

M ≥
e2Q2

GM
⇒ M ≥ eQmp, (3.7)
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T ∼

m2
p

M
∼

1

rBH

T ≥ m

M
3(t) = M

3(0) − m
4
p
t

T ∼

m2
p

(M3(0) − m4
pt)

1/3

tevap

T

Black Hole Evaporation: Schwarzschild

Black holes radiate at a temperature:

A species of mass m is not produced until:
e
−m/T(easily seen from the Boltzmann factor )

The black hole loses mass:

and increases its temperature:



e

− 1
T

(

m∓
e2Q
r+

)

e2Q

r+

≥ m

A
0(r+) ≥ m

Black Hole Evaporation: Reissner-Nordstrom

T ! mHot: Hawking radiation

field outside the horizon introduces a chemical potential:

Black hole discharges when:

Both particles and antiparticles are emitted, but

Equivalent to the requirement that
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where the BH temperature is not large enough to produce the lightest charged particle by
the Hawking process discussed in the previous section. Instead, the dominant mechanism
for discharge is Schwinger pair-production in a constant electric field8. While the field is
not constant everywhere, we can safely approximate the electric field outside the horizon as
almost constant for Large BHs. Gibbons’ result in this regime predicts the following rate
for charge loss due to pair-production

dQ

dt
∼ e−

πm2r2
+

eQ (4.5)

which is exactly the dependence expected from the Schwinger process [11]. The hole starts
to discharge appreciably when

m2r2
+

eQ
≤ 1. (4.6)

In fact, one can guess this dependence. Ask when the electric field right outside the horizon
has enough energy in a volume of size the Compton wavelength of the lightest charged

particle to account for the creation of two of those particles from the vacuum. Since the
energy density in the electric field is given by

ε =
1

e2

∫
d4x "E2 (4.7)

and in this case | "E| = e2Q
r2 we can demand that

1

e2
"E2 · λ3

c ∼
e2Q2

r4
+

·
1

m3
≥ m (4.8)

resulting in Eq. 4.6.
In the next section, we use these results to derive the AMNV bound in arbitrary space-

time dimensions.

5 Deriving the AMNV bound in N +1 spacetime dimensions.

Following Meyers and Perry [12], the generalization of Reissner-Nordstrom BHs to higher
dimensions is given by

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

N−1,

f(r) = 1 −
16πGM

(N − 1)AN−1rN−2
+

8πGe2Q2

AN−1(N − 1)(N − 2)r2(N−2)
,

A0 =
e2Q

(N − 2)rN−2
⇒ F 0r =

e2Q

rN−1

(5.1)

Here M,Q, e,G are as before and AN is the area of a unit SN .

8This is the regime of parameters relevant for the decay of extremal BHs which have zero temperature.

8

r2
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eQ

m2

Black Hole Evaporation: Reissner-Nordstrom

T ! mCold: Schwinger pair production

Pair production due to the field around the BH 
(assumed constant):
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where the BH temperature is not large enough to produce the lightest charged particle by
the Hawking process discussed in the previous section. Instead, the dominant mechanism
for discharge is Schwinger pair-production in a constant electric field8. While the field is
not constant everywhere, we can safely approximate the electric field outside the horizon as
almost constant for Large BHs. Gibbons’ result in this regime predicts the following rate
for charge loss due to pair-production

dQ

dt
∼ e−

πm2r2
+

eQ (4.5)

which is exactly the dependence expected from the Schwinger process [11]. The hole starts
to discharge appreciably when

m2r2
+

eQ
≤ 1. (4.6)

In fact, one can guess this dependence. Ask when the electric field right outside the horizon
has enough energy in a volume of size the Compton wavelength of the lightest charged

particle to account for the creation of two of those particles from the vacuum. Since the
energy density in the electric field is given by
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∫
d4x "E2 (4.7)

and in this case | "E| = e2Q
r2 we can demand that

1

e2
"E2 · λ3

c ∼
e2Q2

r4
+

·
1

m3
≥ m (4.8)

resulting in Eq. 4.6.
In the next section, we use these results to derive the AMNV bound in arbitrary space-

time dimensions.

5 Deriving the AMNV bound in N +1 spacetime dimensions.

Following Meyers and Perry [12], the generalization of Reissner-Nordstrom BHs to higher
dimensions is given by

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

N−1,

f(r) = 1 −
16πGM

(N − 1)AN−1rN−2
+

8πGe2Q2

AN−1(N − 1)(N − 2)r2(N−2)
,

A0 =
e2Q

(N − 2)rN−2
⇒ F 0r =

e2Q

rN−1

(5.1)

Here M,Q, e,G are as before and AN is the area of a unit SN .

8This is the regime of parameters relevant for the decay of extremal BHs which have zero temperature.
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Black hole discharges when:

Field energy in a Compton wavelength: 

evaporates extremal black holes



t = 0

(MA, eA) = (2, 1/2)

(MB , eB) = (1, 0)

M(t = 0) = 7

Q(t = 0) = 2

An unrealistic picture of the evaporation process.

Consider a theory with a 
light charged particle A 
and an uncharged 
particle B.

(violates AMNV bound)

No assumptions about 
how this was made!



M = 1

Q = 1

An unrealistic picture of the evaporation process.

A

B
A

Outcome #1

B

Stuck here unless charge or energy 
conservation are violated!

This is a remnant.



M = 1

Q =
1

2

An unrealistic picture of the evaporation process.

A

A

Outcome #2

A



M = 1

Q =
1

2

An unrealistic picture of the evaporation process.

A

A

Outcome #2

A

In general there are              species of planck-sized remnants

if the AMNV bound is not satisfied!

N =
1

e



1 < Q < 1/e

Why remnants are bad: grand-cannonical ensemble.

Each particle can be “labeled” by any charge from 

Consider an ideal gas of remnants at temperature T.

. Assume e is very small.
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Z1 =
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λ
S1 ∼ −ln(e)−→For one remnant:

Even one remnant can violate entropy bounds (i.e.           )!S ≤
A
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Consider an ideal gas of remnants at temperature T.

ZGC =
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N=0
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(Z1ζ) S ∼
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−→For the gas:
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Why remnants are bad: grand-cannonical ensemble.

Each particle can be “labeled” by any charge from 

Consider an ideal gas of remnants at temperature T.

ZGC =

N=∞∑

N=0

zN ∼ e
(Z1ζ) S ∼

< N >

e
−→For the gas:

. Assume e is very small.

Before the remnant stage, entropy bounds are violated!

Global symmetry limit,          , yields S → ∞e → 0

Z1 =
1

e

V

λ
S1 ∼ −ln(e)−→For one remnant:

Even one remnant can violate entropy bounds (i.e.           )!S ≤
A

4



Why remnants are bad: micro-cannonical ensemble.

Total mass and charge fixed. Assume ergodicity (i.e. remnants
and anti-remnants can annihilate).

Gas of particles. Gas of remnants. Mixed gas of remnants, 
particles, and 
evaporating black holes



Combinatorics from
variety of species 
beats all!

Why remnants are bad: micro-cannonical ensemble.

Total mass and charge fixed. Assume ergodicity (i.e. remnants
and anti-remnants can annihilate).

Gas of particles. Gas of remnants. Mixed gas of remnants, 
particles, and 
evaporating black holes



A

Ri

Rk

F ! 1

Potential Loophole

We have seen that a system in thermal equilibrium is 
overwhelmed by remnants.

What if the system never reaches thermal equilibrium?

In this case we can apply a different argument against
remnants



S

A
=

1

4Gren

Susskind’s Argument

Divergence in entropy of Rindler space (using EFT near the horizon) is 

tied to the renormalization of G. Need to use:

Consider a Rindler observer in a bath of remnants at equilibrium (G is 

related to S/A at equilibrium). 

Ni ∼ e
−2πrmp

NR ∼ e
SR−2πrmp

eSR
∼ 1/e

The number density of remnants a proper distance r from the horizon:

(one remnant species)

(                     remnant species)



The region             fills with remnants,       for each.

→

S

V
∼ SR m

3

p

Susskind’s Argument

r ≤
SR

mp
SR

Assuming       is large, the remnants pack to the planck density.     SR

Integrate over r ≤
SR

mp



The region             fills with remnants,       for each.

→

S

V
∼ SR m

3

p

Susskind’s Argument

r ≤
SR

mp
SR

Assuming       is large, the remnants pack to the planck density.     SR

Integrate over r ≤
SR

mp

→

S

A
∼

S2

R

G
=

1

4Gren

SR → ∞, Gren → 0

We are taken to a theory without gravity!
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and thus recover Eq. 3.4.
The extremality bound Eq. 3.4 applies for any non-zero gauge coupling e and reflects

the existence of repulsive gauge forces between particles with the same sign of charge.
The existence of this bound clearly goes in the “right direction” of avoiding the problems
associated with global symmetries because one can not increase the charge of the BH without
also increasing its mass.

3.1 The basic strategy

To begin the argument for the AMNV bound, we assume the BH starts with some mass and
charge obeying the extremality bound Eq. 3.4, and follow the spontaneous loss of charge
by the BH. We make no special assumptions about how this black hole was created or the
absolute value of its mass and charge. The discharge of the black hole is exponentially
suppressed below a certain threshold that depends on the parameters of the BH. Below this
threshold the BH can always lose mass via Hawking radiation of massless particles but will
discharge very little. We then demand that at the threshold the BH still has enough mass
to be able to radiate away all of its charge, namely, to account at least for the rest mass of
Q of the lightest charged particles:

Mdischarge ≥ Q · mlight. (3.8)

Even though we can track the evolution of the black hole reliably only down to some
mass scale of order mp, the point here is that energy and charge conservation allow us no
conceivable way to evaporate the black hole if Eq. 3.8 is not satisfied. This is a rephrasing
of the criterion used in [7] that we want to allow even extremal BHs to decay.

Otherwise, we run into essentially the same set of problems listed in section 2 for global
symmetries.

• Thinking in a grandcanonical ensemble, the energy band between (M,M + δM) with
δM " M contains a huge number of black holes with the integral charge allowed by
Eq. 3.4 to be any number Q = 1, . . . , 1

e leading to an entropy of order S ∼ − log e. By
taking the gauge coupling e to be too small (e.g. take e ∼ 1/Q) this entropy can be
much bigger than the Bekenstein-Hawking entropy which is bounded (using Eq. 3.4)
by log(eQ).

• We can have Planck size (M % mp) remnants with charge given by any number
Q = 1, . . . , 1

e , Again, the entropy one would associate with a system made up of
putting such a particle in a box can be dialed to contradict any entropy bound by
taking e too small.

• The species argument continues to work, where instead of an infinite number of species
we only have a finite but very large ∼ 1/e number of species.

Notice that for very massive objects, where we can safely use the classical Lagrangian
3.1, we can recover 1.1 by insisting, as suggested in [7], that extremal BHs can decay, so
the extremal mass should obey 3.8, namely

Mext = Ge2Q2 ≥ G2(Qm)2 ⇒ e >
m

mp
. (3.9)

6

←→ e ≥
mlight

mp

Mext = mp eQ ≥ Q mlight

Deriving the AMNV bound.

We now derive the AMNV bound by requiring that all black 
holes are kinematically able to evaporate:

For extremal black holes in 4-D we recover the bound:
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and thus recover Eq. 3.4.
The extremality bound Eq. 3.4 applies for any non-zero gauge coupling e and reflects

the existence of repulsive gauge forces between particles with the same sign of charge.
The existence of this bound clearly goes in the “right direction” of avoiding the problems
associated with global symmetries because one can not increase the charge of the BH without
also increasing its mass.

3.1 The basic strategy

To begin the argument for the AMNV bound, we assume the BH starts with some mass and
charge obeying the extremality bound Eq. 3.4, and follow the spontaneous loss of charge
by the BH. We make no special assumptions about how this black hole was created or the
absolute value of its mass and charge. The discharge of the black hole is exponentially
suppressed below a certain threshold that depends on the parameters of the BH. Below this
threshold the BH can always lose mass via Hawking radiation of massless particles but will
discharge very little. We then demand that at the threshold the BH still has enough mass
to be able to radiate away all of its charge, namely, to account at least for the rest mass of
Q of the lightest charged particles:

Mdischarge ≥ Q · mlight. (3.8)

Even though we can track the evolution of the black hole reliably only down to some
mass scale of order mp, the point here is that energy and charge conservation allow us no
conceivable way to evaporate the black hole if Eq. 3.8 is not satisfied. This is a rephrasing
of the criterion used in [7] that we want to allow even extremal BHs to decay.

Otherwise, we run into essentially the same set of problems listed in section 2 for global
symmetries.

• Thinking in a grandcanonical ensemble, the energy band between (M,M + δM) with
δM " M contains a huge number of black holes with the integral charge allowed by
Eq. 3.4 to be any number Q = 1, . . . , 1

e leading to an entropy of order S ∼ − log e. By
taking the gauge coupling e to be too small (e.g. take e ∼ 1/Q) this entropy can be
much bigger than the Bekenstein-Hawking entropy which is bounded (using Eq. 3.4)
by log(eQ).

• We can have Planck size (M % mp) remnants with charge given by any number
Q = 1, . . . , 1

e , Again, the entropy one would associate with a system made up of
putting such a particle in a box can be dialed to contradict any entropy bound by
taking e too small.

• The species argument continues to work, where instead of an infinite number of species
we only have a finite but very large ∼ 1/e number of species.

Notice that for very massive objects, where we can safely use the classical Lagrangian
3.1, we can recover 1.1 by insisting, as suggested in [7], that extremal BHs can decay, so
the extremal mass should obey 3.8, namely

Mext = Ge2Q2 ≥ G2(Qm)2 ⇒ e >
m

mp
. (3.9)

6

←→ e ≥
mlight

mp

Mext = mp eQ ≥ Q mlight

Deriving the AMNV bound.

We now derive the AMNV bound by requiring that all black 
holes are kinematically able to evaporate:

For extremal black holes in 4-D we recover the bound:

What about non-extremal black holes?

Does the bound hold in arbitrary (N+1) ST dimensions?



[e]
m

= (3 − N)/2

ẽ = e m
(N−3)/2
(N+1)

ẽ ≥
mlight

m(N+1)

S =
mN−1

(N+1)

16π

∫
dN+1x

√

gR −

1

4e2

∫
dN+1x

√

gFµνFµν

The AMNV bound in (N+1) D

The coupling is dimensionful:

Define a dimensionless coupling:

Conjecture that the AMNV bound becomes:
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where the BH temperature is not large enough to produce the lightest charged particle by
the Hawking process discussed in the previous section. Instead, the dominant mechanism
for discharge is Schwinger pair-production in a constant electric field8. While the field is
not constant everywhere, we can safely approximate the electric field outside the horizon as
almost constant for Large BHs. Gibbons’ result in this regime predicts the following rate
for charge loss due to pair-production

dQ

dt
∼ e−

πm2r2
+

eQ (4.5)

which is exactly the dependence expected from the Schwinger process [11]. The hole starts
to discharge appreciably when

m2r2
+

eQ
≤ 1. (4.6)

In fact, one can guess this dependence. Ask when the electric field right outside the horizon
has enough energy in a volume of size the Compton wavelength of the lightest charged

particle to account for the creation of two of those particles from the vacuum. Since the
energy density in the electric field is given by

ε =
1

e2

∫
d4x "E2 (4.7)

and in this case | "E| = e2Q
r2 we can demand that

1

e2
"E2 · λ3

c ∼
e2Q2

r4
+

·
1

m3
≥ m (4.8)

resulting in Eq. 4.6.
In the next section, we use these results to derive the AMNV bound in arbitrary space-

time dimensions.

5 Deriving the AMNV bound in N +1 spacetime dimensions.

Following Meyers and Perry [12], the generalization of Reissner-Nordstrom BHs to higher
dimensions is given by

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

N−1,

f(r) = 1 −
16πGM

(N − 1)AN−1rN−2
+

8πGe2Q2

AN−1(N − 1)(N − 2)r2(N−2)
,

A0 =
e2Q

(N − 2)rN−2
⇒ F 0r =

e2Q

rN−1

(5.1)

Here M,Q, e,G are as before and AN is the area of a unit SN .

8This is the regime of parameters relevant for the decay of extremal BHs which have zero temperature.
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where the BH temperature is not large enough to produce the lightest charged particle by
the Hawking process discussed in the previous section. Instead, the dominant mechanism
for discharge is Schwinger pair-production in a constant electric field8. While the field is
not constant everywhere, we can safely approximate the electric field outside the horizon as
almost constant for Large BHs. Gibbons’ result in this regime predicts the following rate
for charge loss due to pair-production

dQ

dt
∼ e−

πm2r2
+

eQ (4.5)

which is exactly the dependence expected from the Schwinger process [11]. The hole starts
to discharge appreciably when

m2r2
+

eQ
≤ 1. (4.6)

In fact, one can guess this dependence. Ask when the electric field right outside the horizon
has enough energy in a volume of size the Compton wavelength of the lightest charged

particle to account for the creation of two of those particles from the vacuum. Since the
energy density in the electric field is given by

ε =
1

e2

∫
d4x "E2 (4.7)

and in this case | "E| = e2Q
r2 we can demand that

1

e2
"E2 · λ3

c ∼
e2Q2

r4
+

·
1

m3
≥ m (4.8)

resulting in Eq. 4.6.
In the next section, we use these results to derive the AMNV bound in arbitrary space-

time dimensions.

5 Deriving the AMNV bound in N +1 spacetime dimensions.

Following Meyers and Perry [12], the generalization of Reissner-Nordstrom BHs to higher
dimensions is given by

ds2 = −f(r)dt2 +
dr2

f(r)
+ r2dΩ2

N−1,

f(r) = 1 −
16πGM

(N − 1)AN−1rN−2
+

8πGe2Q2

AN−1(N − 1)(N − 2)r2(N−2)
,

A0 =
e2Q

(N − 2)rN−2
⇒ F 0r =

e2Q

rN−1

(5.1)

Here M,Q, e,G are as before and AN is the area of a unit SN .

8This is the regime of parameters relevant for the decay of extremal BHs which have zero temperature.
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The BH (outer) horizon lies at

rN−2
+ =

8πGM

(N − 1)AN−1
+

√
( 8πGM

(N − 1)AN−1

)2 −
8πGe2Q2

AN−1(N − 1)(N − 2)
. (5.2)

Neglecting order 1 coefficients in the subsequent analysis, we write

G ∼ m1−N
p . (5.3)

Since the extremality bound is of the same form in arbitrary spacetime dimensions, the
conditions for the discharge of an extremal black hole in 3 + 1 dimensions presented in
Eq. 3.9 suggests that Eq. 1.1 generalizes to higher dimensional spacetimes if instead of the
gauge coupling e we use the dimensionless gauge coupling

ẽ2 ≡ e2mN−3
p . (5.4)

In the following sections, we will show that this is indeed the conclusion reached by con-
sidering semi-classical discharge processes9 resulting in the generalized bound, suggested in
[7]

ẽ ≥
m

mp
. (5.5)

This discussion is restricted to space-times with N ≥ 3 because for N ≤ 2 there are no BHs
in asymptotically flat space.

5.1 Hot BHs in N + 1 dimensions

Using the physical criterion of section 4.1 the BH will start to discharge thermally in an
appreciable manner when the electric potential at the horizon is of order the rest mass of
the lightest charged particle, A0

|Horizon
≥ m. We then obtain the condition that the horizon

radius at this time (denoted by a tilde) is bounded by

r̃N−2
+ ≤

e2Q

(N − 2)m
. (5.6)

Demanding the BHs mass at that time be large enough to allow for a complete discharge
Mdischarge ≥ Q · mlight we get

Qm ≤ Mdischarge ≤
e2Q

Gm
⇒ m ≤ ẽmp (5.7)

where we have used the relations Eq. 5.4 and Eq. 5.3 and the fact that rN−2
+ is of order GM

as seen from Eq. 5.2. This is the bound 5.5.

9In principal, it could have been the case that in N + 1 spacetime dimensions 1.1 becomes ẽ > ( m
mp

)f(N)

where ẽ is the dimensionless coupling and f(N) is some function of the space dimensions that happened to
obey f(3) = 1.

9

8πGM

(N − 1)AN−1

≤ r
N−2
+ ≤

16πGM

(N − 1)AN−1

RN in (N+1) dimensions

There are still just two horizons, and again we neglect the 
inner horizon.



−→ Mdischarge =
(N − 1)AN−1

8π(N − 2)

ẽ2 m2
(N+1)

mlight
A0(r+) =

e2Q

(N − 2)rN−2
+

A
0(r+) ≥ mlight

A
0(r+) = mlight

Hot black hole in (N+1) dimensions.

The black hole will discharge when 

We require that when                          ,

We recover the AMNV bound!
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and thus recover Eq. 3.4.
The extremality bound Eq. 3.4 applies for any non-zero gauge coupling e and reflects

the existence of repulsive gauge forces between particles with the same sign of charge.
The existence of this bound clearly goes in the “right direction” of avoiding the problems
associated with global symmetries because one can not increase the charge of the BH without
also increasing its mass.

3.1 The basic strategy

To begin the argument for the AMNV bound, we assume the BH starts with some mass and
charge obeying the extremality bound Eq. 3.4, and follow the spontaneous loss of charge
by the BH. We make no special assumptions about how this black hole was created or the
absolute value of its mass and charge. The discharge of the black hole is exponentially
suppressed below a certain threshold that depends on the parameters of the BH. Below this
threshold the BH can always lose mass via Hawking radiation of massless particles but will
discharge very little. We then demand that at the threshold the BH still has enough mass
to be able to radiate away all of its charge, namely, to account at least for the rest mass of
Q of the lightest charged particles:

Mdischarge ≥ Q · mlight. (3.8)

Even though we can track the evolution of the black hole reliably only down to some
mass scale of order mp, the point here is that energy and charge conservation allow us no
conceivable way to evaporate the black hole if Eq. 3.8 is not satisfied. This is a rephrasing
of the criterion used in [7] that we want to allow even extremal BHs to decay.

Otherwise, we run into essentially the same set of problems listed in section 2 for global
symmetries.

• Thinking in a grandcanonical ensemble, the energy band between (M,M + δM) with
δM " M contains a huge number of black holes with the integral charge allowed by
Eq. 3.4 to be any number Q = 1, . . . , 1

e leading to an entropy of order S ∼ − log e. By
taking the gauge coupling e to be too small (e.g. take e ∼ 1/Q) this entropy can be
much bigger than the Bekenstein-Hawking entropy which is bounded (using Eq. 3.4)
by log(eQ).

• We can have Planck size (M % mp) remnants with charge given by any number
Q = 1, . . . , 1

e , Again, the entropy one would associate with a system made up of
putting such a particle in a box can be dialed to contradict any entropy bound by
taking e too small.

• The species argument continues to work, where instead of an infinite number of species
we only have a finite but very large ∼ 1/e number of species.

Notice that for very massive objects, where we can safely use the classical Lagrangian
3.1, we can recover 1.1 by insisting, as suggested in [7], that extremal BHs can decay, so
the extremal mass should obey 3.8, namely

Mext = Ge2Q2 ≥ G2(Qm)2 ⇒ e >
m

mp
. (3.9)

6

→ ẽ ≥

√

8π(N − 2)

AN−1(N − 1)

mlight

m(N+1) 4 6 8 10 12
N

0.8

0.9

1.1

1.2

F !N"



λN
c

e2

"E
2 ∼

1

e2 mN
light

"E
2 ≥ mlight !E2

=

(

e2Q

rN−1
+

)2

f1 (Q, mlight, N) ẽ2
N−2

N−1 − f2 (Q, mlight, N) ẽ
N−2

N−1 + f3 (N) ẽ2 ≥ 0

Cold black hole in (N+1) dimensions.

The black hole will discharge when  

We require that when the equality holds, 
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and thus recover Eq. 3.4.
The extremality bound Eq. 3.4 applies for any non-zero gauge coupling e and reflects

the existence of repulsive gauge forces between particles with the same sign of charge.
The existence of this bound clearly goes in the “right direction” of avoiding the problems
associated with global symmetries because one can not increase the charge of the BH without
also increasing its mass.

3.1 The basic strategy

To begin the argument for the AMNV bound, we assume the BH starts with some mass and
charge obeying the extremality bound Eq. 3.4, and follow the spontaneous loss of charge
by the BH. We make no special assumptions about how this black hole was created or the
absolute value of its mass and charge. The discharge of the black hole is exponentially
suppressed below a certain threshold that depends on the parameters of the BH. Below this
threshold the BH can always lose mass via Hawking radiation of massless particles but will
discharge very little. We then demand that at the threshold the BH still has enough mass
to be able to radiate away all of its charge, namely, to account at least for the rest mass of
Q of the lightest charged particles:

Mdischarge ≥ Q · mlight. (3.8)

Even though we can track the evolution of the black hole reliably only down to some
mass scale of order mp, the point here is that energy and charge conservation allow us no
conceivable way to evaporate the black hole if Eq. 3.8 is not satisfied. This is a rephrasing
of the criterion used in [7] that we want to allow even extremal BHs to decay.

Otherwise, we run into essentially the same set of problems listed in section 2 for global
symmetries.

• Thinking in a grandcanonical ensemble, the energy band between (M,M + δM) with
δM " M contains a huge number of black holes with the integral charge allowed by
Eq. 3.4 to be any number Q = 1, . . . , 1

e leading to an entropy of order S ∼ − log e. By
taking the gauge coupling e to be too small (e.g. take e ∼ 1/Q) this entropy can be
much bigger than the Bekenstein-Hawking entropy which is bounded (using Eq. 3.4)
by log(eQ).

• We can have Planck size (M % mp) remnants with charge given by any number
Q = 1, . . . , 1

e , Again, the entropy one would associate with a system made up of
putting such a particle in a box can be dialed to contradict any entropy bound by
taking e too small.

• The species argument continues to work, where instead of an infinite number of species
we only have a finite but very large ∼ 1/e number of species.

Notice that for very massive objects, where we can safely use the classical Lagrangian
3.1, we can recover 1.1 by insisting, as suggested in [7], that extremal BHs can decay, so
the extremal mass should obey 3.8, namely

Mext = Ge2Q2 ≥ G2(Qm)2 ⇒ e >
m

mp
. (3.9)
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r+This yields (after substituting     ):

Look for the zero as a function of Q,
extremize Q to get strictest bound.

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
8
0
P
_
0
7
0
6

e

f!e"

Figure 1: The qualitative behavior of the bound.

5.2 Cold BHs in N + 1 dimensions

Here, generalizing the argument of section 4.2, the BH will start to discharge appreciably
when 1

e2
!E2 · λN

c ≥ m yielding the inequality

e2Q2

r2(N−1)
+

·
1

mN
≥ m ⇒ (r+mp)

N−1 ≤ ẽQ(
mp

m
)

N+1
2 . (5.8)

Rewriting 5.2 in dimensionless units and ignoring all order 1 numbers gives

(r+mp)
N−2 =

M

mp
+

√

(
M

mp
)2 − ẽ2Q2. (5.9)

Therefore 5.8 reads

M

mp
+

√

(
M

mp
)2 − ẽ2Q2 ≤ (ẽQ)

N−2
N−1 (

mp

m
)

(N+1)(N−2)
2(N−1) . (5.10)

Rearranging and squaring we get

(ẽQ)2
N−2
N−1 (

mp

m
)

(N+1)(N−2)
(N−1) − 2(ẽQ)

N−2
N−1 (

mp

m
)

(N+1)(N−2)
2(N−1) ·

M

mp
+ (ẽQ)2 ≥ 0. (5.11)

Demanding again that M ≥ Qm, and dividing the inequality by Q2 we get

ẽ2N−2
N−1 Q− 2

N−1 (
mp

m
)

(N+1)(N−2)
(N−1) − 2ẽ

N−2
N−1 Q− 1

N−1 (
mp

m
)

N(N−3)
2(N−1) + ẽ2 ≥ 0. (5.12)

Now note that for N ≥ 3 the fraction 1/2 ≤ N−2
N−1 ≤ 1 and therefore the inequality has the

same qualitative features as the condition f(ẽ) ≥ 0, where

f(ẽ) = ẽ3/2 − ẽ3/4 + ẽ2. (5.13)

f(ẽ) is graphed in Figure 1. Therefore, we can get a bound by finding the non trivial zero
ẽ0 of f , and demanding that ẽ ≥ ẽ0. It is useful to look for the strictest bound as a function
of Q. We thus choose the equal sign in 5.12, which defines ẽ0. We then extremize with
respect to Q. Because only two terms depend on Q we get the following relation for the
charge Q̂ that gives the strictest bound

(Q̂)−
1

N−1 = ẽ
−N−2

N−1
0 (

mp

m
)−

N2+N−4
2(N−1) . (5.14)
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Cold black hole in (N+1) dimensions.

→ ẽ ≥

√

8π(N − 2)

AN−1(N − 1)

mlight

m(N+1)

We recover the AMNV bound!

Same pre-factor as the hot case!
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and thus recover Eq. 3.4.
The extremality bound Eq. 3.4 applies for any non-zero gauge coupling e and reflects

the existence of repulsive gauge forces between particles with the same sign of charge.
The existence of this bound clearly goes in the “right direction” of avoiding the problems
associated with global symmetries because one can not increase the charge of the BH without
also increasing its mass.

3.1 The basic strategy

To begin the argument for the AMNV bound, we assume the BH starts with some mass and
charge obeying the extremality bound Eq. 3.4, and follow the spontaneous loss of charge
by the BH. We make no special assumptions about how this black hole was created or the
absolute value of its mass and charge. The discharge of the black hole is exponentially
suppressed below a certain threshold that depends on the parameters of the BH. Below this
threshold the BH can always lose mass via Hawking radiation of massless particles but will
discharge very little. We then demand that at the threshold the BH still has enough mass
to be able to radiate away all of its charge, namely, to account at least for the rest mass of
Q of the lightest charged particles:

Mdischarge ≥ Q · mlight. (3.8)

Even though we can track the evolution of the black hole reliably only down to some
mass scale of order mp, the point here is that energy and charge conservation allow us no
conceivable way to evaporate the black hole if Eq. 3.8 is not satisfied. This is a rephrasing
of the criterion used in [7] that we want to allow even extremal BHs to decay.

Otherwise, we run into essentially the same set of problems listed in section 2 for global
symmetries.

• Thinking in a grandcanonical ensemble, the energy band between (M,M + δM) with
δM " M contains a huge number of black holes with the integral charge allowed by
Eq. 3.4 to be any number Q = 1, . . . , 1

e leading to an entropy of order S ∼ − log e. By
taking the gauge coupling e to be too small (e.g. take e ∼ 1/Q) this entropy can be
much bigger than the Bekenstein-Hawking entropy which is bounded (using Eq. 3.4)
by log(eQ).

• We can have Planck size (M % mp) remnants with charge given by any number
Q = 1, . . . , 1

e , Again, the entropy one would associate with a system made up of
putting such a particle in a box can be dialed to contradict any entropy bound by
taking e too small.

• The species argument continues to work, where instead of an infinite number of species
we only have a finite but very large ∼ 1/e number of species.

Notice that for very massive objects, where we can safely use the classical Lagrangian
3.1, we can recover 1.1 by insisting, as suggested in [7], that extremal BHs can decay, so
the extremal mass should obey 3.8, namely

Mext = Ge2Q2 ≥ G2(Qm)2 ⇒ e >
m

mp
. (3.9)

6

←→ e ≥
mlight

mp

So, we have shown in arbitrary ST dimensions that 



• String theory is a consistent theory of quantum gravity.

• Need to look for situations with both closed and open strings to get a U(1) 
gauge field coupled to gravity.

• Some examples are:

• Compactified Type-I.

• D0 branes in Type-IIA.

• Dp branes in Type-II with a compactified worldvolume.

• Stacks of Dp branes.

• Compactified heterotic strings.

String Theory Checks



Non-abelian gauge theories
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abelian gauge group13. In those dimensions the gauge coupling is irrelevant, and therefore
the IR gauge theory is free. Thus, the massless gluons are the lightest charged particles.
In the language of section 1, m = 0, and so any gauge coupling is allowed by the bound.
Of course, in e.g. ten dimensional Type I string theory, there is a relation between the
gauge and gravitational couplings, related to the low cutoff scale mS . However, it cannot
be phrased in terms of the mass of the lightest charged particle in low energy effective field
theory, nor derived from the low energy arguments we have presented here.

In four spacetime dimensions many asymptotically free gauge theories confine and there
are no global charges. The nearest we can come to an analog of the AMNV bound is the
statement

ΛQCD ≤ mp, (7.5)

which we think would be accepted by any effective field theorist. Since there is no surprise
here, the non-abelian analog of the AMNV bound again appears to be of little utility.

Similar remarks are valid for the other phases of four dimensional gauge theory. In a
non-Abelian Coulomb phase, there are not really any particles, but certainly the mass gap
in the charged sectors vanishes. In the Higgs phase there are really no charged particles
either. All particles are created from the vacuum by gauge invariant operators. However,
if one looks at the broken non-abelian symmetry which acts on gauge invariant states, the
gauge bosons themselves have masses

mW ∼ e · v ≤ e · mP ,

so an analog of the AMNV bound is the statement that the Higgs VEV is less than the
Planck scale. Again, short of the fact that the mass of the W-boson is much lighter than
the Planck mass at weak coupling, the effective field theorist encounters no surprises.

7.2 Discrete symmetries.

The problems with entropy considerations, which form the physical basis for the analysis
done in this note, arise because the U(1) charge can assume arbitrarily large values. For a
general symmetry group, particle states sit in irreducible representations of the symmetry
group. Discrete finite groups have only finitely many irreps and the sum of the squares of
their dimensions add up to the number of elements in the group. Thus, one can potentially
run into trouble with discrete symmetry groups if they have infinite order, or if in some
sequence of models their order can be increased without bound.

String theory is full of infinite discrete groups: the duality groups of super Poincare
invariant compactifications. However, these groups are effectively spontaneously broken.
A generic transformation changes the value of the moduli and does not act on the particle

states of a given scattering matrix. The subgroup that does act on particle states is, in
all known examples, finite. There are simple mathematical explanations of this fact for all
known duality groups, but our considerations suggest a general physical reason. Particles
of finite mass m can not sit in irreps of arbitrarily large size without violating the covariant
entropy bound.

13Recall that one cannot Higgs the gauge group in ten dimensional Type I.

14

• If possible to Higgs down to a U(1), bound comes from massive 
gauge bosons:

• If free in the IR: there are massless gauge bosons, so any coupling is 
allowed. 

• If free in the UV: There is confinement, so no global charges. 



Conclusions

Consistent theories of quantum gravity require that gravity is the 
weakest force in arbitrary ST dimension!

• Requiring that charged black holes evaporate implies the AMNV bound:
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and thus recover Eq. 3.4.
The extremality bound Eq. 3.4 applies for any non-zero gauge coupling e and reflects

the existence of repulsive gauge forces between particles with the same sign of charge.
The existence of this bound clearly goes in the “right direction” of avoiding the problems
associated with global symmetries because one can not increase the charge of the BH without
also increasing its mass.

3.1 The basic strategy

To begin the argument for the AMNV bound, we assume the BH starts with some mass and
charge obeying the extremality bound Eq. 3.4, and follow the spontaneous loss of charge
by the BH. We make no special assumptions about how this black hole was created or the
absolute value of its mass and charge. The discharge of the black hole is exponentially
suppressed below a certain threshold that depends on the parameters of the BH. Below this
threshold the BH can always lose mass via Hawking radiation of massless particles but will
discharge very little. We then demand that at the threshold the BH still has enough mass
to be able to radiate away all of its charge, namely, to account at least for the rest mass of
Q of the lightest charged particles:

Mdischarge ≥ Q · mlight. (3.8)

Even though we can track the evolution of the black hole reliably only down to some
mass scale of order mp, the point here is that energy and charge conservation allow us no
conceivable way to evaporate the black hole if Eq. 3.8 is not satisfied. This is a rephrasing
of the criterion used in [7] that we want to allow even extremal BHs to decay.

Otherwise, we run into essentially the same set of problems listed in section 2 for global
symmetries.

• Thinking in a grandcanonical ensemble, the energy band between (M,M + δM) with
δM " M contains a huge number of black holes with the integral charge allowed by
Eq. 3.4 to be any number Q = 1, . . . , 1

e leading to an entropy of order S ∼ − log e. By
taking the gauge coupling e to be too small (e.g. take e ∼ 1/Q) this entropy can be
much bigger than the Bekenstein-Hawking entropy which is bounded (using Eq. 3.4)
by log(eQ).

• We can have Planck size (M % mp) remnants with charge given by any number
Q = 1, . . . , 1

e , Again, the entropy one would associate with a system made up of
putting such a particle in a box can be dialed to contradict any entropy bound by
taking e too small.

• The species argument continues to work, where instead of an infinite number of species
we only have a finite but very large ∼ 1/e number of species.

Notice that for very massive objects, where we can safely use the classical Lagrangian
3.1, we can recover 1.1 by insisting, as suggested in [7], that extremal BHs can decay, so
the extremal mass should obey 3.8, namely

Mext = Ge2Q2 ≥ G2(Qm)2 ⇒ e >
m

mp
. (3.9)

6

←→
e ≥

mlight

mp

• Look for new physics at a scale:

Λ ≤ e mp

• This relation generalizes to higher dimensions:

→ ẽ ≥

√

8π(N − 2)

AN−1(N − 1)

mlight

m(N+1)
ẽ = e m

(N−3)/2
(N+1)

• Remnants are disasterous!



Outlook: What other clues might we find?

There are clues that the number of e-folds during inflation is bounded 
by entropy considerations. 

• There are constraints on scalar potentials: inflatons and axions. 

This corresponds to a UV cutoff on the perturbations produced
during inflation. Perhaps the large fluctuations postulated to drive
eternal inflation are a semi-classical myth.

What happens when this theory breaks down?
Effective theories breaking down often change the spacetime 
asymptotics, so the postulate is that you make black holes.

Should be able to constrain inflaton potentials. Note: potentially 
observable consequences! 

• One idea (not yet rigorous): Nix Eternal Inflation.



Outlook: What other clues might we find?

What are the “quantum gravitational” 
rules that one must impose? Are 
there pathologies?

Holography         
Finite number of states  

• Another idea: study instantons.
There are a number of possible thin-wall transitions (the L and R tunneling 
geometries), but no clear semi-classical way to rule any out.

String theory
ADS/CFT

potentials, the instanton action for a transition from positive (false) to negative (true)
vacuum energy did not tend to infinity as the false vacuum energy VF was reduced to

zero, as would be required to give a finite nucleation probability1 and hence accord with
intuition regarding the decay of Minkowski space to a negative vacuum (“big crunch”)
space. This result was supported by general analytic arguments, as well as numerical

results for ε ∼ 1, where ε controls the scale in field value over which the potential varies.
On the basis of these results it was conjectured that

1. The same behavior holds at ε " 1, and

2. for VF ≡ 0, a second (non-compact) instanton, like the one found in the absence
of gravity, exists which allows much faster decay, so that

3. for all ε there is a discontinuity in the decay rate as VF → 0.

In this paper, we will demonstrate that while

xT

xH

xF

Figure 1: The potential V (φ), with

the true vacuum xT , the false vac-

uum xF and the “Hawking-Moss”

point xH labeled.

the specific calculations presented in [1] are cor-
rect, the above conjecture is not2. Instead we

find that the space of potentials is partitioned by
a Great Divide, into one class where Minkowski

space is unstable, and a second class where the
tunneling rate is indeed suppressed – as argued

in [1] – by the factor e−π(RMP )2 (where R is the
de Sitter radius corresponding to the false vac-
uum), and hence vanishes at VF = 0. The stabil-

ity, for some potentials, of a seemingly metastable
Minkowski vacuum was noted long ago by Cole-

man and De Luccia [3] in the thin-wall limit and subsequently discussed by several
authors [4, 5] outside of that limit.

In Sections 2-4 we will review the instanton formalism, give approximate analytic

solutions, then examine the behavior of the instanton solutions in the limit where
VF → 0, using both analytic and numerical techniques. After elucidating the actual

behavior of the instantons, we will argue in Sec. 5 that the Great Divide consists
precisely of those potentials which, in the VF → 0 limit, have static domain walls

interpolating between the true and false stationary points of the potential3; we also

1As VF → 0, the required background subtraction becomes infinite, requiring an infinite instanton
action to cancel it and leave a finite decay probability.

2R. Bousso, B. Freivogel and M. Lippert, have discovered this fact independently [2].
3This observation is related to the work of Cvetic et. al. on singular domain walls and their relation

to CDL bubbles[6].
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Study the “Great Divide” - (divide in the space of potentials)

Above the great divide, lowest CC minimum is a 
ground state.

Below the great divide, the nature of the theory
of QG is unclear. Does this theory break down?



The End.


