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Introduction: The Standard Model
◆The Standard Model of particle physics gives an excellent understanding 
of the Universe at the microscopic scales.

◆The SM is a quantum field theory describing interacting 118 degrees of 
freedom (different particles), as excitations of quantum fields.

◆ 19 free parameters. Only 1 mass parameter: The Higgs mass parameter
◆ As an input parameter, it sets the scale of the SM, and parametrically 
gives all particle masses.
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◆ The Higgs mechanism for the electroweak symmetry breaking

Field SU(3)c ⇥ SU(2)L ⇥ U(1)Y

L =


⌫L

eL

�
(1, 2,�1)

e
c

R
(1, 1, 2)

Q =


uL

dL

�
(3, 2, 1/3)

u
c

R
(3̄, 1,�4/3)

d
c

R
(3̄, 1, 2/3)

H =


�
1
+ i�

2

h+ i�
3

�
(1, 2, 1)

g (8, 1, 0)

W (1, 3, 0)

B (1, 1, 0)

LSM = LQCD + LEW + LYukawa (5.388)

+ (DµH)
†
(DµH)� V (H) + LYukawa (5.389)

V (H) = �m
2
H

†
H + �(H

†
H)

2
(5.390)

SU(2)L ⇥ U(1)Y ! U(1)EM (5.391)

39

Field SU(3)c ⇥ SU(2)L ⇥ U(1)Y ISO(1, 3)

L =


⌫L
eL

�
(1, 2,�1) (1/2, 0)

ec
R

(1, 1, 2) (1/2, 0)

Q =


uL

dL

�
(3, 2, 1/3) (1/2, 0)

uc

R
(3̄, 1,�4/3) (1/2, 0)

dc
R

(3̄, 1, 2/3) (1/2, 0)

H =


�1

+ i�2

h+ i�3

�
(1, 2, 1) (0, 0)

g (8, 1, 0) (1/2, 1/2)
W (1, 3, 0) (1/2, 1/2)
B (1, 1, 0) (1/2, 1/2)

LSM = LQCD + LEW + LYukawa (5.388)

+ (DµH)
†
(DµH)� V (H) + LYukawa (5.389)

V (H) = �m2H†H + �(H†H)
2

(5.390)

SU(2)L ⇥ U(1)Y ! U(1)EM (5.391)

Bµ⌫ = �1

4
(@µB⌫ � @⌫Bµ) (5.392)
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◆ The Higgs potential
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The Higgs Sector
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Vacuum is non-trivial, not empty, an active environment. 
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◆ At the quantum level?

◆ So far it was classical dynamics.
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The Higgs Sector

m2Higgs = m2+y M2 Log(M/m)

(125 GeV)2 =(-1+0.000000000000000000000000000000000125)*(1018GeV)2+ (1018GeV)2

◆ SM scale too sensitive to UV physics.  
Huge amount of fine-tuning is need to get the pole mass: not Natural.


parameterobservable pole mass

◆ Quantum fluctuations modify parameters of the theory

◆ The Higgs mass parameter is UV sensitive, its small value is not 
protected by a symmetry: a technical problem.

◆ The scalar mass parameter, changes drastically (singlet scalar bilinear) 

Any physics from UV regime

◆ Neutrinos are massive, SM: massless neutrinos. A real problem

◆ The situation gets worse, if there are more species

m2Higgs = m2 + y1 M12 Log(M/m) + y2 M22 Log(M/m)+…



The Cosmological Constant
◆ The Universe is accelerating expanding on cosmological scales 

(de Sitter spacetime).
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◆ Another mass scale. What is the physics?
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◆ A positive cosmological constant (a.k.a. dark energy) explains that

◆ To account for quantum fluctuations, a mass parameter is added to the 
SM potential.

◆ The Lagrangian parameter is UV sensitive, it’s not protected by any 
symmetry and suffers from fine-tuning problem.



The Neutrino Mass

◆ Solar/atmospheric/accelerator neutrino experiments indicate that  
neutrino flavors oscillate: neutrinos are massive!
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◆ Neutrino physics: Dirac or Majorana? Beyond SM.

◆ Close to the C.C. value: is it a coincidence?

◆ Technically natural small value.



Beyond the Standard Model

◆ We also ignored quantum gravity (Planck scale effect).

◆ We normally assume that any QFT can reconcile with QG.

◆ The SM is not complete: we need to go beyond it. In what direction?

◆ In what direction? The parameter space of BSM’s are vast.

◆ String Theory as a theory of QG tells us that this picture is wrong:

Not every consistently-looking QFT is consistent with QG.

◆ Could this tell us about the BSM? 

In the remaining, we will see how this helps us explain particle physics.  



String Landscape

◆ String theory predicts 6 extra dimensions. 
◆ ED must curl up in compact manifold with particular holonomy. 
◆ At each 4D spacetime point there is one such manifold.

◆ The shape/topology determine the parameters/fields of a 4D EFT in the IR.

◆ A priori, it seems there are many many possibilities…



◆ Given vast landscape, we naively assume consistent 4D EFT 
can be descended from some string compactification.

 
◆ Moreover, al a Wilson, we assume that scales are separated; 
UV/IR physics are decouple. UV physics only sets the 
boundary conditions for IR parameter.

 
◆ Ignore quantum gravity. It is relevant only in deep UV.  
Any consistent-looking EFT, by itself, is good in the IR and can 
be coupled to gravity in the UV if needed.


◆ IR Side effect: The naturalness/hierarchy/fine-tuning/too 
UV-sensitivity problem:

The cosmological constant and the Higgs mass parameter
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process of absorbtion-evaporation resembles black hole
scrambling time where the information falling in to the
black hole after the page time appears in Hawking radi-
ation after a time of order scrambling time.[6] (Provided
that we assume the processes described above take place
after the black hole’s page time, considering evaporation
to the bulk, which we have neglected compared to evap-
oration on the brane).

In this picture information in our observable universe
falls into black hole and evaporates out again in time
scales described above forming successive cyclic uni-
verses.

Contribution of Black Hole Evaporation to Matter

Content of Universe

The entropy of 5D black hole is proportional to l3s
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If we assume matter fields only live on the brane this is
the total amount of energy evaporated by the black hole
as measured by an observer on the brane. If we consider
this as the total matter of the universe we see that it is
comparable to the energy content of dark energy.

Baby Brane Interpretation

The construction described here can be made possible
as a so called baby brane. It is discussed numerically in
[7] that if we have a black hole in the brane-world scenario
on a flat brane and for some reason (perturbations) the
black hole acquires a velocity perpendicular to the brane
it modifies the shape of the brane and dissects a small
piece of it away from the so called mother brane. The
result will be a black hole living on a closed brane. We
describe the calculation in [7] here for completeness.

The brane action can be written as

S = ��

Z
d
4
x
p
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where � is the brane tension and ⌘ is the determinant of
the induced metric. Parametrizing the brane’s shape via
the azimuthal angle ✓ the induce metric can be written
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If we assume spherical symmetry for the brane we have
r = 2Lcos✓ with L the brane radius. We can see that
if we have negative brane tension this provides a global
minima for the action in case 2L = ls the Schwarzschild
radius of the black hole. We can study the global minima
by solving for 1 + r

2
f(r)✓2r = 0 assuming a static state

and the result will be r = lscos✓ corresponding to ✏ = 0
in our model. The brane is trapped inside the black hole
horizon.

Summary and Discussion

An interesting observation regarding this work is relat-
ing the de Sitter lifetime to quantum gravity e↵ects. Our
result for semiclassical de Sitter evaporation is the same
as the results in [5] and this resembles that this model
behaves like the de Sitter space time quantum mechan-
ically as well as classically. The important deviation in
this model is the appearance of a timescale similar to
scrambling time in predicting the de Sitter lifetime. This
happens because the scape of matter from de Sitter hori-
zon (whilst entering the black hole horizon) increases the
black hole mass and therefore radius which ultimaletly
distorts the resulting de Sitter patch and provides an ap-
proximated de Sitter lifetime. The proposed cyclic uni-
verse model is an important part of this work that needs
to be studied further.
It’s also intriguing that we can have de Sitter space

time on a negative tension brane which otherwise lead to
anti-de Sitter space time. Our results for de Sitter life-
time in this model might be modified if we also consider
the brane’s movement in the process of black hole evapo-
ration. Specifically we expect that the presence of matter
on the brane in the observable region leads to a nonzero
✏ in the described setup (section V). We postpone this
calculation and the further cosmological consequences of
this model to a future work.
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[Vafa 2005]

◆ Given vast landscape, we assume consistent 4D EFT can be 
descended from some string compactification.

 
◆ Moreover, al a Wilson, we assume that scales are separated; 
UV/IR physics are decouple. UV physics only sets the 
boundary conditions for IR parameter.

 
◆ Ignore quantum gravity. It is relevant only in deep UV.  
Any consistent-looking EFT, by itself, is good in the IR and can 
be coupled to gravity in the UV if needed.


◆ IR Side effect: The naturalness/hierarchy/fine-tuning/too 
UV-sensitivity problem:

The cosmological constant and the Higgs mass parameter

String Landscape



Swampland Conjectures

◆ Model buildings: not everything is possible in string theory constructions.

◆ Most EFT’s cannot be consistently coupled to quantum gravity. 
◆ The Swampland Conjectures: A list of criteria for consistent EFT’s

◆ If an EFT respects them, it comes from some compactification, otherwise 
it is in the swamp.

Swampland

Landscape:

All EFT’s consistent 

with quantum gravity

The landscape is surrounded  by an even a bigger swampland. 



◆ The SM is not complete: we need to go beyond it. In what direction?

Swampland

Landscape

SMBSM

◆ Swampland conjectures can be used in a bottom-up approach as model-
selection principles, or as constraints on the parameter space.

Swampland Conjectures and BSM

◆ Swampland conjectures also shed lights into naturalness problems.



Swampland Conjectures

◆ No Global Symmetry Conjecture

◆ Weak Gravity Conjecture 

◆ Festina Lente Bound

◆ No Stable non-SUSY AdS

◆ Distance Conjecture

◆ de Sitter Conjectures

◆ Trans-Planckian Censorship Conjectures

◆…

◆Thorough studying explicit models we construct from string 
compactifications, we find some generic features all have.

◆ No proof yet. No counter-example though

For review see

[Brennan,Carta,Vafa 1711.00864]


[Palti 1903.06239]



No Global Symmetry Conjecture

◆ There is no EXACT global symmetry in a consistent EFT.
[Vafa 2005]

◆ Accidental low energy global symmetries:  must be either gauged or 
broken

◆ Global symmetry in a theory which contain BH’s in the spectrum, 
violates the Bekenstein-Hawking entropy bound and no-hair theorem.

◆ Generically, BSM’s break or gauge global symmetries.

◆ e.g. The most general renormalizable gauge invariant operators in the SM 
show accidental B, L, B-L global symmetries.



Weak Gravity Conjecture

◆ Gravity is the weakest force! [Arkan-Hamed,Vafa etal 2005]

◆ Certainly satisfied in our Universe, now we have an explanation. 

  ◆ Closely related to no global symmetry conjecture (vanishing coupling).

  ◆ For a massive charged particle: the electric version of WGC implies

   ◆ The magnetic version of WGC: the UV cut-off is bounded
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Energy

ΛUV

EFT

4

shrinks and the brane gets close to its stable configura-
tion of ✏ ⇡ 0 (section V) the hypothetical abrupt evapo-
ration takes place which has a timescale of liLog

li
l5
. This

process of absorbtion-evaporation resembles black hole
scrambling time where the information falling in to the
black hole after the page time appears in Hawking radi-
ation after a time of order scrambling time.[6] (Provided
that we assume the processes described above take place
after the black hole’s page time, considering evaporation
to the bulk, which we have neglected compared to evap-
oration on the brane).

In this picture information in our observable universe
falls into black hole and evaporates out again in time
scales described above forming successive cyclic uni-
verses.

Contribution of Black Hole Evaporation to Matter

Content of Universe

The entropy of 5D black hole is proportional to l3s
G5

⇡

L2�l2

G4
so increasing ✏ as the black hole evaporates de-

creases the entropy by an amount proportional to 4D de
Sitter entropy. Therefore this can provide an interpre-
tation for the first law of thermodynamics regarding de
Sitter space time.

�M = T �S ⇡
�1

l

l
2

G4
⇡ �

l

G4
(39)

If we assume matter fields only live on the brane this is
the total amount of energy evaporated by the black hole
as measured by an observer on the brane. If we consider
this as the total matter of the universe we see that it is
comparable to the energy content of dark energy.

Baby Brane Interpretation

The construction described here can be made possible
as a so called baby brane. It is discussed numerically in
[7] that if we have a black hole in the brane-world scenario
on a flat brane and for some reason (perturbations) the
black hole acquires a velocity perpendicular to the brane
it modifies the shape of the brane and dissects a small
piece of it away from the so called mother brane. The
result will be a black hole living on a closed brane. We
describe the calculation in [7] here for completeness.

The brane action can be written as

S = ��

Z
d
4
x
p
�⌘ (40)

where � is the brane tension and ⌘ is the determinant of
the induced metric. Parametrizing the brane’s shape via
the azimuthal angle ✓ the induce metric can be written
as

ds
2 = �f(r)dt2+f

�1(r)dr2+r
2(✓tdt+✓rdr)

2+r
2
sin

2
✓d⌦2

2
(41)

and the resulting Lagrangian will be

L = ��(rsin✓)2
q

1 + r2f(r)✓2r � r2f�1(r)✓2t (42)

If we assume spherical symmetry for the brane we have
r = 2Lcos✓ with L the brane radius. We can see that
if we have negative brane tension this provides a global
minima for the action in case 2L = ls the Schwarzschild
radius of the black hole. We can study the global minima
by solving for 1 + r

2
f(r)✓2r = 0 assuming a static state

and the result will be r = lscos✓ corresponding to ✏ = 0
in our model. The brane is trapped inside the black hole
horizon.

Summary and Discussion

An interesting observation regarding this work is relat-
ing the de Sitter lifetime to quantum gravity e↵ects. Our
result for semiclassical de Sitter evaporation is the same
as the results in [5] and this resembles that this model
behaves like the de Sitter space time quantum mechan-
ically as well as classically. The important deviation in
this model is the appearance of a timescale similar to
scrambling time in predicting the de Sitter lifetime. This
happens because the scape of matter from de Sitter hori-
zon (whilst entering the black hole horizon) increases the
black hole mass and therefore radius which ultimaletly
distorts the resulting de Sitter patch and provides an ap-
proximated de Sitter lifetime. The proposed cyclic uni-
verse model is an important part of this work that needs
to be studied further.
It’s also intriguing that we can have de Sitter space

time on a negative tension brane which otherwise lead to
anti-de Sitter space time. Our results for de Sitter life-
time in this model might be modified if we also consider
the brane’s movement in the process of black hole evapo-
ration. Specifically we expect that the presence of matter
on the brane in the observable region leads to a nonzero
✏ in the described setup (section V). We postpone this
calculation and the further cosmological consequences of
this model to a future work.

mPlanck (43)

Appendix

Here we study the induced metric for AdS-
Schwartzschild and Kerr black holes. For the first case
we have the back ground metric

ds
2 = �(1�

l
2
s

R2
+
R

2

a2
)dt2+(1�

l
2
s

R2
+
R

2

a2
)�1

dR
2+R

2
d⌦2

3

(44)



No stable AdS Conjecture

   ◆ Non-supersymmetric anti-de Sitter vacua are not stable.

 ◆ Supersymmetry: boson-fermion degeneracy in the spectrum

 ◆ Anti-de Sitter spacetime: solution to GR with negative CC

[Ooguri-Vafa 2006]

  ◆ SM compactified on a circle: a landscape of non-SUSY 3D theories.
 Non of them can be in the swampland.

   ◆ If an EFT is constant with QG, it is consistent on any background.

   ◆ Compactification introduces another scalar field (the radius).

◆ We compute the one-loop effective potential.

[Arkani-Hamed etal 2007]

[Arnold etal 2010]



No stable AdS Conjecture

 ◆ Lightest neutrino cannot be Majorana

 ◆ Neutrino Dirac mass in bounded
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[Ibanez-Valenzuela 2017]

◆ For small radius, massless/light fields gives dominant contribution.

2 photons, 2 gravitons bosonic dof: negative contribution.

2 from light Majorana neutrino, 4 and more if light Dirac neutrino

   ◆ Non-supersymmetric anti-de Sitter vacua are not stable.



No stable AdS Conjecture

 ◆ Neutrino Dirac mass in bounded
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 ◆ Interesting coincidence, also related to the EW scale

[Ibanez-Valenzuela 2017]
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 ◆ Particle physics (massive neutrino) implies non-vanishing cosmological
 constant to avoid AdS vacuum.
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 ◆ Dirac neutrino
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◆ An upper bound on the electroweak scale

◆ Shed light on naturalness problem?

 ◆ BSM’s generically predict many light particles… constraint on parameter
space



Festina Lente Bound

  ◆ For charged massive particle in dS space
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  ◆ In the present vacuum: easily satisfied

  ◆Shape of the Higgs potential?

  ◆ Found also from studying charged large BHs in dS space

[Montero-Vafa et al 2021]
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Festina Lente Bound
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◆Shape of the Higgs potential in the early inflationary era?



Swampland Distance Conjecture

Scalar field value (excursion) is bounded

N-dimensional Moduli space of vacua

EFT1
EFT2

EFT3

◆ No single patch/EFT to cover all moduli space, no single description.

◆ In every patch, there is new dof’s, new symmetries and new Lagrangian.

◆ Corollary: EFT’s with superPlanckian excursions are in the swampland.

[Vafa 2005]
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◆ Implication for cosmological model building.



Duality Symmetries

◆ Dualities are one of the most important lessons from String Theory. 

◆ When vary a parameter to an extreme limit, the degrees of freedom and 
the symmetries all change.

◆ Although the former theory become very cumbersome, we find a new 
theory which better describe physics.

◆ There is no single description for whole parameter space.



◆ Towers of states become exponentially light in 
extreme points of the moduli space

T-Duality

R

Energy

ΛUV

EFT

T-duality: Extended objects + Extra dimensions

◆ Circle compactification:

◆ Kaluza-Klein modes:

◆ Winding modes:

◆ Better description in terms of new degrees of freedom.
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Thermodynamic interpretation of the de Sitter swampland conjecture

Min-Seok Seo1, ∗

1Department of Physics Education, Korea National University of Education,
Cheongju 28173, Korea

We interpret the de Sitter swampland conjecture in the thermodynamic point of view. When the
number of degrees of freedom is enhanced as the modulus rolls down the potential, the bound on
mPl∇V/V is equivalent to the condition for the positive temperature phase. The boundary between
the positive- and the negative temperature phases is preferred by the classical system since the
entropy density is maximized. The distance conjecture imposes that (quasi-)de Sitter spacetime is
entirely in the negative temperature phase and statistically disfavored. By investigating the concave
potential, we also justify the bound on m2

Pl∇
2V/V .

INTRODUCTION

The instability of (quasi-)de Sitter (dS) spacetime has
been a long standing issue. While both primordial infla-
tionary paradigm and ΛCDM model explaining the cur-
rent accelerating Universe are well consistent with ob-
servations [1], constructing model based on string theory
requires the nontrivial setup [2], as suggested by KKLT
[3] or large volume scenario [4]. Once the string theory
solution exists, apart from its naturalness, the anthropic
principle [5] or the string landscape [6] might account for
the real world described by the solution. On the other
hand, it was recently proposed that in any parametri-
cally controllable regime (meta-)stable de Sitter space-
time is not allowed by quantum gravity [7]. Among many
conjectured effective field theory (EFT) properties con-
sistent with quantum gravity (for reviews, see, [8, 9]),
this de Sitter swampland conjecture became controver-
sial. Counter-examples have been studied through the
Higgs and the axion potentials, from which the role of
the curvature, not just the slope of the potential is em-
phasized [10–17]. Such a situation calls for the refinement
of the conjecture and also the physically acceptable argu-
ments supporting it. In [18, 19], the refined dS swamp-
land bound was formulated as

mPl
|∇V |
V

≥ c, or

m2
Pl

min(∇i∇jV )

V
≤ −c′

(1)

for some positive order one constants c and c′ and more
importantly, Bousso’s covariant entropy bound [20], as
well as the distance conjecture [21] were considered to
support the conjecture in [19]. 1 That is, in the pres-

1 The dS swampland bound can be written as the condition on the
Hubble parameter H instead of the potential as given by (1) [22].
This enables us to apply the dS swampland conjecture to exotic
inflationary cosmology models, in which quasi-dS spacetime is
not necessarily a consequence of the almost flat potential (see
also [23–25]).

ence of some modulus along which the number of phys-
ical degrees of freedom N (hence the entropy) increases
rapidly, the condition that the entropy cannot exceed the
Gibbons-Hawking bound SGH = m2

Pl/H
2 (we ignored the

numerical factor of order one) results in the first bound
in (1) as the Hubble parameter H is also controlled by
the modulus. Meanwhile, the second bound states the
breakdown of the semi-classical picture for dS spacetime
by the tachyonic zero point quantum fluctuation.

In this argument, the inequality itself comes from the
thermodynamic property of spacetime, i.e., the entropy
bound. On the other hand, the existence of the mod-
ulus with properties given above as well as order one
values of c and c′ are results of the distance conjecture
which claims that as the modulus traverses along the
trans-Planckian geodesic distance towers of light degrees
of freedom rapidly descend from UV. Motivated by these
facts, in this letter we make a more systematic inter-
pretation of the dS swampland conjecture using the lan-
guage of thermodynamics. Moreover we try to specify
the role of the distance conjecture which is irrelevant to
thermodynamics. For this purpose, we take the ansatz
SH = Np(H/mPl)q for the entropy inside the horizon as
considered in [19]. The nonzero exponent p stands for
the effect from the large number of degrees of freedom
as predicted by the distance conjecture while vanishing
p means that the entropy is purely geometric.

From the thermodynamic definition of the tempera-
ture, we find that when the distance conjecture is applied
to the modulus rolling down the potential, the bound
on mPl|∇V |/V in (1) is in fact the condition for the
positive temperature phase, which is a consequence of
the upper bound on the entropy under the EFT validity
condition H < mPl. Indeed, the boundary between the
positive- and the negative temperature phases at which
the bound on mPl|∇V |/V saturates has the maximal en-
tropy density hence corresponds to a spacetime configu-
ration preferred by the system. On the contrary, quasi-
dS spacetime that belongs to the negative temperature
phase is not statistically favored. Finally, by estimat-
ing m2

Pl∇2V/V for the concave potential, we justify the

The shape of the scalar potential is constrained

de Sitter Conjecture

◆ Corollary: There exist no stable dS. Not even meta-stable dS.
[Ooguri-Vafa 2017]


[Obied-Ooguri-Spodyneiko-Vafa 2018]
V



De Sitter Cosmology

◆ Observations strongly indicate that the observable universe is experiencing 
an accelerating expansion. Moreover, a similar phase, a.k.a. cosmic inflation, 
can explain many features of the observable universe.

◆ Whether these potentials naturally arise in string compactifications or 
they are in swampland?



Primordial Inflation
◆ Standard Paradigm of Hot Big-Bang Cosmology: Expansion, CMB, BBN

◆ Initial condition/Horizon problem:

The present horizon is smooth better than 1 part in 105. So, it is composed of 

around 109 causally disconnected patches at the time of recombination,

around 1027 causally disconnected patches at the time of nucleosynthesis, 

around 1096 causally disconnected patches at the Planck time, 
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◆ solution: shrinking comoving Hubble horizon
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◆ Tension with distance conjecture:

these constraints as well as study their implications
for the present epoch (dark energy), and our imme-
diate future. Since the values of c and � are not
precisely known, the best we can do is to formulate
constraints in terms of these unknown constants.

We find that inflationary models are generically
in tension with these two criteria depending on how
strictly we interpret these constraints in terms of
the proximity of {c,�} to 1. For example, among
inflationary models that are not ruled out by cur-
rent observations, plateau models require c . 0.02
and � & 5.

As for the present universe, the second Swamp-
land criterion is clearly in conflict with ⇤CDM cos-
mology because a positive cosmological constant
violates the bound |r�V |/V > c > 0. How-
ever, quintessence models of dark energy [8] can
be made consistent with the two criteria. Aside
from the inflationary constraints, considering only
cosmological observations of the recent universe, we
derive model-independent constraints on the values
of {c,�}, c < 0.6 and c < 3.5 �. These values can
be realized in concrete quintessence models. More-
over we find a lower bound on the deviation of to-
day’s value of w from �1 given by (1+w) & 0.15 c

2,
where w = p/⇢ for the dark energy component of
the universe.

Extrapolating these models to the future, we find
that in a time of order tend. [ 3�

2c⌦0
�
] H�1

0 the uni-

verse must enter a new phase. Here H0 is the cur-
rent value of the Hubble parameter and ⌦0

� = 0.7 is
the current density fraction of dark energy. So tend

could be viewed as “the end of the universe as we
know it” and the beginning of a new epoch. The
new epoch may entail the appearance and produc-
tion of a tower of light states and/or the transition
from accelerated expansion to contraction.

The organization of this paper is as follows: We
first discuss constraints on early universe inflation-
ary models and then discuss how the recent and
present cosmology fits with the above criteria. Fi-
nally we discuss the future of our universe in view
of these criteria.

2. Past

Observational constraints on inflation [9–11], the
hypothetical period of cosmic acceleration in the
very early universe, are in tension with both
Swampland criteria. The tension with Criterion 1
(� . 1) has been noted previously [12–15], but the

tension with Criterion 2 (|r�V |/V � c ⇠ O(1))
has not been studied before.

Let us first briefly review some of the parame-
ters of inflationary models relevant for these crite-
ria. Consider single-field slow-roll inflation based
on an action of the form shown in Eq. (1). In the
slow-roll limit, the equation of state is
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✏ ⇠
1

Nk
e

. (4)

The exponent k is equal to 1 for inflationary poten-
tials in which V (�) scales roughly as an exponential
or power-law to leading order in � during inflation,
which includes models with the fewest parameters
and least fine-tuning; and equal to 2 for a spe-
cial subclass of more fine-tuned “plateau models”
in which V (�) is nearly constant during inflation
and ends inflation with a sharp cli↵-like drop to a
minimum. During the last Ne e-folds, the range of
� is roughly [16]
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We begin by considering constraints on V (�) dur-
ing the last Ne ⇡ 60 e-folds, the period probed di-
rectly by measurements of the cosmic microwave
background. The exponential- and power-law-like
inflationary models are ruled out by recent obser-
vational limits on B-mode polarization that con-
strain the tensor-to-scalar fluctuation amplitude ra-
tio r ⇡ 16✏ < 0.07 or ✏ < 0.0044 [17]. This, com-
bined with measurements of the spectral tilt ns of
the scalar density fluctuations, is incompatible with
these inflationary models (which all have ✏ & 0.01).
However, current constraints allow the more fine-
tuned plateau models (with ✏ < 0.0005) [18].

We now turn to evaluating the two Swampland
criteria for the past cosmic acceleration (inflation)
which turns out to be di�cult to satisfy for several
reasons:

1. the period of acceleration must be maintained
for many e-folds of expansion;
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Enough e-folding needs super-Planckian excursion.

2. there are many di↵erent observational con-
straints to be simultaneously satisfied (on tilt,
tensor-to-scalar ratio, non-gaussianity, and
isocurvature perturbations);

3. the empirical constraints are quantitatively
tight.

Criterion 1: Based on Eq. (5), we see that the
range of � spanned during the last Ne = 60 e-folds
is O(1) or greater. Plateau models have the least
tension with Criterion 1, but, even in these cases,
when factors of order unity are fully included, the
range is� � 5 in reduced Planck mass units. While
the tension may be viewed as modest, we note that
the range can be much larger if there are more than
the minimal 60 e-folds of inflation.
Criterion 2: The current B-mode constraint ✏ <
0.0044 corresponds to |r�V |/V < 0.09, in tension
with the second Swampland criterion |r�V |/V >

c ⇠ O(1). Near-future measurements will be pre-
cise enough to detect values of r at the level of 0.01;
failure to detect would require |r�V |/V . 0.035.
The plateau models, favored by some cosmologists
as the simplest remaining that fit current observa-
tions, require |r�V |/V . 0.02 during the last 60
e-folds, which is in greater tension with the second
Swampland criterion.

Hence, we see generically current observational
constraints on inflation are already in modest ten-
sion with the first Swampland criterion and more
so with the second Swampland criterion especially
in the context of the plateau models, which are
observationally favored. Near-future experiments
can further exacerbate the tension if they place yet
tighter bounds on r.

Note that we have only considered thus far the
tension with Criterion 2 during the last 60 e-folds.
In practice, nearly all inflationary models in the
literature include extrema or plateaus or power-law
behavior in which |r�V |/V ! 0 at one or more
values of �. These are forbidden by Swampland
Criterion 2.

Variants of single-field slow-roll inflation do not
provide any apparent relief and/or run into other
observational constraints. DBI inflationary models
replace the kinetic energy density of the inflaton
with a Born-Infeld action [19]. In this case, the
Swampland criteria apply by first taking the limit
of small (@µ�)2 and normalizing fields so that the
kinetic energy density is canonical. If (@µ�)2 ⌧ 1
throughout inflation, the constraints above apply
directly. In cases where (@µ�)2 becomes order unity

during inflation, the model runs into constraints on
non-gaussianity.

For Higgs inflation [20], R2 (Starobinsky) infla-
tion [21], pole-inflation [22] and ↵-attractor mod-
els [23], evaluating the Swampland criteria requires
first redefining the metric and scalar fields such that
the action is recast in the form of Einstein gravity
plus a canonical kinetic energy density for the scalar
field. In this form, they all correspond to plateau
models which, as shown above, are in modest ten-
sion with Criterion 1 and in significant tension with
Criterion 2 at Ne = 60 (and in even greater tension
for larger Ne because |r�V/V | ! 0).

Axion monodromy models [14], N-flation [24] and
other multifield models were introduced to ensure
that no field traverses a linear field distance from
the origin greater than unity. However, as noted in
the introduction, Swampland Criterion 1 is based
on the total path length along the slow roll trajec-
tory (more precisely, along a gradient flow trajec-
tory) in the field space. The strategies are not suf-
ficient to satisfy Criterion 1 if the total path length
exceeds order unity, which is the situation in these
cases.

The more serious tension, though, is nearly al-
ways with Swampland Criterion 2. Almost all infla-
tionary constructions include extrema or plateaus
in which |r�V |/V ! 0 at one or more points
in field space. It remains a challenge to find ex-
amples that satisfy observations and also satisfy
|r�V |/V > c ⇠ O(1). If one cannot be found,
there are only a few options. Either the Swamp-
land criteria are wrong, which can be proven by
a full construction of counterexamples; or inflation
cosmology is wrong and some other mechanism ac-
counts for the smoothness, flatness and density per-
turbation spectrum of the observable universe2; or
perhaps both are deficient and theoretical and ob-
servational progress will point to new possibilities.

3. Present

Current data shows that the universe is domi-
nated by dark energy. Criterion 2 already implies
that this cannot be the result of a positive cos-
mological constant or being at the minimum of a
potential with positive energy density, and so we
must be dealing with a scalar field potential that

2Alternative ideas include string gas cosmology and
bouncing cosmologies.

3

2. there are many di↵erent observational con-
straints to be simultaneously satisfied (on tilt,
tensor-to-scalar ratio, non-gaussianity, and
isocurvature perturbations);

3. the empirical constraints are quantitatively
tight.

Criterion 1: Based on Eq. (5), we see that the
range of � spanned during the last Ne = 60 e-folds
is O(1) or greater. Plateau models have the least
tension with Criterion 1, but, even in these cases,
when factors of order unity are fully included, the
range is� � 5 in reduced Planck mass units. While
the tension may be viewed as modest, we note that
the range can be much larger if there are more than
the minimal 60 e-folds of inflation.
Criterion 2: The current B-mode constraint ✏ <
0.0044 corresponds to |r�V |/V < 0.09, in tension
with the second Swampland criterion |r�V |/V >

c ⇠ O(1). Near-future measurements will be pre-
cise enough to detect values of r at the level of 0.01;
failure to detect would require |r�V |/V . 0.035.
The plateau models, favored by some cosmologists
as the simplest remaining that fit current observa-
tions, require |r�V |/V . 0.02 during the last 60
e-folds, which is in greater tension with the second
Swampland criterion.

Hence, we see generically current observational
constraints on inflation are already in modest ten-
sion with the first Swampland criterion and more
so with the second Swampland criterion especially
in the context of the plateau models, which are
observationally favored. Near-future experiments
can further exacerbate the tension if they place yet
tighter bounds on r.

Note that we have only considered thus far the
tension with Criterion 2 during the last 60 e-folds.
In practice, nearly all inflationary models in the
literature include extrema or plateaus or power-law
behavior in which |r�V |/V ! 0 at one or more
values of �. These are forbidden by Swampland
Criterion 2.

Variants of single-field slow-roll inflation do not
provide any apparent relief and/or run into other
observational constraints. DBI inflationary models
replace the kinetic energy density of the inflaton
with a Born-Infeld action [19]. In this case, the
Swampland criteria apply by first taking the limit
of small (@µ�)2 and normalizing fields so that the
kinetic energy density is canonical. If (@µ�)2 ⌧ 1
throughout inflation, the constraints above apply
directly. In cases where (@µ�)2 becomes order unity

during inflation, the model runs into constraints on
non-gaussianity.

For Higgs inflation [20], R2 (Starobinsky) infla-
tion [21], pole-inflation [22] and ↵-attractor mod-
els [23], evaluating the Swampland criteria requires
first redefining the metric and scalar fields such that
the action is recast in the form of Einstein gravity
plus a canonical kinetic energy density for the scalar
field. In this form, they all correspond to plateau
models which, as shown above, are in modest ten-
sion with Criterion 1 and in significant tension with
Criterion 2 at Ne = 60 (and in even greater tension
for larger Ne because |r�V/V | ! 0).

Axion monodromy models [14], N-flation [24] and
other multifield models were introduced to ensure
that no field traverses a linear field distance from
the origin greater than unity. However, as noted in
the introduction, Swampland Criterion 1 is based
on the total path length along the slow roll trajec-
tory (more precisely, along a gradient flow trajec-
tory) in the field space. The strategies are not suf-
ficient to satisfy Criterion 1 if the total path length
exceeds order unity, which is the situation in these
cases.

The more serious tension, though, is nearly al-
ways with Swampland Criterion 2. Almost all infla-
tionary constructions include extrema or plateaus
in which |r�V |/V ! 0 at one or more points
in field space. It remains a challenge to find ex-
amples that satisfy observations and also satisfy
|r�V |/V > c ⇠ O(1). If one cannot be found,
there are only a few options. Either the Swamp-
land criteria are wrong, which can be proven by
a full construction of counterexamples; or inflation
cosmology is wrong and some other mechanism ac-
counts for the smoothness, flatness and density per-
turbation spectrum of the observable universe2; or
perhaps both are deficient and theoretical and ob-
servational progress will point to new possibilities.

3. Present

Current data shows that the universe is domi-
nated by dark energy. Criterion 2 already implies
that this cannot be the result of a positive cos-
mological constant or being at the minimum of a
potential with positive energy density, and so we
must be dealing with a scalar field potential that

2Alternative ideas include string gas cosmology and
bouncing cosmologies.

3

✏ < 10
�31

(5.322)

2

3
✏ = w + 1 (5.323)

1 =
LiniHinf

LPlHPl

=
ainiHinf

aPlHPl

=

⇣
Hinf

HPl

⌘ 1+3w
3(1+w)

. (5.324)

N3 < 33.1

H3 < 10 TeV (5.325)

H2 < 6.1⇥ 10
13
GeV (5.326)

N2 < 15.8

H1 < 9.6⇥ 10
14
GeV (5.327)

N1 = N1 < 7.8

N < 33.1 + 10.6 + 7.8 = 51.5

N < ln(mPlH
�1

inf
)� 3 ln↵. For ↵ =

p
3

Hinf ⇠ 10
14

GeV we find N < 7.6
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these constraints as well as study their implications
for the present epoch (dark energy), and our imme-
diate future. Since the values of c and � are not
precisely known, the best we can do is to formulate
constraints in terms of these unknown constants.

We find that inflationary models are generically
in tension with these two criteria depending on how
strictly we interpret these constraints in terms of
the proximity of {c,�} to 1. For example, among
inflationary models that are not ruled out by cur-
rent observations, plateau models require c . 0.02
and � & 5.

As for the present universe, the second Swamp-
land criterion is clearly in conflict with ⇤CDM cos-
mology because a positive cosmological constant
violates the bound |r�V |/V > c > 0. How-
ever, quintessence models of dark energy [8] can
be made consistent with the two criteria. Aside
from the inflationary constraints, considering only
cosmological observations of the recent universe, we
derive model-independent constraints on the values
of {c,�}, c < 0.6 and c < 3.5 �. These values can
be realized in concrete quintessence models. More-
over we find a lower bound on the deviation of to-
day’s value of w from �1 given by (1+w) & 0.15 c

2,
where w = p/⇢ for the dark energy component of
the universe.

Extrapolating these models to the future, we find
that in a time of order tend. [ 3�

2c⌦0
�
] H�1

0 the uni-

verse must enter a new phase. Here H0 is the cur-
rent value of the Hubble parameter and ⌦0

� = 0.7 is
the current density fraction of dark energy. So tend

could be viewed as “the end of the universe as we
know it” and the beginning of a new epoch. The
new epoch may entail the appearance and produc-
tion of a tower of light states and/or the transition
from accelerated expansion to contraction.

The organization of this paper is as follows: We
first discuss constraints on early universe inflation-
ary models and then discuss how the recent and
present cosmology fits with the above criteria. Fi-
nally we discuss the future of our universe in view
of these criteria.

2. Past

Observational constraints on inflation [9–11], the
hypothetical period of cosmic acceleration in the
very early universe, are in tension with both
Swampland criteria. The tension with Criterion 1
(� . 1) has been noted previously [12–15], but the

tension with Criterion 2 (|r�V |/V � c ⇠ O(1))
has not been studied before.

Let us first briefly review some of the parame-
ters of inflationary models relevant for these crite-
ria. Consider single-field slow-roll inflation based
on an action of the form shown in Eq. (1). In the
slow-roll limit, the equation of state is
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The exponent k is equal to 1 for inflationary poten-
tials in which V (�) scales roughly as an exponential
or power-law to leading order in � during inflation,
which includes models with the fewest parameters
and least fine-tuning; and equal to 2 for a spe-
cial subclass of more fine-tuned “plateau models”
in which V (�) is nearly constant during inflation
and ends inflation with a sharp cli↵-like drop to a
minimum. During the last Ne e-folds, the range of
� is roughly [16]
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We begin by considering constraints on V (�) dur-
ing the last Ne ⇡ 60 e-folds, the period probed di-
rectly by measurements of the cosmic microwave
background. The exponential- and power-law-like
inflationary models are ruled out by recent obser-
vational limits on B-mode polarization that con-
strain the tensor-to-scalar fluctuation amplitude ra-
tio r ⇡ 16✏ < 0.07 or ✏ < 0.0044 [17]. This, com-
bined with measurements of the spectral tilt ns of
the scalar density fluctuations, is incompatible with
these inflationary models (which all have ✏ & 0.01).
However, current constraints allow the more fine-
tuned plateau models (with ✏ < 0.0005) [18].

We now turn to evaluating the two Swampland
criteria for the past cosmic acceleration (inflation)
which turns out to be di�cult to satisfy for several
reasons:

1. the period of acceleration must be maintained
for many e-folds of expansion;
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◆ Data: present universe is dominated by dark energy.


The dS conjecture: not from minimum of a potential, rolling maybe.

Favors a quintessence model over the cosmological constant

is rolling, i.e. a quintessence model. Further-
more, if there are generic string compactifications
that predict a particular lower bound for |r�V/V |,
this implies that the slope of the potential is natu-
rally small when the dark energy is small, perhaps
putting quintessence on a firmer theoretical footing,
even without assuming the validity of the second
Swampland criterion.

However in string theory scalar fields typically
determine coupling constants and at first this may
appear to be in tension with the fact that, for ex-
ample, the change in the fine structure constant
is . 10�6 out to redshift z = O(1) [25]. But
as pointed out in [2] this simply means that the
scalar fields should couple to some other fields other
than the visible matter. In other words, this antic-
ipates the existence of the dark matter sector to
which they should be more strongly coupled. In
string theory such a scenario would be realized by
models where the standard model arises from a lo-
calized region of internal geometry (such as in F-
theory model building), whereas dark matter could
arise from some other regions. In this context the
quintessence field would correspond to the volume
of the other region where dark matter originates
and thus may control the couplings in the dark mat-
ter sector.

Astrophysical observations that constrain the ra-
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experiments already impose bounds on the value of
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surements given in Ref. [26]. These require that:
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Figure 1: (a) The black curve shows the current observational 2� bound on w(z) for 0 < z < 1 based on SNeIa, CMB and BAO
data [26]. This is compared with the predicted w(z) for exponential quintessence potentials with di↵erent values of constant
� under the constraint that ⌦�(z = 0) = 0.7 and assuming initial conditions x = y ⇡ 0. From this we observe that the
upper bound on � is ⇠ 0.6 (blue curve). (b) The blue curve shows the trajectory in the (x, y) plane corresponding to constant
� = 0.6, the upper bound allowed in Fig. 1(a), assuming initial conditions (x, y) = (0, 0). The current (x, y) is where the
blue curve meets the green; the dashed blue curve illustrates its future asymptotic behavior. Trajectories to the right of the
blue curve have a larger w(z) at 0 < z < 1 and, hence, violate the observational constraints in Fig. 1(a). As explained in the
text, trajectories to the left of the blue curve extrapolate back in time, hit the y-axis at some finite y and then continue on to
(x, y) = (�1, 0) or ⌦� ! 1. These trajectories disrupt matter domination and, hence, large-scale structure formation. Hence,
the bound for constant �, c < 0.6 in Fig. 1(a), is also the bound for general �(�) > c.

trajectories for a range of values of �. We com-
pare these predictions with the current 2� upper
bounds on w(z) for 0 < z < 1 (black curve3) [26].
The comparison shows that the upper bound on �

is 0.6, somewhat less than unity.
Second, a universal upper bound on c can be de-

rived for general �(�). We claim and will shortly
prove that the constant � case with �(�) = c is
the least constrained trajectory. From above, such
a trajectory is ruled out if c is bigger than 0.6. It
follows that every possible �(�) is ruled out if c is
bigger than 0.6, leading to the bound c . 0.6.

We now provide the argument why the �(�) = c

trajectory is the limiting case. Figure 1(b) shows
in blue the trajectory for the case � = c =
0.6 which connects the fixed point at (x, y) =
(c/

p
6,
p

1� c2/6) to the repulsive fixed point at
(x, y) = (0, 0). From figure 1(a), this trajectory fits

3 The black curve is determined from Fig. 21 in Ref. [26]
by finding the values of (w0, wa) all along the 2� contour;
plotting all w(z) of the form w(z) = w0 + waz/(1 + z); and
finding the upper convex hull.

observational constraints for 0 < z < 1 and z > 1.
Where the blue curve intersects the upper black line
in the future is the stable fixed point; if the universe
began at the repulsive fixed point in the past, the
current position along the trajectory is where the
blue curve meets the green one.

Note that trajectories are bounded by the condi-
tion
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where we use the fact that the slope dy/dx for each
trajectory at each point is a monotonic function of
�. Starting from any point in the x � y plot, we
can use this condition to bound any trajectory that
passes through that point if �(�) > c. Namely,
draw trajectories through the point with �(�) = c

and �(�) ! 1; these form a cone through which
any other trajectory for general �(�) must pass.
This is illustrated, for example, by the black lines
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c in Criterion 2 and future experiments have the
possibility of significantly tightening those bounds.

We consider here current constraints from su-
pernovae (SNeIa), cosmic microwave background
(CMB) and baryon acoustic oscillation (BAO) mea-
surements given in Ref. [26]. These require that:

• 1 + w(z) ⌧ 2/3 for z < 1 (see Ref. [26] and
Fig. 1);

• ⌦�(z = 0) ⌘ ⌦0
� ⇡ 0.7 [27]; and

• ⌦�(z > 1) ⌧ 1 in order to avoid suppression
of large-scale structure formation.

While a model-by-model comparison to data would
give the most precise bounds, the approach em-
ployed here is su�ciently accurate for our purposes
of obtaining bounds on the parameters� and c that
appear in the two Swampland criteria.

For a canonically normalized field �, the field tra-
jectory can be conveniently parameterized by the
dynamical variables

x =
�̇

p
6H

(6)

y =

p
V (�)

p
3H

(7)

where �1 < x < 1, 0 < y < 1. In terms of these
variables,

⌦� =
1
2 �̇

2 + V (�)

3H2
= x

2 + y
2 (8)

1 + w =
2x2

x2 + y2
, (9)

The equations of motion in terms of x and y are
(see [28] for a recent review),

dx

dN
=

p
6

2
�y

2
� 3x+

3

2
x
⇥
(1� wm)x2

+ (1 + wm)(1� y
2)
⇤

(10)

dy

dN
= �

p
6

2
�xy +

3

2
y
⇥
(1� wm)x2

+ (1 + wm)(1� y
2)
⇤

(11)

where wm is the equation of state of the other
components of the universe. Since we focus on
the matter-dominated and dark energy-dominated
epochs, wm ' 0. Here �(�) ⌘ |r�V |/V . By
Swampland Criterion 2, �(�) � c ⇠ O(1). As we
shall see below, the data puts an upper bound on c.
To find this upper bound we proceed in two steps.

First, we consider the special case of exponential
potentials with constant �:

V (�) = V0e
�� (12)

The predictions of w(z) for a given � depend in
general on the initial conditions. These are fixed
by the requirement that ⌦�(z) become negligible
at z > 1, as needed for large-scale structure for-
mation. Therefore, in the far past we begin close
to the repulsive fixed point (x, y) = (0, 0), and
start rolling towards the fixed point at (x, y) =
(�/

p
6,
p
1� �2/6), such that ⌦0

� = 0.7. In fig-
ure 1(a), we plot the w(z) predictions from these

4
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Swampland Conjectures and Fate of the Universe

The distance conjecture is violated.
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The distance conjecture is not violated.



Trans-Planckian Censorship Conjecture

◆ In de Sitter: a UV cut-off mPlanck and an IR cutoff H

Energy
H mPlanck

◆ In a theory of quantum gravity, UV/IR scales are not decoupled.
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◆ The TCC establishes a connection between cut-off:

The TCC: In an EFT consistent with quantum gravity sub-Planckian 
quantum modes never become classical and super-horizon/superhorizon.

◆ In an accelerating expanding spacetime quantum modes are stretched 
beyond the horizon, freeze and get classicalized: seeds of LS structures.
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TCC and late Universe
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The life-time of our Universe:

◆ Solve cosmic coincidence problem: why the age of universe is 1/H?

◆ Meta-stable dS is possible with finite life-time:
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To explain the present horizon:
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TCC and Inflation
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FIG. 1: Space-time sketch of inflationary cosmology. The
vertical axis is time, the horizontal axis represents physical
distance. The inflationary period lasts from ti to tR. Shown
are the Hubble radius H�1(t) and two length scales �0(t) and
�1(t) (fixed wavelength in comoving coordinates). For infla-
tion to provide a possible explanation for the observed fluc-
tuations on large scales, the scale �0(t) corresponding to the
current Hubble horizon must originate inside of the Hubble
radius at the beginning of inflation. This leads to the con-
dition (4). The TCC, on the other hand, demands that the
length scale �1(t)which equals the Hubble radius at the end
of inflation was never trans-Planckian. In the sketch, both
conditions are marginally satisfied.

In the approximation of constant value of H during
inflation, the TCC condition (1) can be written in the
form

e
N+ <

Mpl

H
. (8)

The equation (7) for N+ and the upper bound (8) on N+

coming from the TCC are compatible only provided that
the condition

V
3/4

<

p
3M2

pl(T0Teq)
1/2 (9)

is satisfied. Inserting the values of T0, Teq and Mpl we
obtain

V
1/4

< 6⇥ 108GeV ⇠ 3⇥ 10�10
Mpl . (10)

Note that this conclusion is independent of the assump-
tion that quantum fluctuations during inflation are the
seeds for primordial structure formation. While we have
used a potential V to describe the energy density during
inflation, our analysis holds for more general scenarios
and Eq. (10) can be interpreted as a bound on the en-
ergy density during the inflationary epoch.

We now add the assumption that quantum fluctuations
of the inflaton are responsible for the origin of structure.

In this case, the power spectrum P of the curvature fluc-
tuation R (see [18]) is given by

PR(k) =
1

8⇡2✏

�H(k)

Mpl

�2
, (11)

where k is the comoving wavenumber of the fluctuation
mode and H(k) is the value of H at the time when the
mode k exits the Hubble radius. The parameter ✏ de-
termines the deviation of the equation of state in the
inflationary phase compared to pure de Sitter:

✏ ⌘ 3

2

�p
⇢
+ 1

�
, (12)

where p and ⇢ are pressure and energy densities, respec-
tively. For inflation to provide the source of structure in
the Universe, we need [20]

PR(k) ⇠ 10�9
. (13)

Combining (10) (11) and (13) leads to an upper bound
on ✏

✏ ⇠ 109
1

8⇡2

�H(k)

Mpl

�2 ⇠ 109
V

24⇡2M4
pl

< 10�31
. (14)

Since the power spectrum of gravitational waves is
given by

Ph(k) ⇠
�H(k)

Mpl

�2
, (15)

the tensor to scalar ratio r is given by

r = 16✏ < 10�30
, (16)

where the factor 16 comes from the di↵erent normaliza-
tion conventions for the scalar and tensor spectra. While
the discussion above assumed that the inflaton domi-
nated the scalar perturbations it is important to note
that the TCC constrains the absolute amplitude of the
primordial gravitational waves. The bound on r there-
fore relies only on the TCC bound on the energy in
Eq. (10) and the observed amplitude of PR. Allowing
scalar perturbations from additional fields or a modified
sound speed for the inflaton, for example, will not relax
Eq. (16).
From (16) we draw the conclusion that any detection

of primordial gravitational waves on cosmological scales
would provide evidence for a di↵erent origin of the pri-
mordial gravitational wave spectrum than any inflation-
ary model consistent with the TCC. Note that a num-
ber of cosmological scenarios alternative to inflation do
predict significant primordial tensor modes on cosmolog-
ical scales. One example is String Gas Cosmology which
predicts both a scale-invariant spectrum of cosmological
perturbations with a slight red tilt [21] and a roughly
scale-invariant spectrum of gravitational waves with a
slight blue tilt [22].

[see MT 2019 for more details]

An upper bound on Hinf

A upper bound on number of e-folds or the life-time



◆ Fine-tuning of initial condition at the onset of inflation: 

Around 1030 similar patches at the Planck time bust be prepared. 

[Recall: inflation was supposed to solve the I.C. problem of cosmology! 
Even 1016 GeV inflation needs 106  smooth patches prepared]

[MT 1910.06867,1911.12304]

TCC and Inflation

◆ Prediction: Given a vanilla model for inflation, no primordial 
gravitational waves will be detected.


◆ In the following we propose a scenario to realize a high-scale inflation 
and alleviate the fine-tuning problem. 



◆ Multiple stages of inflation collectively explain the present horizon.

There is an observable one, follows by non-observable inflations.

Breathing Comoving Hubble



◆ Initial condition for the observable inflation

(unless w = �1/3) the above equation implies that the
physical volume of the Universe at the Planck time en-
compasses at least 104 (for w = 0 and 106 for w = 1/3)
Hubble spheres with radius around Planck length. This
is the initial condition for the observable inflation which
must be granted if it is supposed to solve the initial con-
dition problem of hot big bang model.

This problem can be alleviated via the very mechanism
that solves the horizon problem of big bang model. Af-
ter the Planck era, the universe follows an inflationary
epoch with Hubble parameter close to the Planck scale.
However, this inflation is not observable as we cannot ob-
serve modes that leave the horizon during this preiode.
Besides, this cannot be prolonged as constrained by the
TCC. In order to have a lower scale observable inflation
with initial conditions set naturally at the Planck time
without any fine-tuning we expect

1  LiniHinf

LPlHPl
=

ainiHinf

aPlHPl
. (22)

Several epochs of inflation can happen in between the
Planck scale one and the observable one. With a more
convenient notation HPl = H̃1 and aPl = aini,1, for n

stages of inflation we find

1 � aini,1H̃1

ainiHinf
= e

�
Pn

i=1 Ñi
H̃1

Hinf

n�1Y

i=1

aend,i

aini,i+1

aend,n

aini
.(23)

Assuming a simple inter-inflationary epoch we find

e

Pn
i=1 Ñi � H̃1

Hinf

⇣
Hinf

H̃n

⌘ 2
3(1+w̃n)

n�1Y

i=1

⇣
H̃i+1

H̃i

⌘ 2
3(1+w̃i)

,

!
⇣

H̃1

Hinf

⌘ 1+3!̃
3(1+w̃)

, (24)

where in the last line we assumed wi = w. Therefore,

e

Pn
i=1 Ñi & 21.5 (for w = 0) (or 100 for w = 1/3), (25)

and thus Ñtot & 3 for matter-domination in intermediate
stages (we would find around 4.6 e-folds for radiation
domination).

To find the Hubble rates we parametrize the ratio
of comoving horizon at the onset if each inflation (i =
1, 2, . . . , n) to the Planck horizon as

aini,iH̃i

aini,1H̃1

= c̃i � 1. (26)

Then,

c̃i+1 =
aini,i+1H̃i

aini,1H̃1

= ci
aini,i+1H̃i+1

aini,iH̃i

= cie
Ni

⇣
H̃i+1

H̃i

⌘ 1+3w̃i
3(1+w̃i)

. (27)

Applying the TCC, we find a lower bound on the Hubble
scale of the succeeding inflation as

H̃i+1 >
⇥
c̃i+1

c̃i

⇤ 3(1+w̃i)
1+3w̃i mPl

⇣
H̃i

mPl

⌘2+ 2
1+3w̃i

. (28)

If we assume the same EoS parameter for all inter-
inflationary stages and parametrize H̃1 = ↵

�1
mPl (↵ >

1) then we find the scale of succeeding inflation as follows

H̃i > C̃i↵
�
⇥

4+6w̃
1+3w

⇤i�1

mPl, (29)

where

C̃i =
Q

i

j=2

h⇣
c̃j

c̃j�1

⌘ 3(1+w̃)
1+3w̃

i( 4+6w̃
1+3w̃ )j�2

. (30)

The number of e-folds for each stage of inflation is
bounded by

Ñi <

h4 + 6w̃

1 + 3w̃

ii�1
ln↵� ln cC̃i, (31)

for some arbitrary constant c > 1 which turns the in-
equality in (29) into equality. The total number of e-
folds, including the first one, is

Ñ <

�
4+6w
1+3w

�n � 1

1 + 2�2w
1+3w

ln↵� ln cC̃, (32)

where ln C̃ =
P

n

i=2

P
i

j=2
(3+3w̃)(4+6w)j�2

(1+3w)j�1 ln c̃j

c̃j�1
.

A simple sequence of pre-inflations

For matter domination w̃ = 0 and a simple model
with c̃i ⇡ 1, assuming ↵ =

p
3 we find H̃1 ⇡ 0.5mPl,

H̃2 > 0.1mPl and H̃3 > 10�4
mPl which touches the

Planck 2018 bound. Consequently, the TCC implies
Ñ1 < 0.5, Ñ2 < 2.2, Ñ3 < 8.8. Therefore, in order to set
the initial conditions of the observable inflation, there
need to be at least 3 epochs of inflation which in to-
tal provide around 3 e-folds. For radiation domination
w̃ = 1/3 we find H̃2 > 0.2mPl (̃̃N2 < 1.6), H̃3 > 0.007mPl

(Ñ3 < 4.9). Although three inflations satisfy the lower
bound (25), in order to satisfy the observational bound
from non-detection of gravitations waves, we need at at
least one more inflation before the observable one.

IV. Power-law assisting inflations

The lates results from the Planck satellite favors
plateau-like (observable) inflation. However, as the other
stages of inflations have no footprint on the CMB, they
could be power-law in nature. In this section, we examine
this scenario for early inflations and the late ones where
the Universe is dominated by a fluid with EoS parameter
ŵ < �1/3. In this case, the Hubble rate the the begin-
ning of inflation Hini is not equal to the rate at the end of
inflation Hend. Therefore, using the dynamical equations
in an expanding background, the TCC reads as follows

e
Ni ⌘ aend,i

aini,i
<

mPl

Hend,i
=

⇣
mPl

Hini,i

⌘� 2
1+3ŵi

. (33)

4

Breathing Comoving Hubble

1016 GeV scale inflation needs 106  smooth patches prepared at Planck time.



Breathing Comoving Hubble

   ◆ Shrinking and expanding comoving Hubble horizon

  ◆ A scalar potential that yields multiple inflation:

Planck comoving horizon
Present comoving horizon

   ◆ The moral: Model building is not easy!



Summary

◆ String theory proposes a list of conditions every EFT consistent with 
quantum gravity must respect (generic from compactifications).


◆ This is what gravity adds that we would not have otherwise.  

◆ These are UV conditions.

 
◆ They can be used as model-selection principle in the IR.


◆ Given a model, more likely to be in the swampland. 

 
◆ Seems like they are related to each other. Find as much as we can.


◆ Can we understand them based on some fundamental principles?



Thanks for 
Attention


