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Introduction-Axions

•
Axions: CP-odd real scalars w

ith continuous 
shift sym

m
etry; first introduced to solve strong CP 

problem
 

•
Rich applications in particle physics and 
cosm

ology
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Introduction-Axions

•
Continuous shift sym

m
etry         Derivative couplings     

Possible light dark m
atter (DM

) and inflaton? 

•
Continuous shift sym

m
etry is exact at m

ost perturbatively.

•
Break continuous shift sym

m
etry dow

n to discrete shift 
sym

m
etry by non-perturbative instantons 

•
Axion m

ass given by NP effects
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A
xion decay constant: periodicity, field range
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Introduction-Scenario 1: 
Axions as DM
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Introduction-Scenario 2: 
Axions as Inflaton

•
Natural inflation: periodic inflaton potential 

•
Slow roll: 
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Introduction-Stringy 
Axions

•
Arise from

 dim
ensional reduction of higher form

s 
(bulk fields) 

•
Shift sym

m
etry as rem

nant of gauge sym
m

etry of 
the form

s in extra dim
ensions 

•
Constraint from

 string com
pactifications (no axion 

m
ixing): 
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Sub-Planckian!

typically a little low
er than string scale

Not in ADM
 or slow

-roll inflation range



Introduction-Scenario 2: 
Axions as Inflaton

•
N-flation 

•
Aligned natural inflation (KNP) 

•
Axion m

onodrom
y 

•
?

To have large field inflation:



Introduction-M
otivation

•
W

iden the axion window without violating the string 
axion bound 

•
Apply both to field and string theories



Axion M
ixings

•
G

eneral lagrangian 

•
Basis and norm

alization 
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“Axion charge”
W

inding num
ber, anom

alous coefficient etc
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C
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Axion M
ixings

•
3 types of axion m

ixings:

•
M

ixing due to non-diagonal m
etric (referred as kinetic m

ixing or m
etric 

m
ixing) 

•
M

ixing due to Stueckelberg couplings (referred as Stueckelberg 
m

ixing) 

•
M

ixing due to m
ism

atch betw
een kinetic eigenstates and m

ass 
eigenstates

determ
ined by the vev of saxions

non-vanishing
charges



Axion-M
ixings (m

inim
al)

•
M

inim
al setup: 2 axions, 1 Stueckelberg U(1) and 

1 non-Abelian gauge group



Axion M
ixings (m

inim
al)

W
/O

 Stueckelberg coupling

can’t have super-Planckian excursion

Through torsional m
onodrom

y effects (p=2), or flux induced m
onodrom

ies (p>2)

Add a second non-Abelian gauge group anom
alously coupling to both axions

W
ill study this in detail

flat direction w
hose continuous shift sym

m
etry is not broken has no potential



Axion M
ixings (m

inim
al)

•
Axion eaten by U(1): part of the m

assive U(1) in 
appropriate gauge 

•
Uneaten axion: obtain effective potential for 
inflation by integrating out m

assive U(1), chiral 
ferm

ions and non-Abelian gauge fieldSingle field potential
for the rem

aining axion

m
ixing angle: am

ount of m
etric m

ixing

Kinetic eigenstates:

In the presence of Stueckelberg coupling



Axion M
ixings (m

inim
al)

•
Explore axion field range - interm

ediate kinetic 
m

ixing

W
h
i
t
e
r
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g
i
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Large field inflation



Axion M
ixings (m

inim
al)

•
N-flation:  

•
Aligned natural inflation: 

•
Planck m

ass renorm
alization 
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Both tied to num
ber

of DO
F

Spoil the slow
 roll condition?

N=2: som
e anom

alous coefficients at order of 100

N>2 version

O
ther axion large field inflation scenarios:



Axion M
ixings (m

inim
al)

•
Axion field range enhancem

ent not tied to the 
num

ber of DO
F

•
Relying on tuning continuous param

eters in 
m

oduli space, not m
uch on discrete param

eters 

•
M

inim
al (few

er DO
F) setup w

orks, w
hich has 

less severe Planck m
ass renorm

alization issue.

O
ur approach to get a super-Planckian inflation:



Axion M
ixings (ADM

)

•
To low

er axion decay constants: by tuning continuous 
param

eters and choosing appropriate discrete param
eters 

•
                                        For large N, eigenvalue repulsion
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N
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String Theory Em
bedding

•
Approaching Planck scale: physics is sensitive to 
Planck scale

•
Need a full theory description    String Theory



String Theory Em
bedding

•
Closed string axions (Ram

ond-Ram
ond axions): 

dim
ensional reduction of p-form

s 

•
Num

ber of RR axions: Hodge num
bers



String Theory Em
bedding

•
Axion m

etric        : m
oduli field dependent (stabilization of 

the saxion, e.g. volum
e of the internal cycle wrapped by p-

form
s)   

•
U(1): Abelian factor of w

orld volum
e gauge group U(N) for a 

stack of N D-branes 

•
G

auge Dp-branes: extending along M
inkowski space and 

wrapping internal (p-3)-cycles 

•
W

rapping num
bers    Discrete param

eters 
k
i↵

r
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G
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String Theory Em
bedding

•
Instantons: G

auge instantons or stringy instantons 

•
G

auge instanton: on world volum
e of Dp-brane extending M

inkowski 
space and wrapping internal (p-3)-cycles 

•
Stringy instanton: e.g. E(p-1)-instanton (D(p-1)-brane wrapping internal 
p-cycles, pointlike in 4d).  

•
Instantons contribute only w

hen ferm
onic zero m

odes are saturated. 

(G
raph from

 1003.4867)



String Theory Em
bedding

•
Introducing orientifold planes 

•
Consistency: tadpole cancellation 

•
Chiral spectrum

: bi-fundam
entals at intersections 

•
G

reen-Schwarz (G
S) m

echanism
 to ensure gauge 

invariance.
U
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String Theory Em
bedding

Explicit D6-brane m
odel to realize super-Planckian 
excursion

2 stacks of D6’s w
rapping non-factorisable

 3-cycles

Internal space

O
ther explicit D-brane m

odels to realize super-Planckian 
excursion

Not all the RR tadpoles and the related gauge anom
alies vanish.

 Need to be rem
ediated. 

Consistency (tadpole condition) to be checked in the future



String Theory Em
bedding

•
M

oduli stabilization 

•
W

eak gravity conjecture (W
G

C) 

•
Higher instanton corrections: not ruin the 
enhancem

ent for the axion decay constant; but 
add m

odulations on the potential

O
ther related questions

Kappa-Nilles-W
inkler:1511.05560 [hep-th]

+ all stringy instanton corrections: super-Planckian excursion com
patible w

ith W
G

C (m
ild)

Choi-Kim
: 1511.07201 [hep-th]

Not all instantons participate in alignm
ent; som

e generate sm
all m

odulations instead, consistent w
ith 

W
G

C (m
ild).

Brow
n-Conttrell-Shiu-Soler: 1503.04783,  1504.00659 [hep-th]

Blum
enhagen-Fuchs-Herschm

ann: 1510.04058 [hep-th]

Strong -> not com
patible w

/ LFI

m
any attem

pts

recent



Conclusion
•

Applies to both field theory and string theory m
odels with lim

ited intrinsic axion 
field ranges. 

•
Axion field range enhancem

ent is m
ainly through tuning continuous param

eters 
(with discrete param

eters properly chosen). 

•
To low

er the axion decay constant (for ADM
): no large com

pact cycles needed 
(alleviate the requirem

ent for interm
ediate string scale ). Allow

 high fundam
ental 

string scale -> new
 possibilities to detect string axions through astrophysical, 

cosm
ological and laboratory ways 

•
To increase the axion decay constant (for inflation): not require large DO

F (-> 
m

inim
al setup) and m

ainly depends on tuning continuous param
eters. 

•
M

odel-dependent higher instanton corrections: deviation from
 a cosine 

potential -> m
easurable effect on the inflationary perturbation spectrum

. 
Q

uantifying such deviation needs understanding of UV com
pletion of inflation and 

m
oduli stabilization.

 

Kinetic and Stueckelberg m
ixings can enlarge axion field range



Thank you!



Backup



Stueckelberg M
echanism

4d Q
FT w

ith a m
assive U(1) and an axion

Add a “vanishing” term
 

with

Elim
inating the axion field

term
s read from

 string com
pactifications

dim
ensional reduction to 4d

e.g.



Eta Problem
•

Eta param
eter 

•
Q

uantum
 corrections tend to drive the scalar m

ass to the 
cutoff 

•
Consistency of EFT:  

•
-> Large enorm

alization of eta param
eter 

•
Snow-roll unnatural 

•
In fact, eta param

eter is sensitive to dim
-6 operator 

correction



RR Tadpole Cancellation
Em

ission of a closed string out of a vacuum
 -> a tadpole

10d Poincare invariance: the source fields can be graviton and dilaton in 
NS-NS sector, and 10-form

 in RR sector

RR 10-form
 is not propagating (its field strength is 11d) in 10d -> can’t 

appear in physical spectrum
 of spacetim

e particles

But it appears in 10d action as a source term
!

Need cancellation

Bonus: RR tadpole cancellation leads to m
ixed gauge anom

aly 
cancellation

RR charge



Chiral Spectrum
 at D-brane 

Intersections in Type IIA
•

O
rientifold planes O

6 are introduced to ensure RR tadpole (e.g. em
ission 

of a closed string out of vacuum
, reflecting uncancelled gravitational/

gauge anom
alies) cancellation. O

6 has -4 units of D6-brane charge. 

•
Branes are m

apped to im
age branes (denoted by prim

e) under 
orientifold action.  

•
For intersecting D-brane stacks a and b, with brane num

bers       and     , 
open strings stretching between 2 stacks arise as bi-fundam

entals. 
N

a
N

b

Spectrum



Factorisable Tori
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Rectangular and Tilted Tori

Half integer wrapping num
ber



Rectangular and Tilted Tori



Rectangular and Tilted Tori



Axion M
ixings (m

inim
al)

W
/O

 Stueckelberg coupling

SO
(2) rotation diagonalizing the m

etric:

M
etric

Rescale the axions s.t. the anom
alous coupling is in a purely topological term

:

Eigenvalues of the m
etric



Axion M
ixings (m

inim
al)

W
/O

 Stueckelberg coupling

Trans-Planckian excursion possible?
Need to find eigenbasis of the m

ass square m
atrix

can’t be super-Planckian!

flat direction w
hose continuous shift sym

m
etry is not broken



Axion M
ixings (m

inim
al)

W
/O

 Stueckelberg coupling

can’t have super-Planckian excursion

Through torsional m
onodrom

y effects (p=2), or flux induced m
onodrom

ies (p>2)

Add a second non-Abelian gauge group anom
alously coupling to both axions

W
ill study this in detail



Axion M
ixings (m

inim
al)

•
Solution 1: Triangle anom

alies + Variance in 
instanton coupling = 0 (G

S m
ech.)

•
Solution 2: Triangle anom

alies + Variance in 
instanton coupling + Variance in G

CS term
s = 0
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Axion M
ixings (m

inim
al) 

from
 chiral rotation of chiral ferm

ions

Choose gauge to eat an axion



Axion M
ixings (m

inim
al)

Integrate out the m
assive U(1)

EO
M

 for m
assive U(1):

2 possible sources
Take derivative

Up to a total derivative

Now

4-point interaction
 suppressed by the U(1) m

ass



Axion M
ixings (m

inim
al)

•
Chiral ferm

ions condensate into m
eson-like 

states.

•
4-point couplings give m

asses of ferm
ions of ~ 

•
Use non-linear sigm

a m
odel techniques to 

integrate out heavy m
esons.

Integrate out chiral ferm
ions and non-Abelian gauge group

Sim
ilar to Q

CD

condensate scale



Chiral Rotation

A
dler-Bell-Jackiw

 anom
aly

Variance from
 the m

easure



Another W
ay to G

enerate 
the Sinusoidal Potential

•
W

ay 2. G
augino condensates: break U(1) R 

sym
m

etry. Supersym
m

etry obtains a NP 
correction 

axion

F-term
 potential for N=1 SUG

RA

rank of the non-Abelian group

M
oduli dependent, assum

ed to be stabilized at som
e higher scale



Aligned Natural Inflation
N=2
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Axion Bounds from
 String 

Com
pactifications

•
Take weakly heterotic string for instance. 

M
8s
l 6s

=
M

2P

dim
ensional reducing to 4d



W
CG

 and Sw
am

pland



Renorm
alization of the 

Planck M
ass

•
Running the Planck m

ass: 

•
G

raviton propagator: 

•
Integrating out (propagating) scalars, ferm

ions and 
gauge bosons 



M
oduli Stablization

•
A m

odulus field is a scalar field w
hose potential is vanishing (thus 

m
assless). 

•
The VEVs of those m

assless fields are m
oduli (som

etim
es w

e don't 
distinguish m

odulus and m
odulus field).

•
E.g. in m

odels with 1 extra dim
ension com

pactified on a circle, the radius of 
this curled dim

ension is a m
odulus. The value of the radius sets the scale for 

the extra dim
ension, and affects the physics spectrum

 in lower dim
ension. 

•
E.g. the m

etric in the axion m
oduli space is field (m

odulus) dependent. For 
the toroidal case, the m

etric is diagonal with entries given by gauge coupling 
constants, determ

ined by the volum
e of the internal cycles. The volum

es are 
m

oduli. 



M
oduli Stablization

•
U

nstabilized m
oduli can cause serious problem

s!

•
Predictions of the theory crucially depend on the VEVs of the m

oduli. 
No potential m

eans the VEVs can be arbitrary. Not m
uch to predict. 

•
M

oduli can be tim
e-dependent, conflicting with observation. 

•
M

assless scalars can m
ediate long range force (~ gravity). Conflicting 

with Newton’s law (no such long range force exists). 

•
Polonyi problem

: in the early universe, the light scalars can have VEVs ~ 
Planck scale. O

verclosure of the universe, etc. 

•
Different than a m

assless goldstone, m
oduli exist w

ith or w
ithout any 

sym
m

etry. Physics depends on the VEVs of m
oduli. Physically distinct 

vacua can be connected by varying m
oduli.



M
oduli Stablization

•
The axion m

etric is m
oduli dependent. 

•
In the work, assum

e the m
oduli (the volum

e, the 
shape of internal cycles, etc) have been stabilized at 
som

e higher energy scale. 

•
How stabilized? M

odel dependent. Difficult. 

•
e.g. stabilized on orbifolds, Ruehle & W

ieck, 1503.07183  

•
Rudelius 1409.5793, considered the m

oduli dependence 
of the m

etric, but assum
ed straight geodesics…



String Theory Em
bedding

Explicit D6-brane m
odel to realize super-Planckian 
excursion

Internal geom
etry

Sym
plectic basis of the hom

ology

O
rientifold action

x
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String Theory Em
bedding

Explicit D6-brane m
odel to realize super-Planckian 
excursion

Tadpole

Cohom
ology basis



String Theory Em
bedding

Explicit D6-brane m
odel to realize super-Planckian 
excursion

Setup: a stack of D6_a branes and a single D6_b brane

Put O
6 along the even cycle

�
0

Focus



String Theory Em
bedding

•
In the system

 with axions a_2 and a_3, the uneaten axion 
has an effective decay constant 

•
Can be large if 

•
Tadpole condition used to determ

ine integer coefficients

Explicit D6-brane m
odel to realize super-Planckian 
excursion

u
i
=

R
(i)
2
/R

(i)
1



String Theory Em
bedding

2 stacks of D6’s w
rapping non-factorisable

 3-cycles

O
ne solution

Explicit D6-brane m
odel to realize super-Planckian 
excursion

Internal space


