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Introduction-Axions

e AXiONS:

. first introduced to solve strong CP
problem

a(x) = a(x) + 0(x)

* Rich applications in particle physics and
cosmology



Introduction-Axions

a(x) — a(x) + o(x)
l —
 Continuous shift symmetry — Derivative couplings —

Possible light dark matter (DM) and inflaton? W%?ﬁ,\

Continuous shift symmetry is exact at most perturbatively.

* Break continuous shift symmetry down to discrete shift
symmetry by non-perturbative instantons h

a(z) = alx) + 27 f,

—

* Axion mass given by NP effects

,  0Vip(a) A Axion decay constant: periodicity, field range

mg = a2 ~ f2 A = NP scale | — ——
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Introduction-Scenario 2:
AXions as _i_mﬁos

 Natural inflation: periodic inflaton potential

Via) =A EIOOmm_

 Slow roll:
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Introduction-Stringy
Axions

* Arise from dimensional reduction of higher forms
(bulk fields)

e Shift symmetry as remnant of gauge symmetry of
the forms in extra dimensions

e Constraint from string compactifications (no axion
mixing):

P. Svreek and E. Witten, JHEP 0606, 051 (2006) .Q
T. Banks, M. Dine, P. J. Fox and E. Gorbatov, JCAP ,\»@ M |w z P
0306, 001 (2003) h KT




Introduction-Scenario 2:
Axions as Inflaton

To have large field inflation:

Z l._" _ m..ﬁ_ on Dimopoulos-Kachru-McGreevy-Wacker (2005)

Aligned natural inflation (KNP) «im-nilles-peioso (2004), Choi-Kim-vun (2014)

Axion monodromy

7

Silverstein-Westphal (2008), McAllister-Silverstein-Westphal (2008),
Kaloper-(Lawrence)-(Sorbo) (2008/11/14), Marchesano-Shiu-Uranga (2014),
Franco-Galloni-Retolaza-Uranga (2014), McAllister-Silverstein-Westphal-Wrase (2014)
Hebecker-Kraus-Witkowski (2014), Blumenhagen-Herschmann-Plauschinn (2014),

Retolaza-Uranga-Westphal (2015)



Introduction-Motivation

* Widen the axion window without violating the string
axion bound

* Apply both to field and string theories



Axion Mixings

General lagrangian

Fermion and/or GCS terms
to ensure the gauge invariance
Abelian Non-Abelian | — —

[ m \A Py *
~MU fasF® A %4 FP +MU|VHH G4 A xGH) MQ: %IM\SL A x4(da’ — MU.T
=1

L»H,Q& ~uH

N

Im& AM TiAQ v «UAN‘»>~4 > AM f:a«iv F*ANFP 4
S
A=1 o, =1

=1

Winding humber, anomalous coefficient etc

“Axion charge” \/
=z Compactness

 Basis and :oﬂBm__Nm:o:/w% riA, SiaB € of U(1)'s

U)*: AY — A* +dn®, o' — a" + k'



Axion Mixings

determined 3\ the vev of saxions

M M
n|\ > ?%Q:walﬁ GA A x4G?) — w Muma (da' |MU> A*) A *4(da’ — Mutm

a, B=1 ;Hmf ij=1

P N M N
~ 8.2 AMU lavﬂlﬂga>m.. vlmF MU MU,: um m5>m,m

i=1

mixing) non-vanishing

charges
Mixing due to Stueckelberg couplings (referred as Stueckelberg

mixing)

3 types of axion mixings: \
Mixing due to non-diagonal mettic (referred as kingtic mixing or metric

Mixing due to mismatch between kinetic eigenstates and mass
eigenstates




Axion-Mixings (minimal)

.J..h./.“:_m. - \ _lﬂ M i ‘_Qc T:x . »._.;,: A *y T\i _ »;.‘_s + x+_... ?._:_ + E:J TG A G+ _

e

 Minimal setup: 2 axions, 1 Stueckelberg U(1) and
1 non-Abelian gauge group



Axion Mixings (minimal)

W/0 Stueckelberg coupling == \ W Y Gij(0) da* Axadd.

,j=1

flat direction whose continuous shift symmetry is not broken has no potential
axionic couplings scale inversely with the axion decay constant.

can’t have super-Planckian excursion

have to invoke additional physical effects
(1) Monodromy effects.  V(£) ~ &P

Through torsional monodromy effects (p=2), or flux induced monodromies (p>2)

(2) Alignment effects.

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

(3) Abelian U(1) gauge symmetry. Will study this in detail



Axion Mixings (minimal)

In the presence of Stueckelberg coupling

Kinetic eigenstates:

e Axion eaten by U(1): part of the massive U(1) in
appropriate gauge

* Uneaten axion: obtain effective potential for
inflation by integrating out massive U(1), chiral
fermions and non-Abelian gauge field

Vg (€) = A* T — cos sz Single field potential

fe for the remaining axion
B \\/+\/I>...Nm~ R — —
.\.m N cos W A\/+#+Q.N + \/I\nlq.uv + sin W A\/I\al.ﬁm - \/+\m+.ﬁ~\vl

v

mixing angle: amount of metric mixing




Axion Mixings (minimal)

Large field inflation

S —

VLA M.,

cos m (Apktro + A_k—r1) + sin m (A_k—7ry — A ktry)

fe =

* Explore axion field range - intermediate kinetic
mixing
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White region f: > 10*\/G,

FIG. 1. Contour plots of decay constant f¢(6,2) for 2r; =
2ry = 2k' = k? (left) and r; = 2r, = k' = 2k* (right). The
fe-values range from small (purple) to large (red) following
the rainbow contour colors. Unphysical regions with complex
fe are located in the black band.



Axion Mixings (minimal)

Other axion large field inflation scenarios:

) Zl.ﬁ—m.ﬂmos S.  Dimopoulos, S. Kachru, J. McGreevy and \4

J. G. Wacker, JCAP 0808, 003 (2008)

ferr x VN, N = number of axions = number of non-Abelian gauge instaontons

* Aligned natural inflation:

B ———

Both tied to number

of DOF

N=2: some anomalous coefficients at order of 100

\.@4 X <>\<._3\2“|

N>2 version

J. E. Kim, :.r. Nilles and M. Peloso, JCAP 0501, 005
(2005)

K. Choi, H. Kim and S. Yun. Phys. Rev. D 90, no. 2.
023545 (2014)

N = number of axions = number of non-Abelian gauge instantons,

n € Z anomalous coefficients

* Planck mass renormalization  smz, ~ N

Spoil the slow roll condition?




Axion Mixings (minimal)

Our approach to get a super-Planckian inflation:

* Axion field range enhancement not tied to the
number of DOF

* Relying on tuning continuous parameters in
moduli space, not much on discrete parameters

- Minimal (fewer DOF) setup works, which has
less severe Planck mass renormalization issue.



Axion Mixings (ADM)

Minimal setup | |- VA M.
cos L (A ktro + A_k—ry) +sin £ (A_k—ry — Aoktry)

| — ——— - 2

 To lower axion decay constants: by tuning continuous
. . . P
parameters and choosing appropriate discrete parameters © = 922/9u

PR———
e.g. assuming e =1, 0 =m, r| = —ry, k' = k? 0% = Gi2 /G
o . P——
fe= = Vouyl-g¢ ry ~ O(1 — 10), v/G11 ~ O(10*° — 10'7) GeV, large mixing _.;bm ~O(107*~107%)

,\mﬂ.w

Not require the intrinsic axion field range to be too small

Non-minmal setup | for large N, eigenvalue repulsion




String Theory Embedding

* Approaching Planck scale: physics is sensitive 1o
Planck scale

* Need a full theory description—String Theory



String Theory Embedding

* Closed string axions (Ramond-Ramond axions):

dimensional reduction of p-forms  «=-- [ ¢,

Muﬂ i

 Number of RR axions: Hodge numbers



String Theory Embedding

* Axion metric gG;; : moduli field dependent (stabilization of
the saxion, e.g. volume of the internal cycle wrapped by p-
forms)

* U(1): Abelian factor of world volume gauge group U(N) for a
stack of N D-branes

* Gauge Dp-branes: extending along Minkowski space and
wrapping internal (p-3)-cycles

* Wrapping numbers —Discrete parameters ww Tiap



String Theory Embedding

e |nstantons: Gauge instantons or stringy instantons

 Gauge instanton: on world volume of Dp-brane extending Minkowski
space and wrapping internal (p-3)-cycles

(Graph from 1003.4867)

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

e SE

<—. 1 (\O Q IlI w
-1 = e %A ol(~;)+i . av — e om<o_3~v ia |

e ————— E——
Instantons contribute only when fermonic zero modes are saturated.



String Theory Embedding

* Introducing orientifold planes
* Consistency: tadpole cancellation
e Chiral spectrum: bi-fundamentals at intersections

* Green-Schwarz (GS) mechanism to ensure gauge
Invariance.

U(1) U(1) €l
I_I AP P\ === === ﬁ = O
G G



String Theory Embedding

Explicit D6-brane model to realize super-Planckian
excursion

2 stacks of D6’s wrapping NON-factorisable 3-cycles

Internal space Ty % Ty x Ty,

b

Other explicit D-brane models to realize super-Planckian
excursion
Factorizable D6-branes in Type IIA on Toroidal Orientifolds

Not all the RR tadpoles and the related gauge anomalies vanish.
Need to be remediated.

D7-branes in Type IIB on Swiss-Cheese Calabi-Yau’s

Consistency (tadpole condition) to be checked in the future



String Theory Embedding

Other related questions

* Moduli stabilization many attempts
recent Blumenhagen-Fuchs-Herschmann: 1510.04058 [hep-th]

e \\Weak ©_.®.<_ﬁ< OOD._QOﬁCﬁQ A<<®OV Arkhani-Hamed-Motl-Nicolis-Vafa (2006)
Brown-Conttrell-Shiu-Soler: 1503.04783, 1504.00659 [hep-th] Strong -> not compatible w/ LFI

* Higher instanton corrections: not ruin the
enhancement for the axion decay constant; but

add modulations on the potential
Kappa-Nilles-Winkler:1511.05560 [hep-th]

+ all stringy instanton corrections: super-Planckian excursion compatible with WGC (mild)

Choi-Kim: 1511.07201 [hep-th]

Not all instantons participate in alignment; some generate small modulations instead, consistent with
WGC (mild).



Conclusion

Kinetic and Stueckelberg mixings can enlarge axion field range

Applies to both field theory and string theory models with limited intrinsic axion
field ranges.

Axion field range enhancement is mainly through tuning continuous parameters
(with discrete parameters properly chosen).

To lower the axion decay constant (for ADM): no large compact cycles needed
(alleviate the requirement for intermediate string scale ). Allow high fundamental
string scale -> new possibilities to detect string axions through astrophysical,
cosmological and laboratory ways

To increase the axion decay constant (for inflation): not require large DOF (->
minimal setup) and mainly depends on tuning continuous parameters.

Model-dependent higher instanton corrections: deviation from a cosine
potential -> measurable effect on the inflationary perturbation spectrum.
Quantifying such deviation needs understanding of UV completion of inflation and
moduli stabilization,



Thank you!
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Stueckelberg Mechanism

4d QFT with a massive U(1) and an axion

1 1
ho = |%A.~ﬂttvw - Mﬁﬁxﬁt + mwtng
T . . L 1 —
Add a “vanishing” term a0, Hype  with  Hiay = dB)
1
E.O.M for a Bu(cA" + 8"a) + e 9uHypo = 0.
Up to a total derivative h D6 Cto) A Fa.
dimensional 3&:2%: to 4d
mvbo. = |mtvbQAQ\wt + @tﬁv |
— ——— Mﬁ% 4\?? mmwv AF,
Eliminating the axion field
1 1, 1 .. 1 oo 1 o
ho - — %Am.ttvw - mﬁlmmt P .mubevw — Wmt P .m.tbQAlnu\wt — Wmto&ém va e.g.
1 1 c ;




Eta Problem

Fta parameter  n =37

Quantum corrections tend to drive the scalar mass to the
cutoff Am? ~ A2

Consistency of EFT:  A>H

. . A?
-> Large enormalization of eta parameter  an~ g2 R

Snow-roll unnatural

In fact, eta parameter is sensitive to dim-6 operator
correction

2 M, 2
Og = o.s@w An = 2c A%v



RR Tadpole Cancellation

Emission 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 Cio

)

RR 10-form is not propagating (its field strength is 11d) in 10d -> can’t
appear in physical spectrum of spacetime particles

Scio =(N Quisk Co — 35 N=0

But it appears in 10d action as a source term

=V‘ =V| RR n_._mam
/ meg_ cancellation—

Bonus: RR tadpole om:nm__m:o: leads to mixed gauge anomaly

cancellation




Chiral Spectrum at D-brane
Intersections in Type lIA

» QOrientifold planes O6 are introduced to ensure RR tadpole (e.g. emission
of a closed string out of vacuum, reflecting uncancelled gravitational/
gauge anomalies) cancellation. O6 has -4 units of D6-brane charge.

* Branes are mapped to image branes (denoted by prime) under
orientifold action.

 For intersecting D-brane stacks a and b, with brane numbers Na and Ny,
open strings stretching between 2 stacks arise as bi-fundamentals.

e aa + a'a’: Contains U(N,) gauge bosons (plus possible additional adjoint fields).

e ab + ba + b'a’ + a'b’: Gives I, chiral fermions in the representation (N, Np), plus
light (possibly massless) scalars.

e ab' 4 b'a+ ba' +a'b: Contains I, chiral fermions in the representation (Ng, Nj), plus
light (possibly massless) scalars.

e aa' + a’'a: Contains Ngym,a 4d chiral fermions in the representation [T, and Nasym,a 1N

o 1 | |
the (s, with Nsym.a = MA?:_ — 1q,06)s MNasyma = u:::\ + 14.06)

e — R



Factorisable Tori

T2 % T? x T?

stack A of D-branes s:.mmm the i-th torus (T?)* Q = 1,20r3), with wrapping numbers (n}, my).

[a;] and [b;] be the even and odd 1-cycles on (T2)* with respect to the antiholomorphic involutions 3 — —y

basis of even and odd 3-cycles [ag] = [a1][a2][as], [Bo] = [b1][b2][bs], o] - [B5] = 65 = —[85] - [l
lea] = [aa][be][ba],  [B1] = [ballaz]las], | [ay] - [e;] = [8i] - [8;] = 0.
2] = [b1][a2][ba], [B2] = [a1][b2][as], — e—
las] = [b1][b2][as], [Bs] = [a1][az][bs],

3-cycles [ 4], can be expanded in terms of the basis  [r4] = S4 ‘[e] + Ra[Bi].

B ——

0_ 1,2 3 0 1,2, 3
Sa~ =naniny, Ra~ =mamimy,

1 1,2 3 1 1,2 3
Sa” =namiamsy, Ra ™ =maniny,

2 __ 1,23 2 __,1,,2.3

3 _ l,n2,3 3 _plp2,.3
Sa°=myuminy, Ra®=nuniym;.

S — T——



Rectangular and Tilted Tori

n Y2

[b1] [b2]

I Ia

[a,] [as]

Notice that [a3] does not represent a closed

bs]

V3

£y

[as]

one-cycle on T3, only linear combinations such as 2[as] or [as] + 5[bs] do.

Half integer wrapping number

Y = -y
(ny, m}) — (ny, —my)
oy
A=y + (tilted).

m' and n’, being integers



Rectangular and Tilted Tori

ged (nmy = | ﬁ\»&g NJ

A?-SV hﬁé&f@iﬂﬁ Qﬁcw& \w..?b A.Gjm\:.nmkv on

h.ﬂ. (nym) = 2% w/ T % \.M N.\(N,‘.b&.‘m

:0\? wv N\(M..I\NN




Rectangular and Tilted Tori
242 \N.nufmd& Q m?mihx

n Ry +§$mw+:@la@
= Nk i%& im.qu
(n=2, W=3% hue)

ﬂc Ass m.*.bu.h.v %VLQ\A\

...w..x 1R ww... a A .\?nmN

Undor m:v &\ m:,“mdfwrv — (n,m-2



Axion Mixings (minimal)

1 kin __ 1 - i j
W/O Stueckelberg coupling =St a By SNCELRER Y

1,7=1

Metric 6= (g1 g):  with GGG € R\(O)
Gio G
. . .. . - i 6 o)
SO(2) rotation diagonalizing the metric: @)=z T a’
at cos s sin g a®
cosf = 911 — G , sinf = 2012 , with 0 < 6 < 2.
VAGE + (Gi1 — G2o)? V4Gt + (Gi1 — Gap)?

Rescale the axions s.t. the anomalous coupling is in a purely topological term:
a = AB mwbm — T'5 COS Wv a, at = AJ cos m + rosin Wv at at = fiat, a = fz-at

- ) :
off (5= at)=A1|1— a e fa- = far = T
Vazion(@™,87) = A T cos Ahﬂ +\m+¥ “ lrising —rycosd)’ ¢ _JoOm%mem

Eigenvaltses of the metric



Axion Mixings (minimal)

W/O Stueckelberg coupling

arion
A= st /N /N
Vel (a,at) =A* |1 — cos o+ fam = A fat = A+ .
axion .\_.l .\...+ a 6 a 6 in @
a @ |7 sin |71 cos 5 + Ty sin 5

8 —rycosg|’
Trans-Planckian excursion possible?

rm.n..e.mg - — \u _W&@l A *&&m‘wl - WQ@.T AN *A&@.T — M\mm. Amwlvmw..Tv *4 ”_; .

2

Need to find eigenbasis of the mass square matrix

L
¢ Ii fa- fa+ a- awton =

H|8m A < me- ni ?n ,\$ om:gcmm:_om?v_m:ox_m:_

flat direction whose continuous shift symmetry is not broken

axionic couplings scale inversely with the axion decay constant.

T&m A xqd€ + W&n AxsdC +VE (¢ *a 1

2 2

«\mmuzAhv — >A

axi




Axion Mixings (minimal)

W/O Stueckelberg coupling
0w pom(GE] (- oter (1))

can’t have super-Planckian excursion

if we interpret the axion £ as the inflaton candidate
have to invoke additional physical effects

(1) Monodromy effects.  V(£) ~ &P

Through torsional monodromy effects (p=2), or flux induced monodromies (p>2)

(2) Alignment effects.

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

(3) Abelian U(1) gauge symmetry. Will study this in detail



Axion Mixings (minimal)
How to ensure gauge invariance?

Seus = \ TW Q% _ mﬁv Ak Q% _ mﬁv - %ww AxoF + %%E G A 9_
[

Ul): A= A+dny, a" — a" + k' U(1) variant
non-Abelian: B — B + Dn

e Solution 1: Triangle anomalies + Variance in
instanton coupling = 0 (GS mech.)

e Solution 2: Triangle anomalies + Variance in
instanton coupling + Variance in GCS terms =0

SCCs _ _ F.\Acomb AQ[dQ=Tr (G AG)

sub 872




Axion Mixings (minimal)
Choose gauge to eat an axion

St \ T%%H Axada! — 12 A% - »ﬁv A %4 Qp - wﬁv — L P AmF

m gt
- ~2 _ _* AGCS
wawAQ>§Qv+mau (@' +a*] Te(GAG) mam.\» ANQ+.. a
e — "1
mll:w&w R k> H??A ! sing + 72 OOmﬂv = r1k' + rok®
m VG2
) - e — E—

full,unitary _ _Ja! g~1 ~1 A.\mu\ﬂmv _ F —_ F

Sazion ~ 5 da' Axidd' = S AN KA = GF AaF = STHGAG) | 02 = G (K2 4 Gy ()

| — ————
|

+|972Q AG) — |>oo§ AQ+ AN* Ty

8m?
1 an Loof.@ﬂvé
+mapv z /ﬂ a“Tr(GAG) + ..

R —

T = MU ?vﬂit& - S@ﬂﬂé&
—— —
from chiral rotation of or:m_ fermions




Axion Mixings (minimal)

Integrate out the massive U(1)

) 1 _ GCS
mO_<__ﬂo_.3mmm_<ch¢"|m%§v|§$§>n maw sié

N
2 possible sources

1 mix (@ AG)

82

Take derivative| | ;. T,) = l% AMIX JO — —

v

\AOOw + \ABE

(fa2k?)*d(xaA) = A 4(xaTy)
. - _— - GCS mix
Up to a total derivative | (foidea) =2 xmm d(x17y)
. N S—
Now Scin™™ = \ T%%H A *adii’ + %%EQ AG)
GCS mix)2
+§ AT 1 ,§>§§+.;

2(AmX)2 (fr2k2)2 4-point interaction
/mc_uvqmmmmo_ by the U(1) mass



Axion Mixings (minimal)

Integrate out chiral fermions and non-Abelian gauge group
Similar to QCD

Chiral fermions condensate into meson-like
states.

* 4-point couplings give masses of fermions of ~ =3/f2

- Use non-linear sigma model techniques to
integrate out heavy mesons.

condensate scale



Chiral Rotation

hmmun:os = sﬂshs A& - sQM& - sﬁpﬂ%mv @M + ﬂms A& - NQW;& - s,mam.ﬂwwv »\\W
T — e ——
Under a chiral transformation of the type,

@M — mﬁw%ﬁwv %w N mﬁmmw@m“

1 :
hmm.amos = hmmﬂaos + mw A%t'NW + wws.w \ABENthQ..H.HAQtthQ vv

/ |

!
Adler-Bell-Jackiw anomaly
Variance from the measure




Another Way to Generate
the Sinusoidal Potential

 Way 2. Gaugino condensates: break U(1) R
symmetry. Supersymmetry obtains a NP
correction

Moduli n_m_om:o_m:ﬁ assumed to be stabilized at some higher scale

W = W,, J‘LIS superfield T as t + i a.
rank of the sos -Abelian group _mx_%_

K(T,T) = -3In(T +T)
F-term potential for N=1 SUGRA

a\wﬁo: AQ.V 2 j 2

v = Arg (WyerA®) T the dimensionless volume of the internal space

8m () |A| [Wer| € 2%t cos Amha - NQV



Aligned Natural Inflation

N=2
152y _ Ad |1 _ ni®* §@Nv il ASH@H Swemv —
_A\Ae“ev AT |1 oOmA 7 + " + A5 |1 —cos T + - v ng, m; € 2
Perfect alignment {1/ _ ~2/m
g1/n2  ga2/ma
,xm\sﬁ

Derivation from alignment « = g2/m2 — 7 im g1/m2

Along flat direction:

1
esr a €.8. ?\E«H fo/m1 < g1/n2, g2/mo
If want enhancement o ~ 1072O(f;, g;), will require e M
mo 100

Too large integers!



Axion Bounds from String
Compactifications

* Take weakly heterotic string for instance.

1 1
Shos Hgm\%oa —ge (R - m_mw_mv Igm\%oa(lmmuwem_@_m
T —

Hs = dB, dimensional reducing to 4d

8 76 2
Moduli from B, im Nm — iﬁ




WCG and Swamplan

® WGC (weak form) states that 3 state with va < Mp;

~+ conjectured generalisation for O-forms with St < Rxmh
Arkhani-Hamed-Motl-Nicolis-Vafa (2006)

® Consistent compactifications for

M-theory LN Type |IB

Mi2 x S} x 8 x Xs Miz x ST x Xg
~+ Constraints on effective axion decay constant by applying WGC on 5dim BH
in M-theory
Brown-Cottrell-Shiu-Soler (2015)

® Resolving ambiguity in defining effective axion decay constant
~+ possible axionic directions with f > Mp,
Bachlechner-Long-McAllister (2014 /15), Junghans (2015)

® BUT in our simple model: 2 axions + 1 U(1) 4 1 instanton

e apply WGC at appropriate scale A > Mg, e

= 3 axionic direction with f, = RJ.WF < Mp; vWGC
e Higher harmonics are still troublesome for L axion

Montero-Uranga-Valenzuela (2015)



Renormalization of the
Planck Mass

* Running the Planck mass: My — Mp(u) for some scale x
ENNAOV ~ HOHO GeV

* Graviton propagator:

* Integrating out (propagating) scalars, fermions and
gauge bosons

1 1 7
2 _ _ _
Mp(p) G~ GO) " 1om (no + n1j2 — 4ny)

n; is the number of particles with spin-i



Moduli Stablization

A modulus field is a scalar field whose potential is vanishing (thus
massless).

The VEVs of those massless fields are moduli (sometimes we don't
distinguish modulus and modulus field).

E.g. in models with 1 extra dimension compactified on a circle, the radius of
this curled dimension is a modulus. The value of the radius sets the scale for
the extra dimension, and affects the physics spectrum in lower dimension.

E.g. the metric in the axion moduli space is field (modulus) dependent. For
the toroidal case, the metric is diagonal with entries given by gauge coupling
constants, determined by the volume of the internal cycles. The volumes are
moduli.



Moduli Stablization

Unstabilized moduli can cause serious problems!

Predictions of the theory crucially depend on the VEVs of the moduli.
No potential means the VEVs can be arbitrary. Not much to predict.

Moduli can be time-dependent, conflicting with observation.

Massless scalars can mediate 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. Overclosure of the universe, etc.

Different than a massless goldstone, moduli exist with or without any
symmetry. Physics depends on the VEVs of moduli. Physically distinct
vacua can be connected by varying moduli.



Moduli Stablization

The axion metric is moduli dependent.

In the work,

How stabilized” Model dependent. Difficult.
e.g. stabilized on orbifolds, Ruehle & Wieck, 1503.07183

Rudelius 1409.5793, considered the moduli dependence
of the metric, but assumed straight geodesics...



String Theory Embedding

Explicit D6-brane model to realize super-Planckian
excursion

Internal geometry T, x T, x Tj, v xRy oy + RO

Symplectic basis of the homology (v, §9)

OR

Orientifold action («,¢") — («*, -

Bulk action -> metric on axion field space
Ki;j = diag AS:N:? P v U; = m%v\ m%v

b) b
UgU3 UIU3 U1U

three-cycle 11, wrapped by a D6,-brane I, =7l + 5. &



String Theory Embedding

Explicit D6-brane model to realize super-Planckian

excursion
: ap = dz* A dz? A dxd, B = dy' A dy? A dy?,
Cohomology basis o s G g A de? n s
ay = dy* Adz? A dy?, B? = dz!' A dy? A dz?,
az = dy* A dy? A dz?, B = dz' Adz* A dy?,

Tadpole > " N,(IL, +1I,) = 411,

T



String Theory Embedding

Explicit D6-brane model to realize super-Planckian
excursion

Setup: a stack of D6_a branes and a single D6_b brane
QAZQV . En — ﬁw\q\m + ﬁwa + mw%m -1 mwmwv QAHvo . ﬂo = ﬁwﬁ.

1 ) i l l l l
Somion = \ *& MU Kida' A x4da* — 20 Y~ Ku(da' — NasbAg) Axq(da' — NyshAy)
i=0,1 1=2,3
1 1
+% (ria® +ria’) Tr(Go A G,) + +% (ria® + rla®) NF, A F,

two decoupled axion systems (a°, a') gag

Focus



String Theory Embedding

Explicit D6-brane model to realize super-Planckian
excursion

* |n the system with axions a_2 and a_3, the uneaten axion
has an effective decay constant

_ [ (222 + (w52

ur  |risd(us)® — risi(uw2)’|

fa

. Canbelargeil  risw)?srdw?  ui= Ry /R

. used to determine integer coefficients



String Theory Embedding

Explicit D6-brane model to realize super-Planckian
excursion

2 stacks of D6’s wrapping Ron-factorisable 3-cycles

Overview of Chiral Spectrum for Non-factorizable D6-branes

sector  SU(Nb)(Q.,0) multiplicity b
ab (Na),-1) —s2r2 — s3r}
ab’ (Na)(,1) —83Th — SaTh Internal space
ad’  (Antig)e,) —ris2 —riss T2 % T2 x T2
/ 2.2 _ .33 S ) (3):
aa (Sym,)2,0) —riss — oS,
One solution N, =3 r2=rd=1, rd =16, r; =0,
s2=2, 83=3, r¢ =ry = -3.
chiral spectrum 15 X vac,lc + 15 X vac,c + 5% (34)(—2.0) + 5 X Awmva,S
- e M,
us/uy asymptotes to the value v/2/4/3 M, ~ 10'7 GeV far & 3 X 10° ~ 10Mp;.



