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Introduction

Axions in a Nutshell

Peccei-Quinn, Wilzcek, Weinberg (1977), KSVZ (1979), DFSZ (1979) , ...

axions: CP-odd R scalars with a — a+ ¢

shift symm. broken by nonpert. effects — cosine-potential:

1
L= Eauaa”a —A* [1 — cos ?] =
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~ suitable building blocks for particle physics + cosmology:
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e Dark Matter }:>‘10 eV < f, < 10** Ge

o Large Field Inflation = for slow roll Freese-Frieman-Olinto (1990)

String Theory: plethora of axions from KK compact. of p-forms
see e.g. Witten (1984), Banks-Dine-Fox-Gorbatov (2003), Svréek-Witten (2006)
BUT generically f, ~ Msing does not fit within either range

axion window trans-Planckian

L

Mstring

5" 1 closed string axion is unable to solve either question
note: LVS scenario with Msging ~ 10'?2 GeV conlon (2006), Cicoli-Goodsell-Ringwald. (2012)



Cracking a hard Nut

IE" Question: Does String Theory allow QCD axion & Inflaton axion?
e QCD axion ~ open string axions

* within chiral multiplet @ intersection point of two D-branes
* construct KSVZ or DFSZ models
* Decoupled from inflaton axion C closed string sector

5" 3 no-go theorems and arguments forbidding f > Mp; (1 axion)

e Inflaton axion ~ f; > Mp; realisable with N > 2 axions
* N-flation
* aligned natural inflation (KNP)

* axion monodromy
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5" 3 no-go theorems and arguments forbidding f > Mp; (1 axion)
Banks-Dine-Fox-Gorbatov (2003), Svréek-Witten (2006), Arkhani-Hamed-Motl-Nicolis-Vafa (2006)

e Inflaton axion ~ f; > Mp; realisable with N > 2 axions

* N-flation  Dimopoulos-Kachru-McGreevy-Wacker (2005)

* aligned natural inflation (KNP) Kim-Nilles-Peloso (2004), Kappl-Krippendorf-Nilles
(2014), Choi-Kim-Yun (2014), Ben-Dayan-Pedro-Westphal (2014), Long-McAllister-McGuirk (2014)

* axion monodromy 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)



IE" Question: 3 alternative scenarios to obtain f, > Mp?
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Mixing Axions and Effective Decay Constants

Axions & String Theory

reviews: Baumann (2009), Baumann-McAllister (2009,2014), Westphal (2014)
e Closed string axions a' from dim. red. of p-forms Cpy on Mi3 x X
(C(p) € RR-forms + NS 2-form in Type II)

. B ) ] 1y
=0@n) | ¢, —cycle ¥ C X, e{1,...,
F=@t [ G predeTcd (i )

Kinetic terms for p-forms C,) ~~ kinetic terms for a'

e Including D-branes wrapping p-cycle ¥':

* D-brane Chern-Simons terms ~» anomal. coupling “a' Tr(G A G)”
* Eucl. D-branes ~» additional non-pert. effects (D-brane instantons)

e For a single D-brane wrapping p-cycle with QR(X) # ¥’
~+ a' acquires Stiickelberg charges under U(1)

reviews: Blumenhagen-Cveti¢-Langacker-Shiu ('05); Blumenhagen-Kors-Liist-Stieberger ('06); Ibafiez-Uranga ('12)

e.g. Type lIA D6-branes on CY3/QR ~ X' =%\ + ¥

/ CsyNF#0 ~»  Stiickelberg term with a'
i



Mixing Axions and Effective Decay Constants

An Effective Action...

w/ Shiu & Ye 1503.01015, 1503.02965 [hep-th]

e String Theory compactifications ~ effective action with mixing
axions

N N
1 o o 1 .
seft = 5 E Gi(da' — K'A) A xa(dd — K A) — — ( E r,-a’> Tr(GAG)+ ﬁgauge:|
i=1

2
ij=1 s
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(2) U(1) mixing: k' # 0 for some i € {1,..., N}
gauged axions: a' — a' + k'y, A— A+dx
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An Effective Action...

w/ Shiu & Ye 1503.01015, 1503.02965 [hep-th]

e String Theory compactifications ~ effective action with mixing

axions
1 o o 1 N
seft = > D Gi(da’ — K'A) Awa(dad — K A) — 5 (Z r,-a'> Tr(G A G) + Lgauge
ij=1 i=1
e 2 types of kinetic mixing
(1) mixing: Q,J is not diagonal see Bachlechner-Long- (2014/15)

(2) U(1) mixing: k' # 0 for some i € {1,..., N}
gauged axions: a' — a' + k'y, A— A+dx

e Tr(G A G)-term associated to non-Abelian gauge group
~» collective periodicity: SN ra' ~ SN ral +2r

® axions couple to D-brane instantons
~ individual periodicity: a' — a' + 2/, v/ € Z
note: effective contributions of D-brane instantons to S:gon is model-dependent
see e.g. Ibafiez-Uranga (2007, 2012), Blumenhagen-Cveti¢-Kachru-Weigand (2009)
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To figure out axions eaten by Ay(y)

eigenbasis ” eigenbasis
for kinetic terms for potentials



Mixing Axions and Effective Decay Constants

...for Mixing Axions

w/ Shiu & Ye 1503.01015, 1503.02965 [hep-th]

Diagonalise

To determine axion decay constants }
kinetic terms

To figure out axions eaten by Ay(y)

eigenbasis ” eigenbasis
for kinetic terms for potentials

axionic directions

with large f;?

Note: different from N-flation Dimopoulos-Kachru-McGreevy-Wacker (2005),

Kinematic alignment with Random Matrix Theory Bachlechner-Long-McAllister (2014/15)



Mixing Axions and Effective Decay Constants

2 Mixing Axions

e 1 axion eaten by U(1) gauge boson, L axion £ with decay constant

\Y2 )‘+)‘— Mst

cos & (Arktra+ A_k—n)+sin g (A_k—rn — A ktn)

fe =

with A4 eigenvalues of G;; and Mg = /Ay (kT)2 + A_(k—)?
2G12 k+ cos?  sin? k1
= 8 2
—cos g 'S

~ G11 — G2 .
cosh = ——= sinf=—""— _ .
Ap — A Ap — A k sin 5
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2 Mixing Axions

e 1 axion eaten by U(1) gauge boson, L axion £ with decay constant

\Y2 )\+>‘— Mst

cos S (Arktro+ A k—n)+sind (A _k—r— X ktn)

fe =

with A4 eigenvalues of G;; and Mg = /Ay (kT)2+ A_(k—)?

Gi11 — G2 . 2G12 kt cos & sin 2 k!
cosf = —= sinf= ———, _ )= . 8 2, 2
A — Ao A — Ao k sing  —cos§ k



Mixing Axions and Effective Decay Constants
2 Mixing Axions
e 1 axion eaten by U(1) gauge boson, L axion £ with decay constant:

_ V )\‘F/\*MSI

fe =
¢ cosg()\+k+rg+)\,k*r1)+sin%()\,k*r2—)\+k+r1)

with A1 eigenvalues of G;; and Mg = /Ay (kT)2 + A_(k—)?

G11 — G2 . 2G12 kt cos?  sin? k!
cosfh = —= sinf= —=—, _ )= . 8 2, 2
Ay — A Ay — A k siny —cos3y k

® Contour plot representation of f; (in units v/G11)
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Open issues

Conclusions

e Isotropy relations among moduli A & X, (white regions)
~ f¢ > Mp; for mixing axions

[IA w/ inters. D6-branes

e Explicit examples in String Theory: IIB w/ inters. D7-branes

—> more suitable examples are desired



Open issues

Conclusions

e Isotropy relations among moduli A & X, (white regions)
~ f¢ > Mp; for mixing axions

[IA w/ inters. D6-branes

e Explicit examples in String Theory: IIB w/ inters. D7-branes

—> more suitable examples are desired

g7 I AZA
WORK

|N PROGRESS

Open issues

5" No-go theorems for multiple axions?? VL
Brown-Cottrell-Shiu- (2015), Montero-Uranga-Valenzuela (2015), (2015),

Rudelius (2014/15), Hebecker-Mangat-Rompineve-Witkowski (2015), Bachlechner-Long- (2015)

IZ" Validity of eff. description requires moduli stabilisation??

Conlon (2006), Choi-Jeong (2006), Hristov (2008), Higaki-Kobayashi (2011),

IN PROGRESS

varIL

Cicoli-Dutta-Maharana (2014)






Open issues

WGC & The Madison Swampland

WGC (weak form) states that 3 state with (%) < Mp,

~> conjectured generalisation for O-forms with Sj,ss < @
Arkhani-Hamed-Motl-Nicolis-Vafa (2006)

Consistent compactifications for

M-theory <S,_T) Type 1IB

Mip x Slb x 81 x Xo Mip x S1x X
~> Constraints on effective axion decay constant by applying WGC on 5dim BH
in M-theory
Brown-Cottrell-Shiu- (2015)

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

BUT in our simple model: 2 axions + 1 U(1) + 1 instanton
o apply WGC at appropriate scale A > Mgauge
= J axionic direction with f, = M#;ge < Mp; v WGC
e Higher harmonics are still troublesome for L axion
Montero-Uranga-Valenzuela (2015)



Open issues

Inflation and Axions
Single field models discriminated by Lyth-bound: Lyth (1996)

Ay o1 ro\1/2 r < 0.01 small field inflation (A¢ < Mpy)
Mp ) <o.01) r>0.01 large field inflation (A¢ > Mp;)
2 _ AT(K)
measurable tensor perb. A% (k) for r = ar(e > 0.01
S
~» problematic sensitivity to dim 6 operators = |An| > O(1) “low roll
Shift symmetry of axions forbids such corrections, while inflaton
potential follows from non-perturb. effects
a
V(a) ~ A* {1 — cos ?}
= Freese-Frieman-Olinto (1990) with f > MP[ for slow roll

String Theory: reviews: Baumann (2009), Baumann-McAllister (2009,2014), Westphal (2014), ...

* UV complete theory with plethora of axions
* local origin of shift symmetries Banks-Dixon (1988),
Kallosh-Linde-Linde-Susskind (1995), Banks-Seiberg (2010), ...

But 3 no-go theorems and arguments forbidding f > Mp; (1 axion)
Banks-Dine-Fox-Gorbatov (2003), Svréek-Witten (2006), Arkhani-Hamed-Motl-Nicolis-Vafa (2006)



Open issues

Some aspects of Inflation
reviews: Baumann (2009); Baumann-McAllister (2009,2014); Westphal (2014); ...
e Inflation = cure for horizon problem and flatness problem

o Inflation = explanation for fluctuations in nearly scale-invariant,
nearly Gaussian CMB

o typical model: slow-roll single scalar field with potential V satisfying

ME, (VN2 v
— Pl — 2
=P (2 1 = (M3, —
€ 5 ( V) <1, |7]| ’ Pl v

<1 during inflation

V(p) A¢: distance traveled during inflation
oo

—>

[—>

Ad
e QM fluctuations d¢ during inflation

scalar pert. A%(k) ~ 10° (WMAP+PLANCK)
tensor pert. A2 (k)



Some aspects of Inflation

spectral index ns: deviation from scale-invariance

k ng—1
As(k) = As (/T) ks : reference scale

*

. AZ(k . .
tensor-to-scalar ratio r: r = 21 sets the inflation scale

T ALK

1/4
vi/4 o (07;1) " 1016 Gev

Lyth bound: relates field displacements A¢ to r during inflation

I\%)/ =0 (0.:)1)1/2

r < 0.01 small field inflation (A¢ < Mpy)
r>0.01 large field inflation (A¢ > Mp))

(ns, r) are related to slow-roll parameters (e, n):
ns —1=2n— 6e r = 16¢

= (ns, r) measurements give direct info about potential V

Open issues



Open issues

Some Considerations about Axions
axions = CP-odd real scalars with a continuous shift symmetry:
a—a+e, eeR

shift symmetry is broken to a discrete symmetry by non-perturbative
effects (gauge instantons, D-brane instantons, etc.):

a—a+2mn, neZ
symmetry constrains axionic couplings:

2
S = / %da A kgda — A*[1 4 cos(a)] x4 1

f,: axion decay constants (coupling strength of axion to other matter)

natural inflation: axion as inflaton candidate Freese Frieman-Olinto (1990)

_ M3 sin(a/fa) 2
V(a) €= ?? (1icos(a/fa)> <1
_ M2 cos(a/fy)
\/ n= ?P/ 1+tcos(a/fy) <1

| 21f



Introduction Mixing Axions and Effective Decay Constants Open issues

“Lifting" the flat direction

(1) Monodromy effects: shift symmetry is softly broken

o F-term (torsional cycles, fluxes) — V/(g) ~ P22

Marchesano-Shiu-Uranga (2014), McAllister-Silverstein-Westphal-Wrase (2014),
Blumenhagen-Herschmann-Plauschinn (2014), Kaloper-Lawrence-Sorbo (2008-2014), V(¢)

e D-term (D-branes) — V(¢) = /L4 + &2 ~¢

Silverstein-Westphal (2008), McAllister-Silverstein-Westphal (2008)
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o F-term (torsional cycles, fluxes) — V/(g) ~ P22
Marchesano-Shiu-Uranga (2014), McAllister-Silverstein-Westphal-Wrase (2014),
Blumenhagen-Herschmann-Plauschinn (2014), Kaloper-Lawrence-Sorbo (2008-2014)

e D-term (D-branes) — V(€)= /L4 + €2 ~¢

Silverstein-Westphal (2008), McAllister-Silverstein-Westphal (2008)

—

(2) Alignment effects: 2 non-Abelian gauge groups S
Kim-Nilles-Peloso (2004), Kappl-Krippendorf-Nilles (2014); Choi-Kim-Yun (2014) \E&\ /
AN 7

—
S

o a~ at a~ at o
o =i 1o (G )] oo (0 )

see also BenDayan-Pedro-Westphal (2014), Long-McAllister-McGuirk (2014)

(3) U(1) gauge symmetry:

® 1 axionic direction eaten by U(1) boson (Stiickelberg mechanism)

® orthogonal direction acquires mass due to non-perturbative effect



Open issues

Aligned natural inflation

® Consider 2 strongly coupled non-Abelian gauge groups:

3 3+ 3 3+
fo,fon = A‘l1 |:1 — cos (—1 + g>] —i—/\‘z1 {1 — cos (—2 + g)}

with decay constants

_ VA g = VA f = VA o = VA
|rlsin%—r2cos%| |r1cos%+rzsin%\ |slsin%—szcos%| |51cos%+szsing\

® Perfect alignment:

A > rlcos%Jrrgsin% slcongrszsing

- == = =

81 82 risin 2 —rzcosg slsinQ — 5 cos 2
2 2 2 2

® Deviation from perfect alignment
_ |2 VA (s — ns)
Cdev = 82 = 81 =
1

g% 0 [
( 1 . 2 sinf — 51526059) (rl cos 5 + rpsin 5)

® Continuous parameter 0 allows for agey = 0.009v/ A1 with ri,s; ~ O(1 — 10)



Open issues

U(1) gauge invariance

e U(1) gauge invariance: A — A+dx, a2 — a2 + kx

f22 2 T 2 T 1 1 2
Ssub:/ ?(da ka>/\*4(da ka>fg—l2F/\*4Ffﬁa Tr(G A G)
| —

~» requires presence of chiral fermions
“reversed” GS mechanism = §Smix = —f = AN Tr( G A G)

e |If anomaly also contains non-symmetric contributions
~» Generalised Chern-Simons terms Aldazabel-Ibafiez-Uranga (2003), Anastasopoulos et al (2006)
De Rydt-Rosseel-Schmidt-Van Proeyen-Zagerman (2007)
SGCS /

sub

1
S ASBANQ,
T

e Full U(1) gauge invariance: ‘ k+ Amx 4 ASCS — ¢

e + 3 additional constraints from non-Abelian and mixed
Abelian/non-Abelian anomaly cancelation



Anomalies
| SU(N)  uQ)
Spectrum of chiral fermions op R q]
Y R; ar

mixed anomaly coefficient:

amix — 5 (i (78 TRY) - (g (TR, Tfﬂ)}

mixed anomaly: AGCS — gmix — g

cubic U(1) anomaly: AV =37, [(gi) - (qi)*] =0

cubic SU(N) anomaly:

ASU(N)3 _ Zi [Tr(Tf{{Tfi, TCR{}) 7Tr(T52{T:)2, TfZ}) =0

Open issues



Open issues

Integrating out

e Potential for a’'? — integrating out A (+ a'?)
Step 1: e.o.m for massive A in unitary gauge

1 s AGCS
—;fd(*4dA)+(é2k ) *4A:—STQ—*4Jw
Step 2: Deduce Lorenz-gauge condition
. GCS | gmix
(FaRd(se) = ~ 2 da7)

Step 3: Re-insert relation between A and 7y

2 1 C
S = L 42" A xqda’t — —zallTr(G AG)— — Ty N *aTy
2 8m f ~——

4— fermion

e Potential for a’'? — integrating out non-Abelian gauge group +
chiral fermions

2
S = / %da’:l A xada’t — A* [1— cos (a’l)] *a 1
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Open issues

Axions from String Theory

Dimensional reduction of String Theory on M; 3 x X
= plethora of axions see eg. Witten (1984), Banks-Dine-Fox-Gorbatov (2003), Svréek-Witten (2006)

(1) Closed String Axions
¢ 1 Model-independent: NS 2-form B, along Mj 3

_ NS 2-form B,
e hy; + hy; Model-dependent: { RR-forms C, along Xp

(2) Open String Axions
e Wilson-line: reduction of (D-brane) gauge field

see e.g. ArkaniHamed-Cheng-Creminelli-Randal, Marchesano-Shiu-Uranga (2014)

e Field-type: phase of C scalar field in AV =1 chiral multiplet @
intersection of 2 D-branes



Open issues

String Theory embedding |

Grimm-Louis (2005), Grimm-Lopes (2011), Kerstan-Weigand (2011)

e Type IIA on M; 3 x Xs with D6-branes
M 3 maximally symmetric 4-dim spacetime
X admits a symplectic basis (a;, 3) for H3(Xs): Sy @i N B = (857
eg X = CY3/QR

e axions emerge from reduction of RR-form C3
& charges under (D-brane) U(1) from reduction of RR-form GCs:

1 & 1 b ‘
:gg;gl(x)a’(y)"‘"- CSZE;DQ)V‘/\E-F

e Reduction of bulk action — kinetic terms

Spulk 5 — / dCiAxadCizz 5 — Skin =

238 /df /\*4d§JICU+dD( 2)i /\*4dD(2) Ky

T2

. 1 if -1
with Cjj = i er aj A*gaj and KV = IC,-J-



Open issues

String Theory embedding Il
e D6-brane wraps Mj 3 x Az, w.r.t. de Rahm-dual basis (7, &)

bs/2

Dy =S (Fi+ pid) / a=5i= [ p
i=1 Wi 8
e Reduction of D-brane action — anomalous coupling + U(1)
charges
by/2 by/2
S8 / CsAF — — / FAF+— / )iAdA
€S 2 oo 4mi3 +z - Z ¢ +2 2 Z”J

* D(y); is Hodge-dual to &' ~ dualisation in favour of ':

1 1 i I i P 1 i i
S = ~ 35 /M1,3 [2 (a8 - ) Axa (d€ - #A) zcj} +23 Zr /M1,3 EFAF

e similar reasoning for C4-axions in type IIB with D7-branes

Grimm-Louis (2004), Jockers-Louis (2005), Haack-Krefl-Lust-Van Proeyen-Zagermann (2006)



Open issues

Factorisable D6-branes on T°®/QR

e Three-cycle M, decomposed with respect to (7;, &):

My =rlvyi+si6

i
re,Sx €Z

factorisable three-cycles: r! and s’ are given in terms of 1-cycle
wrapping numbers (n, m’) on T(zl.)

e local 2-stack model U(1), x U(N})

2
T

(4,1)

(1, -1)

2
)

T2

3

(4,1)

(1, -1)

(0,1)

with axions ¢! and &2 charged under U(1).:

1 1
S>3 / > Ku(de! =, As)Axa(de! = s,A0) + o (ri€" + 1€2) Tr(GoAG)

T o2
26 I=1,2
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