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Axions and Inflation

® Axions = CP-odd R scalars with a — a+¢

* pert. shift symmetry — dim-6-eperaters ~ slow roll: |n| < 1 v
* Nonpert. effects — Vipr ~ A* [1 — cos fi] ~ slow roll: f; > Mp,

= natural inflation Freese-Frieman-Olinto (1990)

e strong UV sensitivity of Large Field Inflation
— need for UV complete theory with quantum gravity ~ String Theory

* But 3 no-go theorems and arguments forbidding f > Mp,; (1 axion)
Banks-Dine-Fox-Gorbatov ('03), Svréek-Witten ('06), Arkhani-Hamed-Motl-Nicolis-Vafa ('06), Conlon-Krippendorf ('16)
~~ multiple axions: N-flation (2005), aligned natural inflation (2004),
axion monodromy (2008, 2014), kinetic mixing (2015)

EP2
> (generalised) WGC: kinematic constraints on f;
= S loopholes for multiple axions??
g 2015

WGC



The hidden treasures of EFT

® axion monodromy remains untouched by WGC + loopholes to WGC

Kappl-Nilles-Winkler ('15), Choi-Kim('15)
® Ambiguous definition of fug for N axions & M(> N) instantons
~ consider the diameter of axion moduli space

® Presence of other (heavy) fields
~ affects inflation process

= 0.8Mp; < fog < Mp; consistent
with data

Here:

Nambu-Jona-Lasinio (NJL) models hidden in EFT for stringy axions
+ explore inflationary models from strong dynamics
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The hidden treasures of EFT

® axion monodromy remains untouched by WGC + loopholes to WGC
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® Ambiguous definition of fg for N axions & M(> N) instantons
~ consider the diameter of axion moduli space
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® Presence of other (heavy) fields
~ affects inflation process
= 0.8Mp) < fog < Mp; consistent
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+ explore inflationary models from strong dynamics
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Stringy Axions and Stiickelberg-mechanism

reviews: Baumann (2009), Baumann-McAllister (2009,2014), Westphal (2014), Grimm-Louis (2005),
Grimm-Lopes (2011), Kerstan-Weigand (2011), Grimm-Louis (2004), Jockers-Louis (2005), Haack-Krefl-Lust-Van
Proeyen-Zagermann (2006)
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® Closed string axions a' from dim. red. of p-forms Cp) on My 3 % Xs/QR
(C(p) € RR-forms + NS 2-form in Type II)

h11

a' = (2n)7? Clp)s p—cycle ¥ C X, ied{l,..., foy 4 1 }

i
Kinetic terms for p-forms C(;) € ~ kinetic terms for al

® Stack of N D-branes on Mj 3 x X' ~ U(N) gauge theory in 4 + p dim
Reduction of D-brane CS-action ~ couplings for a'

* C3 ATr(G A G) — anomal. coupling a’ Tr(G A G)
* Cs A F — Stiickelberg-coupling (da’ — k’A)? under U(1)

® Subset of axions are eaten by anomalous U(1)'s ~ survive as global symmetries
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The road to NJL Models

Shiu-WS-Ye('15), Shiu-WS (work in progress)
® U(1) gauge invariance: A — A+dx, a — a+ kx

M2 1 1

Seup = ——t |da — kA2 — |F?— ——=aTr(G A G)
2 4g2 82

8uq) N

not U(1) invariant

+ chiral fermions w Antoniadis-Kiritsis-

G . )
G " Rizos ('02)
u@) a u(1)
P I — + P Aldazabel-Franco-
7 Ibafiez-Rébadan-
G G Uranga ('01)

“reversed” GS mechanism
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The road to NJL Models

Shiu-WS-Ye('15), Shiu-WS (work in progress)

® U(1) gauge invariance: A~ A+dx, a — a+ kx

M?2 1 1
ssub—/ ——=t|da— kA® — —; |F|2——23Tr(G/\G)
2 4gU(1) 8
+ chiral fermions 1

® Q@ intersection of two D-brane stacks with U(N) x U(1)

~ chiral matter in bifund. rep. (O, q1) w,‘
’ h with q, # qr
(Da QR) wR
® EFT for generation-indep. U(1) charges:
Mz 2 2
5:*7\‘1‘3*!‘/4\ 2 ——|Fl +'Z¢L3¢L+’ZwRawR
gU(l i=1 i=1

+ Z qLEiLATZ{ + Z QR’Z’RA’M? + coupling to U(N)
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The road to NJL Models (1)

Shiu-WS-Ye('15), Shiu-WS(work in progress)

® Integrating out Stiickelberg U(1) through solving Lorenz gauge condition:

1 —i —i i 2
A (BT + GRERTUR) = Loy ~ 2o (BT0)?

st st

+ global U(1)anom

® Using Fierz-identities ~~ NJL-type models

w = 2o S| @)@ — @)@ )| +

st ij=1

1

Z [qz VIV + ar VE VR u]

2M2

typical NJL interactions

Nambu-Jona-Lasinio ('61) Vf = E*V”ﬂ)*
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The road to NJL Models (1)

Shiu-WS-Ye('15), Shiu-WS(work in progress)

® Integrating out Stiickelberg U(1) through solving Lorenz gauge condition:

1 i RN P
An g (WO +arURTR) = Lay ~ g (OT0)

st

+ global U(1)anom
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NJL & Dynamical Mass Generation

Nambu-Jona-Lasinio ('61), review: Vogl-Weise ('91) Db — P cos(2a)
® NJL = U(1)chiral invariant 4¢-interactions ¢ — e’y +iy 9 sin(2a)
D72 — >y cos(2a)
Exon = Vit + S0 [@0)0) = (5°0) (") i)
Si

® two phases:

* Wigner phase: (1)) =0 ~+ U(1)chiral unbroken and 7 massless
* Nambu-Goldstone-phase : (Y)) # 0 ~ I my, = *%Wﬂﬁ) and chiral
st

NG-phase requires satisfied self-consistency condition:

2

_ 4iqLgrN / d*p  my
(277)4 P2 - m@”

GAP: m, =
Mz

and 3my, # 0 at strong coupling: ay1)(A) > § for A < Mst
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NJL & Dynamical Mass Generation (1)

® Verify minimum in NG-phase in large N limit Gross-Neveu ('74)

cos 2 sin 2
* auxiliary fields o, 7: ( : )H< Sn2a cos2a )( : )
s 1> 2 - . 75 2 _ 49LA9r
Lo =it = 552 +m) + (Wb +imdry),  gf =7
d*p fﬁ
* effective potential Veg (o) = %8 102 2N Gy In +% Voge(0)

~» minimum: dge“ =0 — GAP eq
o lo=0omin

VeH(Umin) <0

Tmin
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NJL & Dynamical Mass Generation (1)

® Verify minimum in NG-phase in large N limit Gross-Neveu ('74)

* auxiliary fields o, 7: ( c )H( fos?f;l l"é‘i )( - )
Lo =4idy é(oz +7%) + (oBp +iminy), &= qAL/g

2
* effective potential V.g(co) = 5 I 2Nf g‘)’4 In( %) Vot (0)

P
~» minimum: %| =0 — GAP eq

=0min
Veﬁ(o'min) <0

Tmin

® Bound (scalar) states: (Salpeter-Bethe ('51) or poles of Gﬁb))

* 0F state o = gyyp > mp, = 4mj,

* 0~ state m = gypiv®eh ~ mg_ =0

v



Introduction Stringy Axions and NJL First Inflationary Steps Open issues

First Inflationary Steps

® Gradient expansion ~ EFT for (o, ) with inflaton= o

£(0‘,1‘I’) = %(80)2 + %(871’)2 — %4mia2 — 20’4 —+ ...



First Inflationary Steps

First Inflationary Steps

Gradient expansion ~» EFT for (o, 7) with inflaton= o

Liom) = %(30)2 + %(8702 - %4micr2 — 204 NI

RGE-analysis with conformal coupling to gravity ~» R2-type inflation
Hill-Salopek ('92), Inagaki-Odintsov-Sakamoto ('15)

1 B C 1/(1+-2)
VRGE _ fdp B R AL VAC e
Cm = ey \27 T s

~~ compatible with Planck 2015 data:
ns = 0.961, r = 0.0083 @ weak coupling o < 1
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Tensor-to-scalar ratio (rp.002)
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First Inflationary Steps

Planck 2013
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Planck TT,TE,EE+lowP
Natural inflation
Hilltop quartic model
« attractors
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Low scale SB SUSY
1R? inflation
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First Inflationary Steps
® Gradient expansion ~ EFT for (o, ) with inflaton= o

1 1 1 A
Lo = 5(80)2 + 5(87r)2 - §4mfpa2 - 204 + ...

® RGE-analysis with conformal coupling to gravity ~~ R2-type inflation
Hill-Salopek ('92), Inagaki-Odintsov-Sakamoto ('15)

RGE _ 1 (E 2 C(U4)1/(1+C%C)>

o) T . p, oa1/(1+-2) L
o ey 27

~~ compatible with Planck 2015 data:
ns = 0.961, r = 0.0083 @ weak coupling o < 1

® Strong SU(N) dynamics can spoil (o, 7) set-up: 't Hooft (1976)

* SU(N) gauge instantons produce/uﬁ’fcoupling k det(P(1 + ~°)¥) + h.c.
* m2 o~ k2 < md = 4mi + m2 ~ 7 = inflaton ?

® I remaining string axions coupling to SU(N) can play rdle of inflaton?
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First Inflationary Steps

® Gradient expansion ~ EFT for (o, ) with inflaton= o

1 1 1 A
Liom) = 5(30’)2 + 5(8#)2 - §4mi0'2 — Zo-4 4+

® RGE-analysis with conformal coupling to gravity ~~ R?-type inflation
Hill-Salopek ('92), Inagaki-Odintsov-Sakamoto ('15)

1 B W1/ (1+2)
VRGE _ 2
(o,7) 1+ %(02)1/(1+a%) (2 + 4( )

~~ compatible with Planck 2015 data:
ns = 0.961, r = 0.0083 @ weak coupling o < 1

® Strong SU(N) d | set-up: 't Hooft (1976)

* SU(N) ga K UEL) coupling « det(d(1 + +°)w) + h.c.
* my o~ |k 7 = inflaton 7

® 3 remaining strir J(N) can play réle of inflaton?
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Conclusions and Outlook

Conclusions

® Stringy embedding of Nambu-Jona-Lasinio models through Stiickelberg

mechanism for closed string axions

® g-excitation in NG-phase ~~ o = small field inflaton candidate

Open issues

IE” Set-up spoiled by SU(N) strong dynamics??

|N PROGRESS

vz

IE" Full String Theory construction with strongly coupled U(1)
and moduli stabilisation

Open issues



Moltes gracies

Muchas gracias

<O <Fr o«

Q>




Effective Potential

Gross-Neveu ('74) + textbooks

® effective action I is Legendre-transform of generating functional W[J] for
connected Green's functions:

Mo] = / d*x o(x)J(x) — W]
® V(o) is effective potential for classical field o = (vac|é|vac) arising from

effective action I[o]
® [[o] is generating functional for 1Pl n-point functions

o
1 ~
= Veff(g) Z ,T r(n)(o7 0,..., 0)
n=2

amputated 1 Pl

1 L 1 /o2\"
= Va (@) + Vicioop(0) = 5 50° =N 3 / > (f)
n=1

Open issues



Open issues
Bethe-Salpeter bound states

Buballa ('04) + textbooks

® Bethe-Salpeter: presence of bound states assuming mass gap as poles in the
Green function

N.(q%)

® Modern day formulation: search for poles in T-matrix for 44/ interactions:

g2

11— g%May(q?)

el - ><+ >©<+
M.(q%)

T4 )



R?-type Inflation

Baumann-McAllister ('15)

® Non-minimally coupled inflation:

Open issues

2 2
S= /dvol4 {M;’ <1 +£/\%> R— %(aw)z — V(p)

perform a conformal rescaling of g, & for £ <1

2
~ canonically normalised inflaton I\/% = \/gln(l + ﬁ/’—‘%)
°® V(p)= %(p" ~~ Starobinsky’s R?-inflation

® Gauged NJL models Inagaki-Odintsov-Sakamoto ('15)
* Composite scalar o couples conformally to gravity:

1 1 A
L= 5(80)2 — Emf,sz — 104 —¢0?R+ ...,

Hill-Salopek ('92)

&= %(IR fixed point)

* @ weak coupling for SU(N) — ¢ ~ sinh~! (o) — tanh~! ( z )

V1402
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Axions & String Theory: Example

reviews: Blumenhagen-Cveti¢-Langacker-Shiu ('05); Blumenhagen-Kors-Liist-Stieberger ('06); Ibafiez-Uranga ('12)
e.g. Type IIA D6-branes on CY3/QR ~ ¥/ =%! + 3/

/_ CsyNF#0 ~  Stiickelberg coupling for a’
=

T6/QR with 4 QR-even 3-cycles £'-"1>% and 4 QR-odd 3-cycles £'=0123
N———

4 axions a'

n Mn,=x% -3 +3t - 52
7 —_—
QR i U
L FAF,  (dal — Ay)?
—a3F, AFa (da® + A,)?




Open issues

An Effective Action...

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

e String Theory compactifications ~» 4d EFT with mixing axions

N N
1 ; . . . 1 .
Ssgon = 5 E (da’ — k'A) AN *4(da’ — kJA) — @ ( E fia’> TI’(G N G) + ['gauge:|
ij=1 i—1

e 2 types of kinetic mixing

(1) mixing: Gj; is not diagonal
(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: SV, ral ~ SN ral +2r

e axions couple to D-brane instantons
~> individual periodicity: ad sa+2o2mf Ve’
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)



Open issues

...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),

KNP-alignment with large N Choi-Kim-Yung (2014),
Kinematic alignment (Wlth RMT) Bachlechner-Long-McAllister (2014/15), Junghans (2015)

for N axions: fog ~ NPf with p >1/2



Open issues

2 Mixing Axions
e minimal set-up: 2 axions + 1 U(1) + 1 Non-Abelian gauge group

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

vV )\+/\7 Mst

fo =
© T cosZ(\iktr+ A k—r)+sin & (A k—r, — A ktr)

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

2G12 kTt [ cos § sin g k!
- — cos g k2

_ G11— G2 s
cos) = ——, sinf = ——| _ .
Ay — Ao Ay — Ao k sin 5

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

-15 -10 05 00 05 10 15

0
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