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Inflation and Axions

® Single field slow roll still matches CMB data (Linde, Kallosh)

® Open question: Small vs Large Field Inflation? (Shiu, Kovac)
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Inflation and Axions

® Single field slow roll still matches CMB data

Open question: Small vs Large Field Inflation?

QM corrections should be under control

® axions (a — a + €) control perturbative corrections Linde (1988)
= axion as inflaton (natural inflation) Freese-Frieman-Olinto (1990)

with V = A} [1 — cos (;)] ~ ;> Mp and V1/4 ~ Ag ~ 106 GeV

® Controlled model only in UV complete theory ~~ String Theory
BUT for single axion: 3 no-go theorems and arguments forbidding f; > Mp,
Banks-Dine-Fox-Gorbatov ('03), Svréek-Witten ('06), Arkhani-Hamed-Motl-Nicolis-Vafa ('06)
* Other mass mechanism for axions — axion monodromy (2008, 2014)
* Multiple axions (N > 2) — N-flation (2005), aligned natural inflation (2004),
kinetic mixing (2015)

® Central Question: How does Quantum Gravity constrain models?
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Effective Action & Effective Decay Constant

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

® Type Il String Theory compactifications w/ D-branes
~+ 4d EFT with mixing axions (similar action, see Dvali)
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® Type Il String Theory compactifications w/ D-branes
~ 4d EFT with mixing axions

N N
1 ; ; : : 1 .
seft = 5 > Gy(da’ = KT A) Axa(dd — K A) — 53 (Z r,-a’> Tr(G A G) + Lgauge
ij=1 =1 l_k
mixing V(1) mixing k' 0 anomalous coupling

® Diagonalisation of kinetic and potential terms
= effective decay constant f,g with moduli dependence 0
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104 GeV < f.g < 1019GeV
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Effective Action & Effective Decay Constant

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

® Type Il String Theory compactifications w/ D-branes
~ 4d EFT with mixing axions

N
st = %Z (da’ kA)/\*4(da’ka

axion
ij=1 l

. U(1) mixing k' # 0
mixing

® Diagonalisation of kinetic and potential terms

anomalous coupling

= effective decay constant f,g with moduli dependence 0

104 GeV < f.g < 1019GeV

® different from enhancement mechanisms: f.g ~ NPf
Dimopoulos-Kachru-McGreevy-Wacker (2005), Choi-Kim-Yung (2014),
(2014/15), Junghans (2015)
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with p > 1/2;
Bachlechner-Long-McAllister



Introduction Inflationary Models Open issues Stringy Axions and Non-perturbative effects

Consistency & 4-Fermion Couplings

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

® (1) gauge invariance requires presence of chiral fermions ¢



Introduction Inflationary Models Open issues Stringy Axions and Non-perturbative effects

Consistency & 4-Fermion Couplings

w/ Shiu-Ye 1503.01015, 1503.02965 [hep-th]
® (1) gauge invariance requires presence of chiral fermions 1

G

(1) ° (1) -

U1 e U1

W--»---ﬁ; + P =0
G 4 G

“reversed” GS mechanism
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Consistency & 4-Fermion Couplings

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

® U(1) gauge invariance requires presence of chiral fermions ¢

® |[ntegrating out massive U(1) boson
~» 1 axion £ + 1 non-Abelian gauge group + chiral fermions

1 1 ¢ C
S = —déA*dé — — =Tr(GAG) — — A L
/25 wdf = 5 2 TGN 6) = 5 Ju A xay +Ly

4— fermion

+ global U(1)anom
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_emZiig
Lttoot = Ce & det(9Rr) + h.c.



Introduction Inflationary Models Open issues Stringy Axions and Non-perturbative effects

U(1) Breaking & Mass Generation

Shiu-W.S. (work in progress)

® at strong coupling for SU(N) ~~ non-perturbative effects important
* Instantons ((G A G) #0):  U(1) = Zy,
~ interactions between 1) and instantons 't Hooft (1976)

_emZiig
Lttoot = Ce & det(9Rr) + h.c.

* Fermion condensate ((¢;vg) #0):  Zn; — Zp  Casher (1979)
~ fermion mass M ~ —N}—z(ﬂupm
st



Introduction

U(1) Breaking & Mass Generation

Shiu-W.S. (work in progress)

® at strong coupling for SU(N) ~~ non-perturbative effects important
* Instantons ((G A G) #0):  U(1) = Zy,
~ interactions between 1) and instantons 't Hooft (1976)

_8r? g _
Litooft = Ce & ' det( ) + h.c.

* Fermion condensate ((¢;vg) #0):  Zn; — Zp  Casher (1979)
~ fermion mass M ~ —ﬁ(EUpR)
st

® E < As: bound state ptp  — EFT for composite scalar ¢(x) = a(x)e“%
2 A 2., a2 it —ig
V=—pu ¢*¢+§(¢*¢) +A2 (M¢ + MO + ke ¢ det(®) + ke € det(cbf))
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U(1) Breaking & Mass Generation

Shiu-W.S. (work in progress)

® at strong coupling for SU(N) ~~ non-perturbative effects important
* Instantons ((G A G) #0):  U(1) = Zy,
~~ interactions between 1) and instantons 't Hooft (1976)

_ﬁ_*_,'g _
Lot Hooit = Ce &’ det(l/)L’lZJR) + h.c.

* Fermion condensate ((v;vg) #0):  Zn; —> Zp  Casher (1979)
~ fermion mass M ~ 7,\/}—2(EL1/1R>
st

® E < As: bound state ptp  — EFT for composite scalar ®(x) = O'(X)ei%

by P& i€
V= 7u2¢*¢+§(¢f¢)2+/\§ (M¢ + MoT + ke'’s det(d) + e € det(q:f))

with vacuum (o) = f ~ As, (n) =0 = (§)

® mass spectrum in vacuum massive (o,n) = INFLADRONS
fe L f fe ~ f f < fe
1 { 4

my < mg < mg mg, my < Mg me < my < Mg
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Phases of Axion Inflation
Shiu-W.S. (work in progress)

Witten, Veneziano ('79)
SU(N) vacuum degeneracy
QSU(N)

Dilute Instanton Gas

ggu(,\,) >0.80 Mst.ring

As ~ f ~ 1010 Gev

fe
log 2
~ gauged Higgs-Yukawa model
depends on UV boundary conditions

— chaotic inflation, a-attractor (Scalisi, Yamada)
Inagaki-Odintsov-Sakamoto ('15,'16)
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Weak Gravity & Strong Dynamics

® WGC = criterium for field theory to be coupled to gravity

® clectric WGC for U(1): 3 particle with m < gMp,

* In UV (E > Mst): 2 charged, massles axions

* In IR (E < Mst): only global U(1)

Mp;

® electric WGC for axions: 3 instanton such that S < O(1)~/
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f
Donald J. Trump
realDonaldTrump

The WGC is a travel ban for those nasty axions!!
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Inflationary Models

Weak Gravity & Strong Dynamics

® WGC = criterium for field theory to be coupled to gravity

® electric WGC for U(1): 3 particle with m < gMp;
* In UV (E > Ms): 2 charged, massles axions v/
* In IR (E < Mst): only global U(1)

Mpy
f

* In UV (E > Mst): (non dominant) D2-brane instantons v/
* In IR (E < As): gauge instantons coupled to ¢ appear to violate WGC

® clectric WGC for axions: 3 instanton such that S < O(1)
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Open issues

e Verification of magnetic WGC see also Hebecker-Henkenjohann-Witkowski (2017), Dolan et al (2017)
IE" Detailed analysis for axion monodromy realisation Kaloper-Lawrence-Sorbo (2010)

IS~ Fyll String Theory construction including moduli stabilisation
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Open issues

Natural Inflation

Viable inflationary model requires control over perturbative (& non-perturbative)
quantum corrections:

® EFT for Infladrons & receives non-renormalisable terms
® | oop-corrections to
* 1-loop effective action
* Non-minimal coupling
® Infladron-backreaction
® Gravity corrections

* Graviton Loops
* Moduli & KK modes
* wormholes & gravitational instantons
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Stringy Axions and Stuckelberg-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)

® 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 Il)

i _ i . h
i — 1 _ i 11
a = (2m) /):I_ Clp)s p —cycle &' C A, ied{l,..., hoy 4 1 }

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

® Stack of N D-branes on M3 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’ — kA)? under U(1)

A

® Subset of axions are eaten by anomalous U(1)’s ~ survive as global symmetries

® Also possible in IIB for C; 4 using D7-branes with magn. fluxes



Stringy Axions and Non-perturbative effects

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—)?

G11 — G2 . 2G12 kt cos ¢
cosf = ——= sinf = —F— _ = B
Ay — Ao Ay — Ao k sin 5

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

0
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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, M=x} -3 +xt —52
N——

N’
QR U [}

L FAF,  (dal — Ay)?
—alF, AF,  (da? + Aj)?
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The road to NJL Models

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

M3 1 1
Seub = -t |da— kAP = ——|F]> = —aTr(G A G)
2 4gU(1) 8w

not U(1) invariant

G
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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

M3 1 1

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

[ —
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 9 2
An g (WO +arURTR) = Lay ~ g (OT0)

st

+ global U(1)anom




Stringy Axions and Non-perturbative effects

NJL & Dynamical Mass Generation

Nambu-Jona-Lasinio ('61), review: Vogl-Weise ('91) Py — P cos(2ar)

® NJL = U(1)cniral invariant dtp-interactions 4 — /74 FitpS 9 sin(2)
DyPp — P cos(2a)
T ALAarR [\ (h 7 7 i sin(2e
L = i+ T [ @) (@) - (5970) (8r°0)] i snze)
st

® two phases:

* Wigner phase: (1)) =0 ~» U(1)chiral unbroken and 1 massless
% Nambu-Goldstone-phase : (1)) # 0 ~ 3 my, = —%(d)dz} and Mchiral
st

NG-phase requires satisfied self-consistency condition:

) _ 4iqLqrN d*p  my
GAP mw = M2 / (27‘_)4 p2 — m2
st "

and 3my # 0 at strong coupling: ay1)(A) > § for A < Me
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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: ( - )H( —COs?nZ;a ;2222 )( : )
Lo =it = (0 4 ?) 4 (B0 imr?0) g = O

2
* effective potential V.g(co) = 5 I 2Nf ;“)74 In( "—2) Vot (0)

p
~» minimum: %| =0 — GAP eq

O=0min

Veﬁ (Umin) <0

Tmin

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

* 0t state 0 = gipyp  ~> m2

— 2
o+ =4y,

* 0~ state m = gpiv®eh ~ mg_ =0




Stringy Axions and Non-perturbative effects

First Inflationary Steps

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

1 1 1 by
Liom) = 5(60’)2 + 5(8#)2 - 54mi0'2 — Z0-4 NI

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

1 B C a
VRCGE _ B 2 & a/0+3)
em) = 1 Doy 0 ) (2” +20)

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

® Strong SU(N) dynamics can spoil (o, 7) set-up: 't Hooft (1976)
* SU(N) gauge instantons produceyﬁ’fcoupling r det(P(1 + v>)ep) + h.c.
* m2 o~ k]2 < mk = 4mi + m2 ~ 7 = inflaton ?

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

0.25

Planck 2013

Planck TT+lowP
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Natural inflation
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«v attractors
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