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Modular flavour symmetry

Dixon et al., NPB, 1987

= Modular transformation Hamidi & Vafa NPB. 1087
10D 4D T2 / /
w
- | =/ S
)
w
Modulus — =7,Im > 0 a'db'_c'bd le
Wy “ c- Congruence subgroup
o wi_ar+b I\/_Iodular group messssssssmm) Finite modular group
T T T o td [~PSL(2,Z)  T(W)/T) ¢ ~ s 1T¢ ~ Ay,
D S (er + d)~F1 oD () D I'~SL(2,Z) 1Y) ~8Y TV =~ AV
3m
= Modular forms Y
[ Seesaw Scale ]—
Y;.(k)(’)/T) = (e + d)kpr(fy)Yr(k) (r), v€ln 3 mixing angles
. Ret
Yukawa couplings (k) _
p (7) 1 Dirac phase
are modular forms! (k) —
vk _ |12 (1) Im T
Lauer, Mas, Nilles, PLB, 1989 *r =~ — : — .
Ferrara et al., PLB, 1989 (kj + A few coupling 2 Majorana phases
Feruglio, 2017 r (7') coefficients

Xin Wang - Modulus stabilisation and modular invariant hilltop inflation



Determine the value of t
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" Bottom-up or Top-down: Flux compactification
Bottom-up approach Ishiguro, Kobayashi, Otsuka, JHEP, 2021, Ishiguro,

Okada, Otsuka, JHEP, 2022, Higaki et al., 2024, ...

Non-perturbative effects
Kobayashi et al., PRD, 2019, 2020;
Top-down approach Font et al., PLB, 1990: Gonzalo et al., JHEP, 2018:

Modulus stabilisation Novichkov, Penedo, Petcov, JHEP, 2022;
Knapp-Perez, Liu, Nilles, Ramos-Sanchez, Ratz, 2023;

Gaugino condensation | Leedom, Righi, Westphal, JHEP, 2023, ...

Free parameter obtained by fitting
the experimental data
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Determine the value of t
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= Bottom-up or Top-down?
Bottom-up approach

Free parameter obtained by fitting

the experimental data

Top-down approach
Modulus stabilisation

Gaugino condensation
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Flux compactification

Ishiguro, Kobayashi, Otsuka, JHEP, 2021, Ishiguro,
Okada, Otsuka, JHEP, 2022, Higaki et al., 2024, ...

Non-perturbative effects

Kobayashi et al., PRD, 2019, 2020;
Font et al., PLB, 1990; Gonzalo et al., JHEP, 2018;
Novichkov, Penedo, Petcov, JHEP, 2022;
Knapp-Perez, Liu, Nilles, Ramos-Sanchez, Ratz, 2023;
Leedom, Righi, Westphal, JHEP, 2023, ...
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Gaugino condensation

= Kahler function Kihler moduli T + dilaton S

G(r,7,8,8) = K(1,7, S, 5) + log |W(r, S)|? Modular invariant

- Kahler pOtentlaI Leedom, Righi, Westphal, JHEP, 2023
K(r,7,5,8) = K(S,S) — 3log(2ImT) Crucial for stabilising

Tree level: K(S,S) o< —In (S + S) tZE dilliatonfsfec';or
Loop levels: Non-perturbative effects §K (S, S) ‘;ln:err elggeoc s

= Superpotential

W(r) = (et + d)>W(7) Modular function of weight —3
Generate non-trivial superpotential via gaugino condensation.  Nilles, PLB, 1982
A gauge group undergoing gaugino condensation gives Dine et al., PLB, 1985
. ) ) —fu/ba Ferrara et al., PLB, 1983

rise to non-perturbative superpotential W ~ e
fa = kaS ‘|— baln 776(7) —|— A Q(S)H(T)

S = n°(7)

Dedekind n function
One-loop: Threshold corrections, K'e'“/f”"Ct'O". e
Anomaly cancellation H(r) = (§(1) — 1728)™/%(7)""P(j(7))
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Modulus stabilisation - Single modulus

= Scalar potential D; =9;+(9,K)  Covariant derivative
Cremmer et al., 1983 . .
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/ Re 7 / V(i)>0
Novichkov, Penedo, Petcov, JHEP, 2022; Font et al., PLB, 1990; V(iw)=0
Cvetic et al., NPB, 1991; Gonzalo et al., JHEP, 2018; Leedom, Righi, Westphal, JHEP, 2023
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Modulus stabilisation - Multiple moduli

Flavour mixing pattern — More than one moduli are required if T @ fixed points.

Novichkov, Penedo, Petcov, Titov, JHEP, 2019
Novichkov, Petcov, Tanimoto, PLB, 2019

# Modulus stabilisation
in the multiple-modulus framework

» Gaugino condensation in heterotic string.
» 3 factorised tori: SL(2,Z) — SL(2,Z), X
SL(2,Z), X SL(2,Z)5.
» Uplift the vacua to dS vacua by considering
SAxSBxSE — §P non-trivial dilaton sector.
by two bi-triplets » Focus on minima at fixed points.
Varzielas, King, Zhou, PRD, 2020

IC(T7 T, Sa §) = K(S, g) — 310g(2 Im 7’) ’C(T

ML CLUR

»S5,8) = K(S,8) —log[(2Im ;) (2Im 75)(2Im 73)] ,

ml

[HO (1) + HOWD (1) + B0 (7))
772 (7'1)772 (7'2)772(7'3)
King, XW, 2310.10369

W(r, §) = 2E)
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Modulus stabilisation - Multiple moduli
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King, XW, 2310.10369

(mq,ny) = (my,ny) # (M3, n3)
T1 = T, for the global minimum.
(11, 73) = (w, w) is always the vacuum.

T =i is not always the minimum when
m > 1.

At least one (m;,n;) = (0,0), global dS
vacua; All (m;,n;) # (0,0), Minkowski
vacua.

CP-violating vacuum near T = w may
still exist.
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Modulus stabilisation - Multiple moduli
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(mq,n4) = (0,0)
(m3; Tl3) = (2,0)

Varzielas, King, Zhou, PRD, 2020,
King, Zhou, PRD, 2020, ...

TM1 mixing

(my,n4) = (2,0)
(m3; Tl3) = (0,0)

Varzielas, King, Levy, JHEP, 2022,
de Anda, King, JHEP, 2023, ...

Littlest Seesaw
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Modular inflation

NGl Cosmic First sta_lrs
Nuclear fuc'ear microwave & galaxies Today
Inflation Protons tf)LeISi;r; gﬁ'(?sn packgiound 7
s formed 9 # Brout, Englert, Gunzig, 1978
: B Starobinsky, 1980
Inflation Quarks Protons N My,
\ Protons Positrons “h S Kazan as, 1980
M Muons He He R4

“' V.‘ ‘ Neutrons Sato, 1981
Seo s ng Age of . Guth, 1981

Bang © D ions . .
'Q“ Taus I_lnde, 1982

Electrons He He

Morn B rons | . Albrecht & Steinhardt, 1982
Ll Etiotons Photons o 'l' ’ I_inde, 1983

F T T T T i T ™
Time (s,y) 10 10*s 10°s 225s 1000y 3000y 300,000 y present
Temperature (K) 10 1077 10 10+ 100,000 60,000 3000 2.7
Energy (Gev) 10%  10% 0.1 10 10 5x 10° 3 x 10 2.3 x 10

Several issues in hot big-bang cosmology

Electrons

/' Photons

—————

Horizon problem; Flatness problem; Entropy problem; Primordial perturbation
problems; ...

Moduli as natural candidates for inflaton in SUGRA!

A cosmological probe of modular symmetries

Kobayashi, Nitta, Urakawa, JCAP, 2016; Abe et al., JHEP, 2023; Gunji, Ishiwata, Yoshida, JHEP, 2022
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Modular inflation

K(r,7,8,8) = K(S,S) — 3log(2Im )
Ws) < AOH@  H() =1
n°(7) /\ Ding, Jiang, Zhao, 2405.06497,

different choices of m and n
3 2 _
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v AL XS5 |Q(S))2 [ (2ImT)2
(2Im 7)3[n(7)[" 3

The dilaton term can uplift the potential.

Transition: T = i from local minimum to saddle
point as A increases.
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Slow-roll behaviour neart =1 King, XW, 2405.08924

= Canonical normalisation

-9 "
Liin = 3 (9t 9u9) (t esc? 0) (%) ) (., = (0,00"p + 0,20"z)/2
= €

— e p/V3
. - b=e” . i A2y DA oo
= Scalar potential: quartic-hilltop approximation 19274~
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; o~ (_7_3 i) (106, | a=A-3.506
N6 N4 N2
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ng = 1-— T2—|—O5a—1125Nea . sl
Ne ns < O 956 for Ne < 60 0.005 0010  0.015 u 0020 0025  0.030

S
v
Il

0.9661 + 0.0040 (68% CL), r < 0.036 (95% CL) Planck (2020), BICEP/KECK (2021)
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Slow-roll behaviour neart =1 King, XW, 2405.08924

= Modification from non-minimal H(t)

iad’

] _ A% (2Im )2
H(T) =1+ a[](T)/1728 — 1]2 V(r,T) :(ZImT)3‘|/77(T)|12 [ 3

o(7) \/ N 3(1+ ad) 5 2

Series expansion 5 CGa(n,7)| + (A=3)[1+adl’
V(z) ~ AL [1-0.25a22 — f,(a, @)z + fs(a, )28+ O ()]

With f.(a,a) =(0.306 — 0.697a) + (138 — 308a)a, fs(a, ) =(0.389 — 0.702a) + (1231 — 2397a)c

a0 — w108 — an10 + (56455 — 94656a)a” .
200 0.14 ———————— ] (n _nbf)2
C i i ] 2 S S
C 1.830 ' ' ' ] [ Ne=255 1 « =
1951 o ] 0.12F- . ‘ X ( ’a) 0‘,,21
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R f 1'81750.4 7(;.2 070 072 0.4 f 0.085— R ,.' _f 0
< 1.85- - e i —
£ s | _: In(101°4,) = 3.040
Lsof- ] - ] Best-fit from Planck (2020)
0.04— -
1.70:...|I|.||I||.||||||l|||||1|||_ 0.00:| L L L PR R |: AV = 5'7X1O_4MP1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -3.0 -2.8 -2.6 -24 -2.2 -2.0 -3
z log g AW = 6-9)( 10 MP]
a ~ —1073, flatter potential 1o ®20 — bestdit Nilles, PLB, 1982
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Summary

 Modulus stabilisation is crucial for determining the
value of .

e Modular invariant inflation may be a possible
probe of modular symmetries in the early universe.

* Fixed points are special: Special flavour structure;
Modulus stabilisation; Orbifold compactification;
Inflationary trajectory, ...

Obrigado!
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Hessian matrix
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Series expansion of the scalar potential

Ramanujan identities indicate Galr—i =,

that the derivatives of Eisenstein  4Gz| _ =i [, T%(1/4)
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. b d th dr | _, 6 647t |’
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Evading the cosmological constant problem

Large vacuum energy after inflation can be eliminated
by introducing a “waterfall” field direction.

o = yAy

3

Toy model ,
AV (z,y) _1 ~2 >‘ 4
Viot = V(x) + AV (z,y)
= 0
Choosing
-1
a2 = 1.3,
A =0.32,

h(x) = 2.4(x? — 0.925)?

04 05 06 07 08 09 10 1.1 1.2
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