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The Dark Energy puzzle

« Traditional ACDM:
w=PPE =il
PDE

but recent observations hint at a time
dependent equation of state w(z)."

» Dynamical dark energy is often parametrized
B w(a) = wo+ wa(l - a),
ACDM recovered for (wo, w,) = (—1,0).

» What is more natural

A = constant or ppE = ppE(t)
from a UV-complete perspective?

A stable de Sitter vacuum is in tension with
the de Sitter Swampland Conjecture.

'DESI: arXiv:2503.14739, arXiv:2503.14738

W DESI+CMB +Pantheon
DESI+CMB+
BEN DESI+CMB+DESYS
\ DESI+CMB
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 Additional problem: Crossing of the phantom
divide, w < —1
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Moduli as dynamical fields

« Moduli are complex scalar fields describing the geometry of the compact extra

dimensions.
« Their vacuum expectation values control physical parameters of the
four-dimensional EFT, including
* gauge couplings,
* Yukawa couplings,
» compactification scales.

* In this work we focus on
S (dilaton), 7 (Kahler modulus).

« If displaced from their minima, moduli evolve cosmologically and may drive dark
energy.

Geometry = Moduli = 4D EFT = Cosmology
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Can target-space modular symmetry in heterotic orbifolds generate controlled late-time
quintessence dynamics while respecting swampland constraints?

 Build a modular-invariant N = 1 [ modular symmetry j
SUGRA potential from heterotic ¥
orbifold ingredients. [’“"d“""" et Pote"“aﬂ

a ~~

» Use a two-moduli truncation: dilaton
AdS vacua

S and Kahler modulus 7.

dS saddles

« Scan the critical-point structure of hilltop quintessence

the scalar potential.

No metastable dS minima are found, but modular symmetry produces many unstable
dS saddles suitable for multifield hilltop quintessence.
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Geometric origin

« Starting point: the Es x Ejy heterotic
string compactified on a toroidal

orbifold. ( T /T )
« Benchmark compactification: 7 /Z¢ . / ¢ \
() (/e

« QOrbifold factorization:

Fs ~T"
TY )T ~ T? |6 @ T? | T3 @ T/ Zs.

« Focus on the T2 /73 sector, where the
finite modular group acts on twisted
states.

The compactification geometry determines the surviving modular symmetry and the

transformation properties of the matter fields.
5/24



Target-space modular symmetry

« The fundamental domain removes

The modular symmetries of the torus are redundant descriptions.

inherited by the low-energy effective field
theory.2 » Fixed points preserve residual modular
symmetries and often correspond to

The modular group T" := SL(2, Z) is defined as special vacua.

e )

I" acts over the modulus 7 as

a,b,c,d e, ad—bc—l}

4 220 el
. T 5
7 et +d 7 -
\E{ 1.0 -
« 7 lives in the upper half-plane. w

» Points related by modular transformations
are physically equivalent.
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2Ferrara, Lust, Theisen: Phys.Lett.B 233 (1989) 147-152
Parameswaran, Ramos-Sanchez, Zavala: arXiv:1009.3931 6/24



Benchmark model

The T /73 orbifold exhibits an eclectic flavor symmetry®: a traditional flavor symmetry
A(54) and a finite modular symmetry I', = T".

Yukawa couplings are given by modular forms, which are holomorphic functions that
transform as

Y(r) 2 Y(y7) = (et +d)"™ py(1) Y (1), €T
We know the modular forms for 7"

POy = (RO —3\/5"77%3;)
Yo(r)) T \gren | it

n(T) n(T)

3Baur, Nilles, Ramos-Sanchez, Trautner, Vaudrevange: arXiv:2405.2037
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Low energy effective field theory

At low energies we have a 4D supergravity theory with A/ = 1. The most important
functions are given by*

The superpotential

1 g 4 = - QU (S)H1 (1) = Q2(S)Ha(T)
W=——MY A2 Yz
V2 1Ya(7) + A2 Yo (7) + n?(7) - n2(T)
The Kahler potential

K = —log [S +5 - %563 log (iT — iT)] —log (iT —i7)
s

Some definitions: B\ B\
Hi(r) = (778 ) ) (7712(7)) P(j(1))
.7(7—) = 1728%’ QZ(S) — Aiefoq,S

“Cvetic, Font, Ibafiez, Lust, Quevedo 1991

Nilles, Ramos-Sanchez, Vaudrevange: arXiv:2004.05200 8/24



Scalar potential

The scalar potential is given by®
V=eK (KAEDAWDEW - 3|W\2> ,
where DoAW = 0AW + 9, KW.

For our particular model:

2
V=eK|yWs — W2+

2W
das <— = Wg> +i(iT —ir) Wy — W

_ 2
i 3wl }
8w

withY := 5+ 5 — #5@3 log (iT — iT).

SF. Quevedo: arXiv:1011.1491
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Numerical landscape strategy

+ Scan over (m;,n;) and initial seeds in
field-space.

* |dentify critical points satisfying VV =~ 0.

+ Classify by the sign of V' and Hessian
eigenvalues.

» Track whether unstable directions are
saxionic, axionic, or mixed.

[ scan parameter choices ]

( solve VV ~ 0 ]

[ compute Hessian ]

(Smnms) (3 saddied) saddles

The cosmologically useful points are unstable dS saddles with one light tachyonic direction,

especially axionic combinations.
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Role of modular invariance

* Modular-invariant potential: abundant

» Stable vacua are always anti-de Sitter. axionic tachyonic saddles.

* No metastable de Sitter minima are found. - Broken modular symmetry: these

* Numerous unstable de Sitter saddle points saddles become strongly
emerge. suppressed.
» The most interesting class exhibits a single v
tachyonic direction dominated by axionic
components. dS saddle
This is precisely the structure required for hilltop
quintessence.
AdS min.
field 11/24




Results for
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From dS saddles to multifield quintessence

* Evolve the full four-field system: Thawing behavior®

¢' = (ReS, ImS, Rer, Imr) 1. Fields frozen by Hubble friction
. ) . . 2. R lling f h
» Coupled Einstein-scalar equations with curved ecent rolling from the saddle
field-space metric 3. Current acceleration
+ Representative unstable direction: 4. Future descent toward

Im(ys) ~ 0.9Im(S) — 0.4 Re(7)

EOM for modular fields:
2
1 " _ _
3(—) = S0uEe Vo BHEQ 0n(t) " + SHE0n(t) ",

ov
dpi

0 P +3-¢ + 57" + g7 —

taking €2,,,0 = 0.3111 and €2, o = 0.0001. The system is solved in terms of the e-fold number N, with
N = 0 today.

Related model: Olguin-Trejo, Parameswaran, Tasinato, Zavala: arXiv:1810.08634 13/24




Modular fields evolution

* Fields at the SP = remain static
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Modular fields evolution

» Fields at the SP = remain static

« Slightly displaced from SP =- evolve towards an AdS minimum

st ] 15
4, 4
| | — Re(r) 1.3f
- — 12}
S — Im(7) &
2f HE 110
B Re(S) 1o
— Im(S) 0a
0 4
08}
-5 =10 -5 0 5 10 05 03 0 03 05
N Re(T)
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Equation of state and density parameter

1 i
Py Lo i 39" P’ =V
Q, = =, = —Qii ‘/7 — 27T T
® 3H?2 Py 29 iP e+ We P
-0.5
1.0f
-0.6p ~0.980 1
0.8}
~0.985
-0.7f ]
0.6- 1 9 -0.990
S ? S -0.8¢ ~0.995 ]
0.4 i
— O ~1.000 ‘
_09f 20.15 -0.10 ~0.05 0.00 0.05 ]
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DESI comparison

CPL parameterization’: wpg(a) = wo + (1 — a) w,

-08s | — We

- wo = —0.87,w, = —1.27

-0.90]

w(a)

-0.95

- 1.00]

0.0 0.2 0.4

Comparing with DESI+CMB+Union3® w, =

= —0.75240.057 and w, = —0.867) 2 we get
X2 ~ 5.6.

0.6 0.8 1.0
a

"Chevallier, Polarski: arXiv:gr-qc/0009008, Linder: arXiv:astro-ph/0208512
8DESI: arXiv:2503.14738
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+ Modular-invariant heterotic compactifications provide a natural framework for dynamical
dark energy.

» No metastable de Sitter vacua are found, in agreement with the de Sitter Swampland
Conjecture.

* Modular symmetry favors axionic tachyonic saddle points, providing suitable initial
conditions for hilltop quintessence.

» Axion-dominated dS saddle points naturally give rise to multifield hilltop quintessence.

» The model reproduces the observed dark-energy equation of state while predicting a
future evolution toward AdS.

» Future work: extend the analysis to more realistic compactifications with additional
moduli, understand the full penacho structure, and explore the role of modular
symmetries in other Swampland conjectures.
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Thank you
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Explicit model

We take the heterotic string E8 x E8 compactified in an orbifold Zg — Il. The shift
vector and Wilson lines are:

v = —(0,1,2,-3)
, 1,2, s

v ( 5 5 5 5 1 1 1 1) ( 5 1 1 1 1 1 1 1)
1 = Sy Sy =g =g e g =g o= )] § | Sy ooy oo ooy g g =g = )
12 12 12 12 12 12 12 12 12 4 4 12 12 12 12 12

5 3 5 7 3135 1 3

As = —27171717—1«,Z¢Z:Z ’ —571717—57—17071«,1 b
3 1 1 1 1 3 3 5 1717
2 2 2 2 4 4 4 4 4 4 4 4

The 4-dimensional gauge group is:

SU(3)c x SU(2) x U(1)y x [SU(3)* x U(1)°].
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Yukawa couplings

Wyu D (Y;,%)(T) ® q)&—?/s) ® (b(ﬁd/s) ? (I)»(y_%))l

V2
+ D1,1P235P50 + D120Po1 P35+ P1,1D22P33)

+Y2(7') (P1,1P2,1P3,1 + P1,20P22P30 + D1,3P23P5.3)

Y3
e 2 e [_ . (P1,302,283,1 + D1,302,1 P32 + 1,2P23P31
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The scalar potential

1
Sr(i (-1T2i+T2r) -1 (LT2i+T2r))
| © (i T2i4T2r) - i T2ie _ iT2ieT2R) L 300 - = . isT2r)
- 1 “ (12 @617 (CAT2TZN | o121 (-1T284T2N) | 30 07 (-1 T2T2) | ooa Lx (-0 T284T2r) |3
. X - - - -
100000 000 500000000 (1 ¢ 217 (1 T2 _ oodi (< TASTIN | o 10L (i T2 | A4k (-T2 |
!
{ 2
-3 i (-1 T2ieT2n) 6 (- T2LAT2N) | 12 (-F T2AST2R) | -39 % (i T2AeT2R) | o421 (i T2dsT2r)
1 3e73 (1-e -e +e +e
100000 000000 C(-ET2L-Tar) | oA i (-1T20-T20) _ o101 (-1 T23eT2r] | o4 Ln (-1 T2ieT2r)
“2 5 (- T2ie -3 T2i+T2r) “8 i (s T2i-Tory ( 3
1ol T2i-T2r T2ieTan) | -2 THTE) | e i Taieran) | .
| i ) 72 (-SieSP) 22 i (-1 T2i-T2r
T2T2r | g @17 (-1T200T2r) | o 1017 ((LT20-T2r) | g 18 i (i T2ieT2r)

T-1T28eT20) | gpg o108 (-1T20T20) | 55y

S4En (-LT2LT2) | g (-6 (1T204T20) o3

[1+240 (&7 (AT Lge
Q2 TN | 34 0810 (TR | ggg (6 (S TATIN | 7 181 (T2 | qy3g o200 (Ttmn ) )/
/ & ;
2 (-T2 fr (-3 T284T20) | 10 (- T28eT2r) £ (i T28aT2n) | (3 152:6379 (isiis) 8 i (i T2iiTan)
(3200 (1 o2 T2t 4 220 o T2eTar) | 14 e e 2y (3, HERL i172r
(11240 (o217 (-1 T20T20) g oain (-iT2iuTar) TT2TIR) | g3 84 (1 T2T2N | o6 (10 F (i T2LTR) |
252 @ 12H7 (1 THATIN 34 (61 (TR | 5 (1617 (-1T2TIN | g5 (1817 (S5 T2ATIN | g3 20E (-1 T2LTN | )10
(1564 (7217 (STRTAN | 33 o0in (AAT2ATIN | pqq o6 in (TANT | g57 8in (ATANTI | 3196 (1017 (1120720 gg5p
o121 (TR | g o117 (-5 T2TIN | 33850 (1657 (- THATIN | gg 903 o 1811 (1T | 1a315g 29T (- T2LTIN | )4)
40 (iT2ATIN) | 101 (1 T24-T2n) | 16 (i T204T2r) | 136 2

(320000 (1-2 17 (TN _

21/24



De-Sitter saddle point
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Refined de-Sitter conjecture

The scalar potential V' in any EFT consistent with quantum gravity must satisfy®

‘ J
‘v. or min(V;V,;V) < *]\(}/

vV| > ,
VVi= M,

V.

r2
p
where ¢ and ¢ are positive constants of O(1), and min(V'V,V) denotes the

smallest eigenvalue of the Hessian in an orthonormal frame.

According to this conjecture, our theory does not admit any de-Sitter minimum.

9Ooguri, Palti, Shiu, Vafa: arXiv:1810.05506
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