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Cosmological constants
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Also, CMB/BAQ/structure formation
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Also, CMB/BAQ/structure formation

See however, e.qg. Is the evidence for dark energy secure? S. Sarkar Gen.Rel.Grav. 40 (2008)
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Dark energy In string theory

P ~ 10712004 < (h)*

Aim: 4d compactification with stabilised moduli with

(V)min >0

Long known to be hard:

4 L

Dine & Seiberg,1985: string coupling moduli runaway in perturbative regime |

Maldacena & Nunez, 2000: two-derivative SUGA does not admit dS 2t

Constructions, e.g. KKLT, LVS but challenges o

- Fluxes only under control in 10d SUSY? trust 4d EFT? Higher corrections in LVS? etc



What if there are no dS vacua®?

Conjecture (Obied, Ooguri, Spodyneiko & Vafa 2018):

The scalar potential in the low-energy EFT of any consistent quantum gravity must satisfy either:
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The scalar potential in the low-energy EFT of any consistent quantum gravity must satisfy either:
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for some universal, order-one, ¢,c’ > ()

r )
Even if metastable dS constructions prove robust,

the question may inspire interesting alternatives
- J




Possible hints for evolution

w(a) =wy+w, (1l —a)

B DESI BAO + CMB + PantheonPlus
" DESI BAO + CMB + Union3
B DESI BAO + CMB + DESY5

~1.0 —0.8 —0.6 —04
Wo

DESI collaboration, JCAP 02 (2025) 021
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- Must stabilise all except one modulus with m, < Hy ~ 1077 eV

=== two fine-tuning problems

- 5th force constraints

- Time-variation of constants
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Hilltop axion




Hilltop axion

O [ | [ I !
-2171-6"' —J7-6' -6 T-6' 21T—-6'

alf,

fa < Mp = m, 2 Hy  which requires exponential fine-tuning

Also  m, ~ Mple_aMl’l/ﬁl
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Thermal dark energy

V(#.7)

V(¢07 Th) =W (¢c)

Hidden sectors generic in string theory



Thermal dark energy

V(¢.T)
: V(¢07Th) - VO (¢c)
Pde | \ To a T: m2:(¢c)
g lod4y +ﬁ (—%;nwiJF< %DT}? )
| M2 (¢
+§nx JB( X%é )))
=4

T4 . ~ 107> . . .
visible/ Pde = 10 Hidden sectors generic in string theory

AN, ¢ constraints require 7, S Ticiple

> T = extremely super-cooled phase transition
Pde h




Proof of principle model

: : ~ mi/
Scalar with potential / "y

m3
Vo(9) = A" — —=¢° +C |
Vg, T |

PDE 0.5

Gives mass to fermions: yigb?,EiW




Proof of principle model

o i
Scalar with potential myl 4
./
4 Mg 9
Vo(9) = A" — —=¢"+C
2 V@, Ty
_ PDE
Gives mass to fermions: Y; Pr*

For Ty > myi(¢.) = Tn > Yidc

4

m?2 m
V(g Th) = A" = P ¢ + 1.5 — oyl + BT3¢

with b ~ 1 fory, ~ 1



Proof of principle model

o i
Scalar with potential myl 4
s Mg o '/
Vo(d) = Ap™ — 7@5 +C
Gives mass to fermions: y; P

For Ty > myi(¢.) = Tn > Yidc

s MG o My 4 2 /2
V(g, Th) = Ap™ — 7¢ + 161 ol + 0Ty ¢
with b ~ 1 fory, ~ 1
. me
Meta-stable minimum for 1} > ——
vV 2b

V(¢ Th)
PDE
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FiX m;//l = Pde

Require Pde = mg/ﬁ > Tfl' > m;;

— Ik



Parameter space

FiX m;//l = Pde

Require Pde = mg/ﬁ > Tfl' > m;;

— Ik

10810 ($1/€V)

AN

|
v m .2 .2

loglO(T;? /eV)
g

1 nitial |
i metastable -

_1p} conditions? j
. minimum |

- 14 - ...........................
-30 -25 -20 -15 -10 -5

log,(mg /eV)

I
p—
(a)

log;o(Mphys/€V)

I
[y
N

I
—
>



Parameter space

Fix my/2 = pye

Require Pde = mg//l > Tfl' > m;

— Ik

dS conjecture is satisfied
throughout parameter space
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Early universe evolution

If initial 7}, 2 ¢, field is driven to the metastable minimum
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5th forces
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Fine tuning

W = (m,, — ®)¥?

2 2
Vot = m3 ||~ +m? |x|
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Fine tuning

W = (m,, — ®)¥?

2 2
Vot = m3 ||~ +m? |x|

4 2 - 2
V = |xI* + [2myx — 20x|* + m2 |¢|* + m2 |x|

LD —(my— () ¥* +2(x) &Y

Elidder Gauge sector alternatives?

msoft 4 ~ eV
Pl



Signals

- Transition taking place now?
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Signals

- Transition taking place now?

1% (¢,' T)

Pde

- Analogous dynamics in the early universe?
- Early dark energy, black holes, etc.



Dark matter assisted dark energy




Dark matter assisted dark energy

2
1 mint

5 A2 ¢2¢2

V(g,9) = V(9) + jmiu? +



Dark matter assisted dark energy

V() V()

Vig.) = ViO)+ i + 5 R Veup(8) = pac ™/

2 . Pde
) —pIA 2 Mynt 2 /\ ~
So V(gb, (w )) = pae PN 4 — ( ) minimised at ¢ 2 (92




Dark matter assisted dark energy

V) v(#.()
x L~ , . ¢
V(68) = V() + ymie? + 3 Tty Voro (9) = pas e/

.y, . Pde
) —pIA 2 Mint 2 /\ ~
So V(gb, (w )) = pae PN 4 — ( ) minimised at ¢ 2 (92

2
Vacuum energy dominates if po. > m, (¥*)  No back-reaction provided m2 > mﬁlt%
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Complication

V() V(0 (2))
X~ L
¢+ 3Hyo + (mizntwize_3H°t cosz(m¢t) 4 pde) % ~ pze :

Homogeneous part: 3" + (¢(7) 4+ 2q(7) cos(27)) ¢ =0  where ¢ = e3Hot/2¢ T = myt

=== Mathieu equation  ¢(r) =" f(r) with periodic f(r + ) = f(7)



Complication

V(y) Y <¢’ <W2>)

\“ J

N

 (v?) =0

Pde
A )

6+ 3Hod+ (m, wie= " cos®(myt) + pac) 17 =
Homogeneous part: 3" + (¢(7) 4+ 2q(7) cos(27)) ¢ =0  where ¢ = e3Hot/2¢ T = myt
=== Mathieu equation  ¢(r) =" f(r) with periodic f(r + ) = f(7)

o(t) e(Fmy—=3Ho/2)t \where =~ 011 so muy/Ho < 15

to avoid resonant instability



Example model
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Example model
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Initial conditions

¢ = 107 A, o = Mp1 /5

Consistent with observations



Constraints

Exponential: my/Hy=12, A/Mp=0.5
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Conclusions

- New possibilities for transient dark energy

- Must still tune CC at true minimum, but can otherwise be natural

- Typically hard to get many e-folds of accelerated expansion

To do:
- Embed in more realistic SUGRA/ string theory motivated models,

or strongly coupled gauge theory sector

- Study observational signals

- How do the arguments against dS change at finite T?
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