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Plan

‘String-inspired’ mechanisms to dynamically stabilise steep runaway
directions into transient dS vacua consistently with observations and
swampland conjectures.

> Interacting Dark Sectors can lead to a transient dS vacuum
despite Lagrangian potential having no dS vacuum.

> Observational constraints

» Fine-tuning

» Swampland conjectures

» Qutlook — embedding into string theory...

Talk will focus on DM — DE scenarios — other parameter spaces also
possible with DR — DE and multi-field quintessence.

We will not address the cosmological constant problem.



Interacting Dark Sectors

Gomes, Hardy & SLP '23

Toy model - two interacting dark scalar fields:

1 1
= Eglwaugbauﬁb + Eguya;ﬂ/}auw + V(¢, 7/}) 5

with canonical kinetic terms and a scalar potential of the form:

V(g,9) = V(¢) + mzpl/J + 5/\7';% P2

and Higgs-like hilltop or runaway potential for ¢:

V(¢) = pde <(i)2—1>2 or V(¢)=peee i
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Toy model - two interacting dark scalar fields:

1 1
= Eguuau¢au¢ + Eguya;ﬂ/}(?uw + V(¢7 7/)) 5

with canonical kinetic terms and a scalar potential of the form:

1
V(6.0) = Vio) + g + 1T y2.

and Higgs-like hilltop or runaway potential for ¢:

V(¢) = pde <<i>2—1>2 or V(¢)=peee i

With mi,; = 0 either ¢ or ¢ could source slowly-rolling quintessence...
but only with fine-tuning i.c.s or dangerous large field distances.

With mi,; # 0 and ¢ behaving as DM, DR or subdominant DE - can
stabilise ¢ near ¢ = 0 to source observed DE as transient dS!



DM assisted DE
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» Suppose FRW background with energy density dominated by
V() [full cosmology below]; assuming my, > mino/A:

b+ 3HY + miy =0.
For ¢t # Ymin = 0 @and my, > Hy = classical oscillations:
Y(t) = Yoo HI=0)/2 cos(my, t)

~ collection of scalar particles oscillating coherently w/ v ~ my,
evolving as matter p,, ~ 1/a°.
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For ¢t # Ymin = 0 @and my, > Hy = classical oscillations:
Y(t) = Yoo HI=0)/2 cos(my, t)
~ collection of scalar particles oscillating coherently w/ v ~ my,

evolving as matter p,, ~ 1/a°.
2

» Quartic interaction % (4?)¢? = effective mass contribution for ¢:
8V(¢5, 7/)) ¢min ( Pde )
0" 0= =Wy | 575 | <1
99 A M ()

¢ held in dS minimum where it sources Dark Energy.
V()
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unless there is sufficient Hubble friction m,,/Hy < 15.
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> Minimum 222 = Wy (mzf’332>) exists for any (¢2?), but it is
int\ 7

time- dependent — observational constraints =

N <2 int 1>
3 o8 < \/ Pde

> Full dynamics for ¢ described by [inhomogeneous] Matthieu
equation with time-dependent coefficients — ¢ = €3%1/2¢$ and
T = myt leads to:

¢" + (a(r) — 2q(7) cos(27)) b =
with solution given by Floquet’s theorem:

o(t) ~ (0. 11my, —3Hq/2)t

Parametric resonant instability in ¢ would end DE domination
unless there is sufficient Hubble friction m,,/Hy < 15.

> At late-times — global attractor, non-accelerating, scaling solution,
for which Q, remains fixed, small, fraction of the total energy.

6



DM Assisted DE — full cosmology

» Parametric resonance must not end DE epoch too quickly
= my < 15Hy = 4 begins oscillations after teq = ¢ not all DM.



DM Assisted DE — full cosmology
» Parametric resonance must not end DE epoch too quickly
= my < 15Hy = 4 begins oscillations after teq = ¢ not all DM.
» Full cosmology can be solved numerically giving e.g. Npg ~ 0.5:

Viy)

10t

e Ame
104 107 102 107! 1 10 104 10 102 107! 1 10

ajay ajag

my, = 12H0, myy, = 105H0, A= MP|/2, (bi = 10_1/\, wi = MP|/5.

» No fine-tuning of initial conditions necessary, no super-Planckian
distances, no fine-tuning between Lagrangian parameters,
consistent with cosmological observations.



DM Assisted DE — parameter space

Potential observational signatures - Q,,, w(z), spatial variation in w
due to fluctuations in ¢, fifth forces...

Exponential: ¢;/ Mp; =0.2, mjy/ Hy = 10°
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too large

5 10 15 20
my | Hy

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

0.04 : : : . .
too much energy density in ¢
0032 4025
8 v
% W non-linear
4
Ef [
< L
0y 0021 5 . {02 M,
2
&
3
001} & 0.15
5
5 ¥ initially
'E non-linear 0.1
a for ¢; =A/10
0.00 . . . Y 0
102 10* 10 10°  10° 107 108 10°

min/ Ho



DM Assisted DE — fine-tuning

> Need light scalar fields my < 15H,, mS' = Ho, and small quartic
coupling Tt < A’;,’—; ~ 10760,

» Quartic interaction %%qﬁzwz = radiative corrections:

AnP, ~ 7m5“ g and Am? ~ 7m§“ 2
v 32repN2t W ¢~ 32r2pN2t W

sufficiently suppressed provided Ay < A, My 2.

» Corrections from gravitational couplings to visible sector states
with mass M:

1w

(4m)8 Mél ’

1 MS

AME ~ L 0
¢ (4n)8 Mg,

2
and Amy ~
sufficiently suppressed only for M < GeV.

» Corrections from heavy string states as in quintessence
scenarios...susy? sequestering?



Out of the Swampland

> All field ranges sub-Planckian — EFT under control.

» de Sitter swampland conjecture: Ooguri, Palt, Shiu & Vafa '18
either Mp [VV| > O(1)V (1a)
or M3 min(V;V;V) < —~0(1)V (1b)

rules out metastable de Sitter and with observations requires
A 2 1.67Mp, for quintessence sourced by pgee™?/".

> (1a) satisfied at 2z for all ¢ < \/2(¢2) provided:
H,
o My
my, Mint

» Numerical analysis = full cosmological trajectories satisfy (1).
> Just a few Npg = Transplanckian censorship conjecture satisfied.
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Outlook

> A light hidden Dark Matter scalar ¢ with Hy < my, < 15Hp can
stabilise steep runaway modulus ¢ in a transient dS vacuum via
quartic coupling with m; > Hp.

> A natural cosmological history without fine-tuning of initial
conditions or super-Planckian field distances and only a transient
dS epoch — EFT consistent with string swampland conjectures.

> UV sensitivity from quartic coupling is mild, though some
sequestering from visible sector would be necessary, needed
also to suppress fifth forces - similar to quintessence... axions?

» Other parameter spaces are possible — with ¢ playing role of
Dark Radiation or a multi-field quintessence scenario that
similarly supports ¢ in a false vacuum.

» Embedding into string theory in progress - fifth-forces = both
fields must be local moduli sequestered from visible sector.



Dark Energy from Interacting Dark Sectors

DM assisted DR assisted Q assisted
m, Ho < my < 15Hs my ST S pul my < Ho
m mg 2 Ho Too > mi 2 Ho mgT 2 Ho
Mint Mint 2 %M%‘Ho Mot 2 /'é: Mint > Af'T:'Hc
A A< m? /Mg A2 (Mi/(MpiB))'7* A< m? /Mg
Parametric resonance? yes no no
Bubble nucleation? no yes no
No fine-tuning from quartic coupling? Aoy < A, Mp\% Aov S ol Aoy < A, Mp\%
No fine-tuning from graviton exchange with other sectors? M < GeV M < (Mpi/N)T73GeV M < GeV
No fine-tuning from O(1) couplings to other sectors? Mot hia < Ho Myofi hid < p;f Mot hia < Ho
Sequestering of portal couplings, €.g. £K¢Osu K S10°My" kS My K S10°My"
Other potential signals? w(z), Qy w(2), Negr w(z)
dS swampland constraint? satisfied for % < % satisfied violated




