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Landscape and Swampland

Huge number of 4D string ground states with N < 1 SUSY

with all closed string moduli stabilised in terms of discrete fluxes
all physical couplings of the EFT fixed in terms of the moduli
Validity of the framework: weak string coupling and large volume
Identify physically relevant vacua:

need an extra input of guiding principle
Swampland Program: a possible approach
searching for conditions on EFTs that can consistently coupled to gravity

Vafa '05, Ooguri-Vafa '06
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Distance/duality conjecture

At large distance in field space ¢ = tower of exponentially light states

m ~ e~ with o ~ O(1) parameter in Planck units

@ provides a weakly coupled dual description up to the species scale
M, = Mp//N Dvali '07
@ tower can be either
© a Kaluza-Klein tower (decompactification of d extra dimensions)
m~1/R, d=InR; M, =M = (mIm2)t/(@+2)

@ a tower of string excitations N = (M. R)d

M, = m ~ the string scale = gsMp ; ¢ =—Ings, N=1/g2
emergent string conjecture Lee-Lerche-Weigand '19

smallness of physical scales : large distance corner of lanscape?
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Dark dimension proposal for the dark energy

m=X1A? (Mp=1) ; 1/4<a<1/2 Montero-Vafa-Valenzuela '22

@ distance ¢ = —InA Lust-Palti-Vafa '19

@ a < 1/2: unitarity bound ms2pm72 >2H? ~ A Higuchi '87
@ a > 1/4: estimate of 1-loop contribution A 2 m*
observations: A ~ 107120 and m 2 0.01 eV (Newton's law) = a = 1/4
astro/cosmo constraints = d = 1* ‘dark’ dimension of ~ micron size
species scale (5d Planck mass): M, ~ A\~1/3108 GeV 10~* < A < 1071
*also d = 2 with M, ~ 10 TeV Anchordoqui-1.A -Lust '25

Our observable universe should be localised on a ‘3-brane’ L to the DD
I.A.-Arkani Hamed-Dimopoulos-Dvali '98
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Physics implications of the dark dimension

See Review article 2405.04427 Anchordoqui-1.A.-Lust
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Dark matter candidates

@ 2 main new DM candidates:

@ 5D primordial black holes in the mass range 10*® — 10%!g*

with Schwarzschild radius in the range 10=* — 1072 um
Anchordoqui-l.A.-Lust '22

@ KK-gravitons of decreasing mass due to internal decays (dynamical DM)

from ~ MeV at matter/radiation equality (T ~ eV) to ~ 50 keV today
Gonzalo-Montero-Obied-Vafa '22

possible equivalence between the two Anchordoqui-l.A.-Lust '22

* 108 — 10%'g for 6D Anchordoqui-1.A.-Lust '25
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Primordial Black Holes as Dark Matter
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5D BHs live longer than 4D BHs of the same mass
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Dark Dimension Radion stabilization and inflation

If 4d inflation occurs with fixed DD radius = too low inflation scale
Higuchi bound: H; < m ~ eV
Interesting possibility: the extra dimension expands with time
Ry ~1/M, to R ~ um requires ~ 40 efolds! Anchordoqui-1.A -Lust '22
ds? = a2(—dr? +dx®> + R? dy®) Ry : initial size prior to inflation
ds; 2 42 2 2 2 2 2 3
= ?—'—R dy® ; ds; =a°(—dr°+dx") = a" =R

After 5d inflation of N = 40-efolds = 60 e-folds in 4d with a = 3V/2

Large extra dimensions from inflation in higher dimensions
Anchordoqui-1A '23
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Large hierarchies in particle physics and cosmology

Particle physics: why gravity appears so weak compared to other forces?
M,/ M,, ~ 10%°
Cosmology: why the Universe is so large compared to our causal horizon?

at least 102 larger
Question: can uniform (4 + d) inflation relate the 2 hierarchies?

size of the observable universe to the observed weakness of gravity
compared to the fundamental (gravity/string) scale M,
Extra dimensions should expand from the fundamental length
to the size required for the present strength of gravity
while at the same time the horizon problem is solved in our universe

Answer: yes for any d
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Precision of CMB power spectrum measurement

Physical distances change from higher to 4 dims
equal time distance between two points in 3-space

N

d/2
(X = ) a(r) = A ) 8(0) () = Gl ) 57

M*
co-moving distance [12]

precision of CMB data: angles < 10 degrees, distances S Mpc (Gpc today)

Mpc — Mkm at M; ~ TeV with radiation dominated expansion

xTeV/M,; at a higher inflation scale M; ~ M,
x TeV/M,

X M,/ Mp conversion to higher-dim distances

~ micron scale!
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Density perturbations from 5D inflation

inflaton (during inflation) ~ massless minimally coupled scalar in dS space
= logarithmic growth at large distances (compared to the horizon H™1)

equal time 2-point function in momentum space at late cosmic time
A 4 H3 A
2 ~a 2 g2 2 p2
(P2(k,T))r—0 N k= k“+n°/R

2-point function on the Standard Model brane (located at y = 0):

R 2RH3 1 7TR
®2(k ~Z " (= h(mkR — | k=2
En (@°(k, 7)) 0 K2 (kCOt (wkR) + sinh2(7TkR)> ’ R

. 3
Amplitude of the power spectrum: A = 25 (®?(k, 7)),—o
2
® TkR > 1 (‘small’ wave lengths) = A~ % n ~1
summation over n crucial for scale invariance: ‘tower’ of 4D inflatons
2H?
T3k

o wkR < 1 (‘large’ wave lengths) = A ~ ns ~0
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Large-angle CMB power spectrum

4 1T ‘ 1T ‘ 1T ‘ 1T ‘ \7
L ]
J @® Planck 2018
E T — — ns=1_7]
3.5 n —e—e g =0
o I\ i
=) o ]
= 3R 7
X - ]
S, b .
SR i
T [\ e .
[T \ ] Multipole moment, ¢
P B \ ] —_ 2 10 50 500 1000 1500 2000 2500
— - ° ] % 6000 T i
+ C P 7 <
1.5 — \ — =
~ B ™ ] 2 5000
< B . B
— - ® . - £ 400
1 I N ] 2
L B S 3000
CT Te TP °
rL ] 5 20
0.5 — — o
- B L 1000
C ] 2 3
B ] 2 0 .
o Dww bl b 1 90 18° 1 0.2° 0.1° 0.07°
2 4 6 8 10 Angular scale

multipole moment ¢

I. Antoniadis (QGstrings Corfu2025) 12/18




Detailed computation of primordial perturbations:

5D: inflaton + metric (5 gauge invariant modes) =

4D: 2 scalar modes (inflaton + radion), 2 tensor modes, 2 vector modes

1 k \2075F kN [2 Rk>>1
Pr ~ —All5 +e A> xq24 0
3e aH aH 3 Rok<<1
AH2 [ k\ ¥ [RoH Rok>>1
Pr =~ 2(,\) X :_)', 0 r=24¢
7 \aH 21 Rk <<1
GRH3 [ k\ ¥ (1 Rok >>1
Pvo= 727 GH) "\ 2Rk Rok<<1 S'/2Z(n#0
45( 0 ) oK << / 2 (n 75 )
92 P 92
Ps =~ T6PR entropy = Bisocurvature = Pni—fps ~ §< 0.038 exp
slow-roll parameters: ¢ = —Hﬂz L d=e—g-=n—c¢
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Bispectrum from 5D inflation
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ﬁ\||_|R0ka>>1 + f,f”_D : global conformal invariance is broken
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End of inflation

Inflaton: 5D field ¢ with a coupling to the brane to produce SM matter
e.g. via a ‘Yukawa' coupling suppressed by the bulk volume y ~ 1/(RM,)'/?

Its decay to KK gravitons should be suppressed to ensure AN.g < 0.2
Anchordoqui '20

m m,
(I‘gM ~ M*mgp> > | Thay ~ M3 = m, < 1TeV

5D cosmological constant at the minimum of the inflaton potential

= runaway radion potential:

min
/\5

Vo ~ ; (AP™)L/5 < 100 GeV  (Higuchi bound)

canonically normalised radion: ¢ = 1/3/2In(R/r) r = (R)end of inflation
= exponential quintessence-like form Vo ~ e~*? with o ~ 0.8

just at the allowed upper bound: Barreiro-Copeland-Nunes '00
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Radion stabilisation at the end of 5D inflation

Potential contributions stabilising the radion:
2 . N . K
V= (%) V4Ve i V=2nRAP™ 4+ Ty+2n
T4: 3-branes tension, K: kinetic gradients, V: Casimir energy

TArkani-Hamed, Hall, Tucker-Smith, Weiner '99

Radion mass mg: ~ eV (mkxk) to 10730 eV (m%,/M,) depending on K

o K ~ M,, all 3 terms of V of the same order, V¢ negligible

tune Ay ~ 04 = mp < mgk ~ eV

@ K negligible, all 3 remaining terms of the same order

27 r?

3277 RS
Arkani-Hamed, Dubovsky, Nicolis, Villadoro '07
no tuning of A4 but A™™ should be order (subeV)®

= minimum is driven by a +ve V¢ = (Ne — Ng)
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Example of Radion stabilisation potential

1.4
< 12
>
2,
>
e 1.0
=

0.8

10 15 20 25 30 35 40
R [um]

(AR5 = 25 meV, | T4|Y/* = 27 meV, Ng — Ng = 7
Ng =12 (3 bulk R-neutrinos)  Ng =5 (5D graviton)
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Conclusions

smallness of some physical parameters might signal

a large distance corner in the string landscape of vacua
such parameters can be the scales of dark energy and SUSY breaking
mesoscopic dark dimension proposal: interesting phenomenology
neutrino masses, dark matter, cosmology, SUSY breaking
Large extra dimensions from higher dim inflation

@ connect the weakness of gravity to the size of the observable universe
@ scale invariant density fluctuations from 5D inflation

@ radion stabilization
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