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» The old CC problem as a fine tuning problem

The CC problem stems from realizing that the effective or
physical vacuum energy is the sum of two terms:

PAphys = PAvac T PAind

1 1
Spr = [d*aflgl (R=2Aac) = [ d*ey R -
BH = 16 Gy z\/|g] ( vac ) x\/|g| 167G PAvac

A
8m G

Vacuum bare term in Einstein egs.

. !

Rop=>9apt = —8r Gy ((T;%) + Tab> = =87 G'N Yab (PAvac + PAInd + Tap)

1

Quantum effects = paind = (V(¢)) + ZPE
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Out of desperation

1

Beyond A...

DARK

ENERGY

Quintessence and all that...



Zero-point energy in quantum field theory in flat spacetime

Vapr(P) = hV) + B2V + i3 v +

Real scalar field, one loop:

Vlgl) = (1/2) > hwy = (1/2) 3 Wk2 +m?2 —

: 3. : Auv
- 1 / d VK2 +m?2 = 1 / dk k2\/ k2 + m?2
0

2 ) (2m)3 472

A2 m2 1 m? A2
=,U2<1+T—f — In U2V+--->.

167 AUV 4 AUV m

' renormalization

-4 2 ‘
1) _ (1) B m-= h m 3
/)Sfa)c = pa(p) + VZPE(H) = pA(p) + 1 (47)2 (hl IU—Q - E)
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» Origin of the CCP in QFT terms

i)
@= <V(¢>>@ s too large ! !
and
i) /B,Ovac x m*

/\ runs too fast ! !
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» The road to RVM: suppose, instead, that...

|) Vacuum can have effective EoS other than w = —1

II) (Adiabatically) Renormalized VED at scale M adopts the form
prac(M) = pa(M) + f(m, M) + b(m, M) H*
and + O(H")

i) C g =M pa]\[([ )« m2H?

l Bprac O<>’<

/\ no longer runs fast : =




> Beta Function of the VED in RVM

Bose =M pvac(M) C. Moreno-Pulido, JSP (EPJC 2020,2022a,b)
Ve OM
1\ 3H?
(bosonic case) | = f Y D) (M2 — m2)
6/ 8w

! 29(H2—2HH—6H2H)
+ <€ — 6) 72
(Higher order, negligible for current universe)

B 0N

and ﬁ O 0 in Minkowski l l

Wt spacetime @ @

=)



Cosmic scale setting in RVM

* In FLRW universe we set| )/ — [{)at each cosmic epoch
what else more natural?...

(consistent with very recent studies of the RVM from lattice QG:
Dai, Freeman, Laiho,Schiffer and Unmuth-Yockey, arXiv:2408.08963 [hep-lat])

 Similar to ordinary gauge teories, such as QED, EW, QCD...
€eg9. U — MZ at LEP.

o From the above considerations we expect that:
IOV&C(H) o pvac(HO) X m2 (H2 o Hg) + O(H4)
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> VED evolution

Explicit calculation indeed yields  C. Moreno-Pulido, JSP (EPJC 2020,2022a,b)

for the current universe

Ve (H
prac(H) = ple + 2 22— ) 4 o)

where p!. . = pyac(Hp), and (for nonminimally coupled scalar fields)

.
/

m_2 —1—|—1nm2— Hg lniQ
2 H? HQ—Hg Hg

Veff(H) = % (g_l

6/ mp
naturally small parameter
(8 -function coefficient) ! RVM structure ! !
Effectively, (7. sola, 2007,2011,2013,2014, 2016, 2021)
5 (RecenT review: Phil.Trans.Roy.Soc.Lond.A
L 1 ¢ 1\ m? 380 (2022) 20210182)
Vegf >~ €N —5 €= — — = —
¢ Hg 27 6 m%l

* Formally the same p,. structure as in lattice QG (Dai et al., arXiv:2408.08963 [hep-lat])



> Combined contribution Bosons+Fermions

S P TITI

Sy(x) = /d%\/—[;@(W“VW (V) 10) +mww]

C. Moreno-Pulido, JSP & S.Cheraghchi
arXiv:2301.05205[gr-qc] (EPJC)




SOME DETAILS OF THE QFT CALCULATIONS..

Comprehensive details given in the following 4 papers and review:

C. Moreno-Pulido, JSP, arXiv:2005.03164 [gr-qc] (EPJC 2020)
C. Moreno-Pulido, JSP, arXiv:2201.05827 [gr-qc] (EPJC 2022)
C. Moreno-Pulido, JSP, arXiv:2207.07111 [gr-qc] (EPJC 2022)

C. Moreno-Pulido, JSP, arXiv:2301.05205 [gr-qc] (EPJC 2023)

JSP, arXiv:2203.13757 [gr-qc] (Phil.Trans.Roy.Soc.Lond.A 2022)
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Adiabatic renormalization of the VED in QFT in a
FLRW background: absence of quartic mass terms

C. Moreno-Pulido and JSP  arXiv:2005.03164 (EPJ-C)

@ The gravitational field equations read
1
Ry, — ERg/W + Agu = 8mGy Tﬁatte’,

where A is the Cosmological constant, with energy density
pn = N/(87Gp). (this is not yet the physical VED)

Consider a toy-model (but non-trivial) calculation of the VED.

¢

@ We will suppose that there is only one matter field
contribution to the EMT in Tlf;‘me’ in the form of a real

scalar field, ¢.

(nonminimal coupling ¢)
. 1 . .., 1
Slo] = — [ d*xy/=7 ( 580000+ (o + RIS

(no SSB contribution!)
Joan Sola (KCL 2024)



@ The Energy-Momentum tensor (EMT) associated to the
scalar field is

1
Tuu(¢) — (1 o 25) 8,u,¢81/¢ + (25 o 5) guu80¢80¢

1

- 2€Vuvl/¢ + 2‘5gm/¢D¢ + §G,u1/¢2 — §m2gm/¢2-

o We can| take into account the quantum fluctuations |of the
fleld ¢ by considering the expansion of the field around its
background (or classical mean field) value ¢,

o(71,%x) = op(T) + IP(T, %),

Total

<Tvac> — pAg/u/ + <T31g/b> vacuum contribution

(needs renormalization!!)

ds® = gy dztdx’ = a? (1) datde?

Joan Sola (KCL 2024) sign(guw) = (—, 4+, +,+)



Fluctuations split in Fourier modes:

1
97.%) = ov37

(O—m —£R)dg(r,x) =0 My

h! + Q% he = 0,

/ * x/
h I h . — h e h =1

/ Ak | Ae™ hi(7) + Al e ™™ by ()]

(mode equation)

Q%( = k2 -+ a’m? +{a2(§ — ]_/6)R] (non-trivial!)

ei fT Wk(T]_)dT]_

The solution is hi(T) ~

1WI/
W=,

VWi(r)

3 (W)\?
_|__ A
4 \ W,

In order to solve this equation we should use the WKB

approximation or adiabatic regularization. (slowly varying) €, !!
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Wy = w,io) (2) (4) . (Adiabatic expansion)

Y

2 A2 2 " 12
2) a“A a‘R W, 3wy
— —1/6) —
“k 200}, T 20, (§=1/6) qwi = 8wy
w(4) _ 1 (w(2))2 wli )wg B wl(f) 3(,0[5: )wl? Swﬁgwl(f)/
k 2wy \ K 4wk 4wk 4wk 4w2

( ) = wp = VE2 + a2 M2,

M= g g V4
= a 7‘[—_, = 2a*H" 2 L@ — AR
Wk Wi Wi wL

The non-appearance of the odd adiabatic orders is justified by
means of general covariance.

Explains why only even powers of H:

[A(H) :CO+C%/_’_CQH2 +?/;3—|—C4H4+...]
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ngﬁ up to 4th adiabatic order:

(T58) = / dkk?

1
<§ - 6) (—6H?|hy|* + 6H(H hy + h hy))

unrenormalized
2 2 272 2
W2+ (wf + *A%) [y ZPE

UV-divergent !!

4

A 219 . 7 2 1A 2 4
<Too > = g2 /dkk {ZWk + I ~ Tow 7 QH"H —H* + 8H'H” + 4H")

7a M6 4 10528 MBHA
g (M +2H) - 64w

2 20 127,2 >
(£_1> (_67‘[ _63 /\437'[ aM (6%//H—3H/2+12HH)
6 Wk Wy 2w
A4 6 4
M (1201'H? + 210H%) + 105‘1&’;’ H )
k

o 7
8w,

2 2
+ (g_é) < » 3(727{”7{—36?{’2—1087{) 54‘1’\/’ (H'H +H ))]

k
+ 1 /dkk2 32A2 - 34A4 4 34H2M2A2 B E 36H2M4A2
Br*a” we A 25 8 o]
2 A2772 Apg2 A272
(£_1><_33AH+93MA’H>]+W A g




Quartically, quadratically and log divergent contributions for bosons:

1 3(e -1 H2 2942
<T0¢>(O ) =133 /(llckak(fm) — —(82 26) /(llgng( + a’ Zl >

(M=m) 4m*a dmea wg(m) wi (m)

Quartically and logarithmic divergent contributions for spin-1/2 fermions:

1 ¢ ]_ o0 ¢ '722 ¢
) = ——— [ dkk*wp(m) + — | dkk*——H"
(M=m) T2as 872 Jo wy. (m)

5

For Minkowski spacetime and minimal coupling to gravity:

1 B /1
o > (M=m,£=0) “ a2 | “ k 23 \2 k
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@ We compute terms up to 4th order because the divergences
are only present up to this adiabatic order.

@ We define the renormalized ZPE in curved space-time at the
scale M as follows:

(Tog Y Ren(M) = (Tog )(m) — (Tog YO~ (M)

To! a’ 4 42072 904 o, 4 m?
(Tho )Ren(M) —M*+4m*“M* — 3m™* + 2m” In —

~ 12872 M2
1\ 3#> 9 29 5, m> 1\29 (2H"H — H? —3HY)  m?
_ (g _ 6) 62 (m — M* —m*In e + (&€ — 5 T In e L

d

M%I(M)G,tw + pA(M) g + (M) <1)Hw/ = <T3f>ren(M) ~

G~ M ff-shell raction: Exploring different scales
./\/12(M): 87(r ) Off-she subtacto.:> xploring di



» VED = pp + ZPE

<TV3C> = —PN8uv + <T5¢> ‘ pvac(M) — /0/\(/\/,) -+

¥

pvac(M) = pa(M) +

2
<—M4 + 4m2M2 3m — 2m In _)

12872 JVE
L\ 3K ()0 m? 0 (2H"H — H? — 3H')  m?
— = M= — — _
+ (f 6) 167202 ( m? +m?In M2> (f ) 16243 In 172 —
in Minkowski space (H = 0) o
Opa(M 1 2 2\2
Pvac (M) must be RG invariant BpA( ) OM 2(4%)2 ( m”)
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» Impact for the early universe: RVM-inflation!

n—+2
AH) = ¢y + 3vH? + 3a
H
A ) &Qn(l—u)
pr(a) = pr(1 —v) S,

[1_|_&2n(1—1/)] n

14y
pala) = pr — .
[1 _|_ &271(1—1/)] n
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10
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density/p,

RVM-inflation and vacuum decay

| | ]|||||I T T TTTITnm T T TTTrTTn T T T TTTTIT

3
A . /\8 _§
pvac(a) — PI (1 +a )
/
/
/
/
/ 3
/ _ ~ 8 ~8\ T2
// ) — pPra (1 +a )
/ \
/ \
/ \
/ AN
/ N\
/ \
,/ Vacuum \\
-/ _ _ _ _Radiation (w_=1/3) N (EoS)
\
\
AN
llll 1 | lll]lll 1 1 lll]lll 1 1 lllllll 1 1 lllllll LN
0.01 0.1 1 10 100
a= a/aeq
Joan Sola (KCL 2024)  Mbyae ~ —11




QUANTUM VACUUM Pressure and EoS

Calculations up to 6th adiabatic order yield:

Joan Sola (KCL 2024)



Equation of State of the QUANTUM VACUUM

(EoS)
. C. Moreno-Pulido, JSP, arXiv:2207.07111 [gr-qc]
~ Poac (H) fo(H)  (Epic2022)
wvaC(H) — ~ —1] —+
pvac(H) Pvac (H)
1 Hm? m?
~ 14 (- =) — 1 —In—
6 ) S72peac(H) H
_ 14 Voff (Q%(l +2)3 + 392(1 + z)4)
Qe e [F14 90, (14 2)7 + Q1+ 2)* + Q]
.
@ for 2> zq with QY1+ 2)> QY radiation behavior (veg # 0),
— 0 ) for O(1) < 2 < zeq with QY > Q1+ 2), dust behavior (veg # 0),
Qoo :* - T T ~
i —1 + ver 39?; (14 2)3 i or —1<z<O(1), fquintessence behavior (ves > 0)"

—_— - =
" T e o o o w— =T

* Same EoS as obtained in lattice QG, (in et al., arXiv:2408.08963 [hep-lat])



-like
Vacuum EoS
0.2 .
Dust-like
D - -
C. Moreno-Pulido, JSP, arXiv:2207.07111 [gr-qc]
02t i (EPIC 2022) §
= H
S ISR o OSSO OP OO
0471 s 1
06k Quintessence-like
Vacuum » =0.05
eff
o8l - = = \Vacuum v eﬁ=0.01
issEEEEEES VBCUUITI Yy =0.005
K eff
_1 Mf"". i iiiil bbb PR | i PR
1072 10° 102 10*
Z

(Joan Sola, KCL 2024)



712

= 70

68

JSP,A.Gémez-Valent, J. de Cruz
Pérez and C. Moreno-Pulido

arXiv:2304.11157

|
0.80

|
0.82
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» Composite DE: the LXCDM model

LXCDM ‘ { ACDM (running A) !

+ a new component X (Phantom Matter)

Originally introduced long ago: J.6rande,JS, H.Stefancic, gr-qc/0604057 (JCAP)

RVMrunning\‘
pA+px +axpx H =0, ax =31+wx)

The LXCDM keeps the " coincidence ratio” under control:

pp _ patpx 24+ O

pm, pﬂ’L Q7TL

The latter remains bounded during the entire cosmic evolution, it
may afford a solution to the “cosmic coincidence problem".

r

In the phantom matter region (see EoS diagram), where
wy < —1 px < 0

the Universe is halted in the future, coincidence problem may be ;
solved and Big Rip avoided despite it being in the phantom domain «

(Joan Sola, KCL 2024)



14

| I [ I |
B gr-qc/0604057 (JCAP) ]
12+ —
i L_PD _patpx _ Oat+Qx
10 | P P QT
I’(Z) vy = 1217r ~ 2.6 x 1072 1 .
T 8- v=2v, o [oex )0 -
0 1 + ~“max — Wy QO (l/ e O)
- —\ A TTX -
6 v=0 —
V=—V
4l v=—2v0 B
| =y, T S |
l | ! | ! .
-0.75 -0.625 -0.5 -0.375 -0.25
y4
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» EoS Diagram: Energy conditions for the cosmic fluids

w< —1 w > —1

) C
*NEC

S A A‘

) >0 2

p K. | DEC p
@

p P w< —1

Figure 1: Energy conditions: (a) The shaded regions fulfill the Weak Energy Condition (WEC):
p>0and p+p > 0. The lighter-shaded one also satisfies the Dominant Energy Condition (DEC):
p > |pl; (b) The region shaded in gray (with or without dots) fulfills the Strong Energy Condition
(SEC): p+p >0 and p+ 3p > 0. [The quintessence (Q) region (=1 < w, < —1/3) is marked cross-
hatched, and the usual phantom region (w. < —1 with p > 0) is indicated by P. The gray-dotted
region corresponds to an unusual kind of phantom w., < —1 with p < 0, which we call “Phantom
Matter” (PM). Note that PM satisfies the SEC. The cosmon behaves in many cases as PM within
the AXCDM model.

J. Grande, JS, H. Stefancic LXCDM: gr-qc/0604057

5 N.M t dJS arXiv:2105.02659
(Joan Sola, KCL 202 4) avromatos an arXiv



» Composite DE: the wXCDM model

" “Phantom matter: a challenging solution to the cosmological tensions”
A. Goémez-Valent and J. Sola Peracaula [arXiv:2404.18845] (ApJ 2024, to appear)

$

Effective formulation of the LXCDM model with two components: X and Y:

The reason why type II RVM with threshold cannot make it for H 0 is because the latter is not
forced to increase at low z to match the angular diameter distance to the last scattering surface.

/ o= ol ) e
P — (sound horizon)

_— Zd We asume no early DE
9 Td Changes modifying r_d
T “ d7
D A ( Z * ) > - (Ang. Diam. distance)
."" g H{z" Assume, instead,

| compensating changes
| between X and V.

Measured by Planck with 0.01% precision ‘

(Joan Sola, KCL 2024) Net effect

H(, higger ! !



Double DE Strategy

Consider a LXCDM variant (WXCDM) with two components, X and Y, aimed at increasing H_O:

We explore a twofold wCDM-type of DE regime with components X and Y
below the last scattering surface:

e i) X has (wy, px) and acts first during the expansion: z > 2;
Stands for the PM-like regime (wx < —1,px < 0)

transition redshift z, ‘

® i) Y has (wy, py) and acts second during the expansion: z < 2
Represents the quintessence-like regime (wy 2 —1, py > 0)
Cosmological Data
wXCDM — Full Planck 2018 CMB polarization, temperature and lensing likelihoods
free parameters — Pantheon+ compilation of SNIa
(20, wx, wy) — Cosmic chronometers

2D BAO
— Redshift-space distortions (LSS)

Note: 3D BAO also tested, but BAO issue is currently in quarantine...

(Joan Sola, KCL 2024)



Wy = —0.900 £ 0.030 arXiv:2404.18845 (ApJ 2024)

Preference for quintessence after the
transition at 30 C.L.

$

consistent with recent DESI 2024 results
(arXiv:2404.03002)

wx = -1.162311

For
| (wx,wy) =(—1,-1)
-098 -0.90 -0.82 —1.5 -1.0
Wy TR (Akarsu et al,

Xiv:2307.10899
(Joan Sola, KCL 2024) Aty )



Why wXCDM can cure the tensions?

e Hy-tension

Because 2x < 0, a higher value of H in the quintessence stage is enforced to preserve the
angular diameter distance D4 to the last scattering surface, which is essentially fixed from

the very precise measurement of 6,:

b i = Iy i+ I
47 Jo H(z’) H(z’) | H(z’)
(quintessence part) (phantom matter part)

(&2) >() Wy —1) (()\ < 0, wxy S —l)

Growth (o, Sg)-tension
1) Equation for density contrast of X (PM) in the wXCDM model reads

3 - 3 -
» (1= Qx(a)wx)o,, — 53 (1 —Qx(a))d, =0 (arXiv:2404.18845)

P P

Friction term decreases Poisson term increases

‘ structure formation is enhanced thanks to PM ! and...

N4
0‘771. —l_

(Joan Sola, KCL 2024)



4

PM approach could provide an explanation for the recent JWST data

ii) Equation for density contrast of Y (quintessence-like field) in the wXCDM:

5 4 5 (1= Oy (a)wy) . — ——(1 = Oy (a))5,, = 0

m 20,
P

Friction term increases PPoisson term decreases
(Qy >0, wy 2 —1)

‘ helps solving the growth problem ! !

structure formation is hindered under quintessence-like regime

consistent with recent DESI 2024 results (arXiv:2404.03002) ! !

(Joan Sola, KCL 2024)



Parameter

ACDM

wXCDM

AsCDM

Wh

0.02281 + 0.00014 (0.02278)

0.02241 £ 0.00013 (0.02260)

0.02236 1500018 (0.02232)

0.1153 & 0.0009 (0.1148)

0.1199 4 0.0010 (0.1196)

0.1205100012 (0.1216)

3.06670 015 (3.080)

3.037 £ 0.014 (3.034)

3.03670 010 (3.030)

0.06970:09% (0.076)

0.051 £ 0.008 (0.048)

0.0501 0005 (0.046)

Ng

0.978 + 0.004 (0.981)

0.967 + 0.004 (0.969)

0.96610-008 (0.961)

Hyp [km/s/Mpc]

69.8270-4% (70.05)

72.7510-57 (72.36)

7224702 (73.82)

Zt

1467092 (1.47)

1617032 (1.47)

—1.167013 (-1.16)

wx —
wy - —0.90 4 0.03 (-0.88) —

0o 0.283 £ 0.005 (0.280) 0.269 £ 0.005 (0.272) 0.267 4 0.005 (0.264)
M —19.37270:01 (-19.362) ~19.27379:01% (-19.282) —19.278T0-026 (-19.261)
o12 0.780 £ 0.007 (0.884) 0.776 £ 0.007 (0.772) 0.782F 0006 (0.784)

X in 4166.76 4107.62 4120.04




The * fundamental' physics behind the wXCDM

Phenomenologically motivated in the old LXCDM model gr-qc¢/0604057 |gr-qc|,
but theoretically bolstered in: “Stringy RVM”

N. Mavromatos and JSP (arXiv: 2105.02659 |hep-th| and 2012.07971 |hep-ph| ) (EPJ)

and Nick's talk 11

In a nutshell....

The path towards the de Sitter epoch involves a transition...

g

» from phantom vacuum to true vacuum (dS)

(Joan Sola, KCL 2024)



Early Universe “Stringy RVM”

In the early universe, before and during inflation, it is assumed that only fields from the gravi-

tational multiplet of the string exist, which implies that the relevant bosonic part of the effective
action pertinent to the dynamics of the inflationary period is given by

Seff — /dh\/_[ — R+ aba"b \/296,,,

o = M2 k= V871G = 1;11 Mpy # My in general

£) Ryypo RMP7 + . ]

It involves the usual Hilbert-Einstein term and the Kalb-Ramond axion field, b(x), which is
coupled to the gravitational Chern-Simons topological density through the string tension «’.
Such topological term when averaged over the de Sitter spacetime produces an effective contribution

to the vacuum energy density of the form ~ H?.

During inflation R, ;. E‘“’p“» triggers H* contributions to pp

Detailed review:
(N.E. Mavromatos and JSP)

arXiv:2012.07971 (EPJ-ST 2021)

NS H4inf|a‘rion !

Joan Sola (KCL 2024)

See talk by Nick Mavromatos !



b CS | t
N. Mavromatos & JSP ptotal — p _|_ ,Og + IOCOHC ensate

arXiv:2105.02659 [hep-th]
EPJP 2021 CS d t
( ) g 4 pcon ensate

Diotal = P+ P

b condensate condensate

— 1
p — p ngS — § ngS

P’ =+p

2
b_ % eCS
P BP

pb_l_ngS:pb_{_% gCS:_%ngS: —(p"+ ) > 0 |:>

But adding the gCS condensates...
Transitory state !!

gCs | pcondeﬂsate ~ 0 Final de Sitter phase

> 0. PCotton tensor <0

phantom vacuum

ptotal — _ptotal < O ptotal — pb -+ p

(Joan Sola, KCL 2024)



I Summarized conclusions I

e Dynamical DE: natural proposal for an expanding Universe

e The RVM based on a running A term in interaction
with matter or G is theoretically well motivated

® Running vacuum models seem to describe better the observations
SNIa+BAO+H (z)+LSS+CMB than the ACDM

e Provide a consistent solution to the main tensions

e Composite DE with with running vacuum further improve

a possible solution to the cosmological tensions

e [ hese ideas may signal a micro and macro connection between
the LSS of the Universe and the quantum phenomena

in the microcosmos
(Joan Sola, KCL 2024)



