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Vacuum energy and the CC Problem

Dynamical DE and Running Vacuum Models
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Interpretation. " Einstein's eqs.

1915
|
R, >8R Agy= 871G T, ¥
1917
Ceometry )
VIG, =0, where G = Ry — (1/2)gu R
V,A=0,A=0 = A =const. !!
if VA(GnTuw) =0... !
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A= GG Gosmological Gonstani
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Kosmologische Betrachtungen zur allgemeinen
Relativititstheorie.

Von A. EINSTEIN.

e

Einsrev: Zum kosmologischen Problem der allgemeinen Relativititstheorie 230

, AL
Zum kosmologischen Problem der allgemeinen
Relativititstheorie.

Von A. EINsTEIN.
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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
[P /d4 Jlgl (R=2A =/d4 N R—
FH = 16 Gn z1/|g] ( vac) avar] 167 Gn PAvac

N\
PAvac — Vacuum bare term in Einstein egs.
8T G N

. !

Rap=59apft = —8m Gy <<T£> + Tab) = =87 G N gab (PAvac + PAInd + Tup)

1

Quantum effects = paing = (V(¢)) + ZPE

Joan Sola (MG16/DM1)
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A in the SIM and beyond

Source Effect (GeV?) A/Acxp
electron 0-point 1016 1031

QCD chiral 10—; 1oj§

QCD gluon 10— a
Electroweak SM 1019 - "
typical GUT 10164 10141
Quantum Gravity 107T7° 10123 11

P =0 p) ~6h* x 1074 GeV* ~ 3 x 107*" GeV*

ma = /R ~ 2 — 3 meV

Joan Sola (MG16/DM1)




» Introducing an external gravitational
field: QFT in curved spacetime!

In diagrammatic form, = expansion /—g¢ around Minkowski space,

Juv = Nuv + h/,w

B 1 o5 1 n 3
V=g =14 gt P = +0(1n?)

W
h = n""h,.
huv hnv
PA 1/G %
,f‘-'-. -_‘\\ #’f# H‘\ =~
4 . ’ \ \
U \ ’ A \
! \ u \ \
: ! : \ i
' o : b+
1 i i ! !
! I \ 1 1
\ ! A / ¢
A} ! % i '
% V. A ¢ ’
\‘ L '\_ﬁ‘ - -7
quartically divergent quadratically logarithmically

Review: JS, arXiv:1306.1527



‘RVM: inflation and cosmological expansion ‘

Consider the class of time evolving vacuum models following a power series

of the Hubble rate:
I. Shapiro and J. Sola (2000,2003,2009)

J. Sola and H. Stefancic (2005,2006)

A(H) = Cp —|—ClH—|—CzH2 —|—63H3 —|—C4H4 ~+ ... J-Sola(2007) ..

Reviews:

JS, A. Gémez-Valent, J. de Cruz Pérez (2015-2019) J. Sola (2011,2013,2014,,2016)
+ C. Moreno-Pulido (2019-2021) N. Mavromatos, J. Sola (2020)

Better fit than the ACDM and alleviates Hy and og-tensions (“stringy-RVM" ...)

Vacuum energy density:  pa(H) = A(H) /(87 G)

At low energy: .

A(H) :C0+C2H2 :AO+3V(H2 —HOQ)

Joan Sola (MG16/DM1)



proposed (RG) equation for the vacuum energy density of the expanding Universe

dpa(p)
dlnp? (4"T

Z BEJIQ,{L?—FZ C; —|—Z UE 118

‘ ,LL2 — CLHQ + bH (J. Sola, 2013,2014)

(J. Sola, A. Gomez-Valent, 2015)

pﬁ(H,H) —lapl+ ay H +las H?> v a3 H? Hay H*|+ ax H H?

2 _ H2
Distinctive from
3 Starobinsky's
’Oﬁ(H) = — f[} —+ inflation ! !
STG N

Can this be substantiated in QFT or string theory?



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
Rpr,;u - E‘Qgpy + ﬂgp,u — E:TTGN T;:-}atter}

where A is the Cosmological constant, with energy density
pAn =N/(8mGp). (this is not yet the physical VED)

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

4

@ We will suppose that there is only one matter field
contribution to the EMT in Tﬂ,‘*“ﬁr in the form of a real

scalar field, o.

(nonminimal coupling §)
1 o 1
S[0] = — [ 'y (38 0.00,0 + 5 + €R)G?)

(no SSB contribution!)
Joan Sola (MG16/DM1)



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

1
T,u,y(‘b) — (1 o 25) 8;1,@581/(35 + (25 o 2) gguagqsacrqs

1

o 2£Vﬂvv¢’ + 258}141)(;5':'@5 + ngv¢2 o ingﬂu¢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(T,X) = Op(T) + 0P(T,X),

Total

<Tvac> _ phguu 1 <T§f> vacuum contribution

(needs renormalization!!)

ds® = g detdx’ = a?(T)nu detdx” sign(guv) = (=, +,+,+)



Fluctuations split in Fourier modes:

1 ikx —ikx p*
0(7,Xx) = (27r)3/23/d3k [Akek hk(T)+ALe k hk(’r)]

(D —m?— ﬁR)5¢(T,X) —0 » hi: + Q%{ hk — 0} (mode equation)

/1. % *f __

Qf = k? + a*m? +[32(£ —~ 1/6)R] (non-trivial!)
ef fT Wk(Tl)dTl
Wi (7)
2
W?2 = Q2 — 1% + % %
k Koow, 4\ W,
In order to solve this equation we should use the WKB

approximation or adiabatic regularization. (slowly varying) €2, !!

The solution is hi(T) ~

?

Joan Sola (MG16/DM1)



()

Wi = w(o) + wl(c ) — w(4) . (Adiabatic expansion)
2 A2 2 /2
2) a°A a’R Wi, 3wy
= —1/6
K 200 T 2L (£=1/6) 4w 8wy
¥ ) R R S
& 2wp \F 4w 4w 4w 4wy

By Y > ’
2 9. oM M M
W = a"H—, Wil = 20*H* — + {IQH"— — o"HP—

Wik W Wi wh

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%62H2+%+C4H4+...]

(x) Adiabatic methods: cf. Bunch, Parker, Fulling (70's), Birrell&Davies (80's) etc
Recent improv.: Ferreiro & Navarro-Salas etc (2019)




ngb up to 4th adiabatic order:

(Tes) = / dkk?

1
(5 ) 6) (~6H2 Ikl + GH(Hch + bl i)

unrenormalized
| by |2 (w% - 32A2) |hk|2 ZPE

UV-divergent !!

4

<T§°¢> - 87;32 f dkk’ [2Wk + 343/55{2 - ‘i;“jg (QH"H — H” + 8H'H” + 41")
= Mﬁ(% W+ 2K - 105;;’:/1’?%4

(g _ 1) (6%2 B Vi a2M2(6,H,,,H 4

a' M " 1055 M67-[4)

Wi

2
- (120HH? + 210H*) + =27 7

k

8w
2
( ) (&(72%”?{36%’2108?{4) 54‘;”’ (HH +’H))]

k
4 /dkk2 a’A? &' N A *H*M’A* 5 °HM*A?
v T A A A
1 32°APH? 92" M2 APH?
+(£_6)( &+ 5 )}—l—...,
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) Ren(M) = (Tog )(m) — (Tog ) O=H (M)

2

2
8¢ , a 4 2712 4 4, M
(Tho )Ren(M ) = 583 (—f'u' +4m°M* —3m” + 2m" In m)

1\ 3H? 5 9 5, m> N2 9 (2H"H — H? — 3HY) = m?
_ _ = _ M?— n — — 1 -
(‘5 Ei) 1672 (m mln g | (675 167202 nom

4

1

G, M)q.,, MYHWY) = 7% (7N (M
SWGN(A{) v _|_)OA( )g,u _|_a1( ) [V pv+< ;u/>R ( )

Off-shell subtraction: :> Exploring different scales



> Relating scales

<T5¢>Ren(ju) <T ¢>Ren(ju())

fG;l (ma A{a A’{O)GNJV + fPA (m? A’{n A’{O)QNJV + fal (mn A{n AJO)H,L(L}/)

f—1(m, M, My) = 5—1 L2 - a2 1M2
Gy AL O =AS TG ) Tor i - gn

fx(m, M, My) = X (M) — X (M)

1 M?
Fon (s M, My) = ——— (M“l — Mgy — 4m*(M?* — M§) + 2m" In _MS)
2 )
1 1 M
o (my, M, My) = — = | In—
for ) = 5 (5 6) yr

Joan Sola (MG16/DM1)




Our definition of vacuum energy density was

(T = —ppguw +(T22) =) prac(M) =

Relating two different scales one gets

3 1 2 2 2, M2
pvac(M):pvaC(MU)—}_W 5_6 M _Mo_m |HW§

0 ( 1\2 . . NV

_ g—) (H®—2HH — 6H“H) In —.

1672 6 M3
Absence of ~ M4 | |
Adiabatic order 4: contributions

3 H,
H) = co+vH? +

pa(H) STG N ( U ? no ~ H* terms either 11



Early Universe

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

1 1 2 o ~
i Y
Seff — /d‘l-,rw./_—g[— s R+50.b0" + \/;gﬁﬁ b(z) Ryuype R*P° + . ] .
o = Mf;ﬂ k= V8TQ = j\,fFTll Mpy £ M, in general
It involves the usual Hilbert-Einstein term and the Kalb-Ramond axion field, O(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 12, ﬁ”“p“» triggers H* contributions to pp

4 ' ' Detailed review:
MmN 1 i terms are back e =
(N.E. Mavromatos and JSP)

“Stringy RVM”

See talk by Nick Mavromatos tomorrow in CM3 |
arXiv:2012.07971 (EPJ-ST 2021)



@ For instance let's fix My = My, where Mx ~ 1010GeV is a
GUT scale and is also associated to the inflationary scale.

@ [he second scale can be fixed at M = Hj, at today's value of
Hubble parameter, which estimates the energy scale of the
background gravitational field of our FLRW universe.

@ Neglecting O(Hg) terms ‘ for the current universe

R 3Ve
ot (H H[}) A[P p\aac T el

HQ_HQ
8 STTGN ( G)

p'ua-c(H) a pga{: T

RVM structure 1!

J. Sola (2011,2013,2014,,2016)

2 2
(H) B 1 1 B &_ ﬂ[ 'Tn-Q 1 H from action: 0710.4151
Veff “5-\g 1 [2 M}%} 1 M2 (7.Phys. A 41 (2008) 164066)

naturally small parameter
Joan Sola (MG16/DM1)



Minimal unified model at high energy (early universe):

S. Basilakos,J.A.S Lima, and JS arXiv:1509.00163, arXiv:1307.6251
JS and A. Gomez-Valent arXiv:1501.03832

JS arXiv:1505.05863

JS and H. Yu arXiv:1910.01638

H4
A(t) = ¢y + 3vH” + 30—

Hj
Co H2

. 3 5
H—|—§(1—|-wm)H 1—v 3772 aHIZ =0

H*=(1-v)Hi/a !

Joan Sola (MG16/DM1) a_(t) ~ elit

Inflationary solution:
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Running vacuum energy at the expense of
matter non-conservation

pAn=C1+ CoH?.| pp(H)= (co + vH?)

871G

1 Bianchi identity

pA+pm+3H(Pm+pm) =0
(matter non-conservation!!)

l _ M?
Co xv = 5 }%
pm(z) = pp, (1 + 2)3(1=v)

and “running” vacuum energy: (RVM)

PA() = P + 52 [(1 4 )2 — 1]




( EPL 134 (2021) 19001)

RVM: More on solving the Hp-and 98 tensions

General form at low energies:

3 0
Pyvac(H) = e (CD + pvH? + .UH) - 0(H4)

particular choice v = v/2
@ Typel RVM: vacuum decay into cold dark matter
with threshold redshift z, ~ 1

(or without)

ﬁdm + 3defm, — _pvac

® Type II RVM: running vacum and G . .
2 o Pvac

Bianchi
Veff = V/4 ‘ v GN/G = E B Pt =+ Pvac

3

pvac(af) — 00(1 + 4Veff) - Veffp?ona_

pla) xa ™ “~1—¢€lna

Joan Sola (MG16/DM1)



Ho (km/s/Mpc)

( EPL 134 (2021) 19001)

Il GR-ACDM
I type-l RRVM
Bl type-| RRVMy,,
I type-ll RRVM
BD-ACDM

) HIWA!
72 . / \
70 - / \
68 - \\
0.17'2 0.I7'6 0.1/'6 D.I78 0.;30 0.;32 68 70 7[2 74
Og Sg -§8 Ho (km/s/Mpc)
Type II RVM can alleviate both tensions at a time "

Joan Sola (MG16/DM1)




Summarized conclusions

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 (2)+LSS+CMB than the ACDM

e Provide a consistent solution to the main tensions

e These ideas may signal a connection between the
the LSS of the Universe and the quantum phenomena

in the MiICrocosmos

Joan Sola (MG16/DM1)
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Type 1

Baseline + Hj

Type 11

Parameter GR-ACDM type I RRVM type I RRVM .. type IT RRVM BD-ACDM
Ho )km/s/Mpc) 68.7570 5% 68.77 0 0% 68.1470%7 70.9370%2 ] 71.237108
W 0.0224075-00072 | 0.0223870-00538 0.022437000015 | 0.0226970- 00057 0.022670 00055
Wam 0.1165870 Uooga | 0.1166170 000ss 0.12299f5;33§‘g; 0.1160270 00 1es 0.116017, 00157
Vet - —0.000057 ) ooas | 0.020897 00208 | 0.000387T 0 0001a - B
— : : - :ro 018 _0'001304%;032&3118
Dini - - - 0.9387 0 0as 0.92877) 0%
©0 - - - 0.9307) 022 0.9197) 023
Treio 0.0507 005 0.0497000% 0.0587 0 00g 0.052 + 0.008 0.052 + 0.008
PN 0.97187 0 Uoas 0.9714 + 0.0046 0.972370 0039 0.98687 0ora 0.98597 ) 0ors
(as ) 0.794 + 0.007 0.795 + 0.013 0.770 £+ 0.010 0.79470 015 0.7927 0015
(758 ) 0.78870 017 0.789 + 0.013 0.789 + 0.011 0.76170 015 0.75870 01%
rs Mpe) 147.977037 147.94703% 147.887) 5% 143.0071 5% 142.2470-7
X2 i 2302.14 2301.90 2288.82 2296.38 2295.36
ADIC - -2.36 +10.88 +5.52 +6.25

Joan Sola (MG16/DM1)
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