Chinese Physics C  Vol. 43, No. 2 (2019) 025102

Observational constraints on running vacuum model”

Jin-Jun Zhang(#HE7E)"

Chung-Chi Lee’

Chao-Qiang Geng(ﬁk%ﬁﬁ)”’“”)

'School of Physics and Information Engineering, Shanxi Normal University, Linfen 041004
2DAMTP, Centre for Mathematical Sciences, University of Cambridge, Wilberforce Road, Cambridge CB3 OWA
3Department of Physics, National Tsing Hua University, Hsinchu 300
*National Center for Theoretical Sciences, Hsinchu 300

Abstract: We investigate the power spectra of the CMB temperature and matter density in the running vacuum mod-

el (RVM) with the time-dependent cosmological constant of A = 3vH? + A, where H is the Hubble parameter. In this

model, dark energy decreases in time and decays to both matter and radiation. By using the Markov chain Monte

Carlo method, we constrain the model parameter v as well as the cosmological observables. Explicitly, we obtain
v< 1.54x 107* (68% confidence level) in the RVM with the best-fit Xlsz =13968.8, which is slightly smaller than

Xacpy = 13969.8 in the ACDM model of v = 0.
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1 Introduction

One of the most important recent cosmological obser-
vations is that our universe is undergoing a late-time ac-
celerating expansion phase, which is realized by introdu-
cing dark energy [1]. Among the many possible dark en-
ergy scenarios, the simplest one is.the ACDM model, in
which a cosmological constant’ A is introduced in the
gravitational theory, predicting a constant energy density.
Although this model agrees very well with the current
cosmological observations, it has several limitations such
as “fine-tuning” [2,3] and “coincidence” [4, 5] problems.

The running vacuum model (RVM) is one of the pop-
ular models used to solve the latter problem [6-17]. In the
RVM, instead of a constant, A is defined as a function of
the Hubble parameter H, and it decays to matter (nonre-
lativistic fluid) and radiation (relativistic fluid) in the
evolution of the universe, leading to the same order of
magnitude for the energy densities of dark energy and
dark matter [18-33]. Unlike the scalar tensor dark energy
theory, such as the simplest realistic scalar field dynamic
model [34,35], the RVM has no Lagrangian formula, in-
dicating that this model is an effective theory from some
other fundamental gravity theories. One possible origin of
the RVM is the quantum effects induced by the cosmolo-
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gical renormalization group, resulting in A =3vH*+
Ao[36-45] with v and A constants. It has been shown in
Ref. [46] that the RVM with v =0, i.e., the ACDM limit,
is not favored by the observational data, whereas the best-
fit for the model occurs at v = 4.8 x 103, implying that the
RVM with v > 0 could describe the evolution of our uni-
verse well. Results with similar constraints on v have also
been given in other types of the RVMs [47-51]. Hence, it
is interesting to investigate the matter power spectrum
and cosmic microwave background radiation (CMB) tem-
perature fluctuation in this scenario to see if the model is
indeed better than the ACDM.

In this paper, we will derive the growth equations of
matter and radiation density fluctuations with the linear
perturbation theory and illustrate the matter and CMB
temperature power spectra, which can significantly devi-
ate from the ACDM prediction. We will show that the
parameter v will be further constrained when the observa-
tional data from Planck 2015 is taken into consideration.
Furthermore, that the constraint on the RVM obtained in
this study is approxiamtely the same order of magnitude
as that given in Ref. [52]2), indicating that the CMB
photon power spectrum provides a strong constraint on
the RVM.

In principle, dark energy has to be dynamical, and its
density fluctuation should be taken into account when the

* Supported by National Center for Theoretical Sciences, MoST (MoST-104-2112-M-007-003-MY 3, MoST-107-2119-M-007-013-MY3 and MoST-106-2917-1-
564-055) and the Newton International Fellowship (NF160058) from the Royal Society (UK)

1) E-mail: geng@phys.nthu.edu.tw

2) In Ref. [52], a large number of data from f(z)o3(z) and H(z) observations as well as the CMB photon power spectrum have been included in the calculation.
©2019 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

025102-1



Chinese Physics C  Vol. 43, No. 2 (2019) 025102

dark energy decay model is considered. In order to in-
vestigate the dynamics of dark energy, the running vacu-
um energy should be rewritten as a Lorentz scalar at the
field equation level. For example, in Refs. [53-56], the
cosmological constant is rewritten as A =A(H) with
H=V,U"/3. In this study, we follow the perturbation
method in Refs. [56-59], with which dark energy simul-
taneously decays to relativistic and nonrelativistic matter
and dilutes the density fluctuation. We will also use the
Markov chain Monte Carlo (MCMC) method to perform
the global fit with the current observational data to fur-
ther constrain the model.

The remainder of this paper is organized as follows.
In Section 2, we introduce the RVM and review the back-
ground evolutions of matter, radiation, and dark energy.
In Section 3, we calculate the linear perturbation theory
and present the power spectra of the matter density distri-
bution and CMB temperature by the CAMB program
[60]. In Section 4, we use the CosmoMC package [61] to
fit the model from the observational data. The conclu-
sions are presented in Section 5.

2 Running vacuum model

The Einstein equation of the RVM is given by
8

Ry~ %R+Agﬂv =K*TH, (1)
where k> = 87G, R = g""R,, is the Ricci scalar, A = A(H)
is the time-dependent cosmological constant, and T/% is
the energy-momentum tensor of matter and radiation. In
the Friedmann-Lemaitre-Robertson-Walker (FLRW) met-
ric of ds? = a?(7)[—d7? + 6;;dx'dx/], the Friedmann equa-
tions are derived as

a*i?

H* = T(PM +pPn), 2
. QZKZ
Hz_T(pM+3PM+,0A+3PA), 3

where 7 is the conformal time, H = da/(adr) represents
the Hubble parameter, py =pm+p0r (Ppy=Pu+Pr=P;)
corresponds to the energy density (pressure) of matter
and radiation, and p (PA) is the energy density (pres-
sure) of the cosmological constant. From Eq. (1),
we have

pa ==Pr =k 2A@), €y
which leads to the equation of state (EoS) of A, given by
P
wp = D=1, 5)
PA

In Eq. (1), we consider A to be a function of the Hubble
parameter, given by [36-45]

A =3vH? + Ay, (6)

where v and A are two free parameters. To avoid the
negative dark energy density in the early universe, we fo-
cus on the RVM with v > 0 in our investigation.

Substituting Eq. (6) into the conservation equation,
VAT +T2,) =0, we have

pA+3H(1+wp)pp = 6vHH # 0, (7)

implying that dark energy unavoidably couples to matter
and radiation, given by

pr+3H( +w)p, = O, (8)
where [ represents matter. (m) or radiation (r), Q; is the

decay rate of the cosmological constant to /=m or r,
taken to be

_PA(pa+Pr)
Pm

and wy,y = 0(1/3) is the EoS of matter (radiation). Sub-
sequently, we derive

0= =3vH(1 +w)p, ©)

pa=pya X, (10)
where ¢ = 1 —v and p is the energy density of a (matter

or radiation) at z = 0.
3 Linear perturbation theory

Because the RVM with the strong coupling Q;, cor-
responding to v ~ O(1), cannot describe the evolution of
the universe [47, 49], we only focus on the case of v <« 1.
Note that v is taken to be non-negative, i.e., v>0, to
avoid pa <0 inthe early universe. The calculation fol-
lows the standard linear perturbation theory with the syn-
chronous gauge [62]. The metric is given by

ds? = @*(0)[~de? + (6 + hyj)dx'd’ |, (11)

where

ikzls 2 g a A 1 -
h,’j = fd3kelk'x [kikjh(k,‘l') + 6(kikj - g(si_,')l](k,‘r)

. (12)

i,j=1,2,3, h and n are two scalar perturbations in the
synchronous gauge, and k = k/k is the k-space unit vector.
From Vﬂ(rf}f +T5) = 0, with 6Ty = dpy, OT)=-T) =
(om + Py)vy,, and 6T;. = 6PM6’]., we can obtain the matter
and radiation density perturbations, given by [56-59],

. h 5P
5= +w,)(9, + —)— 3H(—’ —w,)(s,— Wis, 13
2 opi o1

SP;/6p; k*
Nl pl—f5z—a—Q191, (14)
2

Wl
0, 5
1+w; a

1+ wi
where 6, = 6p;/p; and ) = ikiv; are the density fluctuation
and the divergence of the fluid velocity, respectively.
Note that Egs. (13) and (14) describe the evolutions of the
density fluctuations of the perfect fluids without the inter-
actions between them. To consider the interactions
between any two fluids, these equations should be fur-

91 = —H(] —3W1)91—
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ther modified. Taking the photon-proton interaction as an
example, the additional term, an.or(6) —6,), must be ad-
ded at the right-hand side of Eq. (14) when [ = y; further
details of the equations can be found in Ref. [62]. In Eqs.
(13) and (14), it can be observed that the last terms in the
two equations slow down the increase of §; and 6; if v in
Eq. (9) is positive.

To demonstrate how the running vacuum scenario in
Eq. (6) influences the physical observables, we used the
open-source program CAMB [60], in which we modified
the background density evolutions and the evolution
equations of 6 and @ in terms of Egs. (10), (13), and (14).
By taking 1> v >0, most of the particles are created at
the end of inflation, whereas the energy density from the
dark energy decay is tiny, implying that the RVM has the
same initial conditions as that of the A CDM model. In

addition, the matter-radiation equality z., slightly
changes, as shown by
@y, (15)
pr(2) =2,

In Fig. 1, we present the matter power spectrum
P(k) ~ (82,(k)) as a function of the wave number k with
v =0 (solid line), 1073 (dashed line), 5 x 1073 (dotted line),
and 107%(dash-dotted line). As discussed eatlier in this
section, the matter density fluctuation is diluted by the
creation of particles so that the results of P(k) for a large
k and v in the RVM significantly deviate from that of the
A CDM model (solid line).

Figure 2 shows the CMB temperature spectra of (a)
I(1+1)C;/2m and (b) AC;/C; = (CRYM - CPCPM)/CACPM i
the RVM with v=0 (solid line), 107> (dashed line),
5% 1073 (dotted line), and 1072 (dash-dotted line), where
the grey points are the unbinned TT mode data from the
Planck 2015. We can observe that the CMB temperature
spectra are significantly suppressed in the RVM. The
maximum deviations of C; from that in the A CDM mod-
el can be 13.8%, 48.6%, and 64.5% with v=1073,
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Fig. 2.

5x 1072, and 1072, respectively. Owing to the accurate
measurement from the Planck 2015, we can estimate that
the allowed range of vshould be of the order of O(107%) or
less. Note that there is a degeneracy with the spatial
curvature when studying the dynamical dark energy mod-
els. Hence, it might not be reasonable to retain flat geo-
metry if one wants to obtain a realistic set of observation-
al constraints. As shown in the literature [63, 64], a posit-
ive spatial curvature shifts the CMB temperature spectra
to the smaller /, and increases C; in the small / region.
The former phenomenon degenerates with our RVM,
whereas the latter doesnot, i.e., the RVM moves the high
[ and keeps -the low [ spectra shown in Fig. 2(a).
Moreover, as pointed out in Ref. [65], when the curvature
is allowed to be a free parameter, the constraints on the
dark energy dynamics weaken considerably. In this work,
we are interested in the curvature-free case and leave the
discussion of the spatial curvature to future work.
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=
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k/(h/Mpc)
Fig. 1. (color online) The matter power spectrum P(k) as a

function of the wavelength k with v=0 (solid line), 1073
(dashed line), 5x 107 (dotted line), and 1072 (dash-dotted
line), where the boundary conditions are taken to be
Qh?=223x1072, Qh>=0.118, h=0.68, A, =2.15x107°,
ny=0.97, 7=0.07, and m, = 0.06 eV, respectively.
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(color online) The CMB temperature power spectra of (a) I(/+1)C;/2n and (b) AC;/C;=(CRYM —CACPM)/CACDM yyith

T =2.73 K; the legend is the same as Fig. 1 and the grey points are the unbinned TT mode data from the Planck 2015.
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4 Observational constraints

We now perform the open-source CosmoMC pro-
gram [61] with the MCMC method to explore a more pre-
cise range for the model parameter v. The dataset in-
cludes the cosmic microwave background radiation (CM-
BR), combined with the CMB lensing, from Planck 2015
TT, TE, EE, low-l polarization [66-68]; baryon acoustic
oscillation (BAO) data from 6dF Galaxy Survey [69],
SDSS DR7 [70], and BOSS [71]; matter power spectrum
data from SDSS DR4 and WiggleZ [72-74], and weak
lensing data from CFHTLenS [75]. The priors of the vari-
ous parameters are listed inTable 1.

In Fig. 3, we show the global fit from the observation-
al data. InTable 2, we list the allowed ranges for various
cosmological parameters at 95% confidence level (v at
68% one). We find that the best-fit occurs at v =1.19x
107 with y,,, = 13968.8, which is smaller than 2\, =
13969.8 in the ACDM model. This result demonstrates
that the RVM with A = 3vH? + A is preferred by the cos-
mological observations, in which v < 1.54x107* is con-

strained at 68% confidence level. However, the model
cannot be distinguished from the A CDM model within 1o
confidence level. In addition, although our result of y? is
smaller than that of ACDM, it is clearly not significant
owing to the large overall values of y? for both models.
Compared to the best fitted value of v =4.8x 1073 in Ref.
[46], our simulation further lowers the model parameter v
more than one order of magnitude.

Table 1. Priors for cosmological parameters with A = 3vH? + Ag.

parameter prior

model parameter v 0<v<3x10™*

baryon density 0.5 < 100Q,42 < 10
CDM density 1073 < Q.2 <0.99
optical depth 001<7<0.8

neutrino mass sum 0<ZIm,<2eV
0.5 < 1000y¢c < 10
2<1In(10°4,) <4

0.8<n,<12

sound horizon angular diameter distance
scalar power spectrum amplitude

spectral index

AN
il @ A
LA
A A
@ @

@

>

..xz—/.

0.0220 0.0224 0.0228 0.1150 0.1175 0.1200 0.025 0.050 0.075 0.100

On Qnr T

Fig. 3.
and 95% confidence levels, respectively.
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(color online) One and two-dimensional distributions of Q,h%, Q. k%, T, Tm,, v, and og, where the contour lines represent 68%
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Table 2.  Fitting results for the RVM with A = 3vH? + Ay and ACDM, where )(chst—ﬁt = X%MB + )(]23 A0 T Xi/IPK + Xlzcnsing’ and limits are given at 95%

confidence level (v is calculated within 68% C.L.).

parameter RVM ACDM
model parameter (10*y) 1 .19f?:fg(68% C.L) -
baryon density (100Q,42) 2.23+002 2.23+0.03
CDM density (Qch?) 0.118 +0.002 0.118+0.002
matter density (Q,,) 0.3081’8:8:% 0.306+0.014
hubble parameter (Hy)(km/s- M pc) 67.581’}:;31 6737):}:%
optical depth (7) 6.66*282x 1072 6.99*283 % 1072
neutrino mass sum (Xm,) <0.186 eV <0.200 eV
1000y¢ 1.0411+0.0006 1.0409 + 0.0006
In(101°4;) 3.06+0: 3.07+0.05
0970°3%] 097073597
o 0.805+0023 0.80825,53
Zeq 3345446 33487
B 13968.8 13969.8

5 Conclusions

We studied the RVM with A =3vH?+ Ay, in which
dark energy decays to both matter and radiation. We cal-
culated the evolution equations of the matter density fluc-
tuation &(k,a)and the divergence of the fluid velocity
O(k,a)with the linear perturbation theory. We have shown
that the decaying dark energy suppresses both § and 6,
while the power spectra of the matter density distribution
and CMB temperature fluctuation significantly deviate
from those in the A CDM model. By performing the glob-
al fit from the cosmological observations, we have ob-
tained that v<1.54x107, with the best-fit yi,—
Xicpm =—1.0 at v=1.19x107*. Such a strong constraint
on v with a small y? difference is due to the TT mode of
the CMB measurement, which only allows the physical

observables of the modified gravity models slightly devi-
ating from that of the ACDM model. This can be ob-
served in not only the RVM but also in some other dark
energy models, such as XCDM and ¢ CDM [76-78]. In
summary, although the RVM perfectly describes the
evolution of our universe, the accurate measurement from
the Planck 2015 strongly constrains this scenario, and the
allowed window of the model parameter v is an order of
magnitude smaller than the results in Refs. [47-51]. It is
clear that the ACDM model should not be ruled out by the
current cosmological observations yet. Finally, it is inter-
esting to mention that the results from the spatially-flat
XCDM and ¢ CDM models [76-78] also do not agree
with those in Refs. [47-51].

We would like to thank Professor Joan Sola for help-
ful discussions.
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