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A B S T R A C T 

In view of the recent measurement of H 0 from the Hubble Space Telescope and Supernova H0 for the Equation of State (SH0ES) 
team, we explore the possibility of existence of a negative cosmological constant [anti-de Sitter (AdS) vacua in the dark energy 

sector] in the Universe. In this regard, we consider quintessence fields on top of a ne gativ e cosmological constant and compare 
such construction with � cold dark matter ( � CDM) model using a different combination of cosmic microwave background, Type 
Ia supernova, baryon acoustic oscillation, and H 0 data. Various model comparison estimators show that quintessence models 
with a ne gativ e � are either preferred o v er � CDM or perform equally as the � CDM model. This suggests that the presence 
of a ne gativ e � (AdS ground state) in our Universe, which can naturally arise in string theory, is consistent with cosmological 
observations. 

Key words: cosmological parameters – cosmology: theory – dark energy. 
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 I N T RO D U C T I O N  

ur Universe is full of surprises and each surprise updates our
nderstanding of the Universe in a remarkable way. Around two
ecades ago, one such surprising observation involving Type Ia
upernova (SNIa) confirmed the accelerated cosmological expansion
f our Universe (Riess et al. 1998 ; Perlmutter et al. 1999 ). This
bservational result completely changed the way we believe gravity
orks. It established that gravity is repulsive on large cosmological

cales unlike its attractive nature as Newton and Einstein taught
s. To account for this repulsive behaviour of gravity, we need to
ither include an exotic unseen component called ‘dark energy’ (DE)
aving ne gativ e pressure, in the energy budget of the Universe, or
eed to modify the gra vity beha viour on large distance scales (Sahni
 Starobinsky 2000 ; Padmanabhan 2003 ; Peebles & Ratra 2003 ;
opeland, Sami & Tsujikawa 2006 ; Clifton et al. 2012 ; Tsujikawa
013 ). Both these approaches to model repulsive gravity, which in
urn explain the observed accelerated expansion of the Universe,
emand new insights into our field theoretic understanding of particle
hysics as well as gravity. 
If DE is the answer to this puzzle, we should know what is the

rigin of this DE that has ne gativ e pressure and is also dark, i.e. it does
ot emit any light. Quantum field theory (QFT) provides a simple
andidate for this: the ground state energy or ‘vacuum energy’ of the
elds. Its energy momentum tensor has the structure ρde = −p de =
 (Zel’Dovich 1967 ), which naturally results in negative pressure.
o note that for accelerated expansion, � > 0. This is termed as

cosmological constant’. Unfortunately, such a � cannot be the DE
hat we observe today as QFT gives a value for � that is inconsistent
 E-mail: aasen@jmi.ac.in 
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ith what we need, to explain the observed accelerated expansion
Sahni & Starobinsky 2000 ). Nevertheless, due to its simple structure,
 has al w ays been preferred by cosmologists as a candidate for DE.

ogether with cold dark matter (CDM), they construct the � CDM
odel in the Friedmann–Robertson–Walker (FRW) framework to de-

cribe our Universe on large cosmological scales, which can account
or the accelerated expansion of the Universe. Although theoretically
roblematic, interestingly the � CDM model matches with almost all
he observational data including very precise measurement of cosmic

icrowave background (CMB) radiation by Planck ’s team (Planck
ollaboration et al. 2020b ), high-redshift SNIa observations (Scolnic
t al. 2018 ), and baryon acoustic oscillation (BAO; Eisenstein et al.
005 ) measurements by large galaxy surv e ys. 
The observational evidence for a positive � confirms the presence

f a scalar field at the non-zero positive minimum of its potential. This
n turn results in the presence of a stable or metastable de Sitter (dS)
acuum depending on the nature of the minimum of the potential. It
an also be possible that the scalar field is away from the minimum of
he potential and is slowly rolling at the positive part of the potential.
his scenario gives rise to a DE component that, unlike � , is not a
onstant b ut ev olves with time, gi ving rise to a v arying equation of
tate w de = p de / ρde for the DE (for � , w de = −1). Such evolving
E component is termed as ‘quintessence’ (Copeland et al. 2006 ;
sujikawa 2013 ). Most of the quintessence scalar fields, studied in

he context of DE, have a dS ground state. Hence, whether DE is � or
n evolving quintessence field, asymptotically the Universe al w ays
ettles in a dS phase in future. 

To construct such a scenario for quintessence field with dS vacuum
s extremely challenging from a string theory perspective (Silverstein
008 ; Danielsson, Koerber & van Riet 2010 ; Danielsson et al. 2013 ;
icoli et al. 2019 ). In fact, it has been argued that string theory
ight not contain any dS vacuum at all (Vafa 2005 ; Obied et al.
© 2022 The Author(s) 
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018 ; Ooguri et al. 2019 ). This can have far-reaching cosmolog-
cal implications, in particular for both early (Garg & Krishnan 
019 ) and late time accelerating Universe. On the other hand, a
low-rolling quintessence field with anti-de Sitter (AdS) vacuum 

s theoretically consistent with the current late time acceleration 
nd at the same time can be naturally obtained in string theory
ontext using symmetry consideration like AdS/CFT (Conformal 
ield Theory) correspondence (Maldacena 1999 ). Unlike the case for 
 dS vacuum, there are a large number of consistent solutions in AdS
ackground in string theory. So a quintessence field with AdS vacuum 

s theoretically quite natural. Yet, cosmological studies, in particular 
he late time cosmology, have mainly focused on the existence of an
symptotically dS phase where an evolving DE is al w ays modelled
ith a slow-rolling scalar field having either a zero minimum or a dS
acuum. 

Just recently, we have another very interesting cosmological result. 
his time, it is not the slope of the expansion rate of the Universe
s measured in late nineties, but the expansion rate itself at present
at z = 0). We denote it by H 0 , the Hubble parameter at present.
he recent local measurement of H 0 by the SH0ES team using

he Cepheid variables in the host SNIa is H 0 = (73.30 ± 1.04)
m s −1 Mpc −1 (Riess et al. 2022 , hereafter R22). This is, till date, the
ost accurate direct model-independent measurement of H 0 using 

o w-redshift observ ations. There are other lo w-redshift observ ations 
hat also give similar higher values for H 0 (Freedman et al. 2019 ;
esce et al. 2020 ; Wong et al. 2020 ). The problem arises when we
ompare the R21 result with the indirect high-redshift measurement 
f H 0 by Planck using CMBR observation with the assumption that 
he Universe is governed by the � CDM model (Planck Collaboration 
t al. 2020b ), which gives H 0 = (67.36 ± 0.54) km s −1 Mpc −1 . For
he first time, these two measurements for H 0 are in tension at a
tatistical level of ∼5 σ This is also called ‘Hubble tension’ in the
iterature (Verde, Treu & Riess 2019 ). Although � CDM is already
heoretically problematic as discussed abo v e, observationally for the 
rst time, the � CDM model faces serious challenges due to this
uge tension between low- and high-redshift measurements of the 
 0 parameter and has opened up renewed interests for models beyond 
 CDM. 
Recently, a large number models have been proposed to address the 

Hubble tension’ (Di Valentino, Melchiorri & Silk 2016 ; Di Valentino 
t al. 2019 , 2020b ; Alestas, Kazantzidis & Perivolaropoulos 2020 ;
nchordoqui et al. 2020 ; Vagnozzi 2020 ; Banerjee et al. 2021 ).
oth early Universe (Karwal & Kamionkowski 2016 ; Poulin et al. 
019 ; Cai et al. 2021 ; Freese & Winkler 2022 ; G ́omez-Valent et al.
021 ; Jiang & Piao 2021 ; Karwal et al. 2022 ; Niedermann & Sloth
021 ; Vagnozzi 2021 ) and late Universe solutions (Di Valentino, 
elchiorri & Mena 2017 ; Di Valentino et al. 2018 , 2020a ; Benevento,
u & Raveri 2020 ; G ́omez-Valent, Pettorino & Amendola 2020 ;
lestas et al. 2022 ; Alestas, Kazantzidis & Perivolaropoulos 2021 ; 
i Valentino, Mukherjee & Sen 2021a ; Efstathiou 2021 ; Yang et al.
021 ) have been put forward in different studies (for a detail re vie w,
lease see Di Valentino et al. 2021b ; Perivolaropoulos & Skara 2022 ;
ch ̈oneberg et al. 2022 ). Interestingly, the quintessence models with 
dS vacuum got certain momentum under such efforts (Dutta et al. 
020 ; Visinelli, Vagnozzi & Danielsson 2019 ; Akarsu et al. 2020 ;
e & Piao 2020 ; Calder ́on et al. 2021 ; Yin 2022 ). None of these
tudies ruled out the presence of a ne gativ e � , although in statistical
erm, there is no positi ve e vidence for it in comparison to the � CDM

odel. Also the full CMB likelihood was not considered in any of
hese studies related to models with AdS vacuum. 

In this work, we consider the full CMB likelihood including the 
ensing likelihood as given by the Planck -2018 data release together 
ith the Pantheon data, BAO measurements as well as the H 0 

easurement by R21. We also consider a varying DE equation of
tate in addition to a constant equation of state for DE. Our aim is to
ave a definite answer to the issue of consistency of the presence of
n AdS vacua (presence of a ne gativ e � ) in the DE sector with the
osmological observations. We should stress that we do not aim to
olve the problem of Hubble tension by adding a ne gativ e � in the
E sector. 

 D E  M O D E L S  WI TH  N O N - Z E RO  VAC UA  

uintessence models, which contain a non-zero vacuum, can be 
odelled as a rolling scalar field ( φ) on top of a cosmological constant

 � �= 0). Both the field φ and � contribute to the total DE density of
he Universe, ρde = ρφ + � with the constraint that ρde > 0 around
resent time to ensure late time accelerated expansion. 
Instead of picking a particular scalar field with a potential for

he quintessence field (Copeland et al. 2006 ; Tsujikawa 2013 ), we
onsider two most widely used parametrizations for the equation of 
tate w φ = p φ / ρφ for the field φ. In one case, w φ = w 0 is a constant
nd it is usually referred to as the ‘wCDM’ model for φ. In another
ase, w φ = w 0 + (1 − a ) w a , where w 0 and w a are constants. This is
eferred to as the ‘CPL’ model (Che v allier & Polarski 2001 ; Linder
003 ) for φ. The ρφ in these two cases scale as 

φ ∼ a −3(1 + w 0 ) 

φ ∼ a −3(1 + w 0 + w a ) e 3 w a a . (1) 

ere, a is the scale factor in the FRW metric and we normalize it at
resent day, a 0 = 1. 
With this, for a spatially flat Universe, the FRW equation for the

ubble parameter H ( a ) is given by 

H 

2 = H 

2 
0 [ �m 

a −3 + �r a 
−4 + �de ( a)] 

de ( a) = �φf ( a) + �� 

, (2) 

here �m , �r , �φ , and �� 

are the density parameters at present
or matter (baryons + CDM), radiation, scalar field φ, and � . The
orm for f ( a ) is given by equation (1) for wCDM or CPL models. As
he Universe is spatially flat, we have the constraint �m + �r + �φ

 �� 

= 1. In our subsequent discussions, we term the DE model
ith constant w 0 plus a � as the ‘wCDMCC’ model and the DE
odel with CPL-type equation of state plus a � as ‘cplCDMCC’.

n addition to these two specific models with non-zero vacuum, we
lso consider the usual concordance � CDM model where ρφ = 0
nd ρde = � . 

Let us briefly study the effect of adding a non-zero � in the
E sector to achieve higher H 0 keeping the early universe physics
nchanged. As we are not interested in modifying the early-time 
osmology around the recombination period, the sound horizon at 
ecombination ( r s ) is unchanged. Moreo v er, the angular scale of the
ound horizon ( θ ) can be inferred from the peak spacing in the
scillations of CMB temperature anisotropy. It is a very precisely 
easured quantity, fixed by the latest Planck measurement. θ is 

elated to r s as θ = 

r s 
D A 

, where D A is the angular diameter distance
o the last scattering surface: 

 A ∝ 

1 

H 0 (1 + z∗) 

∫ z∗

0 

d z 

E( z) 
, (3) 

here z∗ ∼ 1100 is the redshift at recombination and E ( z) = [ �m (1
 z) 3 + �r (1 + z) 4 + �de ( z)]. Given that both r s and θ are fixed,
 A is also fixed. Hence, in order to incorporate a larger value of H 0 ,
eeping D A fixed, the term A ( z∗) = 

∫ z∗
0 

d z 
E( z) has to be increased. 
MNRAS 518, 1098–1105 (2023) 
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M

Figure 1. Variation A ( z∗) versus �� 

[see text for definition of A ( z∗)]. The 
solid line is for � CDM, the dashed line is for w = −0.9 (non-phantom), and 
the dot–dashed line is for w = −1.1 (phantom) models. We have fixed �m = 

0.3. 
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Figure 2. �� 

versus w as described in the text. Solid line is for D A at z = 

0.38, dot–dashed line is for D L at z = 0.5, and dotted line is for D A at z∗ = 

1100. Please see text for the explanation of these lines. 
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In Fig. 1 , we show the variation of A ( z∗) with �� 

for the wCDMCC
odel assuming both non-phantom and phantom-type equation of

tate for the ρφ . For comparison, we also show the � CDM result.
ll the three model behaviours coincide at �� 

= 0.7 as expected
we ignore �r and fix �m = 0.3 for these plots). It is also evident
hat with �� 

= 0, we al w ays need phantom-type equation of state
or the ρφ . 

We assume w = −1.1 and −0.9 for phantom and non-phantom
quations of state. For −0.9 > w > −1.1, all the lines will lie in the
haded region shown in Fig. 1 , and for −0.9 < w as well as w <

1.2, they will lie outside the shaded regions shown in Fig. 1 . 
As one can see in Fig. 1 , the phantom model with both positive and

e gativ e � as well as non-phantom model with positive � give larger
 ( z∗) compared to � CDM. But the positive deviation from � CDM

s larger for phantom models with ne gativ e � . In this regard, we want
o mention that the same thing can happen for BAO measurements.
sually, BAO measurements are related as r d 

D A 
, where r d is the sound

orizon at drag epoch and depends on the early Universe physics.
 A is the angular diameter distance to the redshift related to the BAO
easurement. For a particular BAO measurement and for fixed r d ,
 A should be fixed and we again need a higher A ( z bao ) for increased
 0 , which can also be obtained in the similar way as mentioned

bo v e. So adding a ne gativ e � (in other words, a ne gativ e vacuum)
n the DE component helps to achieve higher H 0 without changing
he sound horizon at recombination ( r s ) or at drag epoch ( r d ). 

In Fig. 2 , we study the same thing in the w–�� 

plane. We first
onsider three observables: D A at last scattering ( z∗ = 1100), D A at
ne of the BAO measurements, e.g. at z = 0.38, and D L , which is
he luminosity distance related to SNIa observations at z = 0.5. We
alculate these quantities using the � CDM model with �m = 0.3 and
 0 = 67 km s −1 Mpc −1 . Then in Fig. 2 , we show the combinations
f w–�� 

that can reproduce the � CDM results but with H 0 =
2 km s −1 Mpc −1 . As one can see from the figure, there are two
eparate regions: one is phantom models with negative � and another
s non-phantom models with positive � . For positive �� 

, flatness
NRAS 518, 1098–1105 (2023) 
ondition plus the positivity of ρφ as well as ρm demand that �� 

≤ 1.
nd as one can see from Fig. 2 , it is difficult to satisfy this constraint
ith the non-phantom equation of state. On the other hand, there is
o such constraint for �� 

< 0. This confirms that adding a ne gativ e
 or a AdS vacuum in the DE sector helps in achieving higher H 0 

asily. 
In the next sections, we study which region in the w–�� 

parameter
pace, as shown in Fig. 2 , is allowed by the combinations of
MB + BAO + SNIa + R21 data. 

 M E T H O D O L O G Y  

n our analysis, we use the most recent and rele v ant observ ational
esults as follows: 

(i) CMB data: We consider the recent CMB likelihood by the
lanck -2018 Le gac y release including the lensing likelihood. We use

he Planck (2018)- TTTEEE + lo wl-TT + lo wl-EE + Lensing (Planck
ollaboration et al. 2020a , b , c ). 
(ii) SNIa measurement: We consider the Pantheon sample of 1048

NIa measurements of luminosity distance (Scolnic et al. 2018 ). 
(iii) BAO observations: We also consider the BAO measurements

y SDSS-MGS, BOSS-DR12 as well as 6dFGS collaborations
Beutler et al. 2011 ; Ross et al. 2015 ; Alam et al. 2017 ). 

(iv) Finally, we consider the data H 0 = 73.30 ± 1.04
m s −1 Mpc −1 as measured by the SH0ES collaboration (R21). 

We use publicly available CLASS code (Blas, Lesgourgues & Tram
011 ) to compute the CMB temperature anisotropy spectra for the
lanck likelihood. To constrain the cosmological models using the
bo v e set of observational data, we use the publicly available Markov
hain Monte Carlo (MCMC) sampling algorithm MONTEPYTHON

Audren et al. 2013 ; Brinckmann & Lesgourgues 2019 ) to generate
he chains. We adopted the Gelman–Rubin convergence criteria R −
 < 0 . 02 and subsequently use the GETDIST code (Lewis 2019 ) to
nalyse the chains. 

art/stac2796_f1.eps
art/stac2796_f2.eps
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Table 1. Best-fitting, mean, and 1 σ values of the parameters for the wCDMCC model. 

Parameters CMB CMB + BAO CMB + BAO + H 0 

�m (0.215) 0 . 200 + 0 . 049 
−0 . 068 (0.2956)0.304 ± 0.012 (0.2793)0.2791 ± 0.0065 

H 0 

(km s −1 Mpc −1 ) 
(81.43)87 . 2 + 9 . 6 −16 (69.6) 68 . 5 + 1 . 3 −1 . 5 (71.62)71.66 ± 0.85 

r d (147.2) 147.20 ± 0.38 (147)147.17 ± 0.22 (147)147.01 ± 0.22 
σ 8 (0.936)0 . 970 + 0 . 085 

−0 . 11 (0.8335)0.818 ± 0.015 (0.8525)0.853 ± 0.011 
τ re (0.05548)0.0550 ± 0.0025 (0.05494)0.0549 ± 0.0026 (0.05492)0.0541 ± 0.0026 
�φ (6.63) 2 . 80 + 0 . 17 

−2 . 3 (1.584)1 . 86 + 0 . 46 
−1 . 3 (1.539)1 . 58 + 0 . 16 

−0 . 87 

w 0 ( −1.035) −1.47 ± 0.51 ( −1 . 034) − 1 . 017 + 0 . 030 
−0 . 015 ( −1 . 061) − 1 . 072 + 0 . 037 

−0 . 015 

�� 

( −5 . 845) − 2 . 00 + 2 . 5 −0 . 18 ( −0.8801) −1 . 17 + 1 . 3 −0 . 46 ( −0 . 8182) − 0 . 86 + 0 . 87 
−0 . 16 

�de (0.7849)0 . 7999 + 0 . 068 
−0 . 049 (0.7043) 0 . 6959 + 0 . 012 

−0 . 012 (0.7206)0 . 7208 + 0 . 0065 
−0 . 0065 
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Table 2. Evidence for the wCDMCC model for CMB + BAO + H 0 data. 

Model χ2 AIC ln( z) � AIC � ln ( z) 

� CDM 2803.04 2869.04 −1427.829 0 0 
wCDMCC 2782.40 2852.40 −1420.259 −16.64 7.561 
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In our analysis, we only change the DE sector by incorporating 
on-zero vacua ( � �= 0) for the quintessence field and we do not vary
he primordial power spectrum due to early inflationary era and hence 
eep the parameters n s and A s fixed at values as obtained by Planck -
018 (Planck Collaboration et al. 2020b ). The main cosmological 
arameters are �m , r d , H 0 , σ 8 , and τ re , which are common for all
hree models. In addition to this, wCDMCC has two extra parameters 
 0 and �� 

and cplCDMCC has three extra parameters w 0 , w a , and
� 

. 
Regarding the priors for different parameters, we use the same 

riors already incorporated in the MONTEPYTHON code (Audren et al. 
013 ; Brinckmann & Lesgourgues 2019 ) while using the Planck -
018 likelihood for � CDM, wCDM, and CPL models. For the extra
arameter due to the presence of � , we use the uniform prior for
φ , [0.6, 4.5] and consider �� 

as a derived parameter. Note that we
ave not assumed any prior for � to be ne gativ e as we need to study
he �� 

–w parameter space as shown in Fig. 2 , which theoretically
llows both positive and negative �� 

. The lower limit for �φ prior is
hosen such that we al w ays have sufficient scalar field energy density
o accelerate the Universe. We want to stress that the acceleration of
he Universe is due to slow rolling of the scalar field o v er its potential
nd it is sourced primarily by �φ , which is al w ays positive. The �� 

ontribution in �de , as in equation (2), is due to non-zero minimum
or the scalar field potential that can be positive or negative due to
on-zero positive or negative minimum of the scalar field potential. 
lso, due to the assumption of spatial flatness, �de = 1 − �m − �r 

nd hence is al w ays positive. 

 RESULTS  

o start with, we use the simplest wCDMCC model and study the
ffect of adding a non-zero vacuum in the scalar field DE through the
ddition of �� 

and its effect on the measured value of the parameter
 0 . First, we want to see whether for the wCDMCC model, the

onstraints on H 0 from CMB and CMB + BAO are consistent with
he local H 0 measurement by R21. This is important for further
dding the R21 H 0 data with CMB + BAO data. 

As shown in Table 1 , the CMB only constraint on H 0 is consistent
ith R21 measurement for H 0 . Moreo v er, the best-fitting value for
 0 from CMB + BAO data combination is also consistent at around
 σ with the R21 constraint on H 0 . This is already a substantial
mpro v ement from the � CDM model. Also for both CMB and
MB + BAO combinations, the best-fitting values for �� 

are neg- 
tiv e, confirming the consistenc y of the non-zero AdS vacuum for
he DE. These allow us to add the R21 data for H 0 together with
he CMB + BAO combination, which is shown in the last column
f Table 1 . It is evident that CMB + BAO + H 0 data are consistent
ith ne gativ e �� 

, showing that DE with non-zero AdS vacuum is
ully consistent with cosmological observations. Although we have 
 higher H 0 , still the constraint on r d is similar to the Planck -2018
onstraint for the � CDM model showing that the early-time physics
s unaffected. 

To compare the wCDMCC model with � CDM for 
MB + BAO + H 0 data combination, we adopt the model comparison
riteria based on the Akaike information criteria (AIC; Akaike 1974 ),
hich is defined as 

IC = χ2 
min + 2 k, (4) 

here χ2 
min is the χ2 value for the best-fitting parameters of the 

odel and k is the number of model parameters. A model with lower
IC is preferred o v er a model with higher AIC. We also compute

he ‘Bayesian evidence’ ( Z) or marginalized global likelihood for 
ach model. We use the publicly available MCEVIDENCE package 
Heavens et al. 2017 ) for this purpose. The quantity log Z is an
stimator to compare different models. The results are shown in 
able 2 . As shown in the table, for both the criteria, wCDMCC is
ecisively fa v oured over the � CDM model for CMB + BAO + H 0 

ata combination. This confirms that the local R21 measurement of 
 0 when combined with CMB and BAO observations does signal 

he existence of a non-zero AdS vacuum (existence of a non-zero
e gativ e � ) in the DE sector. 
Next, we do similar analysis while adding the SNIa Pantheon data

ith CMB. The results are shown in Table 3 . For CMB + SN, the
est-fitting value for H 0 is consistent with the local R21 measurement
t around 3 σ , which is not as good as for CMB + BAO, but still there
s substantial impro v ement from � CDM, which is at 5 σ tension from
he R21 result. We also show the constraints for CMB + BAO + SN
ata combination and the constraint on H 0 is similar to CMB + SN
ombination. For both combinations of data, the best-fitting value 
or �� 

is ne gativ e, confirming that the CMB + BAO + SN also allow
on-zero AdS vacuum for the DE (in other words, presence of a
on-zero ne gativ e cosmological constant in the DE sector). 
Going further, we finally consider all the data e.g. 

MB + BAO + SN + H 0 . It has been discussed in the literature that
antheon SNIa data and local H 0 measurement may not be considered 
MNRAS 518, 1098–1105 (2023) 
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Table 3. Best-fitting, mean, and σ values of the parameters for the wCDMCC 

model. 

Parameters CMB + SN CMB + SN + BAO 

�m (0.3021)0.305 ± 0.010 (0.3045)0.3053 ± 0.0077 
H 0 (km s −1 Mpc −1 ) (68.77) 68.5 ± 1.1 (68.64)68 . 39 + 0 . 79 

−0 . 92 
r d (147) 147.12 ± 0.22 (146.9)147.14 ± 0.21 
σ 8 (0.8207)0.821 ± 0.011 (0.8252)0 . 8185 + 0 . 0094 

−0 . 011 
τ re 

(0.05374)0.0543 ± 0.0026 
(0.05455) 

0.0547 ± 0.0025 
�φ (0.8285)1 . 91 + 0 . 22 

−1 . 3 (2.703) 1 . 52 + 0 . 16 
−0 . 91 

w 0 ( −1 . 031) −
1 . 016 + 0 . 020 

−0 . 012 

( −1 . 011) − 1 . 017 + 0 . 023 
−0 . 012 

�� 

( −0.1306) −1 . 21 + 1 . 3 −0 . 22 ( −2 . 008) − 0 . 83 + 0 . 92 
−0 . 16 

�de (0.6978)0 . 6949 + 0 . 010 
−0 . 010 (0.6954)0 . 6946 + 0 . 0077 

−0 . 0077 
M B ( −19.39) 

−19.402 ± 0.023 
( −19.4) −

19.404 ± 0.018 
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ogether due to the dependence of the local H 0 measurement on
he Pantheon measurements at redshifts within the Hubble flow
Camarena & Marra 2021 ). This is more important for models where
he late time effects to increase H 0 are more prominent for z <
.02 (Abdalla et al. 2022 ). An example of such models is hockey-
tick DE model (Camarena & Marra 2021 ). In our case, we do
ot have such late transition in DE behaviour. Hence, we consider
he full data combination to see how the constraints get affected.
he results are shown in Table 4 . In this case, we also consider

he cplCDMCC model. For wCDMCC case, the results are similar
o CMB + BAO + H 0 combination except that more negative values
or �� 

are allowed. The equation of state for the DE is slightly
hantom. Moreo v er, the wCDMCC model allows larger contribution
rom ne gativ e � in the energy budget of the Universe compared to
he cplCDMCC model. These results are similar to what obtained
arlier by Visinelli et al ( 2019 ). Interestingly, with the inclusion of
MB + lensing data as well as the new R21 measurement for H 0 , we
et much stronger constraints on the lower limit of �� 

compared to
he results by Visinelli et al ( 2019 ). Moreo v er, the constraint on M B 

or the � CDM model is 4.14 σ away from the M B prior corresponding
o the SN measurements from SH0ES (Camarena & Marra 2021 ),
hereas for wCDMCC, it is less than 3 σ away from the SH0ES
rior on M B showing impro v ement o v er � CDM. [See Nunes &
alentino ( 2021 ) for similar results related to wCDM and interacting
E models.] 
In Table 5 , we show the χ2 

min , AIC, and ln( z ) values for dif-
erent models for ‘ALL’ data considered. As one can see, when
ompared with � CDM, both � AIC and � ln( z ) decrease compared
o CMB + BAO + H 0 combination. This is due to the addition of
he SN data. But DE models with non-zero AdS vacuum still fare
ubstantially better than the � CDM model. 

For completeness, in Figs 3 and 4 we show the likelihood and
ontour plots for a few relevant parameters in different models. It
s interesting to note from Fig. 4 that for wCDMCC, the shape of
onfidence contour in the w 0 –�� 

plane is consistent with what we
how in Fig. 2 justifying our physical argument in Section 2 . 

Finally, we also use the absolute magnitude M B prior instead
f local H 0 prior in all data combination (Camarena & Marra
021 ). The constraint on H 0 for wCDMCC case is H 0 = 69 . 70 + 0 . 71 

−0 . 80 

m s −1 Mpc −1 . This is consistent with constraints on H 0 while using
 0 prior. In Fig. 5 , we show the comparison between H 0 and M B 

rior for constraints on model parameters e.g. �� 

, w 0 , and �φ . It is
vident that the results are almost identical, with M B prior marginally
a v ouring larger ne gativ e values for �� 

. 
NRAS 518, 1098–1105 (2023) 
The χ2 
min , AIC, and Bayesian evidence numbers for � CDM and

CDMCC models while using M B prior are also shown in Table 6 .
he estimators like χ2 

min or AIC are similar to that for H 0 prior and
ence the conclusions with H 0 prior still hold with M B prior. In
erms of the Bayesian evidence, � CDM and wCDMCC are equally
onsistent and none is preferred o v er the other. This also confirms
hat models with ne gativ e � (with AdS vacuum) are consistent with
resent cosmological observations with M B prior as well. 

 FEW  R E M A R K S  A B O U T  T H E  M O D E L  

s discussed in Section 2 , we are considering DE models where the
E scalar field has non-zero vacuum. As shown in the results, the
ata prefer that this vacuum should be ne gativ e showing the e xistence
f non-zero ne gativ e � in the DE sector. The total DE density �de 

 �φ + �� 

has the contribution from the scalar field DE density,
hich is �φ , as well as from the ne gativ e � , which is �� 

. This DE
ensity �de is positive at present as shown in Tables 1 , 3 , and 4 . In
ig. 6 , we also show the reconstructed evolution for ρde and ρde +
m for the CMB + BAO + H 0 combination for the wCDMCC model.
s one sees, the ρde settles to a small ne gativ e value in the past and

hen increases to a positive value in late times to give the necessary
ontribution for the DE. This ne gativ e ρde behaviour in the past is
onsistent with earlier studies by Bonilla, Kumar & Nunes ( 2021 ).
ut the total contribution ρm + ρde is al w ays positiv e, ruling out an y
ossible collapsing scenario in the past. 
The behaviour for ρde can also lead to another interesting feature

or models with AdS vacuum as considered here. Let us consider the
onservation equation for ρde : ρ ′ 

de = 3(1 + w de ) ρde / (1 + z), where
prime’ denotes the differentiation with respect to the redshift z.
s shown in Fig. 6 , ρde is a decreasing function with redshift z.
ence ρ ′ 

de < 0. In the early time, ρde < 0, hence (1 + w de ) > 0
esulting in a non-phantom equation of state for DE sector, whereas
t late times, ρde > 0, hence (1 + w de ) < 0 resulting in a phantom
quation of state for the DE sector. This shows that the DE sector
as a non-phantom-to-phantom transition as the Universe evolves.
ence, adding a ne gativ e cosmological constant in the DE sector

an result in phantom crossing. This may be the simplest way to
ncorporate phantom crossing in the DE equation of state. 

One should note that ours is a toy model for DE where we
odel ω φ using simple equation of state parametrization. This

esults in a phantom equation of state for the ρde as constrained
y the observational data. One can have a more realistic scenario
onstructed under string theory (Visinelli et al. 2019 ) where there
ay be multiple light bosonic degrees of freedom on top of a stable
dS vacua (Guo et al. 2005 ; Hu 2005 ; Saridakis & Weller 2010 ). An

xample of such scenario is string axiverse where we have multiple
oduli fields related to the shapes and sizes of the extra dimensions

Svrcek & Witten 2006 ; Arvanitaki et al. 2010 ; Cicoli, Goodsell
 Ringwald 2012 ; Visinelli 2017 ). The dynamics of these multiple

calar fields can give rise to an effective phantom equation of state
or the DE sector that results in the ρde behaviour as shown in Fig. 6 .
ut as the fields settle at the AdS ground state in future, the Universe
ill end up in an asymptotically AdS phase. The future Universe for

uch a scenario with ne gativ e energy density in future has recently
een studied in an interesting paper by Andrei, Ijjas & Steinhardt
 2022 ). 

 C O N C L U S I O N S  

lthough consistent with most of the cosmological observations, the
 CDM model has al w ays been a challenge for theoreticians because
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Table 4. Constraints (best fit, mean, and 1 σ error bar) on cosmological and model parameters for the combined 
data CMB + BAO + Pantheon + R21. 

Parameters � CDM wCDMCC cplCDMCC 

�m (0.3033)0 . 3043 + 0 . 0039 
−0 . 0042 (0.287)0 . 288 + 0 . 0063 

−0 . 0071 (0.292)0 . 289 + 0 . 0055 
−0 . 0061 

H 0 

(km s −1 Mpc −1 ) 
(68.32)68 . 2 + 0 . 31 

−0 . 32 (70.34)70 . 32 + 0 . 82 
−0 . 77 (69.89)70 . 25 + 0 . 67 

−0 . 69 

r d (147.2)147 . 3 + 0 . 2 −0 . 22 (147.3)147 . 1 + 0 . 21 
−0 . 22 (147.2)147 . 1 + 0 . 2 −0 . 21 

σ 8 (0.804)0 . 805 + 0 . 0026 
−0 . 0026 (0.833)0 . 834 + 0 . 0096 

−0 . 0097 (0.835)0 . 835 + 0 . 0086 
−0 . 0088 

τ re (0.0548)0 . 0556 + 0 . 0025 
−0 . 0026 (0.0554)0 . 0547 + 0 . 0028 

−0 . 0025 (0.0542)0 . 0547 + 0 . 0026 
−0 . 0027 

�φ – (3 . 191) 2 . 504 + 0 . 28 
−1 . 9 (1 . 206) 1 . 492 + 0 . 025 

−0 . 84 

�� 

– ( −2 . 479) − 1 . 792 + 1 . 90 
−0 . 29 ( −0 . 498) − 0 . 781 + 0 . 85 

−0 . 03 

�de (0.6966)0 . 6956 + 0 . 0042 
−0 . 0039 (0.7129)0 . 7119 + 0 . 0071 

−0 . 0063 (0.7079)0 . 7109 + 0 . 0061 
−0 . 0055 

w 0 – ( −1 . 02) − 1 . 04 + 0 . 035 
−0 . 013 ( −1 . 02) − 1 . 03 + 0 . 051 

−0 . 039 

w a – – ( −0 . 12) − 0 . 10 + 0 . 20 
−0 . 14 

M B ( −19 . 401) − 19 . 404 + 0 . 00929 
−0 . 00921 ( −19 . 362) − 19 . 363 + 0 . 0150 

−0 . 0151 ( −19 . 366) − 19 . 360 + 0 . 0166 
−0 . 0168 

Table 5. Evidences of different models for all data. 

Model χ2 AIC ln( z) � AIC � ln ( z) 

� CDM 3835.73 3901.73 −1944.75 0 0 
wCDMCC 3823.58 3893.58 −1940.96 −8.15 + 3.79 
cplCDMCC 3824.29 3896.29 −1942.82 −5.44 + 1.93 

Figure 3. Combined likelihood and contour plots (68 per cent and 
95 per cent ) of different models for CMB + Pantheon + BAO + R21 data com- 
bination. 
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Figure 4. Combined likelihood and contour plots (68 per cent and 
95 per cent ) of different models for CMB + Pantheon + BAO + R21 data com- 
bination. 
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f the presence of a dS vacua. It is difficult to construct in string
heory and the recent swampland conjecture put it in tight spot. But
ith current 5 σ inconsistency between the local measurement of H 0 

y SH0ES (R21) and that by Planck using CMB, the � CDM model
eems to fall from its preferred position in terms of observational 
onsistency and this has opened up the opportunity to revisit the 
uintessence models and to consider DE models with AdS vacua, 
hich are more natural in string theory. As already mentioned in the
ntroduction, the goal of this study is not to solve the H 0 tension with
he introduction of AdS vacua in the DE sector, rather to see whether
E with AdS vacua is consistent with cosmological observation 

ncluding the local R21 measurement of H 0 . 
In our study, we parametrize the quintessence models with two 
ost widely used DE representations in the literature and add a non-

ero vacua (in terms of a � that can be either positive or negative)
nd use the CMB likelihood, the latest H 0 measurement (R21) as
ell as the Pantheon and BAO data to constrain the parameter space

s well as compare such models with � CDM. 
For wCDMCC, both CMB and CMB + BAO data result in sub-

tantial increase in the constraints for H 0 , decreasing the tension
ith the local R21 measurement to around 2 σ . This allows us to add

he local measurement of H 0 (R21) to CMB + BAO. The combined
MNRAS 518, 1098–1105 (2023) 
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Figure 5. Same as Fig. 4 but with M B prior. 

Table 6. χ2 
min , � AIC, and Bayesian evidences for � CDM and wCDMCC 

for CMB + Lensing + Pantheon + BAO + M B data combination. 

Model χ2 
min � AIC log ( Z) 

� CDM 3833 – −1941.97 
wCDMCC 3824 −5.0 −1942.04 

Figure 6. Reconstruction of ρde /3 H 
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MB + BAO + H 0 data show that the wCDMCC model is decisively
a v oured o v er � CDM, confirming the consistenc y of the presence
f AdS vacua (in terms of ne gativ e � ) in the DE sector with the
osmological data. Interestingly, the constraint on r d parameter is
ompletely consistent with the Planck -2018 constraint for � CDM
howing that the early Universe physics is unaffected. 

Adding SN Pantheon data with CMB, we get a H 0 constraint that
s within 3 σ from the local R21 result. This is not as good as the
esult for the CMB + BAO combination but still much better than
he 5 σ tension in the � CDM model. With this, we consider the full
ata combination CMB + BAO + H 0 + SN and show that models with
dS vacuum for the DE sector are consistent with the cosmological
bservations and are fa v oured o v er the � CDM model. 
In 1998, the SNIa observations surprised us with the confirmation

f an accelerating Universe and the presence of DE. Again, after two
ecades, lo w-redshift SNIa observ ations gi ve us the H 0 measurement
hat is in 5 σ conflict with Planck results assuming the � CDM model,
he ‘holy grail’ for cosmologists. This has the potential to reveal
nother surprising aspect of our Universe. Can it be the presence
f a ne gativ e � in our Univ erse? We show that this may indeed be
rue. This can have far-reaching implications in DE model building,
specially while addressing the different cosmological tensions in the
ealm of string theory. Our results can be potentially the first cosmo-
ogical signature of an aspect of string theory, namely the existence
f a ne gativ e � . Moreo v er, as the Univ erse is asymptotically AdS,
ne can have interesting consequences related to the future light-
one structure of the Universe. This can open up many interesting
irections for future research. 

C K N OW L E D G E M E N T S  

he authors thank Dhiraj Hazra, Sunny Vagnozzi, Eleonora de
alentino, Akash Garg, Gaurav Goswami, and Ruchika for useful
iscussions and helpful suggestions. AAS acknowledges the funding
rom Science and Engineering Research Board (SERB), Govt of
ndia under the research grant no: CRG/2020/004347. SAA is funded
y University Grants Commission (UGC’s) non-NET Fellowship
cheme. The authors also acknowledge the use of High Performance
omputing facility Pegasus at IUCAA, Pune, India. 

ATA  AVAI LABI LI TY  

he data that support the findings of this study are available upon
easonable request. 

EFERENCES  

bdalla E. et al., 2022, J. High Energy Astrophys. , 34, 49 
kaike H., 1974, IEEE Trans. Autom. Control , 19, 716 
karsu O., Barrow J. D., Escamilla L. A., Vazquez J. A., 2020, Phys. Rev. D ,

101, 063528 
lam S. et al., 2017, MNRAS , 470, 2617 
lestas G., Kazantzidis L., Perivolaropoulos L., 2020, Phys. Rev. D , 101,

123516 
lestas G., Camarena D., Di Valentino E., Kazantzidis L., Marra V., Nesseris

S., Perivolaropoulos L., 2022, Phys. Rev. D, 105, 063538 
lestas G., Kazantzidis L., Perivolaropoulos L., 2021, Phys. Rev. D , 103,

083517 
nchordoqui L. A., Antoniadis I., L ̈ust D., Soriano J. F ., T aylor T. R., 2020,

Phys. Rev. D , 101, 083532 
ndrei C., Ijjas A., Steinhardt P. J., 2022, Proc. Natl. Acad. Sci. , 119, 15 
rvanitaki A., Dimopoulos S., Dubo vsk y S., Kaloper N., March-Russell J.,

2010, Phys. Rev. D , 81, 123530 

art/stac2796_f5.eps
art/stac2796_f6.eps
http://dx.doi.org/10.1016/j.jheap.2022.04.002
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1103/PhysRevD.101.063528
http://dx.doi.org/10.1093/mnras/stx721
http://dx.doi.org/10.1103/PhysRevD.101.123516
http://dx.doi.org/10.1103/PhysRevD.103.083517
http://dx.doi.org/10.1103/PhysRevD.101.083532
http://dx.doi.org/10.1073/pnas.2200539119
http://dx.doi.org/10.1103/PhysRevD.81.123530


Cosmology with a negative � 1105 

A

B  

B
B
B  

B
B
C  

C  

C
C
C  

C  

C
C  

D  

D  

D
D  

D  

D
D
D
D  

D  

D  

E
E
F
F
G
G  

G  

G
H  

H
J
K
K  

L
L
M
N
N
O

O
P
P
P
P
P
P
P
P
P  

R
R
R  

S
S
S  

S
S
S
T
V
V
V
V
V
V
W
Y  

Y
Y
Z

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1098/6754329 by Ahm
edabad U

niversity user on 09 J
udren B., Lesgourgues J., Benabed K., Prunet S., 2013, J. Cosmol. Astropart. 
Phys. , 2013, 001 

anerjee A., Cai H., Heisenberg L., Colg ́ain E. Ó., Sheikh-Jabbari M. M.,
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