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» Motivation



Spatially-flat models

» A\CDM model

* Fine-tunning problem
* Coincidence problem

»Dynamical dark energy models
* pp varies with time

» Alleviate Hubble tension and og tension



Non-flat universe

> Planck 2018 data favor closed universe at more than 99% confidence
level.
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Non-flat models

» () is also dynamical.

* There is degeneracy between ) and other
parameters.

» Motivate us to study on dynamical dark energy
models in non-flat universe and find constraints of
cosmological parameters.
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»Running vacuum model (RVM) in non-flat universe



Friedmann equations

» Einstein’s equation is reduced to Friedmann equations in
homogeneous and isotropic universe.
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Running vacuum model (RVM)

»Running vacuum model (RVM)
p is defined as a function of the Hubble parameter

p transfer energy to matter and radiation as the evolution of the universe

>»RVM in flat universe
|
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>»RVM in non-flat universe
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Running vacuum model (RVM)

»Energy exchanges between components
JG.I]i'i.i" _l_ SH{I LB Hli'i'-!.i".::lpi'ﬂ.i" — {'E?i'-!.i" .

pa+3H(1 +wn)pa = —Q,

» Evolutions of energy densities
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»The component of p, in RVM is the same in flat and non-flat
universe
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Method to find constraints

> CAMB package

* Code for Anisotropies in the Microwave Background

* Solve Boltzmann equations and compute theoretical CMB
power spectra and matter power spectrum with a given
set of cosmological parameters.

* We modify the background density evolutions and
evolution of the density perturbation.



Theoretical CMB power spectra
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» RVM will reduce to ACDM when v =
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» 0.0 <v<0.001and 0.0 > Qg > —0.01 fit well to Planck 2018 data.



Theoretical CMB power spectra
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» Residues with respect to ACDM in flat universe.
» Degeneracy between v = 0.001,Q, = 0.0 (green solid line) and
v=20.0,Qr = —0.01 (purple dashed line).
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Method to find constraints

» CosmoMC package .
* Markov-Chain Monte-Carlo (MCMC) engine

* Fit the model from the observational data and give the
constraints on cosmological parameters.



Method to find constraints

 Data sets
e CMB: Planck 2015

(TT, TE, EE, lowTEB, low-| polarization from SMICA)

* BAO: baryon acoustic oscillation data from 6dF Galaxy
Survey and BOSS

* SN: supernovae data from (JLA) compilation
* WL: weak lensing data form CFHTLenS
* fog data



G

obal fitting in non-flat universe

Parameter CMB+BAO-+5N
CMB+BAO+SN
+WL+ fog
Model RVM ACDM RVM ACDM
10092,h* |2.22 + 0.05(2.24 + 0.05| 2.21 +0.05 |2.22 4 0.05
1002.h% | 118 +04 | 118404 | 11.8+04 |[11.84+04
1007 | 116733 | 123733 | 9.0f84 | 10.816)
1030 | 1.681700 | 0327950 | 702708 | 703188
Yim, | <0434 | <0.395 | 041670411 0.497+0380
10%w < 1.50 — < 1.65 —
Hy 67.6'15 | 67812 | er6tly | er.7'ld
o 1083670003 [0.8437005210.759 + 0.039 {}.Tﬁﬂ'_"ﬂ:m

]
Xbest— fit

2039.18

20038.45

2089.66

2089.66

Constraint at 99% C.L. ( v constraint in 68% C.L. )

»|n non-flat universe, RVM and ACDM
are in consistent with y* fitting.

»The ogg tension between data sets is
alleviated in RVM.



G

obal fitting in non-flat universe

Parameter CMB+BAO+SN
CMB+BAO+SN
+WL+ fog
Model RVM ACDM RVM ACDM
10092,h* |2.22 + 0.05(2.24 + 0.05| 2.21 +0.05 |2.22 4 0.05
1002.h% | 118 +04 | 118404 | 11.8+04 |[11.84+04
1007 | 116733 | 123733 | 9.0f84 | 10.816)
1%, | [1.684755 | 032759 | 7027780 | 703165 ]
Xm,, | <0434 | <0.395 | 04161070 04977050
104w |{:_1-m} - < 1.65 — |
Hy 67.6'15 | 67812 | er6tly | er.7'ld
o |0.83670 003 [0.8437005210.759 + 0.039[0.756 15030

]
Xbest— fit

2039.18

2038.45

20089.66

2089.66

Constraint at 99% C.L. ( v constraint in 68% C.L. )

»We constraint v < 0(10™%)
and |[Qg| < 0(107%) for RVM in
non-flat universe.

»Compare with RVM in flat
universe in previous work:

* The constraints of v and ), m,, is
relaxed in non-flat universe.

* The constraints of v and ), m,, is
of the same order as in flat
universe.
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Non-zero lower bound of neutrino

A — mass ( Y. m, >0.009 eV for RVM and
] Y. m, >0.110 eV for ACDM ) when fit
1 .— [ | with CMB+BAO+SN+WL+f gg data
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Conclusion

> In non-flat universe, RVYM and ACDM are in consistent with y? fitting.

»The constraints of v in RVM does not broaden significantly when
curvature is involved.

» Involvement of curvature provide us a chance to get non-zero lower
bound of neutrino mass in cosmological models.
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