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aTas “play essential roles in laying
. nusl=8Y hesis_ and even dictating the
A E=scale structure. Taking advantage of
lopments ‘in ultrarelativistic nuclear
nd*=monperturbativ and perturbative

e\hxergy -density; -bulk ° viscosity,
anc perature havesbeen calculated
2 =a J%_ih which the pessible influence of
aViscosity is characeterized for the first time .
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Main Problem and Questions
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(Non)Perturbatice Simulations

Tawfik, A.N.; Mishustin, . Equation of State for Cosmological Matter at and beyond QCD and
Electroweak Eras. | Phys. 2019, Gd6, 125201, [arXiv:hep-ph/1903.00063]. doi:10.1088,/1361-
6471/ abdid4d.
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Equations of State: Pressure

Tawfik, A.N.; Mishustin, . Equation of State for Cosmological Matter at and beyond QCD and
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Equations of State: Pressure
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Asymp. :

p(t) = 73p(t),

i where 3 = 0.3304 + 0.0236.

Hadron :
QCD/EW :

MatureS 300 2006069 SUSILOQCD
NatureS3%(2016)69: SU(6)g"
JOAPOT 2] 50035

JEL

)
woee  1x10®  1x1e® 0™ e o™ oixie'®

p [GeVitm®|

& + JE'II"‘}“.}:
ay + Bap(t) + v2p(1)%,




Equations of State: Temperature

T(t) = ag + Pap(t)™4,

where oy = 0.048 £ 0.001, B4 = 0.13 £ 2 X 1074, and 94 = 025+ 8 x 107
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Viscous Properties

Tw=(+p+ID)uu’ — (p+11)gu,

where p is the energy density, p is the thermodynamic pressure, I1 is the bulk viscous pressure,
and 1, is the four velocity satisfying the normalization condition uyu = 1. The bulk pressure
[T can formally be included in the thermodynamic pressure pgss = p + I'1. We shall discuss on
how to evaluate I, concretely the bulk viscous pressure, in framework of Eckart (first-order),
section 4.2, and Israel-Stewart (second-order) theories, section 4.3, for relativistic viscous
cosmic fluid.

For number density n, specific entropy s, finite temperature T, bulk viscosity uwfﬁuent{,,
and relaxation time 1, the par ticle and entropy fluxes are to be related to each other as Nt = ¢
and §' = sN' — (7l 12/22T)ul, respectively. It should be emphasized that the evolution of the
cosmological fluid is subject to the dynamical laws of particle number conservation N'; = 0
and Gibbs" equation Tdp = d(p/n) + pd(1/n) [18]. In what follows, we assume tlmt the
energy-momentum tensor of the cosmological fluid is locally conserved, i.e. T.!- = 0, where ;
denotes the covariant derivative with respect to the line metric.




Bulk Viscosity
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Z(t) =dy + dap(t) + dap(t)™,
{(t) = e +eap(t),
{(t) = fi+ fap(t)P.




Relaxation Time

Hadron — QGP:  T(t) = g1 + g2 exp(—g30(t)34),

“\_ LT A LR ) J'rh

| CD : t) =1 = :

| %\ ; gy o hs + lng{h#}{!)}
EW:  T(t) = kip(t)2 log(ksp(t)),

Lox10™ F

Nature 339 2016)69: SUSILOCD —a—
Nature339( 2016)69: SU(6)e® —=
JUAPUT 205035

Lis1o 'l“:;'_»JJ‘P;E R : -

1[GeV)

K
N . . . " = . = " m. |1‘ H. =
XL | LM TN Ix10 Ix 10 Ix10 1107 Ix 1 Ixlo

-
P [ mT |



Early Universe Evolution: Hadron

H(t)? —
alt)=

H(t) + H(t)? (£) +3Pate(n| +

At vanishing bulk viscosity, I1(t) = 0, the effective pressure pese(t) = p(t) + I1(#) can
be simplified as the thermodynamic pressure p(f). Then, the Friedmann equation (6) can be
rewritten as

i(t)a(t) —a(t)? + ant[p(t) + ,1-1{f_]]m:a‘}E —k ' (11)

which can be solved if combined with set of closed equations, such as Eq. (4) and suitable EoS

—_— 1/(1=C4)
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Early Universe Evolution: QCD-EW

d(t)a(t) + Cy a(t)* + Cy a(t)* + C1 k + 4my-a(t)
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Early Universe Evolution: Asymp.

, S 47t _
H(t)+ H(¢)* —= [P{_H + 3Pess (s }} g sl
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for which the Hubble parameter can be ::_,ivt-n as

H() = {caa(t)2C - [
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Results: Non-viscous fluid

Vanishing Cosmological Constant

Finite Cosmological Constant
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Results: iscous fluid

Vanishing
Cosmological Constant
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Conclusions

The analytical solutions for relaible EoS, in which
as much as possible contributions from both
standard model for elementary particles and
standard model for cosmology are taken into
consideration, are sophisticated.

For Eckart theory, the only possible solutions
relates the Hubble parameter with the scale
factor, but none of them could be directly given
in terms of the cosmic time.

For Israel-Stewart theory, the resulting
differential equations are found higher-ordered
nonlinear nonhomogeneous so that no analytical
solution could be proposed, so far.




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16

