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ABSTRACT

We demonstrate that the thermodynamics of a perfect fluid describing baryonic mat-
ter can, in certain limits, lead to an equation of state similar to that of dark energy.
We keep the cosmic fluid equation of state quite general by just demanding that
the speed of sound is positive and less than the speed of light. In this framework,

we discuss some propositions by looking at the asymptotic behaviour of the cosmic
fluid.

Keywords: Dark energy — perfect fluid thermodynamics

1 INTRODUCTION

In this work we attempt to tackle the issue of dark energy (see, e.g., Peebles and Ratra,
2003) by considering just usual baryonic matter in an ever-expanding Universe. We try to
keep the investigation’s assumptions as general as possible. Thus, we do not specify the
equation of state (EOS) and we avoid to limit the study to a specific spacetime. In this
framework the baryonic matter is described by an irrotational relativistic perfect fluid. For
our analysis we follow a perfect fluid formalism introduced by Lichnerowicz (1967) and
Carter (1979), which in recent works was employed mainly for neutron stars (see, e.g.,
Gourgoulhon, 2006; Markakis et al., 2017).

In particular, we consider a perfect fluid in an equilibrium configuration with proper
energy density €. The state of the fluid depends on two parameters, which can be taken
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to be the rest-mass density p and specific entropy (entropy per unit rest-mass) s. Then the
EOS of the fluid is given by a function

e=¢€(p,s) . @)

From Eq. (1) one can derive the first law of thermodynamics:

de = 1 Td(sp). @
my

where my, denotes the rest mass of a baryon and u is the baryon chemical potential. The
pressure p and specific enthalpy 4 are functions of p and s entirely determined by Eq. (1):

p:—e+st+ﬁp, 3)
my
+
h::—e p=£+TS. (4)
P My

Note that Eq. (3) can be obtained by the extensivity property of the energy density, while
the second equality of Eq. (4) comes from Eq. (3). Now Egs. (2) and (4) yield the thermo-
dynamic relations

de=hdp+pTds, (5
dp=pdh—pTds. 6)

Moreover, writing i = h(p, s) and differentiating yields

he? h

dn = " g0 4 M gy %)
P Osl,

where
op p Oh

2 _ Y/ 2=

“T Bel,” nopl, ®

is the speed of sound. In order to ensure causal evolution, given the upper bound for signal
propagation set by the speed of light, physically admissible fluids should have

2

0ssi<ci<l, ©)

where 52, is an arbitrarily close to zero cut-off value for the speed of sound.
A simple perfect fluid is characterized by the energy-momentum tensor

Taﬁ = hp”auﬂ + pgaﬁ =(e+p) uauﬁ + pgaﬁ s (10)

where g,z is the spacetime metric and u* is the timelike vector tangent to the fluid’s flow,
satisfying the normalization condition #“u, = —1. Such energy-momentum tensor is the

<K < >» >» ew? 0%



Probing dark energy through perfect fluid thermodynamics 177

source in Einstein’s field equations (EFE) G2 = T,”, which are assumed to hold through-
out this work. By taking the covariant divergence of EFE, the doubly contracted Bianchi
identities V4G,” = 0 assure the covariant conservation of energy-momentum

VsT.k =0, (11)

which is the relativistic version of Euler equation. Using Eq. (6) with variation evaluated
along the flow lines (d — u®V,) and thanks to the normalization of the timelike vector u®,
eq.(11) takes the form

VaT" = psVa (o) + p [u"Qup — TVps| = 0, (12)

where p, = hu, is the canonical momentum of a fluid element, and its exterior derivative
Qup = Vopg — Vgpo is the canonical vorticity 2-form. If we assume the rest-mass (or
baryon) conservation

Vo (ou®) =0, (13)
Eq. (12) yields the relativistic Euler equation in the canonical form:
anaﬁ = TVﬁS . (14)

Contraction of eq. (14) with the four-velocity #® makes the left-hand side vanish identi-
cally.! Hence the specific entropy is constant along the flow lines:

u'Vos =0. (15)

This reflects the fact that the Euler equation describes adiabatic flows, i.e. there are no heat
fluxes in the fluid nor particle production. The adiabatic character of the fluid as expressed
by Eq. (15) is a consequence of assuming rest-mass conservation Eq. (13).

2 THERMODYNAMICAL RELATIONS FOR AN IRROTATIONAL FLUID

The condition for irrotational fluid flow is Q. = 0, and implies through Eq. (14) that the
specific entropy is constant, i.e. ds = 0. The fundamental relations Egs. (5)-(7) reduce to

hc?

dh= —dp, (16)
Je

de = hdp, (17

dp=pdh. (18)

' This is because the left-hand side, after contraction with «®, ends up being a product of the symmetric term
u®1? with the antisymmetric 2-form Q.
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Using the limits set by Eq. (9) and making the reasonable assumption that the rest-mass

density is a positive quantity, since we consider fluid composed only of baryonic matter,
we arrive through Eq. (16) to

P 2dy P 244 o 4. 2,
f s’”cfp < f Csd,p < f dii = (ﬁ) < h <L, (19)
o P P o P P1 hi ~ pi

where index “1” refers to the integration constants of the specific fluid with equation of state
described by the speed of sound ¢2, not by the lower bound and upper bounds of Eq. (9).

sp—1
Note that we have assumed that dp > 0. Eq. (19) implies (ﬁ) < 1, which gives that
P1

p1 < p, since 52, < 1, i.e. the integration constant p; corresponds to the minimum of the
allowed values for the rest-mass density of the fluid. Moreover, inequality (19) implies
that 2/h; > 0. At this point we do not make any assumption about the sign of the specific
enthalpy.

Because of Eq. (17), Eq. (19) results in

o1 0 s2+1 e—a _pllp 2
— 1< <—=|=] -1}, 20
L+s5, (Pl) hi T2 (pl) } (20)
where f hdp’ = f de’ was employed.
From Eqs (16) and (18) we get
dp = c2hdp. 2n

Taking into account Eq. (21), from Eq. (19) and Eq. (9) we have

2 P 1 P 1 P

s—;’; p'Sndp’ < W chdp’ < — f p'do’

Pl Jo 1 Joy P

o1 [ p\**! p=n _pil(p\

T [N ] P Y- [ I 2
1+s5, (Pl) oo 2 (pl) (22)

0 P
where f cthdp’ = f dp’ was employed. Since p > pj, inequality (22) gives that

P1 Pi
(p—p1)/h = 0, while inequality (20) gives that (e—¢€;)/h; > 0. For p = py, Egs. (19), (20),
(22) reduce to h = hy, € = €], p = p; respectively, which is trivial but self-consistent.
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2.0.1 Assuming constant speed of sound

Assuming ¢? is independent of specific enthalpy, i.e. constant, then by following similar
steps as for arriving to the inequalities (19), (20), (22), we get

1 P l+cf
—€ = h||— -1/, 23
€ — €] 1+C%PI 1 (,01) } ( )
2 0 1+¢?

—-p = 3 h || — -11, 24
p—D 1+C§P1 1 (p1) } (24)
which leads to
p=ci(e—€) +pi. (25)

Note that if one changes the equation of the state of the fluid, i.e. ¢2, the integration con-
stants denoted with “1” change as well.

3 ASYMPTOTIC BEHAVIORS
3.1 Rest-mass density

The rest mass conservation (13) can be rewritten as:

p+p0=0, (26)

where 8 = V,u” is the expansion scalar of the congruence u®, = = u®V, denotes the
derivative with respect to a relevant time parameter ¢ along the congruence u®. Integrat-
ing Eq. (26) along the time parameter ¢ leads to

t / /
- [, o ae ,

pP=poe 27

with initial condition p(%y) = pg.

Proposition 1. For a perfect fluid moving along an expanding congruence with conserved
positive rest-mass, the rest-mass density vanishes asymptotically, p — 0%, in the limit
t — oo,

Proof. Since we have an expanding congruence, there exists a k > 0, such that 8 > k.
Eq. (27) then leads to

p=poe Jynrar poe Jykar _ po e X 50 for t— 0. (28)

Since p > 0, one has p — 0* for t — oo, i.e. the rest mass density asymptotically
vanishes. =
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Proposition 1 and the fact that p; < p suggests that p; must be an infinitesimally
small positive quantity, i.e. p; = 0*. Moreover, Proposition 1 implies that for t — oo
Egs. (23), (24) derived for a fluid with constant non-zero speed of sound lead to

1
e~ ———pihi, 29
€—€ 1+C%P1 1 (29)
2
- ~ -7 hy . 30
p—pr=—T P (30)

N

To show an interesting implication of these relations, let us fix the constants of integration
by considering the vanishing pressure limit, p; = 0. In this limit, one typically imposes
that the specific enthalpy is equal to unity. Then, the relation € + p = ph, for p = p; = 0
and h = hy = 1, implies

€ =p1. €19}

With these constraints on the constants, we obtain the following expressions for
Eqgs. (29), (30):

2

€1 C§
"1 2’ 42
€] C%
€= TCQ . (33)

It is immediately evident that Eq. (33) represents a constant positive contribution to the
energy density for any ¢ > 0, if ¢ = p; > 0. In a cosmological context such term behaves
like a cosmological constant, since p = —e. This has been already noticed for the case of
the stiff fluid (¢, = 1) by Christodoulou (1995).

Applying proposition 1 on the inequalities (20), (22) and using the (31) choice for fixing
the constants, we arrive at:

2
€15, €1
M e —— 34
1+s2 2P>72 (G4
2

€15, €]

<e<s —. 35
1+s2 2572 (35

m

Eq. (35) still implies a constant positive contribution to the energy density for t — oo, but
Eq. (34) is only possible if €, = 0, since si < 1. Thus, we are led to €; = 0, which means
that Egs. (34), (35) respectively lead to p ~ € ~ (0. Moreover, since the above inequalities
include the constant speed case as a subcase, then €, = 0 for Egs. (32), (33), so they do
not imply the existence of a cosmological constant. On the other hand, this result might be
suggesting that the choice (31) we have made to fix the constants is not the proper one.
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In fact if we do not fix the constants, according to Proposition | the inequalities (19),
(20), (22) reduce to

h
— =~ 0, 36
I (36)
P1 €— € P1
_ < < -5, 37
1+~ b ~ 2 37
2 —
SmP1 < P~ Di < _P1 (38)

1+ T2

Again because of 52, < 1, Eq. (38) can hold only if p; is exactly zero. Note that even if s,
was equal to zero p; had to be zero as well. By not allowing the rest mass energy density
to acquire the zero value, we have arrived to a contradiction. If one would allow it, then
it would not be possible to derive the inequalities in Sec. 2. To resolve this contradiction,
one might claim that the relations derived in Sec. 2 hold only for finite time intervals, i.e.
they do not hold for # — oo. To discuss the asymptotic behaviors, we need propositions
like Proposition 1.

3.2 Enthalpy

Evaluating the thermodynamic relation Eq. (7) along the flow lines, and implementing
Eq. (15), yields the relation

e
u'Voh = —uVyp, 39)
Jo

which can be used to rewrite the rest-mass conservation equation (13) as

0=V, (ou®) (40)
Pl a «
“h2 (uVah + he?Vou®) . (41)

The continuity equation for the rest-mass density as expressed by Eq. (41) is
h=-c6h, 42)
For generic time-dependent speed of sound and expansion scalar, one then has

) e)dr

h=hye b€ (43)

with initial condition h(zy) = hy.

3.2.1 Strong Energy Condition

Proposition 2. Consider a perfect fluid moving along an expanding and isotropic congru-
ence, with conserved rest-mass and satisfying the Strong Energy Condition (SEC); then if
the speed of sound is a function of time defined in the interval (0, 1], in the limit t — oo one
necessarily has € —» 0 and p — 0.
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Proof. The equation of rest-mass conservation can be rewritten in the form Eq. (42),
whose general solution is given by eq.(43). We would like to evaluate the behavior of
h in the limit when ¢ — oo by obtaining an upper and a lower bound.

Lower bound. First of all c%(t) € (0, 1], so we can write

hehge Jo @aeadr > hoe Jyorar (44)
Secondly, the Raychaudhuri equation for an isotropic timelike congruence u® reads

, 1

0=— (592 + R(,[glztalztﬁ) . (45)
Because of the SEC, the last term is positive. Hence we get the inequality

, 1,

0< —36’ . (46)

Integration of such inequality gives

360

0 < , 47
T 346yt ( )
with 8y = 6(tp). Applying such bound to the rightmost term of Eq. (44) gives
h>hye [; o) dr' S hye ’(’) % dr 48)
3
3 + ot
= hy 901 50 for t— 0.
3+ Gyt

Hence i > 0 for t — oo.

Upper bound. By assumption, the product c2(¢)6(t) is strictly positive: hence there exists
a constant k > 0 such that c2(1)6(¢) > k > 0 for any finite time. The function / can then be
bounded from above in the following way:

_ (" 2 N dy _( ,
h=hoe f/nc,(t)e(mdz <he flokdt

=hye ™ 50 for t— 0. (49)

Hence h < 0 for t — oo.

Putting together the results of both bounds, we find that 4 = 0 in the limit t — oo.
At the same time p — 0 in the same limit, because of Proposition 1. Thus, one has that
h= E;—p — 0 implies that p + € — 0.

Lastly, the SEC requires p + %E > 0: the only case in which the condition p + € — 0 is

consistent with this bound is when both € — 0 and p — 0 (left panel of Fig. 1). O

Note that Proposition | by itself could not lead to p + € — 0, since the asymptotic
bounded value of the specific enthalpy was not guaranteed.

Proposition 2 is a general statement about the impossibility for a “well defined” isotropic
perfect fluid satisfying the SEC to have a non-trivial pressure asymptotically. Hence, in the
following propositions we drop SEC and specialize to a spatially flat Friedmann-Robertson-
Walker (FRW) spacetime.
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Figure 1. Left panel: The plane of allowed EoS assuming SEC, Proposition 2. Right Panel: The
plane of allowed EoS assuming bounded rate of congruence expansion, Proposition 3. In both panels
we assume that the energy density is € > 0.

3.2.2 Bounded Rate of Expansion

Proposition 3. Consider a perfect fluid moving along an expanding congruence in a flat
FRW spacetime, with conserved rest-mass and a rate of expansion bounded by E; then if
the speed of sound is a function of time defined in the interval (0, 1], in the limit t — oo one
has € + p — 0, without necessarily e - 0and p — 0, and 0 < E.

Proof. The upper bound stays the same as in Proposition 2, so i < 0 for t — oco. Lower
bound. A positive, but bounded rate of congruence expansion means that § < Z, thus
0(t) < E(t — tp) + 6. Then, Eq. (44) gives

h>hye fru oy dr Shoe ffo (1—19)+6pdr’
= g e GO0 240010) 0 for  f— o0, (50)
Putting together the results of both bounds, we find that 2 = 0 in the limit # — oo. Thus,

again one has that p + € — 0.
However, from the isotropic Raychaudhuri Eq. (45) we have:

1 3
- (592 +Rwﬁuauﬁ) czoJerpsE, 51)

where we used Friedmann equation §% = 3e. Thus, in this case the solution € — 0, p—0
is not the only allowed to have € + p — 0 (right panel of Fig. 1). Actually, p — —e implies
that 0 < E. O
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Note that proposition 3 allows an exponential growth for FRW

38 2 0= Bt~ 10) + 6y = a < aye®I0 P03
a

even if 2 = 0. Thus, to have exponential growth the minimal requirement is that § < 0.

4 SUMMARY

Starting from a general thermodynamical treatment of usual matter, in the form of an ir-
rotational perfect fluid, our investigation indicates that a constant speed of sound for usual
matter is not a viable way to provide a cosmological constant. We have given a formal
proof that if the strong energy condition holds, usual matter cannot provide negative pres-
sure. Moreover, we have provided a formal proof that for a flat FRW spacetime containing
only usual matter, for which the strong energy condition is violated, negative pressure is
possible .

ACKNOWLEDGEMENTS

G.L-G is supported by Grant No. GACR-17-06962Y of the Czech Science Foundation.
G.A. is supported by Grant No. GACR-17-16260Y of the Czech Science Foundation. C.M.
is supported by the European Union’s Horizon 2020 research and innovation programme
under the Marie Sktodowska-Curie grant agreement No 753115.

REFERENCES

Carter, B. (1979), Perfect fluid and magnetic field conservation laws in the theory of black hole
accretion rings, in C. Hazard and S. Mitton, editors, Active Galactic Nuclei, pp. 273-300.

Christodoulou, D. (1995), Self-gravitating relativistic fluids: A two-phase model, Archive for Ratio-
nal Mechanics and Analysis, 130, pp. 343—400.

Gourgoulhon, E. (2006), An introduction to relativistic hydrodynamics, in M. Rieutord and
B. Dubrulle, editors, EAS Publications Series, volume 21 of EAS Publications Series, pp. 43-79.

Lichnerowicz, A. (1967), Relativistic Hydrodynamics and Magnetohydrodynamics, New York: Ben-
jamin.

Markakis, C., Urya, K., Gourgoulhon, E., Nicolas, J.-P., Andersson, N., Pouri, A. and Witzany, V.
(2017), Conservation laws and evolution schemes in geodesic, hydrodynamic, and magnetohydro-
dynamic flows, Phys. Rev. D, 96(6), p. 064019.

Peebles, P. J. E. and Ratra, B. (2003), The cosmological constant and dark energy, Rev. Mod. Phys.,
75, pp. 559-606.



	Introduction
	Thermodynamical relations for an irrotational fluid
	Asymptotic behaviors
	Rest-mass density
	Enthalpy

	Summary

