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� Springer Science+Business Media Dordrecht 2017

Abstract Macroscopic irreversible processes emerge from fundamental physical laws of

reversible character. The source of the local irreversibility seems to be not in the laws

themselves but in the initial and boundary conditions of the equations that represent the

laws. In this work we propose that the screening of currents by black hole event horizons

determines, locally, a preferred direction for the flux of electromagnetic energy. We study

the growth of black hole event horizons due to the cosmological expansion and accretion of

cosmic microwave background radiation, for different cosmological models. We propose

generalized McVittie co-moving metrics and integrate the rate of accretion of cosmic

microwave background radiation onto a supermassive black hole over cosmic time. We

find that for flat, open, and closed Friedmann cosmological models, the ratio of the total

area of the black hole event horizons with respect to the area of a radial co-moving space-

like hypersurface always increases. Since accretion of cosmic radiation sets an absolute

lower limit to the total matter accreted by black holes, this implies that the causal past and

future are not mirror symmetric for any spacetime event. The asymmetry causes a net

Poynting flux in the global future direction; the latter is in turn related to the ever

increasing thermodynamic entropy. Thus, we expose a connection between four different

‘‘time arrows’’: cosmological, electromagnetic, gravitational, and thermodynamic.

Keywords Black holes � Irreversibility � Cosmology

1 Introduction

Physical laws are regular patterns in the occurrence of events. Events, in turn, are changes

in the properties of things (Bunge 1967). It is a remarkable fact that all formal represen-

tations of the fundamental laws of physics are invariant under the operation of time
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reversal, whereas macroscopic processes are not symmetric with respect to time. There

seems to be a preferred direction for the occurrence of events, the so-called arrow of time.1

Invariably, the ultimate fate of all things is a state of equilibrium, of maximum entropy as

expressed in the Second Law of Thermodynamics. How is possible that irreversible

macroscopic processes can emerge in a universe where all fundamental physical laws are

of reversible character?

As pointed out by Gold (1962) and Penrose (1979), the origin of the irreversibility is not

in the laws but in the initial and boundary conditions under which the laws operate. But

how is possible for conditions that are of global nature to enforce local proceses as those

represented by the laws of thermodynamics?

The physical interactions that dominate on medium (human) scales are those of elec-

tromagnetic origin. The strong and weak interactions are of very short range. Gravity,

instead, rules on cosmological scales; it is extremely weak in comparison with electro-

magnetism on short ranges. If there is a global-to-local connection that enforces irre-

versibility, it should manifest as some kind of coupling between gravitational and

electromagnetic interactions.

The electromagnetic radiation field can be described in terms of a four-potential Al,

which satisfies Maxwell’s equations in the Lorentz gauge:

omomA
lðr; tÞ ¼ 4pjlðr; tÞ; ð1Þ

where we take c ¼ 1 and jl denotes the four-current.

The solution Al is a functional of the currents jl. Equation (1) admits both retarded and

advanced solutions:

A
l
retðr; tÞ ¼

Z
Vret

jl r; t � r� r0j jð Þ
r� r0j j d3r0; ð2Þ

A
l
advðr; tÞ ¼

Z
Vadv

jl r; t þ r� r0j jð Þ
r� r0j j d3r0: ð3Þ

The two functionals of jlðr; tÞ are related to one another by a time reversal transformation.

Solution (2) is contributed by currents in the causal past (Vret ¼ J�ðpÞ) of the spacetime

point pðr; tÞ, and solution (3) by currents in the causal future (Vadv ¼ JþðpÞ) of that point.
We assume here Sommerfeld radiation condition, that makes source-free radiation null,

and hence the total border contribution to the solutions is zero.

The linear combinations of electromagnetic solutions are also solutions, since the

equations are linear and the Principle of Superposition holds. It is usual to consider only

the retarded potential as physical meaningful in order to estimate the electromagnetic field

at any arbitrary point pðr; tÞ: Flm
ret ¼ olAm

ret � omA
l
ret. However, this is an ad hoc assumption

that breaks time symmetry, introducing a time-oriented causality principle. There seems to

be no compelling reason for such a choice, which actually is tantamount to postulate a

privileged time direction giving up any attempt at a deeper explanation.2 We can adopt, for

instance, a solution of the form:

1 The expression ‘‘arrow of time’’ is misleading since time is not a vector. Time is an emergent property of
changing things and can be represented by a one-dimensional continuum. Time itself is not asymmetric; the
processes time parametrizes may be asymmetric.
2 See Sciama (1967) and especially Clarke (1977). See also the ‘‘Wheeler–Feynmann absorber theory’’
(Wheeler and Feynman 1945, 1949).
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Alðr; tÞ ¼ 1

2

Z
J�

retþ
Z
Jþ

adv

� �
dV; ð4Þ

which is formally valid and treats equally the causal past and future of the event at ðr; tÞ.
In Minkowski spacetime, the light cone that determines the local causal structure is

mirror symmetric with respect to a space-like surface that contains the point pðr; tÞ. Hence,
the averaged sources in the causal past and causal future are the same, the boundary

conditions are the same, and the retarded and advanced solutions are identical. This is not

necessarily the case in the presence of gravitation: because of the spacetime curvature, the

light cones ought not be mirror symmetric with respect to the space-like hyperplane that

includes the point pðr; tÞ. Hence, the contributions of the past and future currents might

differ.

Romero and Pérez (2011) recently showed that if the universe is accelerating (Perl-

mutter 1999), then J�ðpÞ and JþðpÞ are not mirror-symmetric because of the presence of

particle cosmological horizons. This, in turn, implies that A
l
ret and A

l
adv will be different.

From Eq. (4), a vector field Ll can be defined as:

Ll ¼
Z
J�

ret�
Z
Jþ

adv

� �
dV 6¼ 0: ð5Þ

If glmL
lTm 6¼ 0 where Tm ¼ ð1; 0; 0; 0Þ, there is a preferred direction for the flux of elec-

tromagnetic energy in spacetime towards the global future direction given by the gradient

of the currents distribution (Romero and Pérez 2011).

In cosmological models without accelerated expansion, the asymmetry described by

Romero and Pérez (2011) does not hold because of the absence of particle horizons. We

propose now that black holes might also cause an asymmetry in the contribution of currents

in the causal past with respect to the currents in the causal future of any event. This allows

us to define a ‘‘time direction’’ even in universes that are not in a state of accelerated

expansion (e.g. Friedmann cosmological models).

A black hole is a region from where no null geodesic can reach the asymptotic flat

future space-time (for a full characterization see, e.g. Wald 1984). These objects are

spacetime regions that are causally disconnected from the rest of the universe. The

boundary surface between the interior of the black hole and the exterior is called event

horizon. Events enclosed by the horizon cannot make any influence on the outside world.

In particular, currents inside black holes have no effect outside.

The aim of this work is to investigate the effect of the screening of currents by event

horizons in the solutions of Maxwell’s equations that locally determine the electromagnetic

flux. In particular, we show that the ratio of the area of the event horizon with respect to the

area of a radial space-like hypersurface in Friedmann cosmological models, always

increases. We consider that the minimum growth of event horizons is caused by the

cosmological expansion and the accretion of radiation of the cosmic microwave back-

ground (CMB) to which all black holes in the universe are exposed. This sets a lower limit

to the growth of black holes. The result is that larger black holes in the future will hide

more currents than black holes in the past of any event, with the consequent asymmetry

resulting from Eq. (5).

Our paper is organized as follows: in Sect. 2 we describe the Friedmann cosmological

models. In Sect. 3 we study the two processes mentioned above that contribute to the

growth of black holes in a cosmological context. In the next section we define a black hole

filling factor function. Section 5 is devoted to the calculation of this filling factor for the
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Friedmann cosmological models. Finally, a discussion of the results obtained is offered in

Sect. 6. The more technical details are confined to the ‘‘Appendix’’.

2 Friedmann Cosmological Models

Friedmann cosmological models are particular cases of Friedmann–Lemaı̂tre–Robertson–

Walker (FLRW) models. They are characterized by a zero cosmological constant and a

negligible ratio of radiation to matter energy density. The spacetime line element of these

models in co-moving coordinates ðt; r; h;/Þ is the well-known FLRW interval:

ds2 ¼ �c2dt2 þ aðtÞ2 dr2

1� kr2R�2
0

þ aðtÞ2r2 dh2 þ sin h2d/2
� �

: ð6Þ

Here aðtÞ � RðtÞ=R0 is the normalized scale factor, where R0 is the scale factor at the

present epoch, and k takes the values �1, 0, or 1 depending on whether the spatial section

has negative, zero, or positive curvature, respectively.

The normalized scale factor a(t) depends crucially on the sign of the spatial curvature. If

Xm;0 and Xk;0 denote the present3 normalized matter and curvature energy densities,

respectively, the normalized scale factors for the closed, flat and open Friedmann models

are given by:

– Closed Friedmann model (k[ 0):

a ¼ Xm;0

2ðXm;0 � 1Þ ð1� cosuÞ; ð7Þ

t ¼ Xm;0

2H0ðXm;0 � 1Þ3=2
ðu� sinuÞ; ð8Þ

where the parameter u 2 ½0; 2p�.
– Flat Friedmann model (k ¼ 0):

aðtÞ ¼ 3

2
H0t

� �2=3

: ð9Þ

– Open Friedmann model (k\0):

a ¼ Xm;0

2ð1� Xm;0Þ
ðcoshu� 1Þ; ð10Þ

t ¼ Xm;0

2H0ð1� Xm;0Þ3=2
ðsinhu� uÞ; ð11Þ

where the parameter u[ 0.

We adopt for the Hubble constant the value recently obtained by the Planck Collaboration

(2014):

H0 ¼ 67:3
km

sMpc
: ð12Þ

3 By ‘present’ we mean the values of such parameters if the universe would be today matter dominated.

G. E. Romero et al.

123



The values of the cosmological parameters4 Xk;0, Xm;0, R0, and t0 used in this work are

given in Table 1.

3 Growth of Black Holes in Cosmological Contexts

Two distinctive processes at least contribute to the growth of a black hole along cosmic

time t. First, black holes do participate in the cosmological expansion; since black holes are

essentially spacetime regions, event horizons increase their size along with the whole

spacetime (Nandra et al. 2012a, b; Faraoni 2015). We propose generalized McVittie co-

moving metrics that are in agreement with this hypothesis. Second, black holes unavoid-

ably accrete photons from the CMB. This imposes an absolute lower limit to the mass

increase by accretion. Our estimation is approximate because we take radiation into

account in our treatment of the local physics but neglect it on global cosmological

dynamics. The approximation, however, is a very good one for most of the history of any

universe. A detailed account of both processes is given in the ‘‘Appendix’’.

4 Filling Factor

We define the filling factor, denoted f(t), as the ratio between the area of the black hole

event horizon ABHðtÞ and the area of a radial spacelike hypersurface in the Friedmann

models RðtÞ:

f ðtÞ � ABHðtÞ
RðtÞ : ð15Þ

The area of the black hole event horizon as a function of cosmic time t takes the form:

ABHðtÞ ¼
16pG2

c4
MTOT

BH
ðtÞ2; ð16Þ

where

MTOT

BH
ðtÞ ¼ MHH

BH
ðtÞ þ DMCMB

BH
ðtÞ: ð17Þ

The area of a radial spacelike hypersurface in the Friedmann models can be derived from

the line element (6) and turns to be:

RðtÞ ¼ 4pR0
2r2aðtÞ2: ð18Þ

Given the expressions above, we get a formula for f(t) from Eqs. (15), (16), and (18):

4 The values of the matter and curvature densities in the present epoch were calculated using the equation:

Xm;0 þ Xk;0 ¼ 1: ð13Þ

The values of the present scale factor were obtained from:

R0 ¼ c

Z
0

t0 dt

aðtÞ : ð14Þ
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f ðtÞ ¼ 4G2

c4 R2
0 r

2 aðtÞ2
M0aðtÞ þ DMCMB

BH
ðtÞ

� �2
: ð19Þ

We impose the condition that the value of the filling factor must be equal to 1 at the present

cosmic time t0. Then, we take the radial hypersurface with co-moving coordinate:

r ¼ 2GM0

c2R0

: ð20Þ

The filling factor now takes the form:

f ðtÞ ¼ 1þ 2DMCMB
BH

ðtÞ
M0aðtÞ

þ DMCMB
BH

ðtÞ2

M2
0aðtÞ

2
: ð21Þ

In what follows we shall prove that the function f(t) is greater than its present value

f ðt0Þ ¼ 1, for t[ t0 in the open, flat, and closed Friedmann cosmological models. This will

result in a time asymmetry in these models.

5 Results: Filling Factor for Friedmann Cosmological Models

We show in Fig. 1 plots of Eq. (33) as a function of the cosmic time t for the closed, flat,

and open Friedmann models. We see that the total mass of the black hole always increases

due to the accretion of CMB photons. In the flat and open models, DMCMB
BH

ðtÞ approximately

tends to a constant value as t ! 1. The density and energy of the CMB photons is

inversely proportional to the normalized scale factor [Eqs. (30) and (31)]. For a universe

that always expands, such as the flat or open models, black holes accrete less and less

energetic photons as t ! 1. Contrary, in the closed case, as the universe collapses,

DMCMB
BH

ðtÞ tends to infinity.

In Fig. 2 we plot the function f ðtÞ � 1 [see Eq. (21)] as a function of the cosmic time. In

the three cosmological models, f ðtÞ � 1 is always positive. For both the flat and open

models, f ðtÞ � 1 increases until a maximum value at t � 1018s, and it tends to zero for

higher values of the cosmic time. This is not the case for the closed model; the function

f ðtÞ � 1 has a local maximum and a local minimum at t � 1018:2s and t � 1018:5s,

respectively. For t ! 1, f ðtÞ � 1 goes to infinity.

Table 1 Cosmological parameters for closed, flat, and open Friedmann cosmological models: Xk;0, Xm;0,

R0, and t0 stand for the values of the curvature density, the matter density, the scale factor at t0, and the age
of the universe, respectively

Closed FCM Flat FCM Open FCM

Xk;0 -0.30 0 0.21

Xm;0 1.30 1 0.79

R0 ðcmÞ 2.52 9 1028 2:75� 1028 2:98� 1028

t0 ðsÞ 2.90 9 1017 3:06� 1017 3:20� 1017
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6 Implications and Conclusions

We have shown that the filling factor f(t) is always larger than its present value f ðt0Þ ¼ 1,

for t[ t0 in the flat, open, and closed Friedmann cosmological models. The growth of the

area of the black hole event horizons is always greater than the growth of the area of a

space-like hypersurface in cosmological expansion. The causal structure of a given point of

spacetime pðr; tÞ is determined by the causal past and future of pðr; tÞ. There is an

asymmetry in the contributions of currents in the causal past with respect to the causal

future due to the screening of currents of larger black hole event horizons in the future.

This implies that J�ðpÞ and JþðpÞ are not mirror symmetric. Consequently, the four-

potentials A
l
ret and A

l
adv are different. In all cases this implies that glmL

lTm [ 0.

Even for a contracting universe, such as the closed Friedmann model, macroscopic

processes are still irreversible. This is contrary to Hawking’s prediction (1985) that the

direction in which processes occur should reverse in a recollapsing phase of the universe.

Fig. 1 Plots of the function
DMCMB

BH
ðtÞ as a function of the

cosmic time for the closed, flat,
and open Friedmann models
(FM)

Fig. 2 Plots of the function
f ðtÞ � 1 as a function of the
cosmic time for the closed, flat,
and open Friedmann models
(FM)
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It might be argued that in flat and open models there will be a time when the tem-

perature of the black holes will be higher than the temperature of the CMB and then black

hole evaporation will become effective. This is correct, but has no effect on our result since

Hawking radiation is thermal (Hawking 1974, 1975) and the screened currents can never

be recovered. This leaves the time asymmetry untouched even when quantum field theory

is applied to the horizons. Our treatment here, however, is classical. For more discussion

on the so-called ‘‘information paradox’’ of black holes, we refer the reader to the recent

review by Romero (2014).

Penrose (1979) distinguished several asymmetric fundamental processes in the universe

which seem to be independent: (1) the Second Law of Thermodynamics, (2) the arrow of

radiation, (3) the expansion of the universe, (4) the formation of black holes.5 Our work

implies that the four asymmetric processes mentioned above are all related in the Fried-

mann models. As we have shown, there is a preferred temporal direction for the flux of

electromagnetic energy towards global future. The electromagnetic flux L is related to the

macroscopic temperature through the Stefan-Boltzmann law: L ¼ ArSBT4, where rSB is

the Stefan-Boltzmann constant. If we assume local energy conservation, the temperature’s

body will decrease towards the future, increasing its entropy according to the Second Law

of Thermodynamics. The arrow of radiation and the Second Law of Thermodynamics

emerge from the screening of currents by larger black holes as cosmic time increases.

We conclude that the coupling between global cosmological conditions and gravita-

tional processes with local electromagnetic events gives rise to the local macroscopic

irreversibility observed in the universe. This irreversibility would exist even in the case of

a recollapsing universe with black holes.

Acknowledgements This work is supported by Grant PIP 0338,(CONICET) and Grant AYA2016-76012-
C3-1-P (Ministro de Educación, Cultura y Deporte, España).

Appendix: Technical Details of the Cosmological Growth of Black Holes

Cosmological Expansion

Black holes are co-moving with the cosmological expansion of the universe. In order to

describe the increase of size of the black hole due to this expansion, we adopt the

Hawking–Hayward quasilocal mass (Hawking 1968; Hayward 1994), which measures the

mass of a bound source of gravitation in an asymptotically FRWL universe (Nolan 1998).

Specifically, we adopt:

MHH

BH
ðtÞ ¼ M0 aðtÞ; ð22Þ

where M0 is the black hole present mass and a(t) stands for the normalized scale factor. To

implement this proposal, we replace Hawking–Hayward quasi-local mass in McVittie

5 The Second Law of Thermodynamics: the entropy of a closed system never decreases. The arrow of
radiation: we only measure retarded potentials, though retarded and advances potentials are both solutions of
Maxwell’s equations. The expansion of the universe: there are several asymmetric processes involved in the
expansion of the universe such as the receding of distant galaxies or the diminution of the mean universal
temperature. Black hole formation: black and white holes are both solutions of Einstein’s equations, related
by a time reversal transformation. However, only black holes seem to exist.
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metrics (McVittie 1933) for a mass-particle embedded in a Friedmann cosmological model

and, via Einstein field equations, we study the corresponding energy-momentum tensor.

For a cosmological black hole embedded in the flat Friedmann model, the generalized

McVittie metric in isotropic coordinates ðt; r; h;/Þ is (Gao et al. 2008):

ds2 ¼ �
1� MðtÞ

2 raðtÞ

n o2

1þ MðtÞ
2 ra ðtÞ

n o2
dt2 þ aðtÞ2 1þ MðtÞ

2 r aðtÞ

� 	4

dr2 þ r2dX2
� �

; ð23Þ

whereM(t) is an arbitrary function of the cosmic time t. For the open and closed Friedmann

models, we propose the following metrics:

ds2 ¼ �
1� MðtÞ

2 r aðtÞ 1� r2

4R2
0


 �1=2
� 	2

1þ MðtÞ
2 r aðtÞ 1� r2

4R2
0


 �1=2
� 	2

dt2 þ
1þ MðtÞ

2 r aðtÞ 1� r2

4R2
0


 �1=2
� 	4

1� r2

4R2
0


 �2
aðtÞ2dr2

þ
1þ MðtÞ

2 r aðtÞ 1� r2

4R2
0


 �1=2
� 	4

aðtÞ2r2dX2

1� r2

4R2
0


 �2
;

ð24Þ

where ± is the sign of the spatial curvature. If we adopt for the functionM(t) the Hawking–

Hayward quasi-local mass, given by Eq. 22, the metrics above take the form:

ds2 ¼ �
1� M0

2 r

� 2

1þ M0

2 r

� 2
dt2 þ aðtÞ2 1þM0

2 r

� 	4

dr2 þ r2dX2
� �

; ð25Þ

ds2 ¼ �
1� M0

2 r
1� r2

4R2
0


 �1=2
� 	2

1þ M0

2 r
1� r2

4R2
0


 �1=2
� 	2

dt2 þ
1þ M0

2 r
1� r2

4R2
0


 �1=2
� 	4

1� r2

4R2
0


 �2
aðtÞ2dr2

þ
1þ M0

2 r
1� r2

4R2
0


 �1=2
� 	4

1� r2

4R2
0


 �2
aðtÞ2r2dX2;

ð26Þ

Notice that if aðtÞ ¼ 1 and r\\R0, the metrics (23) and (24) reduce to the Schwarzschild

metric in physical isotropic coordinates ðt; aðtÞr; h;/Þ with central mass M0aðtÞ. Con-
versely, if M0 ¼ 0, we recover the Friedmann geometries.

The asymptotically flat metric (23) and its corresponding energy-momentum tensor has

been analyzed by Gao et al. (2008). The metric turns to be consistent with the energy-

momentum of an imperfect pressureless accreting fluid. We emphasize that, asymptoti-

cally, the energy-momentum tensor coincides with the one of the cosmological model:

Tlm ¼ qðr; tÞulum þ qlum þ qmul ! q1ðtÞulum: ð27Þ
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Here ul ! ðjg00ðr; tÞj�1=2; 0; 0; 0Þ, ql ! ð0; qðr; tÞ; 0; 0Þ, and q1 / H2ðtÞ, in agreement

with Friedmann equations.6

We maintain that the same result can be extend to the asymptotically curved metrics

(24). According to Einstein field equations, the matter content of these geometries is an

imperfect accreting fluid that, asymptotically, coincides with the one of curved Friedmann

models:

Tlm ¼ ½Pðr; tÞ þ qðr; tÞ�ulum
þ Pðr; tÞglm þ qlum þ qmul

! q1ðtÞulum;

where q1ðtÞ / H2ðtÞ � Ca�2ðtÞ, with C a positive constant, in accordance with Friedmann

equations.

We have shown that the spacetime metrics given by (23) and (24) are consistent with

Hawking–Hayward quasi-local mass proposal for a black hole embedded in Friedmann

cosmological models. A detailed analysis of the existence of trapped surfaces for those

metrics will be given in a future work. In what follows, we will assume Hawking–Hayward

quasi-local mass as the effective mass of a black hole embedded in a Friedmann cosmo-

logical model.

Black Hole Accretion of Cosmic Microwave Background Radiation

The rate of accretion of CMB photons onto a black hole is given by:

_MCMB

BH
¼ pb2nCMBðzÞ\�ph [ c; ð29Þ

where b ¼ 3
ffiffiffi
3

p
rS

� �
=2 is the critical impact parameter of a Schwarzschild black hole (rS

stands for one Schwarzschild radius); nCMBðzÞ and \�ph [ are the density and energy of

CMB photons as a function of redshift z, respectively:

nCMBðzÞ ¼ 5 10�2cm�3 1þ zð Þ3; ð30Þ

\�ph [ ¼ 6 10�6erg 1þ zð Þ: ð31Þ

For simplicity, we consider only supermassive black holes7 of M0 ¼ 108 M	. Equa-
tion (29) and (22) then yields:

_MCMB

BH
ðtÞ ¼ 5:5 1025 p

a0

aðtÞ

� �2
erg

s
: ð32Þ

The variation of black hole mass by accretion of CMB photons during the cosmic time

interval Dt ¼ t � t0 (t0 is the value of the present cosmic time) can be obtained by inte-

gration of the latter equation:

6 Friedmann equation:

H2ðtÞ � _aðtÞ
aðtÞ

� �2

¼ 8pG
3

qmðtÞ �
c2k

R2
0a

2ðtÞ :
ð28Þ

7 Supermassive black holes are found in most galaxies and have masses from � 106 to 109M	 (Romero and
Vila 2014). The contribution to the screening of currents by stellar mass black holes, in comparison, is
negligible.
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DMCMB

BH
ðtÞ ¼

Z
t0

t _MCMB
BH

ðt0Þ
c2

dt0: ð33Þ

As mentioned above, it is expected that accretion of matter and currents also occurs, as it is

actually observed in active galactic nuclei (Romero and Vila 2014). In this sense, our

estimation for the growth of the black hole mass due to CMB accretion gives the absolute

minimum.
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researcher working on black holes. She has broad interests in philosophy, especially metaphysics.
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