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ABSTRACT

Using recent measurements of the supermassive black haie fonaction we find that supermassive black
holes are the largest contributor to the entropy of the oladde Universe, contributing at least an order of
magnitude more entropy than previously estimated. The &staopy of the observable Universe is corre-
spondingly higher, and iSys = 3.1739 x 101%%. We calculate the entropy of the current cosmic event harizo
to beScen = 2.64-0.3 x 10M%%, dwarfing the entropy of its interio&en int = 1.2753 x 101%%. We make the first
tentative estimate of the entropy of dark matter within theesvable Universegy, = 10°81k. We highlight
several caveats pertaining to these estimates and makamssdations for future work.
Subject headings: black hole physics — cosmology: miscellaneous — diffusionelementary particles —

gravitation — neutrinos

1. INTRODUCTION 1999) (quoted uncertainties are)1

The entropy budget of the Universe is important because

its increase is associated with all irreversible processes 1.1 Two Schemes for Quantifying the Increasing Entropy of

all scales, across all facets of nature: gravitational -clus the Universe

tering, accretion disks, supernovae, stellar fusion,eterr Modulo statistical fluctuations, the generalized secomd la

trial weather, chemical, geological and biological pr@ess  of thermodynamics holds that the entropy of the Universe (in
(Frautschi 1982; Lineweaver & Edan 2008). cluding Bekenstein-Hawking entropy in the case of any re-

Recently Frampton et al. (2008) and Frampton & Kephart gion hidden behind an event horizon), must not decrease with
(2008) reported the entropy budget of the observable Uni-time (Bekenstelih 1974; Gibbons & Hawkihg 1977). Within
verse. Their budgets (listed aside others in Tdble 1) es-the FRW framework the generalized second law can be ap-
timate the total entropy of the observable Universe to be plied in at least two obvious ways:

Sobs ~ 1019%-10%%, dominated by the entropy of supermas-

sive black holes at the centers of galaxies. That the inerefas 1. The total entropy in a sufficiently large comoving vol-
entropy has not yet been capped by some limiting value, such ume of the Universe does not decrease with cosmic
as the holographic bound ('t Hooft 1993; Susskind 1995) at time,

Srax ~ 10'2% (Frampton et gl. 2008), is the reason dissipative dScomoving volume = O; 1)

processes are ongoing and that life can exist.
In this paper we improve the entropy budget by usingrecent 2. The total entropy of matter contained within the cosmic

observational data and quantifying uncertainties. Thepep event horizon (CEH) plus the entropy of the CEH itself,
organized as follows. In what remains of the Introduction we does not decrease with cosmic time,

describe two different schemes for quantifying the indregs

entropy of the Universe, and we comment on caveats involv- dScen interior +dScen > 0. )

ing the identification of gravitational entropy. Our mainnko ] .
is presented in Sectiofi$ 2 dnld 3, where we calculate new en- In the first of these schemes, the system is bounded by a
tropy budgets within each of the two accounting schemes. Weclosed comoving surface. The system is effectively isdlate
finish in Sectiof ¥ with a discussion touching on the time evo- because large-scale homogeneity and isotropy imply no net
lution of the budgets we have calculated, and ideas foréutur flows of entropy into or out of the comoving volume. The
work. time-slicing in this scheme is along surfaces of constast co

Throughout this paper we assume flatne€g £ 0) as mic time. Event horizons of black holes are u_sed to quar)tify
predicted by inflation| (Guth 19B1; Linde 1982) and sup- the entropy of black holes, however the cosmic event horizon
ported by observation$ (Spergel etlal. 2007). Adopted val-(CEH) is neglected since the assumption of large-scale homo
ues for other cosmological parameterslare0.705+0.013,  geneity makes it possible for us to keep track of the entropy
wp = Qph? = 0.0224+ 0.0007, wm = Qyh? = 0.136+ 0.003 of matter beyond it. A reasonable choice for the comoving
(Seljak et al 2006) an®km, = 2.725+ 0.002K (Matheretal. ~ Volume in this scheme is the comoving sphere that presently

: corresponds to the observable Universe, i.e., the grey area

Electronic address$: chas@mso.anu.edu.au in Fig.[I. Correspondingly, in Sectidd 2 we calculate the

! Department of Astrophysics, School of Physics, Universttiew South present entropy budget of the observable Universe and we do
Wales, Sydney, Australia not include the cosmic event horizon.


http://arxiv.org/abs/0909.3983v1
mailto:chas@mso.anu.edu.au

2

The second scheme is similar to the first in that we time- are dissipated and entropy is transferred to stars in ther out
slice along surfaces of constant cosmic time. However, regions of the galaxy) and stellar evaporation from gakxie
here the system (yellow shade in Fig. 1) is bounded by (whereby stars are ejected altogether, carrying with them e
the time-dependent cosmic event horizon instead of a co-ergy, angular momentum and entropy, and allowing what re-
moving boundary. Migration of matter across the CEH mains behind to contract; elg. Binney & Tremaine 2008). In
is not negligible, and the cosmic event horizon entropy more highly dissipative systems, i.e., accretion disks)-no
(Gibbons & Hawking 1977) must be included in the budget gravitational interactions (viscosity and/or magnetatiohal
to account for this (e.q. Davis etlal. 2003). The present en-instability;|Balbus & Hawley 2002) transfer angular momen-
tropy of the cosmic event horizon and its interior is caltedas ~ tum and dissipate energy and entropy.
in Sectior 3. In addition to these considerations, entropy also inciease
when gravitons are produced. A good example is the in-spiral
of close binaries, such as the Hulse-Taylor binary pulsa+ sy

30
r 25 tem (Hulse & Taylar 1975; Weisberg & Taylor 2005). Gravi-
- —2.0 tational waves emitted from the system extract orbital gyer
— 20 1,5 = (andtherefore entropy) allowing the system to contract.
& T i ~§ The entropy of a general gravitational field is still not
2 I observable\universe today 410 8  known. |Penrose (1987, 1979, 2004) has proposed that it is
E ol Hos &  related to the Weyl curvature tensdf,, .». In conformally
- “oe flat spacetimes (such as an ideal FRW Universe) the Weyl
r Joa curvature vanishes and gravitational entropy is postdltie
ol . - @ ... oz vanish (to limits imposed by quantum uncertainty). In clymp
_80 _40 _20 0 20 20 60 spacetimes the Weyl curvature takes large values and the gra
comoving distance [Glyr] itational entropy is high. While Ricci curvatuRy,,, vanishes
30T R ; I e in the absence of matter, Weyl curvature may still be now-zer
[ b 5 S (e.g. gravitational waves traveling though empty space) an
B g TR0 the corresponding gravitational entropy may be non-zero.
— 20 el _15 & If these ideas are correct then the low gravitational egtrop
S | : g s of the early Universe comes from small primordial gravi-
v [ - S <10 & tational perturbations. Gravitational entropy then imses
S 10k —-08 §  with the growing amplitude of linear density fluctuations pa
r 0.6 rameterized through the matter power spectiefk). The
L —o0.4 present gravitational entropy, however, is expected tadne-d
ol ‘ R SN~ S ‘ , 02 inated by the nonlinear overdensities (with large Weyl ten-
-60 -40 -20 0 20 40 60 sors) which have formed since matter-radiation equality.
proper distance [Glyr] In extreme cases, gravitational clumping leads to the ferma

F;‘?] dlth;c?s]?r?ig év&'gngig‘?i'ioih?sweg[‘épigi)ﬁ gﬂﬂﬁggoﬁﬁﬂéﬁﬁg’ tion of black holes. The entropy of black holes is well known
ence between the two panels is the spafial coordinate systech thex-axis (BekenStem 1973, HaWkII‘\g 1_976; Strom'”ger & Vafa 1‘996)'
in the bottom panel is proper distanBeand in the top panel it is comoving T he entropy of a Schwarzschild black hole is given by
distancey = 2, wherea is the cosmic scalefactor. The origin is chosen so

& i i i i ke A 4rkG
that our galaxy is the central vertical dotted line. The pttatted lines rep- SH= =2 2 (3)
resent distant galaxies, which are approximately comoaimdjrecede as the H = Gh 4 - ch
Universe expands. The region inside the particle horizahesobservable

Universe. The comoving volume that corresponds to the gabkr Universe — 167G?°M? ; i i
today, about 13 Gyrs after the Big Bang, is filled grey. In scheme 1 the whereA = ct is the event-horizon area aMiis the black

entropy within this comoving volume increases (or remaiosstant) with hole mass. o o _

time. Alternatively, in scheme 2 the entropy within the @vkarizon (the Because gravitational entropy is difficult to quantify, we
region fileq yellow), plus the entropy of the horizon itseficreases (orre- only include it in the two extremes: the thermal distribatio
mains constant) with time. of gravitons and black holes.

2. THE PRESENT ENTROPY OF THE OBSERVABLE UNIVERSE

. The present entropy budget of the observable Universe
1.2. Entropy and Gravity was estimated most recently by Frampton étlal. (2008) and
Itis widely appreciated that non-gravitating systems af pa [Frampton & Kephart | (2008). Those papers and earlier
ticles evolve towards homogenous temperature and densityvork (Kolb & Turner|1981; Frautschi 1982; Penrose 2004,
distributions. The corresponding increase in the volume ofBousso et &l. 2007) identified the largest contributors & th
momentum-space and position-space occupied by the conentropy of the observable Universe as black holes, followed
stituent particles represents an increase in entropy. ©n th distantly by the cosmic microwave background (CMB) and
other hand, strongly gravitating systems become incrgsin the neutrino background. The last column of Table 1 contains
lumpy. With “lumpyness” naively akin to “orderliness”, 8i  previous estimates of the entropy in BHs, the CMB and neu-
not as easy to see that the total entropy increases. In thesginos, as well as several less significant components.
systems the entropy is shared among numerous components, Sectiong 2J1 through 3.7 below describe the data and as-

all of which must be considered. sumptions used to calculate our entropy densities (given in
For example, approximately collisionless long-range grav column 2 of Tabl€1l). Our entropy budget for the observable
itational interactions between stars result in dynamiekix- Universe (column 3 of Tablg 1) is then found by multiplying

ation of galaxies. (Lynden-Bell 1967) (whereby bulk motions the entropy density by the volume of the observable Universe



Vobs;
S =5Vobs (4)

wheres is the entropy density of componentThe volume
of the observable Universe is (see appendix)

Vops =432+ 1.2 x 10* Glyr®

=3.65+0.10x 109 m®. (5)

2.1. Baryons

=1.4784+0.003x 10°k m 3,
S,=2.03+0.15x 107k (13)

whereg, = 2 is the number of photon spin states. The uncer-
tainty in (I3) is dominated by uncertainty in the size of the
observable Universe.

The non-CMB photon contribution to the entropy budget
(including starlight and heat emitted by the ISM) is sometwha
less, at around £ (Frautschi 1982 Bousso etlal. 2007;
Frampton et al. 2008).

2.3. Relic Neutrinos

For a non-relativistic, non-degenerate gas the specific en-

tropy (entropy per baryon) is given by the Sakur-Tetrode
equation (e.g. Basu & Lynden-Bell 1990)

(s/n) = n—"bzni In [zM@mmknien] . @)

wherei indexes particle types in the gas,is theit" particle
type’s number density, ard(T) is its internal partition func-
tion.|Basu & Lynden-Bell(1990) found specific entropies be-
tween 11k and 21k per baryon for main sequence stars of
approximately solar mass. For components of the inteastell
medium (ISM) and intergalactic medium (IGM) they found
specific entropies between Z0(H in the ISM) and 14X
(ionized hydrogen in the IGM) per baryon.

The cosmic entropy density in stagscan be estimated by
multiplying the specific entropy of stellar material by these
mic number density of baryons in stamg.:

3HZ2 Q,
e

Using the stellar cosmic density paramefer = 0.0027+

Se = (S/Mp)«Nbs = (S/nb)*r%; = (S/Mp)- {

0.0005 (Fukugita & Peebles 2004), and the range of spe-
cific entropies for main sequence stars around the solar mass

(which dominate stellar mass), we find
S, =0.264+0.12k m ™3, (8)
S.=95+4.5x%x 108k (9)

Similarly, the combined energy density for the ISM and IGM
iS Qgas = 0.040£ 0.003 (Fukugita & Peebles 2004), and by
using the range of specific entropies for ISM & IGM compo-
nents we find

Sgas=20+ 15k m™3, (10)
Spas=7.1+5.6 x 1081 k. (11)
The uncertainties if{9) and{111) are dominated by uncertain

The neutrino entropy cannot be calculated directly sinee th
temperature of cosmic neutrinos has not been measured. Stan
dard treaties of the radiation era (e.g. Kolb & Turher 1990;
Peacock 1999) describe how the present temperature (and en-
tropy) of massless relic neutrinos can be calculated fram th
well known CMB photon temperature. Since this background
physics is required for Sectiohs P.4 2.5, we summarize it
briefly here.

A simplifying feature of the radiation era (at least at known
energies< 10'%eV) is that the radiation fluid evolves adiabati-
cally: the entropy density decreases as the cube of thedscre
ing scalefactos . o< a 3. The evolution is adiabatic because
reaction rates in the fluid are faster than the expansiortate
of the Universe. It is convenient to write the entropy densit
as

_2 K

Srad - 45 (},),hg
whereg.s is the number of relativistic degrees of freedom in
the fluid (withm < KT /c?) given approximately by

65N~ Y g <T1>3+ > Lo (%)3 (15)

bosons, i fermions, j
For photons aloneg.s = g, = 2, and thus Eq[{14) becomes
Eq. (12). For photons coupled to an electron-positron com-
ponent, such as existed before electron-positron antidnla
Ous= 0yt gQer =2+g4=5. -

As the Universe expandzs, massive particles annihilate; hea
ing the remaining fluid. The effect on the photon temperature
is quantified by inverting Eql_(14),

-1 -1/3
a'gd’. (16)
The photon temperature decreases less quickly éhabe-
causeg.s decreases with time. Before electron-positesn
annihilation the temperature of the photons was the same as

gusTS x a™ (14)

T,

ties in the mass weighting of the specific entropies, but alsothat of the almost completely decoupled neutrinos. Adter

include uncertainties if2., {4as and the volume of the ob-
servable Universe.

2.2. Photons

annihilation heats only the photons, the two temperatuifes d
fer by a factolC,

T,=CT,. (17)

The cosmic microwave background (CMB) photons are the A reasonable approximatia® ~ (4/11)1/3 is derived by as-

most significant non-black hole contributors to the entropy

suming that only photons were heated dusfigannihilation,

the observable Universe. The distribution of CMB photons where 411 is the ratio ofy.s for photons tag.s for photons,
is thermal (Mather et al. 1994) with a present temperature ofelectrons and positrons.

T, =2.725+0.002K (Mather et al. 1999).

Corrections are necessary at the®Lvel because neu-

The entropy of the CMB is calculated using the equation trinos had not completely decoupled at annihilation

for a black body (e.g. Kolb & Turner (1990)),
_ 2r? K4

$= 75 @re (12)

9,T;

(Gnedin & Gnedinl 1998). The neutrino entropy density
is computed assuming a thermal distribution with =

(4/11)%°T,, and we assign a 1% uncertainty.



TABLE 1
CURRENTENTROPY OF THEOBSERVABLE UNIVERSE (SCHEME 1 ENTROPYBUDGET)
Component Entropy Density[k m™3] Entropy S[K] Entropy S[K] (previous work)
SMBHSs 84782 x 107 31130 x 10104 1010%[1], 10%072], 10109[3]
« Stellar BHs (42-140M) 8.5 x 101898 3.1x 109998 -
Stellar BHs (55-15Mp) 1.6 x 101725 5.9 x 109743 1097[2], 10°8[4]
Photons 1478+ 0.003x 10° 5.40+0.15x 10%° 1088[1,2, 4], 10°9[5]
Relic Neutrinos %411+0.014x 10° 5.16+0.15x 10%° 1088[2],10%9[5]
Dark Matter 5x 107+1 2 x 10°88+1 -
Relic Gravitons 7 x 10725 6.2 x 108753 10%9[2,3]
ISM & IGM 20+15 7145.6x 1081 -
Stars 02640.12 954 4.5 x 1080 1079[2]
Total 8.4182 % 10 3130 x 101 10%01[1], 10192[2], 10193[3]
NoTe. — Our budget is consistent with previous estimates fromliteeature with the exception that super-

massive black holes, which dominate the budget, contaieat bin order of magnitude more entropy as previously
estimated, due to the contributions of black holes 100 tilaeger than those considered in previous budgets. Un-
certainty in the volume of the observable Universe (see ragige has been included in the quoted uncertainties.
Stellar black holes in the mass range4240M, (marked with arx) are included tentatively since their existence
is speculative. Previous work: [L] Penrose (2004)[ 2] Fotom et al.[(2008), [3] Frampton & KepHalrt (2008), [4]
Frautschil(1982), [S] Kolb & Turnef (1981).

temperature

2 K (T s )\ Y3
=5 ()T o= (gli) ™ 0

g*S(thanck)
_ -3
=141140.014x 107k m (18) whereg.s(tpan) is the number of relativistic degrees of free-

Hereg, = 6 (3 flavors, 2 spin states each). The total neutrino dom at the Planck time angl.s(to) = 3.91 today (this is ap-

entropy in the observable Universe is then propriate even in the case of massive neutrinos because they
decoupled from the photon bath while they were still relativ
S,=5.16+0.14x 10°%k (19) tic). Given the temperature of background gravitons, teeir

. ) . o tropy can be calculated as
with an uncertainty dominated by uncertainty in the volume

of the observable Universe. _ 2% K T3 21
Neutrino oscillation experiments have demonstrated that nga"_Engra" grav (1)

neutrinos are massive by measuring differences between

the three neutrino mass eigenstates (Cleveland et al] 1998‘{Vh‘?re%1ra\/=2- .

Adamson et al. 2008; Abe etlal. 2008). At least two of the Fig.[d showsg.s as a function of temperature. The func-

mass eigenstates are heavier tha9.009 V. Since this  tion is well known for temperatures below about'd,

is heavier than their current relativistic enerd%((: T, = but is not known at higher temperatures. ~Previous esti-

0.0001 eV: computed under the assumption that they are mates of the backgzround grawtorrl entropy have assumed

massless) at least two of the three masses are presently nof@s(taiand) ~ 9.5(10'%eV) = 10675 (Frampton et al._2008;

relativistic. Frampton & Kephart 2008), but this should be taken as a
Expansion causes non-relativistic species to coal ai- lower bound org.s(tpianc) Yielding an upper bound Oftyray

stead ofi"1, which would result in a lower temperature for the - @NdSyrav- _ : ,

neutrino background than suggested by Eq. (17). The entropy To get a better idea of the range of possible graviton temper-

density (calculated in EG_1L8) and entropy (calculated in Eq @tures and entropies, we have adopted 3 valueg §ffanck)-

[19) are unaffected by the transition to non-relativistiolggy ~~ AS & minimum likely value we usg.s =200 (Fig[2, thick

since the cosmic expansion of relativistic and non-reistiv blue line), which includes the minimal set of additional-par

gases are both adiabatic processes (the comoving entropy {icles suggested by supersymmetry. As our middle value we
conserved, so in either casec a°3). useg.s =350, corresponding to the linear extrapolatiogqf

We neglect a possible increase in neutrino entropy due to'" IOQ(T) to the Planck scale (F—@O% grey line). . And as a
their infall into gravitational potentials during structufor- ~ Maximum likely value we usg.s = 10°, corresponding to an
mation. If large, this will need to be considered in future €XPonential extrapolation (Figl 2, thin blue line).

work. The corresponding graviton temperatures today are (EqQ.
20).
2.4. Relic Gravitons Torav=0.617322 K (22)

A thermal background of gravitons is expected to exist,
which decoupled from the photon bath around the Planck
time, and has been cooling dga, al since then. The
photons cooled less quickly because they were heated by the =17 % 10725 km3 23
annihilation of heavy particle species (Eq] 16). Thus we can Sgrav = 41X w (23)
relate the current graviton temperature to the currentgrhot Syrav =6.2 x 108725 k. (24)

Inserting this into Eq.[{21) we find the entropy in the relic
graviton background to be



108F 7T

10°

104;

10°

_Planck

L Y B
2
o

o
T
=]

103

effective relativistic degrees of freedom, g,

10°

minimal :

supersymmetry

annihilation of
t, H, Wand Z

quark—hadron |

transition

: annihilation -

\/ofe’,

annihilation
of b, T and ¢

: annihilation

of m and

1030

1025

1020 1015

1010

10°

temperature [eV]

1

106.75 which yields the upper limit

0+s dm(tdm dec)
9-s(tam dec)

On the other hand there may be many more degrees of free-
dom than suggested by minimal supersymmetry. By extrap-
olating g.s exponentially beyond supersymmetric scales (to
10% eV) we find g.s(tam dec) < 800. In the simplest case dark
matter is a single scalar particle §0s gm(tam dec) = 1 and we
take as a lower limit

1
< Z. 26

_Yesamllomaer) o 1
0+ non-dm(tdm dec) ™ 800

Inserting this into Eq[{25) at the present day gives

(27)

Sim=5x 10" km3, (28)

where we have used the estimated limits given in Egl (26)
and Eq.[(2)) and takeRon-dm rad t0 be the combined entropy
of neutrinos and radiation today (E§s] 12 anél 18). The cor-
responding estimate for the total dark matter entropy in the
observable Universe is

Sim=2 x 10°81 k. (29)

As with our calculated neutrino entropy, our estimates here
carry the caveat that we have not considered changes in the
dark matter entropy associated with gravitational stngctu

. , formation.
FIG. 2.— The number of relativistic degrees of freedgpg as a function

of temperature, computed using the prescription giveh biei@fan & Roos
(2008). All the particles of the standard model are relstiviatT > 1012 eV

andg,s(10'2 ev) = 10675. The value of),s is not known abovd@ ~ 102,
To estimate plausible ranges of values we extrap@agdinearly (grey line)
and exponentially (thin blue line) in log§. The minimum contribution to
0.«s from supersymmetric partners is shown (blue bar) and taeémdicate
a minimum likely value ofy.s at higher temperatures (thick blue line).

2.6. Sellar Black Holes

In the top panel of Fid.]3 we show the stellar initial mass
function (IMF) parameterized by
dninitial

M a+l

dlog(M) <M_@> ’
Itis interesting to note the possibility of applying EG.J20  with a = -1.35 atM < 0.5M, and « = -2.35:383 at M >

in reverse, i.e., calculating the number of relativistigig®s ~ 0.5M, (EImegreen 2007). We also show the present distri-

of freedom at the Planck time using future measurements ofbution of main sequence stars, which is proportional to the
the graviton background temperature. initial distribution forM < 1My, but which is reduced by a

factor of M/My)™2° for heavier stars_(Fukugita & Peebles

(30)

2.5. Dark Matter

2004).
The most compelling interpretation of dark matter is as a e
weakly-interacting superpartner. According to this iddark dNpresert d.ﬂggﬂ) forM < 1Mg
matter particles decoupled from the radiation background a dloaM =9 dna (M 72 (31)
some energy above the particle mass. og(M) dlog(M) (W) forM > 1Mg,

If this interpretation is correct, the fraction of relastic L T . .
background entropy in dark matter at the time dark matter The initial and present distributions are normalized using
decoupledqn dec is determined by the fraction of relativistic  the present cosmic density of stafs, = 0.0027+ 0.0005

degrees of freedom that were associated with dark matter afFukugita & Peebles 2004).
that time (see Eq_14). The yellow fill in the top panel represents stars of mass

IMe <M < 8Mg, which died leaving white dwarf remnants
Sum = 9+ dm(tam dec) (25) of massM < 1.4Mg (yellow fill, bottom panel). The
05 non-dm(tam dec) blue fill represents stars of massl8 <M < 25M,, which

This can be evaluated at dark matter decoupling, or any timedied and left neutron star remnants of mastMk, <M <
thereafter, since botkim andsmon-dm raq are adiabatic a=3). 2.5Mg. The light grey area represents stars of madd 25,

We are unaware of any constraint on the number of su-M < 42Mg which became black holes of mas§i., <M <
perpartners that may collectively constitute dark mafiére 15M via supernovae (here we use the simplistic final-initial
requirements that they are only weakly interacting, and tha mass function af Fryer & Kalogera (2001)). Stars larger than
they decouple at a temperature above their mass, are proba~ 42M, collapse directly to black holes, without supernovae,
bly only satisfied by a few (even one) species. Based on thesand therefore retain most of their mass (dark grey regions)
arguments we assuntgs dm(tam dec) < 20 andg..s(tam dec) >, (Eryer & Kalogera 2001; Heger etlal. 2005).

Snon-dm rad
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FIG. 3.— Progenitors in the IMF (top panel) evolve into the dsttion of
remnants in the bottom panel. The shape of the present mgireisee mass
function differs from that of the initial mass function (tpanel) by the stars
that have died leaving white dwarfs (yellow) neutron stélad) and black
holes (light and dark grey). The present distribution of mants is shown
in the bottom panel. Black holes in the rangég < M < 18Mg (light
grey) have been observationally confirmed. They form fropgpnitors in
the range 2Bl < M ~ 42Mg; via core collapse supernova and fallback and

we calculate their entropy to be%x 109723k, Progenitors above about
42 M may evolve directly to black holes without significant lodsmass
(dark grey) and may carry much more entropy, but this pojmnatas not
been observed. The green curve, whose axis is on the rigiwssthe mass-
distribution of stellar black hole entropies in the obsetgdJniverse.

Integrating Eq.[(3) over stellar black holes in the raMy&
15M (the light grey fill in the bottom panel of Figl 3) we find

Ss8BH (M<15Mg) = 1.6 x 10173’33 k m‘3, (32)
SSBH (M<15Mg) =59x 109733 k, (33)
which is comparable to previous estimates of the stellarkbla

hole entropy (see Tablg 1). Our uncertainty is dominated by
uncertainty in the slope of the IMF, but also includes uncer-
tainty in the normalization of the mass functions and uncer-

tainty in the volume of the observable Universe.
If the initial mass function extends beyokti> 42M, as in

Fig.[3, then these higher-mass black holes (the dark grey fil
in the bottom panel of Fid.]3) may contain more entropy than

black holes of maskl < 15Mg, (Eq.[32). For example, if the
Salpeter IMF is reliable t = 140M4, (the Eddington limit
and the edge of Fig] 3), then black holes in the mass range 4

140M,, would contribute about.3 x 10°%5 k to the entropy

of the observable Universe. Significantly less is known éabou bl

this potential population, and should be considered atigata
contribution in Tabl&1.

2.7. Supermassive Black Holes

tion as measured recently by Graham et al. (2007). Assuming
a three-parameter Schechter function

s~ (i) o[t~

(number density per logarithmic mass interval) they fing=
0.00164 0.0004Mpc3, M, =2940.7x 10®* Mg, anda =
-0.30+0.04. The data and best fit model are shown in black
in Fig.[4.
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FIG. 4.— The black curve, whose axis is on the left, is the SMBHgnas
function from[Graham et al[ (2007), i.e., the number of SMBids M pc3
per logarithmic mass interval. The green curve, whose axaithe right,
shows the mass-distribution of SMBH entropies in the oteges/Universe.

We calculate the SMBH entropy density by integrating Eq.
@) over the SMBH mass function,

" ¢ch dlog(M)
The integrand is plotted using a green line in Eig. 4 showing
that the contributions to SMBH entropy are primarily due to

black holes arounet 10°M,. The SMBH entropy is found to
be

) dlog(M). (35)

SaveH =8.4'82 x 107k m™3, (36)
Savien =3.1739 < 101 k. (37)
The uncertainty here includes uncertainties in the SMBH

jmass function and uncertainties in the volume of the observ-

able Universe. This is at least an order of magnitude larger
than previous estimates (see TdHle 1). The reason for the dif
ference is that the_(Graham etal. 2007) SMBH mass func-

o tion contains larger black holes than assumed in previous es

timates.

Framptoh [(2009) has suggested that intermediate mass
ack holes 1 = 1% - 10° M,,) in galactic halos may con-
tain more entropy than SMBHSs in galactic cores. Whether or
not this is so depends on the number density and mass distri-
bution of this population. Figuié 5 combines Figs. 3[ahd 4 and
shows what intermediate black hole number densities would

Previous estimates of the SMBH entropy (Peniose 2004;pe required.

Frampton et all 2008&; Frampton & Kephart 2008) have as-

sumed a typical SMBH mass and a number density and yield 3. THE ENTROPY OF THE COSMIC EVENT HORIZON AND ITS

Squen = 10191-10'%3. Below we use the SMBH mass func-

INTERIOR
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FIG. 5.— Whether or not the total black hole entropy is dominatgd
SMBHSs depends on the yet-unquantified number of intermedietss black
holes.

In this section we calculate the entropy budget for scheme
2, consisting of the entropy of the cosmic event horizon, and
the entropy of its contents.

The proper distance to the cosmic event horizon is generall
time-dependent, i i i
by an energy component with an equation of state -1 (ra-
diation and matter) and remaining constant when the Urévers
is dark energy dominated (assuming a cosmological constan
w=-1). Since our Universe is presently entering dark energy
domination, the growth of the event horizon has slowed, and
it is almost as large now as it will ever become (bottom pane
of Fig.[d). In the appendix we calculate the present radids an
volume of the cosmic event horizon

Reen = 15.7+ 0.4 Glyr, (38)
Veen =1.62+0.12x 10 Glyr®
=1.37+0.10x 10"° m°. (39)

We also calculate the present entropy of the cosmic event hor
zon (following Gibbons & Hawking 1977),

ked A
S:EH—ﬁz

ked
= ﬁWR?:EH

=2.6:+0.3x 10"k.
Entropies of the various components within the cosmic

event horizon are calculated using the entropy densgfies
from Sectiori P:

(40)

S =sVcen (41)

Table[2 shows that the cosmic event horizon contributes al-
most 20 orders of magnitude more entropy than the next
largest contributor, supermassive black holes.

%the relic graviton entropy corresponding to three highrgye

7

requires the entropy in a comoving volume of the Universe
to not decrease. The second scheme requires the entropy of
matter contained within the event horizon, plus the entafpy

the event horizon, to not decrease.

We have calcluated improved estimates of the current en-
tropy budget under scheme 1 (normalized to the current ob-
servable Universe) and scheme 2. These are given in Tdbles 1
and2 respectively.

The entropy of dark matter has not been calculated previ-
ously. We find that dark matter contributes®¢ k to the
entropy of the observable Universe. We note that the neu-
trino and dark matter estimates do not include an increase
due to their infall into gravitational potentials duringst-
ture formation. It is not clear to uspriori whether this non-
inclusion is significant, but it may be since both components
are presently non-relativistic. This should be investgan
future work.

Previous estimates of the relic graviton entropy have as-
sumed that only the known particles participate in the rel-
ativistic fluid of the early Universe at>> tpanck. In terms
of the number of relativistic degrees of freedom, this means
0«s — 106.75 at high temperatures. However, additional par-
ticles are expected to exist, and thyls is expected to become
larger as — tpanck. In the present work we have calculated

extrapolations of.s (constant, linear growth and exponential
growth) and reported the corresponding graviton tempegatu

tand entropies.

In this paper we have computed the entropy budget of the
observable Universe tod&s(t =to). Figure[® illustrates the

| evolution of the entropy budget under scheme 1, i.e., the en-
tropy in a comoving volume (normalized to the current ob-

servable Universe). For simplicity, we have included ohly t
most important components. At the far-left of the figure

scalefactor a
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FIG. 6.— The entropy in a comoving volume (normalized to the @nésb-

servable Universe). This figure illustrates the time depend of the scheme
1 entropy budget. N.B. 1§°=1 googolplex.

we show a brief period of inflation. During this period all of

4. DISCUSSION

the energy is in the inflaton (Guth 1981; Linde 1982) which

The second law of thermodynamics holds that the entropyhas very few degrees of freedom and low entropy (blue fill)
of an isolated system increases or remains constant, bat doelLinde! 2009; Steinhardt 2009). Inflation ends with a peribd o
not decrease. This has been applied to the large-scale Unireheating somewhere between the Planck scale®3gGand
verse in at least two ways (Egl 1 and 2). The first schemethe GUT scale (15°s), during which the inflaton’s energy is



TABLE 2
ENTROPY OF THEEVENT HORIZON AND THE
MATTER WITHIN IT (SCHEME 2 ENTROPY

BUDGET)
Component Entrop$ [K]
Cosmic Event Horizon B+0.3x 10122
SMBHs 12131 x 10103

«Stellar BHs (42-140M) 1.2 x 10%61¢
Stellar BHs (5-15Mp)  2.2x 10913

Photons 23+0.15x% 1088
Relic Neutrinos 193+ 0.15x 1088
Dark Matter 6x 1086+1

Relic Gravitons 2B x 108637

ISM & IGM 2.7+21x10%0
Stars 35+1.7x 108
Total 2.64+0.3 x 1012

NoTE. — This budget is dominated by the cos-
mic event horizon entropy. Stellar black holes in the
mass range 42140M, (marked with arx) are in-
cluded tentatively since their existence is specula-

tive. scalefactor a
transferred into a relativistic fluid (yellow fill). Duringer i 10 1w® 1 108 10% 1% 10®
heating the entropy increases by many orders of magnitude. i g

After reheating the constitution of the relativistic fluidre 101 i Tl Feriesm
tinues to change, but the changes occur reversibly and do not 3
increase the entropy.

After a few hundred million years~( 10'%) the first stars
form from collapsing clouds of neutral hydrogen and helium.
Shortly thereafter the first black holes form. The entropy in
stellar black holes (light grey) and supermassive blacksol
(dark grey) increases rapidly during galactic evolutiomeT
budget given in TablEl1 is a snapshot of the entropies at the
present time (8 x 10’s). Over the next 1%¥s, the growth of
structures larger than about*M ., will be halted by the ac-

radiation
<

&
L %
1090

1040 -

entropy of the universe [kg]

10% Stellar BHs

1007

celeration of the Universe. Galaxies within superclustals of |, ‘ ‘
merge and objects in the outer limits of these objects will be 1 107 r 10t 3x10%®
ejected. The final masses of supermassive black holes will be time [s]

o - ) )
~10! Mo (Adams & !-ath“' ' 1997) with the entropy domi- FIG. 7.— The entropy of matter within the cosmic event horizam the
nated by the those withl ~ 10"°M,. entropy of the cosmic event horizon. This figure illustrates time depen-

Stellar black holes will evaporate away into Hawking radi- dence of the scheme 2 entropy budget. Note: the horizonislisshorter
. . . than in Fig[6.
ation in about 18s and supermassive black holes will follow
in 10'1%, The decrease in black hole entropy is accompanied
by a compensating increase in radiation entropy. The thickfrom about 10%s,
black line in Fig[6 represents the radiation entropy grawin  After dark energy domination sets in, the cosmic event hori-
as black holes evaporate. The asymptotic future of thepytro  zon becomes a constant proper distance. The expansion of the
budget, under scheme 1, will be radiation dominated. Universe causes comoving objects to recede beyond the cos-
FigurefT illustrates the evolution of the entropy budget un- mic event horizon. On average, the number of galaxies, black
der scheme 2, i.e., the entropy within the cosmic event hori- holes, photons etc. within our cosmic event horizon deeas
zon, plus the entropy of the cosmic event horizon. asa3. The stellar and supermassive black hole entropy con-
Whereas in scheme 1 we integrate over a constant comovtained within the CEH decreases accordingly (decreasig gr
ing volume, here the relevant volume is the event horizon. fijled regions).
The. event ho_rizon is Qiscgssed in some_detail i_n the appendix The decreasing black hole entropy (as well as other compo-
During radiation domination the comoving radius of the cos- nents not shown) is compensated by the asymptotically grow-
mic event horizon is approximately constant (the proper dis ing cosmic event horizon entropy (demonstrated explifitty
tance grows acen o @) and in the dark energy dominated a range of scenarioslin Davis ef(al. 2003), and thus the second
future itis a constant proper distand¢&£x = constant). The law of thermodynamics is satisfied. See Egan & Linewéaver

few logarithmic decades around the present time cannot bg2009) for further discussion of the time dependence of the
described well by either of these. entropy of the Universe.

Since the event horizon has been approximately comoving
in the past, the left half of Fid.]7 is almost the same as in ACKNOWLEDGMENTS

Fig.[6 except that we have included the event horizon entropy \we are grateful for many useful discussions with Tamara
(greenfill). The event horizon entropy dominates this biidge Davis, Ken Freeman, Geoff Bicknell, Mike Turner, Andrei



Linde and Paul Steinhardt. C.A.E. thanks Anna Fransson for
financial support and the Research School of Astronomy and
Astrophysics, Australian National University, for its lpitsil-
ity during the preparation of this paper.

APPENDIX: THE OBSERVABLE UNIVERSE AND THE COSMIC

EVENT HORIZON

Here we calculate the radius and volume of the observable
Universe (for use in Sectidd 2) and we calculate the radius,
volume and entropy of the cosmic event horizon (for use in
Sectior8). We use numerical methods to track the propaga-
tion of errors from the cosmological parameters.

The radius of the observable Universe (or particle horizon)
is

~

w
T
|

volume of the event horizon, Vg [10* Glyr®]
- IS
I I
L

10 20 30 40 50
volume of the particle horizon, V,, [10* Glyr®]

o

to¢
Robs = a(t)
=0 a(t’)
Here a(t) is the time dependent scalefactor of the Universe F!G.8.— 800 realizations 0¥yss anchEH indicate the volume of the ob-

; ; ; servable Universe is 43+ 1.2 x 10* GlyrS (horizontal axis) and the volume
given by the Friedmann equation for a flat CosmOIOgy of the cosmic event horizon ¥y = 1.6240.12x 10* Glyr3 (vertical axis).

We note that there is only a weak correlation between urinégs in the two
d_a = & + % + % (43) volumes. Y
dt Va2 a a2

Hubble’s constant and the matter density parameter are take
from[Seljak et al.(2006)h = H /100kms™ Mpc™ = 0.705+
0.013, wm = Quh? = 0.136+ 0.003. The radiation density

is calculated from the observed CMB temperatufgy, =
2.725+0.002K (Mather et all 1999), usin@, = %‘5%

The vacuum energy density parameter is determined by flat-
nessa =1-9 — Q.

A distribution of Ryps Values is built up by repeatedly eval-
uating Eq.[(4R) at the present time (defineddfty) = 1) using
cosmological parameters randomly selected from the atlowe
region ofh—wny —Tenp parameter space (assuming uncorre-
lated Gaussian errors in these parameters). We find

Robs = 46.94+ 0.4 Glyr (44) i
EL . . . | . . . | . . . | , . . 2.0

with an approximately Gaussian distribution. The quoted co 0.66 0.68 070 oz o4
fidence interval here, and elsewhere in this appendixgis 1 Hubble's constant, H, [100 km s™' Mpc™']

The volume of the observable Univerdgs is calculated us-

ing the normal formula for the volume of a sphere. FIG. 9.— We findScgn = 2.64-0.3 x 10122k, in agreement with previous

3 estimatesScey ~ 1022 k (Bousso et al. 2007). Uncertainties $eH come
Vops=432+1.2 x 10° Gl yr from uncertainties ifRcgy, which are almost exclusively due to uncertainties

inh.
=365+ 0.10 x 1017 @s) "

See Fig[B. Uncertainty iRy,s andVyps is predominantly due

to uncertainty inum howeverh also makes a non-negligible  The entropy of the cosmic event horizon is calculated us-

contribution. _ _ - ing the Bekenstein-Hawking horizon entropy equation as sug
The radius of the cosmic event horizon at titrie given by gested by Gibbons & Hawkih@ (1977).

integrating along a photon’s world line from the tirnto the

dt’. (42)

. o,

current event horizon, Reg [Glyr]
event horizon entropy, Scg [10'% k]

infinite future. ke A kel
0 SEH=~r 7 = —WF%EH
_ c 26 Gh4 Gh
RC,EH - a.(tnO'W) =t a(t) ( ) =26+0.3x% 10122 k (49)

This integral is finite because the future of the Universe is Uncertainty in the cosmic event horizon radius, volume and
dark energy dominated. Using the same methods as for theentropy are dominated by uncertainties in Hubble’s coristan
observable Universe, we find the present radius and volume(Fig.[9).

of the cosmic event horizon to be The cosmic event horizon monotonically increases, asymp-
toting to a constant radius and entropy slightly larger tit®n

Reen =157+0.4Glyr, (47) current value (see Fi@. 110). We calculate the asymptotic ra-
and dius, volume and entropy to be
Veen =1.62+0.12x 10° Glyr?, Reen(t — 00)=16.4+0.4 Glyr

=1.37+0.10x 10" m°. (48) =1.55+0.04x 10°°m (50)
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Veen(t — 00)=1.84+0.15x 10* Glyr3

=156+0.13x 10"°m° (51)

Scen(t — 00)=2.88+0.16 x 10'%%k. (52)
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FIG. 10.— The proper distance to the event horizon is shown asdiifun

of time. The vertical grey line represents the present agieeof)niverse (and

its width, the uncertainty in the present age). During dawérgy domination
the proper radius, proper volume and entropy of the cosnmeateliorizon
will monotonically increase, asymptoting to a constant.

REFERENCES

Abe, S. et al. 2008, Phys. Rev. Lett., 100, 221803

Adams, F. C. & Laughlin, G. 1997, Reviews of Modern Physi&s,337

Adamson, P. et al. 2008, Phys. Rev. Lett., 101, 131802

Balbus, S. A. & Hawley, J. F. 2002, ApJ, 573, 749

Basu, B. & Lynden-Bell, D. 1990, QJRAS, 31, 359

Bekenstein, J. D. 1973, Phys. Rev. D, 7, 2333

—. 1974, Phys. Rev. D, 9, 3292

Binney, J. & Tremaine, S. 2008, Galactic Dynamics: Secoritided
(Princeton University Press)

Bousso, R., Harnik, R., Kribs, G. D., & Perez, G. 2007, Phy=.®, 76,
043513

Cleveland, B. T., Daily, T., Davis, R. J., Distel, J. R., Len&., Lee, C. K.,
Wildenhain, P. S., & Ullman, J. 1998, ApJ, 496, 505

Coleman, T. S. & Roos, M. 2003, Phys. Rev. D, 68, 027702

Davis, T. M., Davies, P. C. W., & Lineweaver, C. H. 2003, Cieakand
Quantum Gravity, 20, 2753

Egan, C. A. & Lineweaver, C. H. 2009, in preparation

Elmegreen, B. G. 2007, in Astronomical Society of the Pa€ifimference
Series, Vol. 362, The Seventh Pacific Rim Conference onaBtell
Astrophysics, ed. Y. W. Kang, H.-W. Lee, K.-C. Leung, & K.¢heng,
269—+

Frampton, P., Hsu, S. D. H., Kephart, T. W., & Reeb, D. 200&Ar
e-prints, 801

Frampton, P. H. 2009, ArXiv e-prints

Frampton, P. H. & Kephart, T. W. 2008, Journal of Cosmology an
Astro-Particle Physics, 6, 8

Frautschi, S. 1982, Science, 217, 593

Fryer, C. L. & Kalogera, V. 2001, ApJ, 554, 548

Fukugita, M. & Peebles, P. J. E. 2004, ApJ, 616, 643

Gibbons, G. W. & Hawking, S. W. 1977, Phys. Rev. D, 15, 2738

Gnedin, N. Y. & Gnedin, O. Y. 1998, ApJ, 509, 11

Graham, A. W., Driver, S. P., Allen, P. D., & Liske, J. 2007, RNS, 378,
198

Guth, A. H. 1981, Phys. Rev. D, 23, 347

Hawking, S. W. 1976, Phys. Rev. D, 13, 191

Heger, A., Woosley, S. E., & Baraffe, |. 2005, in AstrononhiSaciety of
the Pacific Conference Series, Vol. 332, The Fate of the Mestsite
Stars, ed. R. Humphreys & K. Stanek, 339—+

Hulse, R. A. & Taylor, J. H. 1975, ApJ, 195, L51

Kolb, E. W. & Turner, M. S. 1981, Nature, 294, 521

—. 1990, The early universe (Frontiers in Physics, Readviwy,
Addison-Wesley, 1988, 1990)

Linde, A. D. 1982, Physics Letters B, 108, 389

—. 2009, private communication

Lineweaver, C. H. & Egan, C. A. 2008, Physics of Life Revie®s225

Lynden-Bell, D. 1967, MNRAS, 136, 101

Mather, J. C., Cheng, E. S., Cottingham, D. A., Eplee, Ji§.RFixsen,

D. J., Hewagama, T., Isaacman, R. B., Jensen, K. A., Mey&,,S.
Noerdlinger, P. D., Read, S. M., Rosen, L. P., Shafer, R. Aightt, E. L.,
Bennett, C. L., Boggess, N. W., Hauser, M. G., Kelsall, T. s&ley, Jr.,
S. H., Silverberg, R. F., Smoot, G. F., Weiss, R., & WilkinsBn T. 1994,
ApJ, 420, 439

Mather, J. C., Fixsen, D. J., Shafer, R. A., Mosier, C., & \Wfifon, D. T.
1999, ApJ, 512, 511

Peacock, J. A. 1999, Cosmological Physics (Cambridge WsityePress)

Penrose, R. 1979, in General Relativity: An Einstein cemtgisurvey, ed.
S. W. Hawking & W. Israel, 581-638

Penrose, R. Newton, quantum theory and reality. (Threeredngears of
gravitation, p. 17 - 49), 17-49

—. 2004, The road to reality : a complete guide to the laws efuthiverse
(The road to reality : a complete guide to the laws of the usieby
Roger Penrose. London: Jonathan Cape, 2004)

Seljak, U., Slosar, A., & McDonald, P. 2006, Journal of Cotgy and
Astro-Particle Physics, 10, 14, all data - LyA

Spergel, D. N., Bean, R., Doré, O., Nolta, M. R., Bennett, COunkley, J.,
Hinshaw, G., Jarosik, N., Komatsu, E., Page, L., Peiris, Hv&tde, L.,
Halpern, M., Hill, R. S., Kogut, A., Limon, M., Meyer, S. S.degard, N.,
Tucker, G. S., Weiland, J. L., Wollack, E., & Wright, E. L. ZQ0ApJS,
170, 377

Steinhardt, P. 2009, private communication

Strominger, A. & Vafa, C. 1996, Physics Letters B, 379, 99

Susskind, L. 1995, Journal of Mathematical Physics, 367637



't Hooft, G. 1993, ArXiv General Relativity and Quantum Casliogy
e-prints

Weisberg, J. M. & Taylor, J. H. 2005, in Astronomical Sociefythe Pacific
Conference Series, Vol. 328, Binary Radio Pulsars, ed. Rasio & I. H.
Stairs, 25—+

11



