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A hiddenvariableapproachto nonstationaryrelativistic thermodynamicsis developedthoroughlyin the mseof heat con-
ducting fluids. Theresultsshowthatthe theory is consistentwith andmoregeneralthanotheronesthat appearedrecently
in theliterature.

In recentyearsmuchattentionhasbeendevotedto derivatives.A superposeddot standsfor the covariant
topicsconcerningnonstationaryrelativisticthermody- derivativealong thefluid flow, i.e. = uvq~p,while
namicsespeciallyin connectionwith astrophysicaland = g,~+ U~U~is thespatialprojector.
cosmologicalproblems.More specifically, theatten- Briefly, Pavonet a!. [11] allow the specificentropy
tion hasbeenfocusedon dissipativeprocessesso as to function ~of a fluid to dependon the heatflux q~,be-
explain thehigh regularityin the structureof the sideson the massdensityp and theinternalspecificen-
Universeat largescale(cf. ref. [1] andreferencescited ergy e. Then,upon setting
therein). In this context,muchresearchhasbeenunder- - 1

takenin an attemptto producea proposalovercoming 5q~= cs(e, p)(pT) q~, (1)
the drawbacksof theNavier—Stokes—Fouriertheory the temperatureT beingdefinedby
wherebythesignalsare propagatedat infinite speed. =

Suchis the case,for example,of thenonstationaryirre- e’
versiblethermodynamicselaboratedby Israel and theyexploit thecorrespondingentropybalanceequa-
Stewart [2,3] ; asshownin ref. [4] , theadoption of tion and,asthe most simplifying assumption,they
this causalthermodynamicsleadsto crucial conse- find that
quenceson the evolutionof model universes.While =

particularlyawkwardin a relativistictheory, infinite q~ —~ — aTq~), (3)

propagationspeedis annoyingat the classicallevel as whereK is the thermalconductivityand XL~is therela-
well; that is why classicalirreversiblethermodynamics tivistic temperaturegradientT~+ Ti~.The require-
hasbeeninvestigatedby manyworkers(cf. e.g. refs. ment that eq. (3) reducesto the well-known Maxwell—
[5,6]). Cattaneoequationin the comovingframe amountsto

A causalnonstationarythermodynamicshasbeen setting
setup by ourselvesvia a hiddenvariableapproachboth a = TIKT\’ 14)

in the classical[7,81 andin the relativistic [9,10] — ~ ‘

framework.Our aim hereis twofold: to give further in- T denotingtheproper relaxationtimeof the process.
sight into the thermodynamicswith hiddenvariables This is sufficientfor the comparisonwe havein mind.
andto makea timely andhelpful comparisonwith the Generalizingthe customaryoutlook, we saythat a
extendedirreversiblethermodynamicsby Lebonet al. materialwith hiddenvariablesconsistsof a set of re-
[6] throughthe correspondingcausalevolutionfor sponsefunctions
heatconduction[111. = ~ A

Henceforth,the indicesp, e, 0,q, A denotepartial ~
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and of a functionfgoverningthegrowth of thehidden thermodynamics.Now,on thebasisof physicalargu-
variables,namely ments,we choosea particularfunction 1, amongthe

admissibleones.Specifically,setA =f(Y, Z, A, A;M).
~,Li(0,p, A)= ‘I’(O, p)+ KT(20p)A’2A,1. (9)

Essentiallythedistinctionbetweenthephysicalvan-
ablesyandz is that thelattervanishat equilibrium. Henceeqs. (7) become
Sucha distinctionis substantiatedby thefact that the
explicit dependenceof~on z leadsunavoidablyto the S = —‘I’s ÷KT(20

2p)_1AMAM, qM = —K/tM, (10)
paradoxof infinite propagationspeed.In additionto while the inequality (8)gives ic ~ 0. Notethat in the
other results,this schemeprovidesMuller—Israel’s casewhen the temperaturegradientisheldconstant
theory [12,2] as a particularcase [101. eq. (5) asymptoticallyyieldsA = X and,whatis more,

Whendealingwith non-viscousheatconducting eq.(10)becomesFourier’slaw of heatconduction.
fluids,y may beidentified with thepair (0, p),0 being Finally, the definitione = i~i+ Os provides
the absolutetemperature,andz with X. For our pur- e=W—0’1’

0 +KT(p0)~AMAM. (11)
posesit isenoughthat we chooseA asa spatialvector,
MuM = 0, andfasa linearfunction, that is to say The comparisonwith therelations(1)—(4) is not

immediatebecausethe energye dependson thehidden
= aXM + bAa; variableA besideson theequilibrium quantities0, p.

herethe coefficientsa,b are assumedto be indepen- As a first step,observethat useof eqs.(10) and(11)
dentof 0, p. The requirementthata pair (X

0, A0) be leadsto
asymptoticallystableat fixed A0 forcesb to benega- ~— s

0/e8= 0_i
tive; settingb = —r theparameterr takeson the mean-
ing of relaxationtime. So,uponrenormalizingthehid- andhenceT= 0. Then, in view of the identity
denvariable,namely(ar)

1A -÷ A, we have
sq,~= q~— seeq,jee,

h~L~AV= r~Q~— AM). (5) a directcalculationprovides

The response4 — which may beidentified with theset
S =—r(O2pic)1qM.

(~,1i,s,p,q), ~/‘andpbeing the free energyandthepres- ~
sure— is restrictedby the C!ausius—Duheminequality On accountof eq.(4), this resultcoincidesexactly
whereby with expression(1) thusshowinghow theflexibility of

thehiddenvariableapproachpermitsus to obtainthe
—p(~+SO)_pUM;M _0~qMX~~0 conclusionof ref. [11] in the importantspecialcase

musthold identically.As ~,1J= i~(0,p, A) and~ (9).
= _puM ;j~j,substitutionof eq.(5) yields The fact that thetwo theoriesare so strictly related

is satisfactoryfrom a generalviewpoint butevenmore
+s)~+ (p2 ~/i~— p)uM ;~j

(6) m conjunctionwith the structureof the entropyfunc-
tion (10). Indeed,as shownabove,the entropyis un-

— (0 lqM + ~T1 ~AM)XM + ~ ~ 0. avoidablydependenton the hiddenvariableA andthe

The independenceof the hiddenvariableA of the pres- correspondingterm playsa vital role in our deduction.
ent valuesof the physicalvariables0,0,p, UM;M, A The importanceof this aspectis strengthenedby the
[7,9] allowsusto saythat (6) holdsonly if propertyof theClausius—Duheminequalitywhereby,

evenaccountingfor furtherirreversiblephenomena,
s —~li~,p = p2~’~, q1-’ = P0T’1PAM~ (7) the entropyis affectedby hiddenvariablesonly

throughthe one describingheatconduction[7,10].
~‘ 0. (8) Beyondthe consistencyof thedifferent approaches

Wheneverthe function it’ satisfiesthe inequality (8), to nonstationarythermodynamics(cf. alsoref. [10])
the responsefunctionss,p, q, as definedby eqs.(7), toour mindoneelementweighs in favourofthehidden
are automaticallyconsistentwith the secondlaw of variables.Suchis the caseof wavepropagationprob-
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lems where thestructureof the evolution equations [61 G. Lebon, D. JouandJ. Casas-V~zquez,J. Phys.Al 3

allows usto regardthe hiddenvariablesas continuous (1980)275.
quantitiesacrossthe discontinuityfronts [9] . [7] A. Morro, Arch. Mech. 32 (1980)145.

[81 F. Bampi andA. Morro, WaveMotion 2 (1980), to be
published.
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