Lecture 25. Relativistic Gas

* In this lecture, we will focus on cases where
classical mechanics description of kinetic
energy fails at high velocity
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Dispersion relation

Kinetic Energy, relativistic formula
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Non-relativistic limit
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Ultra-relativistic limit

plm = ¢ =— L= pc e.g., photons

W=k
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Ultrarelativisticgas £-:c

We will consider an UR gas of finite mass particles
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Density of states: g(k)dk = 3
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What changed? 7 instead of 772
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Thermodynamic properties!

» Partition function of the ultra relativistic gas

of indistinguishable particles £y = i *note: when is this valid?
NI ' '

InZy =NInV + 3N InT + constants

dln 2y
djg

* Internal energy [/ = = INkeT

: (U . — INE
* Heat capacity v (r‘ﬂ")r_h Cv =3Nkp *note: why is this different

from the equipartition theorem?
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mZy =NInV + 3N InT + constants

B dln 7y
dd

Internal energy [/ = = INET

Heat capacity Cy = (3;) —p (= 3Nk
.

Helmholtz function | — LT InZy = kTN lnV —3NEkpT T — kpT = constants

e Ny T .
« Pressure = (:}T) - Lf.i =nkeT  *ideal gas law!
.
+ Enthalpy H =1 +pV = 4NkgT
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Entropy
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InZy = NhV -3NInA—-—NInN+N
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! (n-i'i""‘) +
F = = kHT In E"'.,'
= NkgT[ln(nA%) = 1],
. _ U-F
5 = 7

= Nkg[4 - In(nA?)],
G = H-TS5=4NkgT — NkgT[4 — In(nA?)]
= NkgT In{nA?).
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Pressure
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Adiabatic Expansion of an ultra relativistic gas

« MNo heat in or out!

* No entropy change S = Nikp[4— In(nA?)]

hem 3 P = N{m.-nﬂfﬂjﬁ
kpT © V' knT

« Thus thisis also a constant nA? = n{
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Expansion of the universe

VT? = constant

Tox V13 gt s ¢ isascale factor

* The temperature of the CME is inversely proportional to the scale factor of the universe.

* Non-relativistic gas: L’"]_’"Hf'“‘g — ecomstant T oe V23 e g2

* Faster cooling than UR
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Density of the expanding universe

*« Non-relativistic gas: pox V'l 0 X ;1—3

(1 u = Ap
* Relativistic gas: P=g  e— ! — oot
&

cpoc V448

The density of relativistic particles decreases faster
than that of non-relativistic particles, as the
universe expands and temperature goes down

Early universe was radiation dominated and the Universe has become matter dominated
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Summary

Proparty MNaom-relativistic Ultravelativistic
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Adiahatic exparsion  V7T° = constant VT = constant
pVES = constant PV S = pomstant
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