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Overview

|. History

Il. Temperature scales

lll. Thermometers

IV. Grand Laws of Thermodynamics

V. Temperature characteristics



Famous exception of the 3™ law

classical ideal gas

S= N|cyIn(T) + kgln(V/IN) + o]

Moreover:

classical statistical mechanics: n-vector model with
n-dimensional vectors > 1 violates third law.

(e.g. planar Heisenberg (n = 2) or the n= 3 Heisenberg model)
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“Isochronous” RTD useful at all?
shortcomings

(1) not feasible experimentally
(ii) extension to General Relativity problematic
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“‘Isochronous” RTD useful at all?
shortcomings

(i) not feasible experimentally
(i) extension to General Relativity problematic

SOLUTION: replace isochronous hyperplanes by lightcones

Why? t
=.0 . -3 .
v photographic measurements E S } / /\
v equivalent for moving observers e .
v GR extension . x
v nonrelativistic limit
LE,:', e | P P2 R
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Temperatur:
Was ist das eigentlich ?
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What is temperature?
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Planck units

Speed of light C 299 792 458 m s!

Gravitational constant G 6.67429 - 101t m3 kgt s2

reduced Planck’s constant h 1.054571628 -:1034J s

Coulomb force constant (47‘(‘60)_1 8 987 551 787.368 kg m3 s2 C2

Boltzmann constant kp 1.3806504-1023 ) K1

Name | Ewresion |Sleauvalenis
Planck temperature Tp = VEcSG—1k—2 1.41168- 1032K
Planck length lp = VEGc—3 1.61625- 103> m
Planck mass mp = \/W 2.17644- 108 kg

Planck time tp = VhGc—> 5.39124- 10%4s
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Thermodynamic potentials

Internal energy: E(S,V.{N;}) =TS —pV + Z'“i N;

Helmholtz free energy: F(T,V,{N;})=F-TS

Enthalpy: H(S,p,{N;})=E+pV
Gibbs free energy: G(T,p,{N;}) =FE+pV -TS = Z'“i N;

Planck potential: ®(7T,p,{N;}) = -G/T



Quantum Regime

4

h = 6.62606896 - 10 °*J s =
"~ K?Rg

with K; = 2e/h, Rx = h/e’

hv = 1kg ¢?
— v = 135639273 - 10**Hz



Quantum Harmonic Oscillator

2
p M 5, 1 1
Hq = | , B, = — Jhwy , = ——
ST oM T gt (n+5)hwo, 0=
partition function /= f e PEn = !
o — 2 sinh[fifwg/2]
entropy S=kg ln(Z) ﬁ—ﬁln(Z)
| i Pwg
= —In(1- —h
kB h EXp(hﬁ{U{]) —1 H( E‘!Kp( ﬁ{uﬂ))



Relativistic Brownian motion

initigl
Condition t =0
{alt 3 cases)

z

(
I
t
I
Diffusion :
Eq | t=t,
I
§
i Z
i
I
!
Telegraph :
Eq. t=1,
i
j/:\l
1
i >
Z

Masoliver & Weiss,
Eur. J. Phys. 17: 190 (1996)

J. Dunkel, P.H., Phys. Rep. 471, 1 (2009)
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Relativistic thermodynamics

+1 Planck, Einstein
T'(w) =T (1 —w?)*/? o= 0 Landsberg, van Kampen
—1 Ott

Why this confusion?

(i) R-TD non-local theory

(i) different definitions of work and heat




Juttner Gas

FMaxwen (P) = [ﬁ/(27rm)]d/2 exp (_gpQ/Qm)
Frittner () = Z; ' exp [—5J(m264 —|—p202)1/2]

L u=20

- u=0 heavy particles
v
(p-v) =dkgT = d/B;
lght particles | statistical relativistic temperature

T =T = (kgBy)”"

U 0.5 L
v/c J. Dunkel & P.H., Phys. Rep. 471, 1-73 (2009)



Moving Observers >(u=0) — %'(u#0)

N3
/ / =1 my(v') IN( A2 /
fJiittner(U ,U) — Zl €Xp [_6J7(u)m7(v )(C T uv )}
7y (u)
v’ : velocity in moving frame
| 1.5 : :
u = 0.2¢c light particles _ L& u=0.2c heavy particles
= Ty
5, N,
6 G
E =05
0 1 1 1 | 1 A
—1 —0.9 0 0.5 1 —1 —0.5 0 0.5 1
v /e v /e

J. Dunkel & P.H., Phys. Rep. 471, 1-73 (2009)



Measuring temperature in Lorentz
invariant way

Lorentz invariant equipartition theorem

ke T = my(u)* (y(v')(v" +u)*)w

with u = —(v")4

0 Lk = 1.6 |

1.4

kT / (mic?)

1.2

0 0.2 0.4 0.6 0 0.2 0.4
u/c u/c



A statistical definition of Temperature

Q(E,V,N) : number of microstates for a given macrostate (E,V, N)

IEla Vi, N1||E2, Va, Nzl—’ Ey1, Vi, Ni|Eo, V3, Ny
_—l _— _—

Ql(ElvvlaNl) Q2(E27‘/27N2) :>Q:QI'QZ

0f) 0f)
in equilibrium: 02 = a—Ei(SEl Qo + Q4 a—Ez(SEz =0
1 09 1 99
energy conservation: 6F; = —0Fy = 1 _ 2

Ql 8E1 - QQ 8E2
Boltzmann (Planck): S = kgln2
1 1

>—=—=T; =T, =T
T, T 1 2



? Negative Temperature ?
Spin system: |S| =1/2; ji=~S; H=-) ji;-B

== 1 1
S || B = Two-State-System: €, = —ifyB < € = —|—§fyB = uB

N=n,+n. & E = puB(ne—ny,), typically £ <0

N
! > () = ' '$S:k¢B In €2
‘ng:§(N—lu—B) Ng:MNe:
1y, E 1_05
= =5 (V) T T 9E



Negative (Spin)-Temperature!

1 05 0 0.5 1 1 —05 0 05 1
E/(NuB) E/(NuB)



Time parameters and (relative) entropy

2.0t ——————r
. sl Light particles f
o |
1t , S 1of
fi(v) = E/ﬂ, dt' 8o — V (t')]. < R .
a 1 /7 ,, \ ., 0.0 ' r
=1 [ arsy- Vi) f
0 o 08 PP RS
ENUAE fw \ )
= 42l  Heavy particles b '
e N\ 009z 04 ! 06 08 1
o(p) vie
S = f d“ 1 [—
[¢l0] p o(p)In o(p)
€ = [ dpo(p) p" p=po: 65 xexp(—=58p”) & [f(t— o)
1 —
L= [apop) Pt owx I e frood

EPL 87: 30005 (2009)

Relativistic TD & BM DPG, March 2010




Typical temperature values [°C]

Boiling point of Nitrogen -195.79
Lowest recorded surface temperature on Earth -89
(Vostok, Antarctica — July 21, 1983)

Highest recorded surface temperature on Earth 58
(Al" Aziziyah, Libya — September 13, 1922)

Temperature in the Earth’s Thermosphere ~ 1500
(80 - 650 km above the surface)

Melting point of diamond 3547
Surface temperature of the sun (photosphere) ~ 5526
Temperature in the interior of the sun ~ 15-10°






