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First thermometer & temperature scales

1638: Robert Fludd — air thermometer &scale
~1700: linseed oil thermometer by Newton
1701: red wine as temperature indicator by Remer
1702: Guillaume Amontons: Absolute zero temperature?
1714: mercury and alcohol thermometer by Fahrenheit

Definition of temperature scales

Sir Isaac Newton Olaf Christensen Daniel Gabriel Rene Antoine Anders Celsius

(1643 —1727) Romer Fahrenheit Ferc,:hault de (1701 — 1744)

(1683 — 1757)



Linneaus thermometer

Carl von Linné
(1707 —1778)

Reversed the Celsius scale

1744 broken on delivery
1745: botanical garden in Uppsala
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Anders Celsius



Absolute Zero

ideal gaslaw: p V' = N kg T’

S~

1848: Kelvin postulates an

absolute zero temperature William Thomson
> — Lord Kelvin
T (1824 — 1907)

973.15°C
It is impossible by any procedure to reduce the temperature of
a system to zero in a finite number of operations.



The highest temperature
you can see

Lightning:

30 000 °C




Noise Thermometer

Ohmic Resistor

Johnson — Nyquist noise

V4 PSDv(w) — QkBTR

-- classical regime only --

PSDy : power spectral density
of the voltage signal

kg : Boltzmann constant

R : resistance



Cosmic background temperature

T=2725+....K
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Planck’s law [1901]: u(M,T") =
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u(A,T) : spectral energy density
: wavelength

: Planck constant

c : speed of light

kg : Boltzmann constant

Stefan — Boltzmann law:

E xT?*

Thermometer !



The famous Laws

Equilibrium Principle -- minus first Law

An isolated, macroscopic system which is placed in an arbitrary
initial state within a finite fixed volume will attain a unique
state of equilibrium.

Second Law (Clausius)

For a non-quasi-static process occurring in a thermally isolated
system, the entropy change between two equilibrium states is
non-negative.

Second Law (Kelvin)
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Entropy S — content of transformation
,y,verwandlungswert”

dS — 5QreV/T; 5Qirrev < 5Qrev

V27 T2
0Q)
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MINUS FIRST LAW vs. SECOND LAW

-1st Law

R 2nd Law




SECOND LAW

Quote by Sir Arthur Stanley Eddington:

“If someone points out to you that your pet theory of the universe is in disagreement
with Maxwell’s equations — then so much the worse for Maxwell’'s equations. If it is
found to be contradicted by observation — well, these experimentalists do bungle
things sometimes. But if your theory is found to be against the second law of
thermodynamics | can give you no hope; there is nothing for it but to collapse in
deepest humiliation.”

Freely translated into German:




Thermodynamic Temperature

0Q"" =TdS + thermodynamic entropy

S = S(E,V,Ny, Ny, ... M,P,..)

S(FE,...): (continuous) & differentiable and

monotonic function of the internal energy E

05\ _ 1
OE) T



microcanonical ensemble
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Entropy in Stat. Mech.

S = ]{7]3 In Q(E, V, )

QM: Q¢ (E,V,.. 21

0<E,<E
classical
1

Gibbs: g = (N! hDOF> /dF@ (E — H(q,p;V, ))

0 Qg
OF

X /dF5 (E — H(q,p;V, ))

density of states

Boltzmann: (g = ¢
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Entropy in Stat. Mech.

S = kB In Q(E, V, )
~ flLDOF> /dF@ (E—H(q,p;V,...))

0 Qg
OF

Gibbs: Q¢ = (

Boltzmann: {2y = ¢

X /dF5 (E — H(q, p; V,...))

density of states



Ui
Microcanonical thermostatistics

P H(Z)=E

q
W
D-Operator DoS
S(E— H w(B, Z) = Ta[§(E — H)] > 0
rem z) = e
)= IntDoS
Thermodynamic Entropy ?
Se(F) = In (e w) Sa(F) =1n{)

VS.
Boltzmann (?) Gibbs (1902), Hertz (1910)




Boltzmann  vs. Gibbs 2

v(E,Z) = 0w/OE,
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Density of states of the pendulum in reduced units (complete elliptic integrals of the first kind).
Fig. 1 in reference: M. Baeten and J. Naudts, Entropy, 13, 1186-1199 (2011).
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SCIENCE VOL 339 4 JANUARY 2013

Negative Absolute Temperature for
Motional Degrees of Freedom

S. Braun,™? J. P. Ronzheimer,™? M. Schreiber,* S. S. Hodgman,™? T. Rom,"?

I. Bloch,>? U. Schneider®?*

Because negative temperature systems can ab-
sorb entropy while releasing energy, they give
rise to several counterintuitive effects, such as
Carnot engines with an efficiency greater than
unity (4). Through a stability analysis for thermo-
dynamic equilibrium, we showed that negative
temperature states of motional degrees of free-
dom necessarily possess negative pressure (9) and
are thus of fundamental interest to the description
of dark energy in cosmology, where negative pres-
sure 1s required to account for the accelerating
expansion of the universe (/0).

v’ Carnot efficiencies > |

v’ Dark Energy
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Recent Experiments
SCIENCE VOL 339 4 JANUARY 2013

Negative Absolute Temperature for
Motional Degrees of Freedom

S. Braun,“ ). P. Ronzheimer,™* M. Schreiber,™* S. S. Hodgman,™* T. Rom,**
l. Bloch,>? U. Schneider®**

* fit to 1-particle level occupation
= negative temperature

» Carnot efficiencies > 1

* T<0 & p <0 = model for dark energy




Recent Experiments
SCIENCE VOL 339 4 JANUARY 2013

Negative Absolute Temperature for
Motional Degrees of Freedom

S. Braun,“ ). P. Ronzheimer,™* M. Schreiber,™* S. S. Hodgman,™* T. Rom,**
l. Bloch,>? U. Schneider®**

0 Positive temperature 9 Negative temperature
e o oo ) i
¥ Schematic experimental distribution
(™) \ [
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b ' One-parameter thermal fit ey E'
= E»E = 3
0 \ 0 -
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Thermodynamic laws in isolated systems

Stefan Hilbert,':” Peter Hinggi,* and Jorn Dunkel*
' Exzellenzcluster Universe, Boltzmannstr. 2, D-85748 Garching, Germany
*Institute of Physics, University of Augsburg, UniversitdtsstraPe 1, D-86135 Augsburg, Germany
3Nanosystems Initiative Munich, Schellingstr. 4, D-80799 Miinchen, Germany
*Department of Mathematics, Massachusetts Institute of Technology, 77 Massachusetts Avenue E17-412, Cambridge,
Massachusetts 02139-4307, USA
(Recetved 28 September 2014; published 9 December 2014)

** 23 pages **
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‘Non-uniqueness’ of temperature

Temperature does NOT determine direction heat flow.
Energy is primary control parameter of MCE.



Thermodynamic Entropy

e dE=0Q+0W

* ¥ and QO not state functions
= differentials 6/ and 60 not total

e but dS = 6TQ total differential

y 1:(af[9(E,Z)]
T OE




Mech. Adiabatic Processes

dE = 8Q+dW = TdS— ) p,dz,

0S
p, =T
.

#J

dE

1
/:\
DD
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je!
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Mech. Adiab. = Thermod. Adiab.

dE = 8Q+dW = TdS— ) p,dz,

0S
p, =T
..

OH
%, (5 az

n

dE

dS 0




First Law

dE = 8Q +0W = TdS—-2, p,dZ,

| as ' JoH
=157 . B <azi>p
|
= S(E,...) = flQ(E,...)]

f(-)=kyIn() from additional constraints
(e.g. gas thermometer)
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| T
First law

dEE = o0Q) + 0A = TdS—andZn

pi=T (8_‘9) ! <8_H>
! 0Z; E,Z,#7Z, 0Z; E

Gibbs & m— Boltzmann x

see also Campisi, Physica A 2007
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Second Law

after ' before
IR Sy
I j J




n:=-
Second law s

Gibbs Sc(E) =nQ

Q(Ea + E3)

/
Ex+Es E'
— / dE’/ dE"wa(E"\ws(Eaq+ Eg — E')
0 0

Es+Esg E 4
dE,/ dE”wA (E”)wg (EA + By — E’)
0

A Eg
— dE//w_A (E//) / dE//,CUB (E///)
0 0

= Qa(Eq) Qs(E3).

—>  Scas(Ea+Es) > Sau(Ea) + Sas(Es)
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Second Law

Hﬂ - Eﬂ HB - EB
before
coupling

SAEL)  SyEy)

HﬂB:Hﬂ_I_HB:Eﬂ _I_EB:E?(

.

S e Eong) = SA(E) + Sy(E,)

B

after
coupling




A Second Law: Gibbs Entropy

Ey (E,+Ey) =ln[Q, (E,+E,]

G&Z(B

Qo bathy) 202,(E,) QyE,)

N E=EFE"+E =F +F
\\\‘

E o (£, E,)




n:=-
Second law s

Boltzmann Sp(E) = In (ew)
Ea+E3
ew(EA —|—EB) = 6/ dE’wA(E’)wB (EA + Egp —E’)
0

Z cwalEa)ws(Es)

X



Second Law

after ' before
> S = Y S
i j J

SBfﬂB(Eﬂ 2, 7% GﬂB(E TEy) 2

Spalln) T Sps(liy) Saalliz) T Sa4Ep)




Erunt multi qui, postquam mea scripta legerint, non ad
contemplandum utrum vera sint quae dixerim, mentem
convertent, sed solum ad disquirendum quomodo, vel
iure vel iniuria, rationes meas labefactare possent.

G. Galilei, Opere (Ed. Naz., vol. |, p. 412)

There will be many who, when they will have read my
paper, will apply their mind, not to examining whether
what | have said is true, but only to seeking how, by
hook or by crook, they could demolish my arguments.



Example: Classical Ideal Gas

Q(E,V,N)=o(D,N)V"E"""?

SL(E,..)=kylnew(E,...) Sc(E,.)=k,nQ(E,...)

DN DN
E:(T_l)kBTB E:TkBTG

for DN=1or DN=27?




Example |: Classical ideal gas

(27rm ) 4N/

~ NWIT(dN/2 + 1)

Q(E,V) = aEN2yN Q

Sa(E,V,A) =kgIn|Q(F)]

VS.

dN
E — TkBTG




Example: Single 1-dim Particle

 single particle with energy £
iIn one-dimensional box of length L

’Q(E)oc\/E
_ 2B JoH _ 2B _ [oH
P = 77 oL/, P71 oL |/,

(dark energy?)




Thermal equilibrium i

f
be ore A %
coupling
TA(E4) Te(ER)
H=Hjs+Hp=FE,+Eg=F
after
. A 5
coupling T(E)
(TaA(Ea))E (Tr(ER))E
> - wa(Bg)ws(E— Ey)
(Ti(E)) i = / dE, T,(E;) mi(E/| E) ma(Ea|) = SAEALEE -2



Zeroth law i

T(E)
A B C
(T4(Ea))E (Is(EB))E (Tc(Ec))E

Gibbs

QA(EA) wA(EA)wB(E — EA)
wA(EA) w(E)

Tca(Ba))E = /OOOdEA

— ﬁ/o dEA Qa(Eq)ws(E — Ey)

— To(E)

v



Summary

* Entropy candidates for isolated systems:




canonical ensemble
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o(E) = Tr[8(E — H))
= Try {Trz [8(E — Hy — Hp)l}

20 20
— Try {Tm [/ dE' S(E'y HA)f d Epy8(Ey — Hy)3(E — Hy — HB)]]
—0oC —0oC
= Tr, {Tl‘g U dE 8(Ey — HA)/ d E8(Ely — Hp)S(E — E'y — Eg)“
—0oC —0oC
_ f dE', TeAlS(E'y — H)l f d EL Teal8(E's — HOW(E — E'y — EL)
—0C —0oC
20 20
_ f dEy wA(E'y) / d Ely wos(E)S(E — E'y — Ep)
- f dE, f d Efy o A(E' Jos(EDS(E — 'y — El)
0 0
E
= f dE'y 0 4(Epwp(E —EQ!

0

TAEL|E) = Tt[p 8(E)y — Hy)

[5(5 — Hy — Hp)
= Tt -
w(E)

S(Ey — HA):|

8(E — E", — E})

» 6] o0
_ [ dE", wu(E) f dE ws(EL)

00

w(E)

_ wA(Ey) wp(E — E)
N w(E) '

S(Ey — E7)


Geiger_2
Hervorheben

Geiger_2
Hervorheben

Geiger_2
Hervorheben

hanggi
Hervorheben

hänggi
Hervorheben

hänggi
Hervorheben

hänggi
Hervorheben


canonical ensemble J
=

gl J(E H(zz))/msz') = P(E°|ET2)= =2

T eo5 (EDD g
~ E =
S I G [é.é( El-£ 331
£ T(ET) kg
T -5 F8
— T E'-F-E%)+...
NE X} E ES) S (E) 7;8(5'13)(
N = SEY exp[sf (E® , EEH£S
ELTCET) kg AK QB(FB)

with +e.. = 0¥ (55 /ngﬂ)z-ﬂ/rgcg )

P PE )= S o[-

:.:m

Tha
1U\
y

-— P e ) =B
nofz.' 7;3(5&)‘ =~ 7; (ET); __L/- l;?or'mz(l): /B =T

o —— g (C] G



Thermal Casimir
forces and
quantum
dissipation

Introduction

Quantum
dissipation

Thermal Casimir
effect

Conclusions

Finite bath coupling lN k Angsburg

University

il
Hs Hsp Hg

The definition of thermodynamic quantities for systems
coupled to a bath with finite coupling strength is not unique.
P Hénggi, GLI, Acta Phys. Pol. B 37, 1537 (2006)



Y(t)
Zs (t) = Z_B

—BHp
= Trge

/g =

where



An important difference

Route IT ‘

Trs,(Hse PH)

E=E=(Hs) =
s= s TrS+B(e_ﬁH)
Z_TrS+B(e‘ﬁH) _ 0lnZ
~ Trg(e PH) - 0p

= U=(H)-(Hp)s

- B+ o+ P3P

For finite coupling E and U differ!

Quantum
Brownian
motion and
the 3" Jaw

Specific heat and
dissipation

Two approaches
Microscopic model

Route |

Route Il
specific heat
density of states

Conclusions
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Strong coupling: Example

System: Two-level atom; “bath”: Harmonic oscillator

€ 1 1
H= 502 +Q (aTa+ 2) + X02 <aTa+ 2)

Michele 6*

Campisi H* = EO'Z —l— ’y

e % sinh(Bx)
1— e 0 cosh(ﬁx))

1 | 1 — 2e 72 cosh(By) + e~25%
2 ( (1—e 7y >

. 2
€ :e+x+ﬁartanh<

"y:

Zs =Tre " Fs=—kyTInZs
OF oS
Ss = _Ze Cs = T—S
oT oT
M. Campisi, P. Talkner, P. Hanggi, J. Phys. A: Math. Theor. 42 392002

(2009)
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Free energy of a system strongly coupled to
an environment

Thermodynamic argument:
Fs=F—Fp
F total system free energy

Fg bare bath free energy.

With this form of free energy the three laws of thermodynamics
are fulfilled.

G.W. Ford, J.T. Lewis, R.F. O’Connell, Phys. Rev. Lett. 55, 2273 (1985);
P. Hanggi, G.L. Ingold, P. Talkner, New J. Phys. 10,115008 (2008);
G.L. Ingold, P. Hanggi, P. Talkner, Phys. Rev. E 79, 0611505 (2009).
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Entropy and specific heat

Q/e=3
Michele
Campisi

Q/e=1/3




Summary

Isolated systems:
* thermodynamic entropy: Gibbs volume entropy
* N0 negative thermodynamic temperature
* no Carnot efficiencies > 1
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Summary

Isolated systems:

» T's before coupling do not predict
heat flow during coupling

* bounded spectra = ensembles not equivalent

* thermodynamic entropy
not always Shannon-like entropy S;=—Tr|pInp

* incorrect entropy
= Incorrect temperature, forces, and responses




Summary

Systems coupled to heat bath:

» Boltzmann temperature (of the bath) describes
the probability of (energy)-fluctuations

* Boltzmann factor approximate for bath with
finite heat capacity

o for certain N-particle isolated systems:
1-p. p(E) = c exp|-E./ (k, TB’ )l
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PHILOSOPHICAL Meaning of temperature in
TRANSACTIONS A . L
different thermostatistical
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Important UNSOLVED (open) Problems are:

1.) Quantum systems and discrete spectral parts: DoS becomes singular
===> g sum of delta-functions !!!

?7?7? Il best smoothing procedure 7?77?11l
2.) Canonical ensemble: ?
3.) Canonical ensemble and STRONG coupling:
Quantum case: Canonical specific heat can now become negative (!)

despite system being stable
Classical case: ?
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A QUESTION ?




Erunt multi qui, postquam mea scripta legerint, non ad
contemplandum utrum vera sint quae dixerim, mentem
convertent, sed solum ad disquirendum quomodo, vel
iure vel iniuria, rationes meas labefactare possent.

G. Galilei, Opere (Ed. Naz., vol. |, p. 412)

There will be many who, when they will have read my
paper, will apply their mind, not to examining whether
what | have said is true, but only to seeking how, by
hook or by crook, they could demolish my arguments.



Conditional Entropy
T(x'y)=HXKY)

HOO @ HY o H (XJ v) s (- ,)(x)t’n P()&))

H(Y[X) = —Z p(X,y)PH}o(x,y)

= H(Ix)
:-"',5 POy Zh plyhx) > 0

HOXY)

Quantum Conditional Entropy

von NEUMaANN: S, (9)=-Tr Pn
¥ CoupLING v podiie

.'-l B o
N 5 =5;N QM>- vN(§ ) N

SYSTEM
BATH 2. S8 SR,

2y c can
quan'}um cond, == SvN (322;2 5 (gB s 5:2:‘13)
antropy t*?ean



Proof:

1 0Tc\ 1 () 10 -
C <8E T kg \Q ) kg (V)2

1 mﬂ}_ 1 (1_T_G>
kg ()2 kg Th




Carnot efficiencies > |? n=1- 5
T_L'ﬁ/ o bL»T— \ \\ . A Y
R ..I‘\ / S \:\\ \\\\\ \

® Carnot cycle assumes adiabatic switching

® Carnot formula assumes that TD relations
are fulfilled ... only for T > 0 the case

—> no Carnot efficiencies > | when treated consistently
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