LECTURES ABOUT
(ADVANCED) STATISTICAL
PHYSICS

I.S.Biro, MTA Wigner Research Centre for Physics, Budapest
Lectures given at: University of Johannesburg, South-Africa,

November 26 — November 29, 201 2.



. Ancient Thermodynamics (... - 1870)

. The Rise of Statistical Physics (1890 — 1920)
. Modern (postwar) Problems (1940 — 1980)

. Corrections (1950 — 2005)

. Generalizations (1960 — 2010)

. High Energy Physics (1950 — 2010)
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What is actually non-perturbative at T > Tc ? (low Q2 pairs)
What is non-particle like (stringy) at T > Tc ? (interaction)

Are all color charges stringed at T > Tc? No! (a small fraction

suffices for the effect.)

Asymptotic freedom is incomplete at any finite temperature. Why

and what is the quantitative measure of this effect? ->



Non-perturbative effects at arbitrary high temperature:

1. Thermal distribution of Q?

2. NP order parameter: cut-off in Q2

3. Its thermal expectation value = order of NP effects
4. high-T expansion

5. =2 high-T NP terms in EoS (pressure, int.mesure)



Pressure: NP effects atany T

P :pP]?P(Qz)dgz +pNPIP(Q2)dQ2

AT

j P(0*)dQ’ = j £ (x)dx

1 (T << A)
p=p,— (P, DPup) 3

 A2)T? f0) (T >>A)

If it were f(0) = 0, then the QGP pressure would be free of NP effects!



Thermal distribution of Q2
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Thermal expectation of NP order parameter
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NP effects at high T in the EoS

p=+kT*"—c, ,NT"
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WIKIPEDIA: TSALLIS ENTROPY

In physics, the Tsallis entropy is a generalization of the Trapped ion interacting with a classical buffer gas
standard Boltzmann-Gibbs entropy. It was introduced in 1988 Hjgh energy collisional experiments at LHC/CERN (CMS,
by as a basis for generalizing the ATLAS and ALICE detectors) and RHIC/Brookhaven

standard statistical mechanics. In the scientific literature, the  (STAR and PHENIX detectors)

physical relevance of the Tsallis entropy was occasionally Among the various available theoretical results which clarify

gebatediiSopever o ticyedis 2000 otan nercasinly the physical conditions under which Tsallis entropy and

wide spectrum of natural, artificial and social complex associated statistics apply, the following ones can be selected:

systems have been identified which confirm the predictions . )
Anomalous diffusion

and consequences that are derived from this nonadditive

: ' : . . Uniqueness theorem
entropy, such as nonextensive statistical mechanics '“', which q

generalizes the Boltzmann-Gibbs theory. Sensitivity to initial conditions and entropy production at the

; : . ; . .. edge of chaos
Among the various experimental verifications and applications &

presently available in the literature, the following ones deserve Probability sets which make the nonadditive Tsallis entropy to

a special mention: be extensive in the thermodynamical sense

The distribution characterizing the motion of cold atoms in ~ Strongly quantum entangled systems and thermodynamics

dissipative optical lattices, predicted in 2003 "/ and observed Thermostatistics of overdamped motion of interacting

in 2006 . particles
The fluctuations of the magnetic field in the solar wind Nonlinear generalizations of the Schroedinger, Klein-Gordon
enabled the calculation of the g-triplet (or Tsallis triplet) °/.  and Dirac equations

The velocity distributions in driven dissipative dusty plasma For further details a bibliography is available at

relaxation
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Some applications

— Reservoir = QGP at constant volume

— Reservoir = QGP at constant pressure

— Reservoir = QGP at constant entropy

— Reservoir = classical Yang-Mills on lattice

— Reservoir = (Schwarzschild) black hole



Heat capacity of QGP reservoir

 MIT bag model:
oT*

> E=V(oT* + B), p=——B, S =4¢VT3/3

dE dV
gy P 3 4 o4
= o7 40VT> + (oT* + B) o



Heat capacity of QGP reservoir
 MIT bag model:
oT*

> E=V(eT*+B), ‘p="——B, | 5=40VT/3

C, =40VT3=3S, C,=ow, C(s=3s (1-T_j

V const. Tfit =T lim e_S/C = 8_1/3 ~ (.7

C—o0



Heat capacity of QGP reservoir

e Chaotic classical Yang-Mills:
»S(E) = CoIn(1+ E/CyTy), constant heat capacity C!

Tfit =T

e Schwarzschild black hole:
>S = aE?, %: 2aE 6. = 20E?= =2 §

Trie = T lim e75/¢ = e'/% ~ 1.65

C—->oo



Black hole or a QGP bag?

Energy distributions of QGPF scenarios |C|=11.0

BH (C=-25)
QGP V (C=33) .
BG (C=inf)

log Z+ log P
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Reservoir models
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Conclusion

Improved Canonical Approach: assumes statistical entanglement by
using optimal L(S) agreeing to higher order with microcanonical

Universally treats finite heat capacity reservoirs (but includes the
infinite ones)

Tsallis entropy is L(S), Rényi entropyis S

Fitted Boltzmann-Gibbs temperature may differ from that of the
reservoir

ForQGP T=175 MeV V=const fitT =125 MeV, S=const QGP
smaller, Yang-Mills fit T same, mini BH fit T = 288 MeV
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Thermalization

Pseudo-thermalization



Letterpdf - Adobe Reader
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Why Photons (gammas) ?

Zero mass: flow — Doppler, easy kinematics
Color neutral: escapes strong interaction
Couples to charge: Z / A sensitive

Classical field theory also predicts spectra



Experimental motivation: apparently thermal photons
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Theoretical motivation

 Deceleration due to stopping

 Schwinger formula + Newton + Unruh = Boltzmann

oh o SN, AN T Sl Ty e i
2T

Satz, Kharzeey, ...



Soft bremsstrahlung

e Jackson formula for the amplitude:

—n
2 = -
. e = v 1dr
With e e
81c? C c dt

<



Soft bremsstrahlung

* Covariant notation:
k = (w,wn) = k, (coshn,sinhn, cosy,siny )
u = (y,yv) = (cosh &,sinh &,0,0)
A= fei‘/’ ? (e-u) dt
dt \k - u

i

IR div, coherent effects Feynman graphs

The Unruh effect cannot be calculated by any finite number of Feynman graphs!



Kinematics, source trajectory

e Rapidity: = % = tanh($ + §p)
g
Sital
Trajectory:

A= e § (sinh(¢ + &) — sinh &)

Z = Z + ng (COSh(E ~+ E()) — cosh 60)

Let us denote ¢ + &y by ¢ in the followings!




Kinematics, photon rapidity
* Angle and rapidity:
cos 8 = tanhn

1
coshn

sin 6 =
cotf = sinhn

]
n = In cot:



Kinematics, photon rapidity

* Doppler factor:

R It __cosh(¢—-n) do¢
k-u=wy(l—Lfcosb) =w e

Phase:

wc sinh(é-n)

P = Pl s Yk, sinh(é —n)

Magnitude of projected velocity:

sinh & du _ coshn
cosh(é-n)’ d¢  cosh2(é-7)

U =



Intensity, photon number

Amplitude as an integral over rapidities on the
trajectory:

T 13 (2 itk sinh(é—n) __coshn
A=Ke fl ettiL ey L

2
Here £ = C; is a characteristic length.



Intensity, photon number

Amplitude as an integral over infinite rapidities on
the trajectory (velocity goes from —c to +c):

A = 2K8 ¢k, coshn K, (£k,)

With K1 Bessel function!

dN 1) 10401
kidk,dndyp  w

2 K4(fk))

Flat in rapidity !



Photon spectrum, limits

Amplitude as an integral over infinite rapidities on
the trajectory (velocity goes from —c to +c):

dN sagy 1
— EM > for ‘Bkl - 0
k., dk, dndi T k2
dN bk, ¥
= 2agy — e 2RL for £k, — oo

k,dk,dn dy Kk,



Apparent temperature

* High -k, infinite proper time acceleration:

hc hg

sl o, T30 TUnruh
ZHNTle

kBT =7TkB

Connection to Unruh:



Unruh temperature

* Entirely classical effect
e Special Relativity suffices

oo je{fw\/iﬁiiiz A ?

o0

: i )
I(V)OC j‘elca)z/gz ivelg dZ
0

Unruh

39

Constant ,g’ acceleration in a comoving system: dv/dt =-g(1-v?)



Unruh temperature

27T C _h_v

Planck-interpretation: V

The temperature in
Planck units:

The temperature
more commonly:

40



Unruh temperature

Small for Newtonian gravity

GM

o= R
2 2
kBT:MC .Lz
2t R

On Earth’ surface it is 10°(-19) eV, while at room
temperature about 10/(-3) eV.

41



Unruh temperature
Not small in heavy 10n collisions

e a e
SToL 7 &
2
i s 6
2T

Braking from +c to -c in a Compton wavelength:

kT ~ 150 MeV if mc?~ 940 MeV (proton)

42



Connection to Unruh

+ 00

dN Arm f du

= ip(r) — (
ki dkdndy  2mk? coshzg | ) ¢ T dr

— 00

Fourier component for the retarded phase:

+ 00 + 00

fk Ldi f eiqb(r) eiVTdT o2t é J eifklsinhfeikfdg

— 00 — Q00



Connection to Unruh

Fourier component for the projected acceleration:

+ 0O

+00
e - e? dt = cosh b etks dé&
& dt 4 cosh? &

Photon spectrum in the incoherent approximation:

dN Xepm 5 5 c dk
v o [ el
k,dk,dndy 2mk{ cosh®n T




Connection to Unruh

Fourier component for the retarded phase at constant acceleration:

fk A ff_"'ooeifkl sinh & eikfdf 2 2t ik(fkj_) e—nk/z

C 0 C

KMS relation and Planck distribution:

) A [t =R ek

—n(—v) = e2™V/¢ n(v) =1 + n(v)




Connection to Unruh

KMS relation and Planck distribution:

55 2TIC h
mh =—— v = v
9 kgTy
h
Ty = 9



Connection to Unruh
Note:

km
sinh km /2

a;, = coshn

It is peaked around k = 0, but relatively wide! (an unparticle...)



Intensity, photon number

Amplitude as an integral over infinite rapidities on
the trajectory (velocity goes from —c to +c):

A = 2K8 ¢k, coshn K, (£k,)

With K1 Bessel function!

dN 1) 10401
kidk,dndyp  w

2 K4(fk))

Flat in rapidity !



Transverse flow interpretation

Mathematica knows: ( I derived it using Feynman variables)

VIA
e Ao i (b S g
sing ~%\sing/ 1 \2 sng — cosh7
0
dN e 4agp he +00 hc k| . |
ki dk,dndyp  m(2mkgTy)? f—oo i (nkBTU cosh(¢ 77)) a¢

dN 4a + 00 k-upiork
by EM f KZ jorken d(
e T ynruh

ki dk,dndyp  mg

Alike Jiittner distributions integrated over the flow rapidity...




Finite time (rapidity) effects

2
dN 4K?

WZ ei{)kJ_W
k,dk,dn dy Ak, > f

W1 (1+W2)3/2

with  w = sinh(¢ — 1)

Short-time deceleration = Non-uniform rapidity
distribution; —> Landau hydrodynamics

Long-time deceleration = uniform rapidity
distribution; —=> Bjorken hydrodynamics



Short time constant acceleration

dN o 4‘aEM 1 (Wz—Wl)Z
ki dk,dndyp — m k2 (1+w?2)3
dN AirAs s s

k,dk,dn dy R T 2 cosh?n

Non-uniform rapidity distribution;
= Landau hydrodynamics



Further analytic results
x(t), v(t), gt), T(t), A  dN/kdkdn limit

t

Vi1+t2

VI 2 , 1, Arcsht, bK{(b), %e‘zgk

2t 2(1+t?)
1+t2°  (1-t?)?’

2t 7 B 2 t T2 1-v2 dv LS ALY SN,
1+;am<;>—m(w;),;am(;), i € e

1+ In(1 + t?), 2atnt —t, be P, p2e2tk




Spacetime paths for the charge
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Time vs Rapidity

Rindler




Velocity evolution in lab frame
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Acceleration proper

Rindler
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Acceleration vs Rapidity
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E draN/dph3 (LIGeVh2)

Au+A4Au - y + X

Glauber model
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E draN/dph3 (LIGevA2)

Au+A4Au - y + X
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Summary

Semiclassical radiation from constant accelerating
point charge occurs rapidity-flat and thermal

The thermal tail develops at high enough k_perp
At low k_perp the conformal NLO result emerges

Finite time/rapidity acceleration leads to peaked
rapidity distribution, alike Landau - hydro

Exponential fits to surplus over NLO pQCD results
reveal a ’pi-times Unruh-"’ temperature









