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Measuring the temperature

e Thermometer (direct contact)
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» air pressure
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Interpreting the temperature

* Thermodynamics (universality of equilibrium)

» zeroth theorem (Biro+Van PRE 2011)
» derivative of entropy

» Boyle-Mariotte type equation of state

e Kinetic theory (equipartition)
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e Spectral statistics (abstract)

» logarithmicslope parameter

» observed energy scale K’@22 GeVx10®
K’@14 GeVx10°®

» dispersion / power -law effects y y
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Why do thermal models work?

Are there alternatives?
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RHIC data

Tsallis quark matter + transverse flow +
guark coalescence fits to hadron spectra
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RHIC data

Tsallis quark matter + transverse flow +
guark coalescence fits to hadron spectra
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Blast wave fits and quark
coalescence

with Karoly Urmossy
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All particle types follow power-law

p,=2 Gev _0 with Karoly Urmdssy

K BETTER!
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Power-law tailed spectra

particles and heavy ions: (SPS) RHIC, LHC
fluctuations in financial returns

natural catastrophes (earthguakes, etc.)
fractal phase space filling

preferential connection in networks
turbulence, critical behavior

near Bose condensates

citation of scientific papers....



Why do statistics work ?

* Independent observation over 100M events

Universal laws for large numbers

Steady noise In environment: ,reservoir

Phase space dominance

By chance the dynamics mimics thermal behavior

”



Experimental motivation

RHIC: PHENIX
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Theoretical motivation

 Deceleration due to stopping

« Schwinger formula + Newton + Unruh = Boltzmann
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Satz, Kharzeey, ...
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Why Photons (gammas) ?

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

» Classical field theory also predicts spectra



Soft bremsstrahlung

e Jackson formula for the amplitude:
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Soft bremsstrahlung

 Covariant notation:
k = (w,wn) = k,;(coshn,sinhn,cosy,siny )
u = (y,yv) = (cosh é,sinh &, 0,0)

= [ e

/

IR div, coherent effects Feynman graphs

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



Kinematics, source trajectory

e Rapidity: p =-=tanh( + &)

Trajectory:

t =t, +§(sinh(€ + &) — sinh &)

z =74+ Cf (cosh(& + &;) — cosh &,)

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




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

1
coshn

sin @ =
cotf = sinhn

0
n = In cot>



Kinematics, photon rapidity

* Doppler factor:

k-u=wy(l—fcosf) = @22e0_ ¢

coshn dt
Phase:
__wcsinh(§é—-n) : .
¢ = 7 coshn £k, sinh(é —n)
Magnitude of projected velocity:
sinh & du _ coshn

cosh(§-m)’  d§  cosh?(§-n)



Intensity, photon number

Amplitude as an integral over rapidities on the
trajectory:

T _ 13 ($2 ,ifk, sinh(é-n) __coshn
A= Ke f1 e cosh?(&—-n) ag

2
Here £ = CZ 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, cosha K{(£k,)

With K1 Bessel function!

dN

_4agm p2 1,2
k,dk,dndy  m % Ky(thy)

Flat in rapidity !



Photon spectrum, limits

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

dN __4dapm 1
k,dk,dndy Tk

for €k, = 0

AN ¢
=2apy — e 2tFL forfk, — oo
ki dk, dn dy k,




Photon spectrum from pp backgroound,

dN / kdk da

PHENIX experiment

DirectPhoton pp2-eps
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Apparent temperature

* High -k, infinite proper time acceleration:

hc h
kBT_ —gzn'kB

S S TUnruh
Ditiaes s

Connection to Unruh:

e Fourier analysis of a

monochromatic wave

E




Unruh temperature

* Entirely classical effect
e Special Relativity suffices

el

|(V) o jeijz/gz—im/g—ldz
0

Unruh

27

Constant,g’ accelerationin a comoving system: dv/dt =-g(1-v3)



Unruh temperature
2rC  hv

Planck-interpretation: V

The temperature in
Planck units:

h g

The temperature k T _ _ M .
more commonly: "B T T P g

C2rx 2T

28



Unruh temperature

Small for Newtonian gravity

GM

g = R
2 2
kBT:MC ‘LZ
21t R

On Earth’ surface istis 10" (-19) eV, while
at room temperature about 107(-3) eV.

29



Unruh temperature
Not small in heavy ion collisions

g_C__ﬁ
2L h
2
K T="1%
2T

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

KT ~ 150 MeV if mc?~ 940 MeV (proton) .



Bekenstein-Hawking entropy

* Unruh temperature at the event horizon

« Clausius: 1/ T 1Iis an integrating factor

ki 2 KT A6
s_1A
e

Bekenstein

2GM GM ¢c°
C R 2R
e
27C
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Connection to Unruh

+ 00

dN Ary f du

=T ei¢(1’) — Ui dT
ki dk,dndy 2mk% cosh?n dt

— 00

Fourier component for the retarded phase:

+ oo + 00

fk et j eiqb(r) eivrdT s f f eika_ sinhEeikfdg

— 00 — 00



Connection to Unruh

Fourier component for the projected acceleration:

+ 0 90

Gy = cx eV dt = cosh . etks d¢&
i dr © q cosh? &

— 00 — 00

Photon spectrum in the incoherent approximation:

dk

dN C
f filZlal? 5 o

k,dk,dn dt/) anz Cosh2

f 21



Connection to Unruh

Fourier component for the retarded phase at constant acceleration:

L ik sinh Ik —1tk /2
fx —;f_oo & Al ‘e gdf g (k) e /
KMS relation and Planck distribution:

flmell o 5 R <
n(—v) = e?™v/¢ n(v) = 1 + n(v)

1
82n€v/c ae |

n(v) =




Connection to Unruh

KMS relation and Planck distribution:

) 2TCC h
mh =—— v = V
9 kpTy
h
Ty = 9



Connection to Unruh

Note:

km
sinh km /2

a, = coshn

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



Bessel-K compendium

elbW

1. [

— 00 (1+W2)3/2

dw = 2|b| K4(|bl)

1

2. [ e (x* -1 dx= pr

K,(|bl])

| bl

3. Jf, VEi%z e *1e 2 8(x; — x, —b) = -~ K(|b])

3 = 1: expand Dirac delta as Fourier integral,
3 = 2: rewrite integral over difference and the sum bx = x1 + x2



Transverse flow interpretation

Mathematica knows: ( | derived it using Feynman variables)

T
[ a5 e (og) = K2 (3)
sind ~“\sing/ ' \2 L _ cosh 7
0 sin 6
dN . 4agy hc + 00 hck, .
kidk,dndy  wQmrkgTy)? f—oo A2 (nkBTU cosh(¢ 77)) d
dN __ A4agy + 00 ( k-u )
k,dk, dndyp mg f K nTy dt

Alike Juttner distributions integrated over the flow rapidity...



Finite time (rapidity) effects

2
dN 4K2

Wo eltk1w
k,dk,dn dy hk, > f

w1 (14+w2)3/2

with  w = sinh(¢ —1n)

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

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



Short time constant acceleration

AN dapy 1 (wy—wq)?
ki dk,dndy — m k% (1+w?)3
dN dagy 4 1

kldkldndl/): T  w? cosh?n

Non-uniform rapidity distribution;
= Landau hydrodynamics



The reverse problem

Photon spectrum =2 amplitude
Amplitude =2 Fourier component
Phase =2 velocity

Velocity =2 rapidity

Rapidity =2 acceleration
Acceleration 2 Pathint -- x



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

5 t t 20k
V1 +t2, NEEEAL 1, Arcsht, bK,(b), €
2t 2(1+t2)

1+ In(1 + ¢t?), 2atnt —t,be P, p2e 2tk

1+t2’  (1-t?)?’

2 t?\ 2 t 2 . VJ1-v2d _py 1 _
1+—tatn(£)—ln(1 +—2),—atn(—), = [, eTh, =%k
T s T T T 2 C052(7) k2




Spacetime paths for the charge

0.5

Rindler
2D exp ..........
1D EXp oo



Time vs Rapidity

Rindler




Velocity evolution in lab frame
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1.5

0.5

Acceleration proper

Rindler
2D exp /2 -weeeeees
1D EXpP * 0/ 2 e



1.5

0.5

Acceleration vs Rapidity
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dN / kydk do
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PH ENIX
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E draN/dph3 (LIGeVh2)

Au+Au - y+ X

Glauber model
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E draN/dph3 (LIGevA2)

Au+Au - 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






