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Abstract: <p>Thermodynamics is a closed field of research. The laws of thermodynamics, established in the nineteenth century, are still s
unchallenged.&nbsp; However, they do not include gravity. Inclusion of gravity into the thermodynamical system can significantly modify
expected behavior of the system. We will demonstrate that gravity dynamically induces a maximal temperature that can be reached in €
particles.&nbsp; We will also show how gravity can significantly change the Poincare recurrence theorem, and sometimes even preve
recurrence from happening.</p>
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Based on:

“Maximal temperature in a simple thermodynamical system”
D. Dai, D. Stojkovic
JCAP 1606 (2016) no.06, 040

“Gravity can significantly modify classical and quantum Poincare recurrence
theorems "

R. Dong, D. Stojkovic

Phys. Rev. D94 (2016) no.10, 104058
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Thermodynamics is a very well understood branch of physics
" Most of the time we apply the laws of TD naively to systems with gravity
Especially in the strong gravity regime (presence of black holes)

% Examples: maximal temperature and Poincare recurrence
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Outline

) Thermodynamics — some facts
 Mini BH production in gas

 Maximal temperature of a gas

* Poincare recurrence theorem (PRT)

/ * PRT with gravity - classical case
—
-

e * PRT with gravity — quantum case
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CCartoonbank com

.5 Thermodynamics is not an active field of research

“Og discovered fire, and Thorak invented the wheel. There's nothing left for us.”
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Boltzmann, Gibbs, Kelvin, Helmholtz. ..
established the rules of thermodynamics which are still unchallenged
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 Gravity makes crucial difference! |

Spontaneous evolution with no gravity
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Thermodynamics

Temperature is measure of kinetic energy of the particles in the system
“ord Kelvin; mid 1880s:

Lowest temperature is T=0
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Without gravity

Temperature is measure of kinetic energy of the particles in the system

INewtonian physics:

‘Special Relativity:

No upper limit on the temperature!
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| With gravity

‘validity of classical gravity limited by Planck scale:]
M, = % =10 Gy =107 K

W T:nax 25 TP! g 1032K

#l * This 1s an arbitrary cut-off
# © No dynamics which would enforce this limit
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8§ Black Holes: can’t pack too much energy in small volume

In a system with volume V and energy density @, the total mass of the system is
M =oV/c?
Schwarzschild radius associated with this total mass is Ry = 2GM/c?

Condition that the system is not within its own Schwarzschild radius is
s f,

2GM/c? = (3V/4m)'7 g
Radiation: p ~T* | |
Limit on the temperature:

T < 31/351/4c7/4h3/4 2-]!/12(;-]/41\-3-1 (43-113)-1/6 v-l/ﬁ

max

Maximize this temperature by minimizing the volume of the system

CUtHOff: Vmin - VPI e 'liilmx - rl1l’l

But T. . =#gas gf Y e=ni)

max
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Dynamical mechanism which limits the temperature of the system

Mini black hole production in collisions of particles
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L Mini black holes in the gas of particles
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f Black hole production in collisions |

Collision of two particles with COM energy E_

T T,

- “_W v, ey _—“*——
= i s W

If an impact parameter b is smaller than 2R for a given E_

Black hole with a mass M ~ E, forms!
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Schwarzschild radius associated with mass M is Rg = 2GM/c¢?

The center of mass energy of two particles with momenta k, and k, is

M2 = m? + m,? + 2E,E,/c* - 2k k,/c? cos 0

0 is the angle between k, and k,

Relativistic energy: E? =k? ¢ + m? ¢*

This is how we make one black hole
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" * More black holes than particles — system breaks down

* We can’t increase the temperature any further

+ Any additional energy would be dumped into black holes, not gas

Gas particles
- Black holes

ny,zn —> T =T

" Define critical temperature:
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/ Single out one particle with momentum k,
The volume inside the Schwarzschild diameter V¢ = (47/3)(2R )"

Number of particles with momentum k, inside this volume is V¢ x n(k,)

Particle number density is determined from the distribution dn(k,) = f (E,) d'k, /]

Bosons S e | .

Number density of black holes is:

&k, d’k,

Ny =172 [(47/3) 2R, )3f(Ez)f(El)7 i
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Integration can be performed exactly to give

n,, =94080G’ k zn* C[92  c " h° x T

C is the Riemann zeta function
Compare this with the number density of particles defined as

n= [f(E)d*kih’ =83 ¢* I T
0

Ny grows with temperature much faster than n
* but there is a huge suppression factor coming from the weakness of gravity

At the critical temperature, T , we have ny,, =2 n
This yields

T = h S 2 e G K (LR = 4270 R |

#

For comparison, the Planck temperature is: § Tpy =1.42x10% K
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In fact, if we use the definition of the Planck temperature

- |
o s i the result is
271G k B

= (E[31/30)" (72[9/2])™ x T, =0.30x T,

— Dlack hole number density

=== particle number density

10" 810" 110

1. We did not enter Ty, by hand
[t factors out naturally!

2. Only classical GR and
(quantum) statistical physics

3. Result is robust:
Quantum gravity corr. (T/Tp)"
Linear corrections 30%
Quadratic corrections 10%
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& * We can count only those black holes which are colder than the gas
& * They will survive and stay in the system

Black hole temperature, Ty, depends on 0 through the COM energy, M, as

As 0 goes from zero to t, COM energy goes from zero to M? = 4k k,/c?

We want to exclude very light black holes with Ty > T, so the limit is
0, = cos™! [1 - c®h?/(512 G%k kkg* ) T 2] |

min

However, this does not change the results at all —»
Most of the black holes at T- have Tgy < T,
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In fact, if we use the definition of the Planck temperature

hc’ :
Ty = |- = the result is

2kt

L 1. We did not enter Tp,; by hand
It factors out naturally!

2. Only classical GR and
(quantum) statistical physics

3. Result is robust:
Quantum gravity corr. (T/Tp)"
Linear corrections 30%
Quadratic corrections 10%

— Dlack hole number density

=== particle number density

810" 8= 10" 110%
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