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Introduction

Relativistic and Quantum Physics

<IS|RQI>

Relativity + Quantum Information = Relativistic Quantum Information
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Introduction

(Classical) Thermodynamics and general relativity

Important achievements in general relativistic scenarios
- Three laws of black holes;
- Cosmology and big bang;

- Firewall issues.
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Introduction

Outlook, aims and motivations

Outlook
- (Classical) Thermodynamics useful in the study of the Universe.

- Quantum processes in the universe do not necessary involve large
numbers of constituents.

- Important: Von N. Entropy of the Universe cannot change.
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Outlook
- (Classical) Thermodynamics useful in the study of the Universe.

- Quantum processes in the universe do not necessary involve large
numbers of constituents.

- Important: Von N. Entropy of the Universe cannot change.

Aim
Use quantum thermodynamics to understand work, entropy and energy
flows in relativistic and cosmological setups.
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Introduction

Outlook, aims and motivations

Outlook

- (Classical) Thermodynamics useful in the study of the Universe.

- Quantum processes in the universe do not necessary involve large
numbers of constituents.

- Important: Von N. Entropy of the Universe cannot change.

Aim
Use quantum thermodynamics to understand work, entropy and energy
flows in relativistic and cosmological setups.

Motivations

- The Universe is relativistic and quantum system and processes can
involve small numbers of constituents.

- Mainly: We cannot compute energy, entropy and work flows in
relativistic quantum systems.
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ds? = Q3(7) [—dT2 +dx®+ .. ] ,

guw = (1) (-1,1,...)
Scalar quantum field
o(t,x) = ﬁ [Uk ay + uj a{], [ak,aL] =69 (k- k")
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ds® —Qz(’T) —dr? +dx? +. -Qz(T)( 1,1,.
o(t,x) = ﬁ [uk ay + uj az], [ak,ak,] 64 (k — k")
Win/out = V k2+m92(7—¥00)7 =

Q(7) =/1+¢(1+tanh(o 7))
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Models for cosmology

Simple cosmology model

Expanding universe line/metric element

ds? = Q*(7) [-dm? +dx* +...],  guw =%(7)(-1,1,...)

Scalar quantum field

o(t,x) = ﬁ [ukak+u,f aZ], [ak,a}:,] =69 (k- k")

Frequency shift and choice of conformal factor

Winjout = VK2 + mMQ2(Teao), Q1) = \/1+¢€(1+tanh(o 7))

Bogoliubov transformations and squeezing

sinh (7 &eu=in )

sinh (7r 7%”&;“”" )

Aout,k = COsh ri ain k + e'% sinh i a;rm_k, tanh ry =




All couple of modes (k,—k) decouple. We can focus on a single couple and
redefine ain k = ain and ain,—k = bin.

Hin = Win [a?.nain + biTnbin + l:|

1
Hout = Wout I:alutaOth + biutbout + 5]
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Energy in this system

Work and energy of two mode squeezing

All couple of modes (k,—k) decouple. We can focus on a single couple and
redefine ajn x = ain and ain _k = bin.

Initial Hamiltonian Final Hamiltonian

1 1
Hin = win I:aiTnain + biTnbin + §:| Hout = wout [alutaout + bcT;utbout + §:|

Start with an initial thermal state p with n; particles. The work W done
by spacetime is

Work performed

W =Tr ((Hout = Hin) p)

=Wout Ne + (Wout — win) (Ni + 1)

with n. particles that are created.



An adiabatic process would lead to a work cost W,y of the form

Wad = (wout - win)(ni + 1)
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An adiabatic process would lead to a work cost W,y of the form

Wad = (wout - win)(ni + 1)

which allows us to find the inner friction Wk for our case as
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An adiabatic process would lead to a work cost W,y of the form

Wad = (wout - win)(ni + 1)
which allows us to find the inner friction Wk for our case as

We proceed to show that Wi can be interpreted as an entropic quantity I
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Pin,out = |(nout|nin ) |2 ( Min |P|"in)

Pout,in = |<nin | nout)|2(nout|p|nout)

«O>r «Fr « =»

« =

DA



Pin,out = |(nout|nin ) |2 ( Min |P|"in)

Pout,in = |<nin | nout)lz(nout|p| nout)

G
Pin,out = Pout,in€ ™"
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Pin,out = |(nout|nin ) |2 ( Min |P|nin)

Pout,in = |<nin | nout)|2<nout|p| nout)

s
Pin,out = Pout,in€ ™"

Nin ; Nout

Pin,out(s) = Z pin,out(s (5 - sin,out)

Nin s Nout

Pout,in (5) = Z pout,in5 (5 - Sout,in)
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Pin,out = |(n°Ut|nin)|2(nin|p|nin) Pout,in = |<nin|nout)|2<”out|p|nout>

s
Pin,out = Pout,in€ ™"

Pi"'out(s) = Z Pin,outd (S - sin,out) Pout,in (5) = Z Pout,in® (5 - Sout,in)

Nin ; Nout Nin s Nout

s=K (Pin,out”Pout,in)
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This is our main result.

Number of created particles n. = sinh? r. This result can be extended to:

* Unruh effect: tanhr=exp[,q:—‘;’.u];

* Schwarschild black hole: tanhr = exp[lq';—‘;’.H];
* Analogue gravity models.
PN 6
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The end

Conclusions and outlook

Conclusions

* We have studied applications of quantum thermodynamics to setups
that appear in quantum field theory;

* Have found some entropic quantity that increases in (simple)
cosmological processes;

* The results apply to different cosmological and quantum field
theoretical scenarios.

Outlook

* Can teach us more about the physics at the overlap of relativity and
quantum mechanics;

* Drive future theoretical efforts to uncover novel physics;

* Hopefully: provide energy balance relations in quantum field
theoretical scenarios.
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