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40 Years of Hawking radiation

Nature Vol. 248 March 1 1974

Black hole explosions?

QUANTUM gravitational effects are usually ignored in calcu-
lations of the formation and evolution of black holes. The
justification for this is that the radius of curvature of space-
time outside the event horizon is very large compared to
the Planck length (G#/c%)V/2 = 10-%2 cm, the length scale on
which quantum fluctuations of the metric are expected to be
of order unity. This means that the energy density of par-
ticles created by the gravitational field is small compared to
the space-time curvature. Even though quantum effects may
be small locally, they may still, however, add up to produce
a significant effect over the lifetime of the Universe = 10" s
which is very long compared to the Planck time = 1043 g,
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The information paradox in a nutshell

The stage: free quantum field on a Schwarzschild black hole background

Essence of Hawking effect: vacuum state for a free falling observer |0) #
vacuum state for static observer |0)o.s
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1

e far away from the horizon she measures a temperature Ty = 53—

the static observer does not have access to the region inside the horizon... she
associates to |0) a mixed state given by

p = Trin(10){0[)

however the “full” state |0)(0| is pure.
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The information paradox in a nutshell

The stage: free quantum field on a Schwarzschild black hole background

Essence of Hawking effect: vacuum state for a free falling observer |0) #
vacuum state for static observer |0)o.s

® The static observer is accelerated and experiences |0) as a thermal bath (Unruh)

e far away from the horizon she measures a temperature Ty = ﬁ

the static observer does not have access to the region inside the horizon... she
associates to |0) a mixed state given by

p = Trin(10){0[)

however the “full” state |0)(0| is pure.

e Back-reaction: Black hole radiates thermally at temp. Ty = mass decreases
e Black hole completely evaporates = no horizon, no “inside” region

e The mixed state p cannot be a partial trace of a pure state since there's no
degrees of freedom to trace out left!
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Is purity eternal?

Do black holes evolve pure states into mixed states?

Michele Arzano — Purity is not eternal at the Planck scale 4/22



Is purity eternal?
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PHYSICAL REVIEW D VOLUME 14, NUMBER 10 15 NOVEMBER 1976

Breakdown of predictability in gravitational collapse*

S. W. Hawking'
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge, England
and California Institute of Technology, Pasadena, California 91125
(Received 25 August 1975)
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o Ordinary quantum evolution is unitary: ps, = Spi,ST with SST =1
o Unitary S = if TrpZ, = 1 then Trp?, = 1 i.e. purity is eternal
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Is purity eternal?

Do black holes evolve pure states into mixed states?

PHYSICAL REVIEW D VOLUME 14, NUMBER 10 15 NOVEMBER 1976

Breakdown of predictability in gravitational collapse*
S. W. Hawking'
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge, England
and California Institute of Technology, Pasadena, California 91125
(Received 25 August 1975)
o Ordinary quantum evolution is unitary: ps, = Spi,ST with SST =1
o Unitary S = if TrpZ, = 1 then Trp?, = 1 i.e. purity is eternal
o A “superscattering” operator $: psin = $pin # SpinST then Trp2, < 1
Commun. Math. Phys. 87, 395-415 (1982)

The Unpredictability of Quantum Gravity

S. W. Hawking
University of Cambridge, D.A.M.T.P., Cambridge CB3 9EW, England

“I present a number of axioms that the asymptotic Green functions should
obey in any reasonable theory of quantum gravity. These axioms are the
same as for ordinary quantum field theory in flat spacetime, except that one
axiom, that of asymptotic completeness, is omitted. This allows pure

quantum states to decay into mixed states.”
4/22
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Is purity eternal? (continued)

“Difficulties for the Evolution of Pure States Into Mixed States”
Banks, Peskin and Susskind, Nucl. Phys. B 244, 125 (1984)
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“Difficulties for the Evolution of Pure States Into Mixed States”
Banks, Peskin and Susskind, Nucl. Phys. B 244, 125 (1984)

e building on: Ellis, Hagelin, Nanopoulos and Srednicki, Nucl. Phys. B 241, 381
(1984): dynamics associated to $ represented by a differential equation for p

p:}{p7é 7"[va]

(EHNS studied phenomenology for neutral kaon systems and neutron interferometry)
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Is purity eternal? (continued)

“Difficulties for the Evolution of Pure States Into Mixed States”
Banks, Peskin and Susskind, Nucl. Phys. B 244, 125 (1984)

e building on: Ellis, Hagelin, Nanopoulos and Srednicki, Nucl. Phys. B 241, 381
(1984): dynamics associated to $ represented by a differential equation for p

p=Hp# —ilH, p]
(EHNS studied phenomenology for neutral kaon systems and neutron interferometry)
e BPS looked for a general form for Hp. Assuming that
> p=pl
» Trp=1

are preserved by time evolution they (re)-discovered the Lindblad equation

p=—ilH, 0]~ 3has (Q°@%0 + Q" Q" ~2Q°p @")

hap is a hermitian matrix of constants and Q“ form a basis of hermitian matrices
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Is purity eternal? (continued)

The conclusions of BPS were lapidary
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ABSTRACT

Motivated by Hawking’s proposal that the quantum-mechanical density ma-
trix p obeys an equation more general than the Schrédinger equation, we study
the general properties of evolution equations for p. We argue that any more

general equation for p violates either locality or energy-momentum conservation.
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Motivated by Hawking’s proposal that the quantum-mechanical density ma-
trix p obeys an equation more general than the Schrédinger equation, we study
the general properties of evolution equations for p. We argue that any more

general equation for p violates either locality or energy-momentum conservation.

end of the story?
Srednicki, Nucl. Phys. B 410, 143 (1993) [hep-th/9206056].

Non-locality implied by energy conservation is harmless and it does not lead to
macroscopic violations of causality...
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Is purity eternal? (continued)

The conclusions of BPS were lapidary

ABSTRACT

Motivated by Hawking’s proposal that the quantum-mechanical density ma-
trix p obeys an equation more general than the Schrédinger equation, we study
the general properties of evolution equations for p. We argue that any more

general equation for p violates either locality or energy-momentum conservation.

end of the story?
Srednicki, Nucl. Phys. B 410, 143 (1993) [hep-th/9206056].

Non-locality implied by energy conservation is harmless and it does not lead to
macroscopic violations of causality...

Lindblad time evolution is still problematic since: “[...] loss of purity is
incompatible with the weakest possible form of Lorentz covariance.”
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Symmetry deformation at the Planck scale

Lukierski, Nowicki and Ruegg, Phys. Lett. B 293, 344 (1992)

“New quantum Poincare algebra and r-deformed field theory”
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Symmetry deformation at the Planck scale

Lukierski, Nowicki and Ruegg, Phys. Lett. B 293, 344 (1992)
“New quantum Poincare algebra and r-deformed field theory”

Quantum group tools to obtain a Planck-scale x-deformation of the Poincaré algebra.
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quantum deformations of the Poincaré algebra in 3d gravity (G-deformation parameter)

The main goal of this talk is to show how the framework of symmetry deformation
in 3 and 4 D naturally leads to a Lindblad-type time evolution for quantum systems

MA: 1403.6457; Phys. Rev. D 90, 024016 (7 July 2014)
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Outline

Topological particles and curved momentum space in 3d gravity

Quantum double, deformed symmetries and Lindblad evolution

4d case: de Sitter momentum space and k-deformed symmetries

Deformed Lindlblad evolution from x-Poincaré

Conclusions and outlook
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Group momentum space from 3d gravity

[ Curved momentum space in flatland }
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Group momentum space from 3d gravity

[ Curved momentum space in flatland ]

o General relativity in 2+1 dimensions admits no local d.o.f.!
e Point particles “puncture” space-like slices — conical space (Deser, Jackiw, 't Hooft, 1984)

e Euclidean plane with a wedge “cut-out” deficit angle &« = 87w Gm

\

> identify
[

i
identify (’
;

world lines

e Particle’s mass is a topological charge determined by a rotation h, € SL(2,R)
e The three-momentum of a particle of mass m is obtained by “boosting” h,:
h = gh,g™! with g € SL(2,R)

o Deformed mass-shell condition 2Tr(h) = cos(4wGm), i.e. h in conjugacy class of
rotations

[Momenta of particles coupled to 3d gravity = elements of a non-abelian group!]
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AdS momentum space: embedding coordinates

Parametrize group elements: h = ul + %’yu;
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AdS momentum space: embedding coordinates

Parametrize group elements: h = ul + %’yu; where Tr(v,) =0 and xk = (47G) "

The unit determinant condition v? + p?/k? = 1 =

p! are embedding coordinates on AdS space; basic relativistic properties:
e mass-shell condition: p? = k? cos47wGm = m,
e Lorentz transformation: h' = ghg ™!, undeformed on p* e.g. boost in the
1-direction g = ez
= p®coshn — ptsinhy
= p'coshn — p°sinhp
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Plane waves and non-commutative space

(Quantum) fields in momentum representation: ¢(g) € £2(SL(2,R), dpw)
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Plane waves and non-commutative space

(Quantum) fields in momentum representation: ¢(g) € £2(SL(2,R), dpw)

A coordinate representation can be obtained via group Fourier transform
o A choice of “plane waves”: e : SL(2,R) — C,(R*?')

g = eg(x) T FTVE)

where x € R*! are coordinates of X = x"v,, € s[(2,R)
...the group structure is reflected in a non-commutative x-product for plane waves

ETr(Xg) | o5 Tr(xh)

eg(x) * en(x) = e? e '3 Tr(Xeh)
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A coordinate representation can be obtained via group Fourier transform
o A choice of “plane waves”: e : SL(2,R) — C,(R*?')

g = eg(x) T FTVE)

where x € R*! are coordinates of X = x"v,, € s[(2,R)
...the group structure is reflected in a non-commutative x-product for plane waves

ETr(Xg) | o5 Tr(xh)

eg(x) * en(x) = e? e '3 Tr(Xeh)

i) take g = g(p) and h = h(q) differentiating both sides w.r.t. p, and g,
[Xus X5 = i€pve x°

functions of the dual spacetime variables form a non-commutative algebra!
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Plane waves and non-commutative space

(Quantum) fields in momentum representation: ¢(g) € £2(SL(2,R), dpw)

A coordinate representation can be obtained via group Fourier transform
o A choice of “plane waves”: e : SL(2,R) — C,(R*?')

g = eg(x) T FTVE)

where x € R*! are coordinates of X = x"v,, € s[(2,R)
...the group structure is reflected in a non-commutative x-product for plane waves

ETr(Xg) | o5 Tr(xh)

eg(x) * en(x) = e? e '3 Tr(Xeh)

i) take g = g(p) and h = h(q) differentiating both sides w.r.t. p, and g,
[Xus X5 = i€pve x°
functions of the dual spacetime variables form a non-commutative algebra!

ii) momentum coordinates obey a non abelian composition rule indeed

1 v o 1 v _o T
Pu®qu = v(q) putu(p) Gut_€uvoP 4" = Putdut —€uwop”q +0(1/%) # qu®py.
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Deformed translation generators

Plane waves = eigenfunctions of translation generators P,

I
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Deformed translation generators

Plane waves = eigenfunctions of translation generators P,

4
non-abelian composition of momenta = non-Leibniz action on product of plane waves
Pu(es ® en) = Pu(eg) ® en + &5 ® Pulen) + 1 €uvo P”(e5) ® P7 (1) + O(1/5%)

the smoking gun of symmetry deformation...P, belong to a deformed algebra with & as
a deformation parameter!
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non-abelian composition of momenta = non-Leibniz action on product of plane waves
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In Hopf algebraic terms the action above is encoded in a non-trivial co-product
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[ The Poincaré group is replaced by the quantum double of SL(2,R): D(SL(2,R)) ]
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Deformed translation generators

Plane waves = eigenfunctions of translation generators P,

4
non-abelian composition of momenta = non-Leibniz action on product of plane waves
Pu(es @ en) = Pu(eg) ® en+ &g ® Pu(en) + ; euvo P (eg) @ P7(en) + O(1/5%)
the smoking gun of symmetry deformation...P, belong to a deformed algebra with & as

a deformation parameter!

In Hopf algebraic terms the action above is encoded in a non-trivial co-product

1
APN:PH®11+11®P#+;EWUP”®P",

[ The Poincaré group is replaced by the quantum double of SL(2,R): D(SL(2,R)) ]

what does this mean physically?
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Basic quantum theory

Elementary one-particle Hilbert space H: irreps of Poincaré group
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e basis of H given by eigenstates of the translation generators
Pulk) = kulk)

e action on dual space H* spanned by bras: P, (k| = —k, (k|

e multi-particle states = symmetrized tensor products; action of P, via second
quantized operator

P+ (Pu®1+1QP,)+(P.®1®1+1Q0P,®1+ 1®1®P,)+ ...

e these notions suffice to derive the action of P, on operators...
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Basic quantum theory

Elementary one-particle Hilbert space H: irreps of Poincaré group

e basis of H given by eigenstates of the translation generators
Pulk) = kulk)

e action on dual space H* spanned by bras: P, (k| = —k, (k|

e multi-particle states = symmetrized tensor products; action of P, via second
quantized operator

P+ (Pu®1+1QP,)+(P.®1®1+1Q0P,®1+ 1®1®P,)+ ...

e these notions suffice to derive the action of P, on operators...
consider e.g. a projector mx = |k)(k| seen as the “outer product” of a ket and a
bra namely 7 = (k) ® (k|) = |k) (k|

Pu(mi) = m(Pu(lk) @ (k|)) = m(Pulk) @ (k| — |k) © (k|Pu) = [Pu, mi]

i.e. just the familiar adjoint action
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Deformed quantum theory

Deformation of symmetry generators provide a generalization of these basic notions
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Deformed quantum theory

Deformation of symmetry generators provide a generalization of these basic notions

® a basis |k(g)) for one-particle Hilbert space labelled by coordinates on a
non-abelian Lie group

Pulk(g)) = ku.(g)lk(g))

e for the action on bras the non-trivial structure of momentum space comes into play

Pu(k(g)l = ku(g ") (k(g)l

e as seen before the composition rule of these eigenvalues is deformed

ku(g) @ ku(h) = ku(gh) # ku(hg), ku(g) ® ku(g™') = ku(gg™ ') = ku(1) =0
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Deformed quantum theory

Deformation of symmetry generators provide a generalization of these basic notions

® a basis |k(g)) for one-particle Hilbert space labelled by coordinates on a
non-abelian Lie group
Pulk(g)) = ku.(g)lk(g))

e for the action on bras the non-trivial structure of momentum space comes into play
=il
Pu(k(g)l = ku(g™")(k(g)]

e as seen before the composition rule of these eigenvalues is deformed

ku(g) @ ku(h) = ku(gh) # ku(hg), ku(g) ® ku(g™') = ku(gg™ ') = ku(1) =0

In Hopf algebraic lingo = co-product AP, and antipode of S(P,) non-trivial
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Deformed quantum theory

Deformation of symmetry generators provide a generalization of these basic notions

® a basis |k(g)) for one-particle Hilbert space labelled by coordinates on a
non-abelian Lie group
Pulk(g)) = ku.(g)lk(g))

e for the action on bras the non-trivial structure of momentum space comes into play
=il
Pu(k(g)l = ku(g™")(k(g)]

e as seen before the composition rule of these eigenvalues is deformed

ku(g) @ ku(h) = ku(gh) # ku(hg), ku(g) ® ku(g™') = ku(gg™ ') = ku(1) =0

In Hopf algebraic lingo = co-product AP, and antipode of S(P,) non-trivial

[ Key point: the action on operators will be deformed accordingly J
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Deformed translations and Lindblad evolution in three dimensions

The deformed translation generators of D(SL(2,R)) in the “cartesian” basis P,:

1 v -
AP, = H®]1+]1®P,Hr;e,m,P ®P°, S(P.)=—-P,.
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Deformed translations and Lindblad evolution in three dimensions

The deformed translation generators of D(SL(2,R)) in the “cartesian” basis P,:
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The adjoint action of undeformed translation generators = quantum adjoint action
adp, (p) = (id ® S)A(P,) o p
with (a® b)oc =ach...
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The adjoint action of undeformed translation generators = quantum adjoint action
adp, (p) = (id ® S)A(P.) <o p
with (a® b) o c = acb...if AP, and S(P,) trivial = adp, (p) = [Py, p]

Michele Arzano — Purity is not eternal at the Planck scale 15/22



Deformed translations and Lindblad evolution in three dimensions

The deformed translation generators of D(SL(2,R)) in the “cartesian” basis P,:

AP, = H®]1+]1®PH+%eW,P”@)P”, S(Pu.)=—Pyu.
The adjoint action of undeformed translation generators = quantum adjoint action
adp, (p) = (id ® S)A(P.) <o p
with (a® b) o c = acb...if AP, and S(P,) trivial = adp, (p) = [Py, p]

For time translation generator Py of D(SL(2,R)) we have the deformed adjoint action

1
adpy(p) = [Po, p] = —cojP'p P’
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Deformed translations and Lindblad evolution in three dimensions

The deformed translation generators of D(SL(2,R)) in the “cartesian” basis P,:

AP, = H®]1+]1®PH+%eW(,P”Qz)P”, S(P.) =—Py..
The adjoint action of undeformed translation generators = quantum adjoint action
adp, (p) = (id ® S)A(P.) <o p
with (a® b) o c = acb...if AP, and S(P,) trivial = adp, (p) = [Py, p]
For time translation generator Py of D(SL(2, R)) we have the deformed adjoint action
adp, (p) = [Po, p] — = 60uP P

which can be rewritten in Lindlblad form as

p=—ilPo, p] — ,,(Ppr+prP —2P/pP')

with “dissipation” matrix is given by

;[0 0 0
h=-(0 0 1
Flo -1 o0
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Some remarks

. /0 0 O
—i[Po, p] — U(PP’p+pP’P'—2PJpP) hzé 0 0 1
0 -1 0
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Some remarks
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e Lindblad evolution preserves trace and hermiticity of p by construction,
conservation of positivity is not automatically guaranteed

e BPS showed that

> h positive definite =—> positivity of p is preserved
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> energy is conserved if operators in dissipation term commute with Py
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e Lindblad evolution preserves trace and hermiticity of p by construction
conservation of positivity is not automatically guaranteed
e BPS showed that

> h positive definite =—> positivity of p is preserved
> in addition h real => entropy increases with evolution

> energy is conserved if operators in dissipation term commute with Py

e Srednicki tells us that requirement of energy conservation not compatible with
Lorentz covariance
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Some remarks
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—i[Po, p] — U(PP’p+pP’P'—2P’pP) hzé 0 0 1
0 -1 O

e Lindblad evolution preserves trace and hermiticity of p by construction
conservation of positivity is not automatically guaranteed
e BPS showed that

> h positive definite =—> positivity of p is preserved
> in addition h real => entropy increases with evolution

> energy is conserved if operators in dissipation term commute with Py

e Srednicki tells us that requirement of energy conservation not compatible with
Lorentz covariance

e Lindblad eq. above conserves energy and is Lorentz covariant...what's going on?
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Some remarks

. /0 0 O
—i[Po, p] — U(PP’p+pP’P'—2P’pP) hzé 0 0 1
0 -1 O

e Lindblad evolution preserves trace and hermiticity of p by construction
conservation of positivity is not automatically guaranteed
e BPS showed that

> h positive definite =—> positivity of p is preserved
> in addition h real => entropy increases with evolution

> energy is conserved if operators in dissipation term commute with Py

e Srednicki tells us that requirement of energy conservation not compatible with
Lorentz covariance

e Lindblad eq. above conserves energy and is Lorentz covariant...what's going on?

BPS, Srednicki et al. restricted to real and positive definite h!
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Some remarks

. /0 0 O
—i[Po, p] — U(PP’p+pP’P'—2P’pP) hzé 0 0 1
0 -1 0

e Lindblad evolution preserves trace and hermiticity of p by construction
conservation of positivity is not automatically guaranteed
e BPS showed that

> h positive definite =—> positivity of p is preserved
> in addition h real => entropy increases with evolution

> energy is conserved if operators in dissipation term commute with Py

e Srednicki tells us that requirement of energy conservation not compatible with
Lorentz covariance

e Lindblad eq. above conserves energy and is Lorentz covariant...what's going on?

BPS, Srednicki et al. restricted to real and positive definite h!
In our case h is not positive definite nor real

Further work needed to establish properties of our Lindblad evolution
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A four dimensional example: de Sitter momentum space
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A four dimensional example: de Sitter momentum space

e Early 90's “deformation” of special relativistic symmetries: introduce UV-scale

e Structural analogies of momentum sector with 3d case only recently appreciated...

> momenta: coordinates on a Lie group AN(3) obtained form the Iwasawa
decomposition of SO(4, 1), geomtrically a sub-manifold of dSs

—p PP+ P =K po+ps>0
> dual Lie algebra “non-commutative space-time" coordinates

i
[Xu, %] = —;(XM(SS - x,,csz).
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A four dimensional example: de Sitter momentum space

e Early 90's “deformation” of special relativistic symmetries: introduce UV-scale

e Structural analogies of momentum sector with 3d case only recently appreciated...

> momenta: coordinates on a Lie group AN(3) obtained form the lwasawa
decomposition of SO(4, 1), geomtrically a sub-manifold of dSs

—p PP+ P =K po+ps>0
> dual Lie algebra “non-commutative space-time" coordinates

i
[Xu, %] = —;(XM(SS - x,,csz).

The non-abelian composition of momenta in “flat slicing” or bicrossproduct coordinates

k2
po(ko, k) = nsinhko/ﬁ+2—ek°/“,
K
pi(ko,k) = kjero/r,
k2
pa(ko,k) = kcoshky/k — — eko/%.
2K
. 0 .
reads kel =(kO+ 1% ki e = + H)

Michele Arzano — Purity is not eternal at the Planck scale 17/22



k-Poincaré and DSR

The non-abelian composition of momenta reflects a non-Leibniz action of
spatial translation generators

Ki(e @ ex,) = Ki(ex) ® e, +exp(—Ko/k)(ex ) ® Ki(ex,)

Michele Arzano — Purity is not eternal at the Planck scale 18/22



k-Poincaré and DSR

The non-abelian composition of momenta reflects a non-Leibniz action of
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e Action of spatial rotations and time translations is unchanged
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k-Poincaré and DSR

The non-abelian composition of momenta reflects a non-Leibniz action of
spatial translation generators

Ki(e @ ex,) = Ki(ex) ® e, +exp(—Ko/k)(ex ) ® Ki(ex,)

e Action of spatial rotations and time translations is unchanged

e deformed boost action (finite boosts saturate at the UV scale x!)
s (k =& 12 i
[N, Ki] = ,5,,-(5 (1 e ) + AR ) + LKK;

and it's very ugly and non-Leibniz on products of plane waves...
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k-Poincaré and DSR

The non-abelian composition of momenta reflects a non-Leibniz action of
spatial translation generators

Ki(eq @ aq) = Ki(aq) ® e, + exp(—Ko/r)(aq) ® Ki(e,)

e Action of spatial rotations and time translations is unchanged

e deformed boost action (finite boosts saturate at the UV scale x!)
s (k =& 12 i
[N, Ki] = ,5,,-(5 (1 e ) + AR ) + LKK;

and it's very ugly and non-Leibniz on products of plane waves...

e deformed mass invariant = Lorentz invariant hyperboloid on AN(3): ps = const.

C.(K) = . Ko 2 i Ko/k
~(K) = | 2k sinh o™ - KiK'e

Planck-scale deformation of energy-momentum relation... “DSR-like” features
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k-Poincaré and DSR

The non-abelian composition of momenta reflects a non-Leibniz action of
spatial translation generators

Ki(eq @ aq) = Ki(aq) ® e, + exp(—Ko/r)(aq) ® Ki(e,)

e Action of spatial rotations and time translations is unchanged

e deformed boost action (finite boosts saturate at the UV scale x!)
s (k =& 12 i
[N, Ki] = ,5,,-(5 (1 e ) + AR ) + LKK;

and it's very ugly and non-Leibniz on products of plane waves...
e deformed mass invariant = Lorentz invariant hyperboloid on AN(3): ps = const.
. KO 2 i Ko/k
Cx(K) = ( 2k sinh o™ — KiK'e™
K

Planck-scale deformation of energy-momentum relation... “DSR-like” features

in the limit Kk — oo recover ordinary Poincaré algebra
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The Lindblad evolution of “classical” time translation generators

In analogy with the 3d case we consider translation generators P, associated to
embedding coordinates p, on dSs
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The Lindblad evolution of “classical” time translation generators

In analogy with the 3d case we consider translation generators P, associated to
embedding coordinates p,, on dSs

In particular for the time translation generator Py we have at leading order in k
1
A(Po) = P0®]]-+]]-®PO+EPm®Pm7

S(Po)

—Po + E:E’2
K
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The Lindblad evolution of “classical” time translation generators

In analogy with the 3d case we consider translation generators P, associated to
embedding coordinates p,, on dSs

In particular for the time translation generator Py we have at leading order in k

1
A(Po) P0®1+ﬂ®PO+EPm®Pm7
S(P) = —P0+%I32.

this basis of k-Poincaré is called classical because

e action of Lorentz sector on P, in undeformed;
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The Lindblad evolution of “classical” time translation generators

In analogy with the 3d case we consider translation generators P, associated to
embedding coordinates p,, on dSs

In particular for the time translation generator Py we have at leading order in k
1
A(PO) - P0®]]-+1®P0+Epm®Pm,
1=
S(P)) = —Po+ ;PZ.

this basis of k-Poincaré is called classical because

e action of Lorentz sector on P, in undeformed;

e mass-shell condition undeformed P3 — P? = const

a straightforward calculation leads to a non-symmetric Lindblad equation

. . i T
p = —i[Po, p) + = PmpPm — —p P?
K K

Michele Arzano — Purity is not eternal at the Planck scale 19/22



Deformed hermiticity and Lorentz covariance

. , i i =
p = —ilPo, p] + —PmpPm — —p P*
K K

From a comparison with 3d case we would expect an extra I32p term...
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Deformed hermiticity and Lorentz covariance

. . i i =
p = —ilPo, p] + —PmpPm — —p P*
K K
From a comparison with 3d case we would expect an extra I32p term...

In this case the non-trivial antipode S(Py) = deformed notion of hermitian adjoint:

(adp, (1)) = ads(py) () = deformed skew-hermiticity condition (adp,(+))! o adp,(-) =0
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Deformed hermiticity and Lorentz covariance

. . i i =
p = —ilPo, p] + = PmpPrm — —p P?
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From a comparison with 3d case we would expect an extra I32p term...
In this case the non-trivial antipode S(Py) = deformed notion of hermitian adjoint:
(adp, (1)) = ads(py) () = deformed skew-hermiticity condition (adp,(+))! o adp,(-) =0
While in 3d the Lindblad equation was covariant in “ordinary” sense, here:

® momenta k, transform as ordinary Lorentz four-vectors and the translation
generators P, close undeformed Poincaré algebra

e the quantum adjoint action of boosts on an operator is deformed:
1 1
adw;(p) = [N, p] + —[Po, pIN; + =" [P}, ] Mo
e however the quantum adjoint actions of N; and Py satisfy

adaan;(py) (-) = adw; (adp, )(-) — adp, (adw,)(+)

in this sense the k-Lindblad equation follows a deformed notion of covariance
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Conclusions

Symmetry deformation provides a natural framework for dissipative
quantum time evolution

e In 3d gravity “topological back-reaction” leads to deformed translations
> group valued momenta =- non-trivial co-product = covariant Lindblad eq.
> remarkable: correction term proportional to Newton's constant G!

> check if deformed evolution leads to acceptable physics e.g. positivity of p?

e In 4d x-Poincaré mimics structures found in 3d gravity
> group-valued momenta = non-trivial co-product AND antipode

> ‘“classical basis” time translation = non-symmetric Lindblad eq. and
deformed covariance

> phenomenology of k-Lindblad evolution? (Ellis et al.“Search for Violations of
Quantum Mechanics,” Nucl. Phys. B 241, 381 (1984) and following Works)
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Outlook
o Deformed time-evolution is “basis-dependent”! = use to discriminate between
physical and un-physical momentum bases?

e Thorough investigation of unitarity in these models: is it violated or just deformed?

e and finally application to black hole quantum evolution...
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