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Motivation: Why relativistic quantum information
QFT: Particle creation in a moving cavity

Effects of gravity and motion on entanglement
Earth and Space —based experiments

Exploiting relativistic effects in quantum technologies
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Relativistic

INFORMATION THEORY

computation

communication

causality

superposition

entanglement geometry

QUANTUM PHYSICS RELATIVITY
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Why relativistic quantum information?

Practical aspects

Fundamental aspegis®

nnovation: new t
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PHOTONS HAVE NO NON-RELATIVISTIC APPROXIMATION
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143 km

Pirsa: 13070073 Page 8/118



Pirsa: 13070073

vFuture

Space-QUEST project:
distribute entanglement from

the International Space Station.

Space Optical Clock project

QUANTUS: quantum gases in
microgravity

STE-QUEST: Space-Time
Explorer and Quantum
Equivalence Principle Space
Test
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Relativistic

&

GPS:

At these regimes relativity
kicks in!

Quantum information: classical technologies are reaching quantum regimes

Relativistic Ql: quantum technologies are reaching relativistic regimes!

Pirsa: 13070073 Page 10/118



Our

QUANTUM PHYSICS RELATIVITY
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Future In space

Quantum Communications

L . |
Can relativistic effects help: Gravitometers, sensors, clocks
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* (Classical spacetime+quantum fields

* IncorporateslLorentz invariance

* Combines quantum mechanics with
relativity at scales reachable by near-
future experiments

First experimental demonstrations!

* Hawking radiation (Unruh, Faccio,
Koenig, Steinhauer)

* Unruh effect

* Dynamical Casimir effect (Delsing)

= Expanding Universe (Westbrook)
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Entanglement

% (|00) + [11))
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Entanglement

% (|00) + [11))
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Entanglement

—} (|00) + [11))
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(t,x)

Lo (t. x) = () field equation

solutions: plane waves+ boundary

_ _ I 5 . foeeis /
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creation and annihilation operators

dlx. t) = Z“(H,,(/..l')(!,, f H,‘,(f-:i')”',i-;)
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Inertial
(t,x)

Lo (t. r) = () field equation

solutions: plane waves+ boundary

_ 1 | kn oy /
(e, t) S11 (x =) ek, N
VR L )

| / a
Wh 7 \HJ’rﬁ. )° + m=.

creation and annihilation operators

dlx. t) = Z“(H,,(/..l')(!,, + H,’,(f-:i')”',i-;)
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entanglement

Friis and Fuentes invited at JMO 2012
Bruschi, Louko, Faccio & Fuentes 2012

non-uniform motion creates
entanglement

gravity creates entanglement

/%)
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Delsing’s group at Chalmers University

Art by
Philip Krantz
(Chalmers)
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Friis, Lee, Truong, Sabin, Solano, Johansson & Fuentes PRL 2012
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‘teleporation

Friis, Lee, Truong, Sabin, Solano, Johansson & Fuentes PRL 2013

0] O

7

EPR

the fidelity of teleportation is effected by motion
it is possible to correct by local rotations and trip planning
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BEC

mean field

0 l|1(1 -11) LI = 0

W, quantum fluctuations

O =1/v=80.(v/—88""0p)

effective metric

. 2
Guh =P |Yab T ] - 5 UaUb
e c“

Pirsa: 13070073 Page 23/118



Space-based

Bruschi, Sabin, White, Baccetti, Oi, Fuentes
arXiv:1306.1933

BODY SHOP
Grow your own kidneys, hearts and lungs

NewSC|ent|st

' QUANTUM
DEEP SPACE

Where our two greatest
theories collide

"Quantum experimentsin
o space are a completely new
BEAT THE DOC ' game - one, perhaps, with

Let strangers bet
on your health

BAMANA DRAMA ‘ unknown rules”
woris Emsoatitn it

ARROWS OF TIMI
Ty Can't we soe R !
into the future? experiments, which will use a continuous

| SURVIVAL g beam, but it is something to watch out for
| OF THE SHYEST (Physical Review Letters, vol 110, p 060501),

Meckness isn't a weakness

For a dedicated test, Ivette Fuentes, a
quantum theorist based at the University of
Nottingham in the UK, and her colleagues
propose analysing the entanglement between
Bose-Einstein condensates. These large
collections of atoms, chilled to near absolute
zero, behave as one quantum system, The
idea is to hold entangled condensates in two
separate satellites, and then kick one intoa
different orbit. Calculations indicate that
the acceleration needed for achange in
orbital radius of just 400 metres would
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Exploitin

e

* The relativistic motion can be used to implement quantum
gates

* Relativistic effects can be used to improve the precision of
measurement devices: accelerometers, sensors, etc.
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Relativistic

= Exploits quantum properties for ultrasensitive devices for
measuring fields, frequencies, time.

A - NUANE UM

\

* Measuring parameters in QFT: accelerations, proper time, gravitational field strenght:
accelerometers, gravitometers, sensors, etc.
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Motion and gravity affect
qguantum entanglement

This can be tested in Earth-based and
space-based experiments

We can in principle beat the state of
the art in accelerometry exploiting
relativity directly
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Exploiting genuinely quantum field theory
effects such as boundary modulation

resonances with or without particle creation
in principle ...

we can beat the

i . TS T T g 1
'.'—r]g TR R s ¥ {
i Ry 1

Commercial

accelerometers —~10"% -
Folt:llo

Page 29/118
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‘& Antonino Marciand 1 &

~ / \— I :
/\S_Q(Qf' _‘.x‘f”” g

Fudan University

Dartmouth University

Gravitational origin of weak
interaction’s chirality

In collaboration with L. Smolin and S. Alexander

arXiv:1212.5246

Loops’|3 July 22nd 2013 0/10
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Motivation

® Why is the WI maximally parity violating ?
® What is the standard model chiral?

® Why is there a similarity bewteen WI and gravity?

...an example of gauge theory
E o l l‘w l‘mf R 1(1 jt! I \” j;; I
T __1 JLv + ,(II £ 15 T I + /(j__;_‘A /"“ 2

.(ll # .(12 parity vi |.‘!'I'|".-'I the ry

g1 = g2 parity symmetric theory

g1 =0. g2 #0;
(75 7£ (), Jo = 0:

maximal parity violation

Loops’|3 July 22nd 2013 2/10
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Mother theories for gravi-weak

Nesti. Percacci (J.Phvs. A 2008). Alexander (arXiv:0706.4481).
Smolin (Phys. Rev. D 2009), Alexandrov, Krasnov (Class. Quant. Grav 2009),

Speziale (Phys. Rev. D 2010), Alexander, A.M., Tacchi (Phys. Lett. B. 2012)

SO(3.1)c = SL(2.C); x SL(2.C)p

l

[(r'(:\\' — (tflJ(._:’C)] X (I'/J(.—)'C)II,J

Spinorial variables

\lr L (\‘llra | / 1-f'

|Llfr;l.r.:’ /] VB

Loops’|3 July 22nd 2013

3/10
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Theory and EOM |

® The mother theory is a parity symmetric bimetric theory
® The bimetric theory is unstable and has a scalar ghost

e Stable parity-violating sector, and perturbative expansion

r =SL(2,C)p x SL(2,C)pR

e ~
' ! y ) !t . ,\ p » Y
S A BY ANFap = BYY ANFap+ —(Bap ABYY = By ABYP)
. llT(l (l(l‘
I y ‘ I 'Y o / ) 3! .
.)||’\/-’f'lll»’” \B A BCP) 4 .)‘]’ \f/.’i;-f!;f/)” 'B" A B D’) "l".f}:fu:“1l BYA “”'
9
L9™ a2 2 2 ) A3 ) N A
5 (Yasen +Vapcop + VWapap ) (Bap AN DB Bap ANDB )
A = J
Loops’|3 July 22nd 2013 4/10
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Theory and EOM Il

‘ cD A B A 202
5 Fap =Vapep B - Waparp B ( - Ar Gt )/)’u:
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Theory and EOM Il
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Theory and EOM I

New reality conditions via Urbantke metrics

- I Nopo n i3 3 A 5 ('

-(/[Hf /)/r.‘\[’;m( '])/;f‘rf;’
~R__ _yopo ) 137 > A’ >’
-(le’ );1‘. \/ ).rm'("/)/wlf’

[ qwre _ ¢ I / \”"’( ”,J — (f/f,;,)*.) + \”h(.(-/,{‘h - (.(I-/,{‘h)*) J
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Symmetric vs asymmetric phase |

Symmetric phase
( 8 DOF (2+5+1) |
Bap = ¢ _\" Nepar + !/2/).-\1:
\ 2 fAA" = x A4
Bap = faraNfg+9°bap
Asymmetric phase

(A1 g<<1 g =¢)

{H\’l:’ — ‘TF("!/2 (.f“:ﬁ” + Yex) Fap + _(,“/,_‘,“,J
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Symmetric vs asymmetric phase |l

Leading order - N
T ' A
((0) “AB \ ,
S — f\_, A\ l'_\];+—_) 5 §
-]F(i I_a—t(r“
f / / / /
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Dark hypercharge and new interactions

AAB (A'BT | NA'B' AB [ G =SL(2.C)p x "’TL(‘—)-C)H]

A \B L a e \ 3 A "B’ ! ”” ¢ \'B’ [(rf('r\\' = (If[J(:_)(:)/ X (rfld(:_).(C)]{]

{ q — §SL(2.C)c 4 QU(1 }J

e New intercations involving dark hypergharge

e Universal four-points coupling (' A [)?
9 g° G* 9 g°

) Ot I )
(2 I 2
250 & 200 ‘”i**

® Quite small coupling constant A4

Loops’|3 July 22nd 2013 9/10
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Concluding remarks

New theoretical framework

® A new model for the gravitational origin of the weak
interactions chirality

® New interaction vertices

New predictions

e Left handed spinor that transform like a doublet scalar (Higgs?)

e Right handed spinor that transforms like a weak singlet spin 1/2
particle (sterile neutrino?)

® The two would transform into each other under parity

Loops’|3 July 22nd 2013 11/10
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Longitudinal and Transverse
Relative Locality

Leonardo Barcaroli
with
G. Amelino-Camelia and N. Loret

Universita La Sapienza di Roma

LOOPS 13

July 25, 2013

Amelino-Camelia, Matassa, Mercati, Rosati et al., Phys. Rev. Lett. 106, (2011).
SAPIENZA
Amelino-Camelia, LB, Loret et al., Int J Theor Phys 51, 3359-3375 (2012), ' '

L. Barcaroli Transverse Relative Locality
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Introduction

Relative Locality

@ Arelativistic theory —  C(p)
@ Two invariant scales (DSR) —
@ Phenomenology oriented —

SAPIENZA

L. Barcaroli Transverse Relative Locality

Pirsa: 13070073 Page 45/118



Introduction

Background

Previous studies focused mainly on time delays and related
inferences

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Introduction

Background

Previous studies focused mainly on time delays and related
inferences

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Introduction

Background

Previous studies focused mainly on time delays and related
Inferences

'9 SAPIENZA

L. Barcaroli Transverse Relative Locality

Pirsa: 13070073 Page 48/118



Introduction

Background 2

Only longitudinal features.

@ Longitudinal = parallel to the direction connecting two
distant observers

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Introduction

Background 2

Only longitudinal features.

@ Longitudinal = parallel to the direction connecting two
distant observers

@ Transverse = orthogonal to the direction connecting
two distant observers

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Introduction

The model

We used the model given in a previous work'
Deformation of the 2+1D Poincaré

-

(RN} = €N,

)(p”)f,',"R..

l
2

SAPIENZA
1!l\melino Camelia, LB, Loret, Phys. Rev. Lett. 106, (2011).
L. Barcaroli Transverse Relative Locality

Pirsa: 13070073 Page 51/118



Introduction

The model

We used the model given in a previous work'
Deformed casimir

5

- 0(2yp + (1 =27)pol|7)

Co(p) = ps — P

SAPIENZA
blino-Camelia, LB, Loret, Phys. Rev. Lett. 106, (2011).
L. Barcaroli Transverse Relative Locality
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The observables

Aside on the symplectic structure

SAPIENZA

L. Barcaroli Transverse Relative Locality
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The observables

The recipe

@ C as Hamiltonian of evolution in affine parameter 7.

SAPIENZA

L. Barcaroli Transverse Relative Locality
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The observables

The recipe

@ C as Hamiltonian of evolution in affine parameter r.

@ “={CA} = X-X=V(pO)(t-7)

SAPITENZA

L. Barcaroli Transverse Relative Locality
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The observables

- The recipe

@ C as Hamiltonian of evolution in affine parameter r.
o A={cA} = X-¥=Vi(p)(-7)
¢ A_>"AH AIJD.}‘l('\"/)):Z\ I {”'A-./.}

n=0 n!

SAPTENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Non removable Relative Locality

We want to relate Alice (the emitter) to Bob (the distant boosted
observer).

SAPIENZA

L. Barcaroli Transverse Relative Locality

Pirsa: 13070073 Page 57/118



Relative Locality features

Non removable Relative Locality

We want to relate Alice (the emitter) to Bob (the distant boosted
observer).

Figure : The emission in Alice’s frame
SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

- Non removable Relative Locality

We want to relate Alice (the emitter) to Bob (the distant boosted
observer).

Xg =B > T, D> x,y (1)

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

- Non removable Relative Locality

We want to relate Alice (the emitter) to Bob (the distant boosted
observer).

X = Be > T, > X (1)

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Non removable Relative Locality

We want to relate Alice (the emitter) to Bob (the distant boosted
observer).

X = Be > T, > X (1)

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Longitudinal Relative Locality

M > . J
xg = Be > Ty DX

&= (£.0)

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Longitudinal Relative Locality

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Transverse Relative Locality

X = Be > Ty > Xy

L. Barcaroli Transverse Relative Locality

Pirsa: 13070073
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Relative Locality features

Transverse Relative Locality

\J[: =B:> T, > .\‘_’;

L. Barcaroli Transverse Relative Locality

Pirsa: 13070073

SAPIENZA
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Relative Locality features

Transverse Relative Locality

Results:
OB

Timedelay = As
Rigid shift = Ay = &alpg

— ([n(f)“

. . l
Dual Gravity Lensing® = A# = & ((. — B —~— ﬁ) (P
(10)

SAPIENZA
2Freidel and Smolin, arXiv:1103.5626, (2011).
L. Barcaroli Transverse Relative Locality
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Relative Locality features

Transverse Relative Locality

— - > |
rigid shift

dual gravity lensing

Figure : Ay = &alpy. A0 =& (a— 3 — 7 —

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Transverse Relative Locality

pr - > |
rigid shift

dual gravity lensing

Figure : Ay = &alpy. A0 =& (a— 3 — 7 —

SAPITENZA

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Transverse Relative Locality

Results:
Time delay

Rigid shift

Dual Gravity Lensing?

SAPIENZA
2Freidel and Smolin, arXiv:1103.5626, (2011).
L. Barcaroli Transverse Relative Locality
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Relative Locality features

- Transverse Relative Locality

Results:
Timedelay = A/ =uip,

Rigid shift = Ay = &ualpg

Dual Gravity Lensing® = Af = & (,.

Algebra: Lorentz sector

NN} =—-(1+3(a—B—~—3)lpo)eiR

SAPIENZA
2Freidel and Smolin, arXiv:1103.5626, (2011).

L. Barcaroli Transverse Relative Locality
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Relative Locality features

Conclusions

@ We distinguished two kinds of RL features

SAPIENZA

L. Barcaroli Transverse Relative Locality
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Thank you!
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Probing the quantum nature of spacetime by
diffusion

Astrid Eichhorn

Perimeter Institute, Waterloo

Loops 13, 25th July 2013
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Quantum fields and gravitational fields

quantum fields: gravity:

— quantum gravity: /%

spacetime fluctuations
at the Planck scale \//

M|’|;\[1(<l<_ — \//é:- ~ ]_Olg(,:(‘\ll‘.".('l') ’

— Asymptotically Safe gravity, Loop Quantum Gravity/ Spin foams,
Horava-Lifshitz, causal dynamical triangulations, group field theory,....

Pirsa: 13070073 Page 75/118



What is the corresponding spacetime like?

. i Slgu]
I D /e f .1'._‘, e e e e -

_ 8 P Pr'."_:?ff:,i“" G
P +\ K "i. de

' - '“‘“4\-. "".0‘ v

A Y A e T )

- — [P (! —

Vi e e K K
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What is the corresponding spacetime like?

topology, dimensionality... S Ao

could become scale-dependent
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Testing by diffusion
Probe the properties by a (fictitious) diffusing particle:

NN

A

-
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Testing by diffusion
Probe the properties by a (fictitious) diffusing particle:

~

+

.

Pirsa: 13070073 Page 79/118



Testing by diffusion
Probe the properties by a (fictitious) diffusing particle:

NN

w

standard Brownian motion
(0, — V2) P(x,x',0) = 0 & initial condition P(x,x’,0) = 6*(x — x’)

probability density P(x.x'.c) = (4,71,7)26 "o

2r')|n P(x.x,0)

dlneo

— spectral dimension ds = —
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Testing by diffusion

Probe the quantum regime by a (fictitious) diffusing particle:

What is the diffusion equation?
What is the spectral dimension?

Pirsa: 13070073 Page 81/118



Testing by diffusion

setting: [ Dgj,, e >éu]

@ let random walker explore each single configuration g;,,, (mod.
gauge), then average over configurations

Causal/ Euclidean Dynamical Triangula-
tions

@ let random walker explore "averaged’ configuration (g;.,)

Asymptotic Safety, Loop Quantum Gravity, Horava-Lifshitz gravity
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Testing by diffusion
setting: [ Dgj,, e >éu]

@ let random walker explore each single configuration g;,,, (mod.
gauge), then average over configurations

Causal/ Euclidean Dynamical Triangula-
tions

@ let random walker explore "averaged’ configuration (g.,)

Asymptotic Safety, Loop Quantum Gravity, Horava-Lifshitz gravity
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Diffusion equation for asymptotic safety

(0s — "'V, V,)P(x,x',0) =0

quantum gravity: g, — ()
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Diffusion equation for asymptotic safety

(0 — g™V, V,)P(x.x".0) =0
quantum gravity: g, — (&)

momentum scale k:
family of effective metrics (g,.,,)«

k

scale-invariance in fixed point regime: (g""")x ~ ;
(

<g;r1’>k0

O Ora o
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Diffusion equation for asymptotic safety

(s — g™V, V,)P(x.x".0) =0
quantum gravity: g, — ()

momentum scale k:
family of effective metrics (g,,)«

k

scale-invariance in fixed point regime: (g""")x ~ ;
(

<gi”’>k0

O Ora o
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Diffusion equation for asymptotic safety
(05 — g™V, V,)) P(x.x'.0) = 0
quantum gravity: g, — (&)

momentum scale k:
family of effective metrics (g,.,,)«

scale-invariance in fixed point regime: (g/"" ), ~ i:w(g’”'}kn
0

RG-scale identification

physical scales of the system: particle momentum p, diffusion time o

k: effective fields at k cannot 'resolve’ smaller distances = k ~ p?

— (Jy + VHP(x.x'.0) =0
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Diffusion equations for quantum gravity (7)
5 (D + VHP(x. X . 0) = 0
similar equation:

Loop Quantum Gravity mod.

area operator: <A> i \/I_)(/2 T Il:z'l;nn'l\')

= (g'") ~ | 2 = same diffusion equation as asymptotic safety

Horava-gravity

higher spatial derivatives — perturbative renormalizability
V? — 92 4+ (V2)? = similar higher-order equation
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Diffusion equations for quantum gravity (7)
— (0y + VHP(x.X',0) =0

similar equation:

Loop Quantum Gravity

area operator: \// 2+ 135, )

= (gh") ~ | 2 = same diffusion equation as asymptotic safety

Horava-gravity

higher spatial derivatives — perturbative renormalizability
V? — 02 + (V2)? = similar higher-order equation
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Diffusion equations for quantum gravity (7)
— (0 + VHP(x.X'.0) =0
similar equation:

Loop Quantum Gravity Modest

area operator: <A> s \/l_)(/2 T Il:z'lnnc'k)

= (g') ~ =2 = same diffusion equation as asymptotic safety

Horava-gravity

higher spatial derivatives — perturbative renormalizability

V? — 92 4+ (V2)? = similar higher-order equation

— solution not a probability density!

Poper

||||||||||||

Pirsa: 13070073 Page 90/118



Quantum-gravity- improved’ ditfusion equation |

k ~ f(o): at small diffusion times, particle probes small-scale spacetime

(0y — k?V?) P(x.x".0) = 0 — dimensional analysis: k ~ o D

Diffusion equation | for asymptotic safety & LQG
( O = V2) P(x,X,0) =0

1
Hrr?
solution: P(|x — x| = r,o) = L e

(4;.'01'3)

positive definite — diffusion probability!
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Quantum-gravity- improved’ ditfusion equation ||

fractional (Caputo) derivative: 0/ f (o) = r|11 ] IS ( do” )i f (o)

a—al)l
Diffusion equation |l for asymptotic safety & LQG
(u};z - vz) P(x.x'.0) =0

X

solution: P(|x — x| =r,0) = Jo dsE—re s
I

positive definite!
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Quantum-gravity- improved’ ditfusion equation ||

fractional (Caputo) derivative: 0’ f (o) = r|11 ] & ( do” )i f (o)

T ”—.f)‘
Diffusion equation |l for asymptotic safety & LQG
(u};z = vz) P(x.x'.0) =0

X

solution: P(|x — x| =r,o) = [ ds & —"Sye
i

positive definite!
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Quantum-gravity- improved’ ditfusion equation ||

fractional (Caputo) derivative: 9’ f(c) = r“l ] s (IT‘]:Z:){(')‘,:I(‘((T’)

Diffusion equation |l for asymptotic safety & LQG
(;)};’2 - vf;?) P(x.x', o) =0
solution: P(|x — X'| = r,o) = \/,lm .

positive definite!
same equation describes diffusion in a crack!

(iterated Brownian motion:
Brownian motion in Brownian time)

particle "hindered' by quantum fluctuations — diffuses as if in a crack
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Quantum fluctuations slow down the diffusion

mean-square displacement:
(r?) ~ /o standard Brownian motion (r?) ~ o

' diffusion in
r’ Plr,20] .
non-linear
tirnv
0.15 .
fractional
diffusion

Subdiffusion

gm fluctuations of
spacetime 'drag’ the
particle

0.1 standard

Brownian

K“ motion
I - LTI r

''''''' 30

0.05

v
7
2
2

N

quantum gravity effects lead to subdiffusion
(never superdiffusion 'kicking particle’)
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Quantum fluctuations slow down the diffusion

mean-square displacement:
(r?) ~ /o standard Brownian motion (r?) ~ o

; diffusion in
r’ Plr,20] o
non-linear
time
0.15 .
fractional
diffusion

Subdiffusion

gm fluctuations of
spacetime 'drag’ the
particle

0.1 standard

Brownian

\ motion
A ) - —t d t'

______ 30

0.05

v
J
2
2

N

quantum gravity effects lead to subdiffusion
(never superdiffusion 'kicking particle’)
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Horava-Lifshitz gravity

(9 — 8"V, V,)) P(x. X', 7) = 0

4\

higher spatial derivatives: V2 — 02 4 (V?2)?

diffusion equation (0, — 97 — (V2)?) P(x.x".0) =0

Pytrir=1, 0 =1)

0.003

0.002

— solution not positive semi-definite

0.001
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Horava-Lifshitz gravity
(05 — g""'V,V,)P(x.x".0) =0

: - arivecs T2y )2 7213
higher spatial derivatives: V= — 07 4+ (V<)

diffusion equation (J, — 9?2 — (V2)?) P(x.x".0) =0
Pyrot=1, o0 =1)

0.003

0.002

— solution not positive semi-definite

0.001

5 E 20

anisotropy between t and x = cannot use QG improvement of J,

Observation: source-terms can restore positivity!
(0y — 02 —(V2)?) P(x.x'.0) =8

X
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Spectral dimension: tlowing dimensionality

for asymptotic safety: d. = d in the infrared, d; = ¢ in the ultraviolet

for Horava-Lifshitz gravity: ds =1+ (d —1)/z (z = 3 for d = 4) in the
ultraviolet

for Loop-Quantum gravity: ds = 4 in the infrared, ds = 2 in the ultraviolet

Is there one underlying physical mechanism? Do these approaches 'see’
the same quantum spacetime?
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Spectral dimension: tlowing dimensionality

for asymptotic safety: d. = d in the infrared, d; = ¢ in the ultraviolet

for Horava-Lifshitz gravity: ds =1+ (d —1)/z (z = 3 for d = 4) in the
ultraviolet

for Loop-Quantum gravity: ds = 4 in the infrared, ds = 2 in the ultraviolet

Is there one underlying physical mechanism? Do these approaches 'see’
the same quantum spacetime?

degeneracy problem

different stochastic processes result in same d;

How can we distinguish accidental degeneracy?
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Probability density as a probe of quantum geometry
ds: 'rough’ probe of quantum spacetime

Pixy

agrees in many quantum gravity approaches |

study probability density!
= no agreement between Horava-Lifshitz gravity and Asymptotic Safety

Do Causal/Euclidean Dynamical Triangulations agree with one of the two?

d. =2 in4d CDT, HL and AS

Pas(x.x". o) £ Pui(x.x". o)
—— PCDT(X- x'. (T)?
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Probability density as a probe of quantum geometry
ds: 'rough’ probe of quantum spacetime

agrees in many quantum gravity approaches |

study probability density!
= no agreement between Horava-Lifshitz gravity and Asymptotic Safety

Do Causal/Euclidean Dynamical Triangulations agree with one of the two?

d. =2 in4d CDT, HL and AS

PAS(X-X’-”') £ PHL(X.X'.O‘)
— Pcpr(x.x'.0)?
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Summary: What are the properties of quantum spacetime?

Probe by random walker
((')(, - (gf”’),(V,,V,,) P(X.X’.O’) 0

problem: 'naive’ QG improvement yields 'negative probabilities’

asymptotic safety (& LQG)

scale-identification k ~ o (non-linear time or fractional time operator)

= positive definite solution
quantum effects lead to subdiffusion ds =d/2

Horava-Lifshitz
additional source terms — positive probability density and ds = 2

Qutlook: Use probability density as more refined probe of quantum
geometry

[ hank vou for vour attention!
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