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Quantum measurements with gravitational interactions
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Standard Model extensions

Kostelecky, Mewes, arXiv:0905.0031

General Relativity and

Standard model as effective Lorentz and CPT violations!!
field theories

Symme’rry constraints restrict allowed
coefficients:
U(1) + space-time franslational invariance
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Modified Dispersion Relation
Kostelecky, Mewes, arXiv:0905.0031
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Tight bounds on LIV effects

Liberati, arXiv:1304.5795

I photon ‘ e et ‘ Protrons | Neutrinos®

N.A. O(10~1%) 0(10—2%) (CR) O(10~% =10~1Y)
O(10~'%) (GRB) | O(10—'%) (CR) O(10~'*) (CR) 0O(40)
O(10-8) (CR) 0(10-8) (CR) 0O(10-%) (CR) O(10-7)* (CR)

Deformed Lorentz invariance??!



Doubly or Deformed Special Relativity

Amelino-Camelia, arXiv:gr-qc/0012051
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Planck scale with
respect o whowm?!
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1) The laws of physics take the same

e
_' form in all inertial frames;
' 2)  The laws of physics involve a
fundamental velocity scale ¢ and
a fundamental length scale Lp

Modified dispersion relations invariant
under some “hew” symwetries

PSKI PSR 2
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Majid, Ruegg, arXiv:hep-th/9405107 Magueijo, Smolin, arXiv:hep-th/0112090


http://arxiv.org/abs/gr-qc/0012051
http://arxiv.org/abs/hep-th/9405107

DSR1 or kappa-Poincaré

Majid, Ruegg, arXiv:hep-th/9405107, Lukierski, Ruegg, Nowicki, Tolstoi, PLB 264 (1991)

invariant under non-linear deformations of
the Poincaré commutators
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kappa-MinkowsKi
non-commutative space



http://arxiv.org/abs/hep-th/9405107

DSR limit of QG?
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Gravity??7?



DSR in curved spacetime

Amelino-Camelia, Marciano, Matassa, Rosati, arXiv:1206.5315
Interplay between DSR- ansatz for the mass Casimir |
deformation scale and » B . L

expansion-rate scale?!

Invariant under a Planck-scale deformed (E.p} = Hp— taHEp .
version of de Sitter symmetry group (BN} =p— HN — taE(p— HN) — (BEp .

1 1.
{p, N} = E + —taE* + —(8p* .

2 2

derive PSR -
phenomenology -~

Covariant approach: the
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particles’ wordiness with
3 relativistic invariants:
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Rainbow gravity. 1

Magueijo, Smolin, arXiv:gr-qc/0305055

General form for MPR

implies non-linear norm
for momenta

p|? = 7*°U,(p)Us(p).

. “ PROBLEM: Do not enjoy
same symmetries!!!


http://arxiv.org/abs/gr-qc/0305055

Rainbow gravity. 2: Hamiltonian and Finsler approach

Amelino-Camelia, Barcaroli, Gubitosi, Liberati, Loret, arXiv:1407.8143
Hamiltonian approach

H(z,p) = g°°(z)papy = m* . [EAVIAEE phase—space Hamiltonian
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Rainbow gravity. 3: modified gravity approach
Olmo, arXiv:1101.2841

Brans-Dicke-like action

h
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Palatini or metric-atfine
formalism: connection
and metric freated
independently

__ Rainbow-like metric: deformations
depend on particle density

deformed Einstein G
equation, metric affected |

by: total energy | I M) (14 2demea)’
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Multi-fractional spaces

Calcagni, PRL 104 (2010)
dimensional reduction

multi-scale measure

O(E')]:2 — |p|'2 +m? = Z[p"(k"_)].2 + m?



A new perspective: HDA

8

Based on the 3+1 foliation of spacetime

o guv(x) < hij(x), N¥(x), N(x)
o Phgse—space variables: o o
{m9(x), hi(y)} = =5 (0k8] + 85,03 (x — y)

Does it break general covariance?..of course NOT!

8R. L. Arnowitt, S. Deser, C. W. Misner, Gen. Rel. Grav. 40, 1997 (2008).



Hypersurface Deformation Algebra

Dirac, Proc. Roy. Soc. Lond. A246 (1958)

Diffeomorphism invariance is implemented by means of constraints:

Ik 2

HIN] = / d3x N(x)(% 2\’;_77 3 RV—h)

D[NK] = —2 / d>x  N¥(x)hyi(x) Dy (x)

which close the hypersurface-deformation algebra (HDA) °:
{DIN'], DIN"]} = DIN?9;N' — N/ 9;N"]
{D[N'], HIN']} = HINig;N'
(H[N). HIN'T} = D (NO;N' — N'9;N)]



Diffeomorphism transformations

Hypersurface-deformation algebra ensures that theory respects:
@ gauge transformations for coordinate changes:
{f. H[N] + D[N¥]} = 5f
® slicing independence: algebra amounts to deformations of
hypersurfaces

Non-linear coordinate changes translates into non-linear
deformations of space (example: {H,H} = D).
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Minkowski limit

If we restrict to linear coordinate changes of flat slices hj; = d;;:

cAt| i |

that means choosing:
N¥(x) = 6% + ekﬁgc*;)g, N(x) = 6 + a;x’

which are the Killing vectors of the Minkowski spacetime.

Then we show that the Poincaré symmetries are contained into the
HDA.



From DSR to DGR?

Bojowald, Paily, arXiv:1112.1899

HDA
{DIN'], D[N”]} = D[NY9;N' — N/ O;N"]
{D[N], H[N']} = H[N/O; N
{HIN], HIN']} = D[h"(No;N" — N'9;N)]

v
PA

{Pu,Po} =0 {Mu,P} =P, —mpPy
{M/.u/a Mpa} — 77ppMua — 771/0Mvp - UVpMua + nuaMp,p

QG models could provide
modified HDASs then it should be

possible to reduce to
corresponding modified PAs



http://arxiv.org/abs/arXiv:1112.1899

Case of study 1: spherically symmetric (effective) LQG

Brahma, MR, arXiv:1801.09417, Brahma, MR, Amelino-Camelia, Marciano, arXiv:1610.07865, Amelino-
Camelia, da Silva, MR, Cesarini, Lecian, arXiv:1605.00497

{Ke(r). E"(")} = 2G3(r — 1), {Ky(r), E*(r')} = G&(r — 1)

HIN] = _% | ANIKGE? + 2K KyE" + (1= T3)E? + 214"

add (quantum) holonowm
qcorrec’rioms ! ‘ Ky — f(Ky)
{H®[N], HY[M]} = D[B(6K4)h™ (NO.M — MO, N)]

Ko oc P, &y fat Minkowskilimit

i — Peformation
Vs%l!::;(la Eachs 1Br, Do} = BOAP) Py funetion 3
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and associated formal choices

MPR



http://arxiv.org/abs/arXiv:1610.07865

Case of study 1: spherically symmetric (effective) LQG

Brahma, MR, arXiv:1801.09417, Brahma, MR, Amelino-Camelia, Marciano, arXiv:1610.07865, Amelino-
Camelia, da Silva, MR, Cesarini, Lecian, arXiv:1605.00497
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http://arxiv.org/abs/arXiv:1610.07865

Heuristic simplitied approach to MDRs

b —15 —0
B N 10 — 10

..extremely small effect, how
can we detect it?



Cumulative time lags over cosmological distaﬂngG,
Ay — nAE (5104 T dw

o fz d¢ (14¢) | O
st O = [
Hor/Qa+(14+¢)3 0,
Jacob, Piran, arXiv:0712.2170
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Single-burst analyses: bounds
Fermi-LAT and GBM Collaborations, Science 323 (2009)
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Fermi-LAT and GBM Collaborations, Nature 462 (2009)
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Single-burst analyses: searches

Amelino-Camelia, Fiore, Guetta, Puccetti, Adv.High
Energy Phys. (2014)




Forthcoming improvements

Cumulative number of detections
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Amelino-Camelia, D’Amico
Fiore, Puccetti, MR, arXiv:
1707.

Amelino-Camelia,
D’Amico, Rosati, Loret,

Nature Astron. 1 (2017)




Neutrinos from GRBs?

All proposed models for GRB-emission mechanism (e.g. fireball) requires the
production of neutrinos: we expect to detect 10 neutrinos per 1000 GRBs in a1 Km
cube detector (lIceCube, Km3Net)

p—— - = — — — —— P —

= e _ _ _ _ I R ———— — = — e —_

| leeCube detected no GRB neutrinos so far!!
. (2008-2017) |




Hints of LIV??

Amelino-Camelia, D’Amico, Rosati, Loret, Nature Astron. 1 (2017)

time difference

with respect to
the first GBM
peak



Nava, arXiv:1804.01524
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Increase statistics

Amelino-Camelia, D’Amico, Fiore, Puccetti, MR, arXiv:1707.02413

| Pata sample: ,
t 7 G6RBs(080916C 090510,

; | 0909026 090926A, 100414A,
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All-pairs analysis

Amelino-Camelia, D’Amico, Fiore, Puccetti, MR, arXiv:1707.02413

Over 10°

simulated data
( reshuffling times)
the observed peak

for
20 << 39
IS reproduced In
less than

_ 0.5%
-90 -80 -70 -60 -50 -40-30-20-10 O 10 20 30 40 50 e0 70 80 90

n, P2 of cases!!!




Data samplings

Amelino-Camelia, D’Amico, Fiore, Puccetti, MR, arXiv:1707.02413

Pairs constituted by all
photons with:

SIee = g e e

(excluding the energy
range analysed by
previous analyses)

~90 -80 -70 -60 -50 -40 -30 20 -10 O 10 20 30 40 50 60 70 80 90

ny[pair]

Peak at 25 < n < 35 appears accidentally only in 0.6 Z
of cases!



Data samplings

Amelino-Camelia, D’Amico, Fiore, Puccetti, MR, arXiv:1707.02413

Pairs constituted by:

1. “Low” photon with

5GeV < Ex (142) <15 GeV

2. “Medium” photon
with

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 15 GeV < E > (1 _I_ Z) < 40 GeV

ny[Paif]

False alarm probability = 0.2 Z!



Data samplings

Amelino-Camelia, D’Amico, Fiore, Puccetti, MR, arXiv:1707.02413

Pairs constituted by:

1. “Low” photon with

ECeRE B B

2. “High” photon with

-90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 E X (]. —I—Z) = 40 GeV

ny[Pair]

False alarm probability = 14 Z!



Preliminary: all-triplets analysis

7 is computed by performing a
linear fit with the constraint: Y* < 5

' Real data
Best fit method:

we how

consider triplets
of photons

instead of pairs

Peak at 15 < n < 25 appears accidentally only in 1.9 Z of cases!






Summary

Effects on particles propagation are expected due to the “foamy”
structure of spacetime near the Planck scale

Two possible theoretical frameworks have been
developed: LIV and PSR; both deserve better
understanding

Spectral time lags are observed in all GRPs as
well as in AGNs

In-vacuo-dispersion like spectral lags in 7 6RBs with energy
above 9 GeV at the sourse, but yet they might be manifestations
of intrinsic GRB physics

Our results are would not be compatible with single event
analyses but are compatible with limits given by population
studies (can source effects solve the inconsistency?)



Outlook: (QG) theory side

Still no rigorous derivation of MPR from QG wmodels:
What are we testing??!

Work on “DGR”: generalise DSR to gravity and/or introduce
gravity effects into DSR models

Missing clear distinction between LIV and DSR signatures

Models for stochastic/fuzzy LIV

Take input from data
Simplest linear LIV models falsified already?

Work on redshift dependence of MDRs

Fractional-order LIV?



Outlook: experimental side

Quantity and quality of astrophysics data are rapidly
improving and allow to pass from single-event analyses
to statistical analyses over surveys!

1) Better control over systematics can now be achieved

2) Start testing alternative proposals and suggest
phenomenological new models

3) To decouple intrinsic from LIV effects:




QG problem originates at the conceptual lewel.

some crude theories can characterize the
once the first ultracrude models establish problem

he issue is experimentally relevant better
concept-inspired models materialize

| \ Experiment inspired by such crude thgg
Until now.. stumbles upon charateristic effe

i

=1

first data-inspired the

..from now on!!

. experimental searches of effects predicted
““ay the new theories

“better” theories are proposed



Thanks for your attention!




QG vs Standard physics

E ~MeV m. ~ 0.5MeV Ny ~ 0.25 m—3

Pleilig

Abces kel o Ll e st L sl L2l L

QED contribution
(decreases with E)

/\“"\::/ x e .
._('.A , 2

At high energies (linear) QG- mduced delavs dowminates
over conventional in-medium physics effects!!



Matter on (Loop) Quantum Gravity background

Gambini, Pullin, arXiv:9809038; Alfaro, Morales-Tecotl, Urrutia, arXiv:9909079

A 1 A X .
HI{JIa.\'well — 5 /dsr /dBywa(I)wb(y)E (I)Eb(y)fC(I_y)

. 1 trace out
A|HE axcwell| A >= = Althg (vi)ws(vj)|A > E*(vi E°(v; 3 .
N P IRl ravitational dof

OE = -V x B+ 2x¢pA’B

B =V x E — 2yl pA%E. MVK

(W, e[ HO|W, £) = _% Z E?v) ik Z JIK
P v T frace out
{<w1 €165 (v + sk () g (Tiharc () P bira (v)ibgaa (v) W €) gravitational dof
0

~(W.&m () 3¢5

[Wira (v)wjsa(v)|W,€) — C-C-} :



Quantum reference frames

OH ALICE. YoURe Y | BUT BOB.- N A
THE ONE FOR ME  £] | @UANTuM WORLD

5 | HOW CAN WE BE SURE? Giacomini, Castro-Ruiz, Brukner, arXiv:0905.0031
y 1
ay efjY

Quantuwm information perspective: physics is all about systems
in described in different reference frames

o >= Ul >

Application: Equivalence Principle for QRFs

R
2mys  2mp

) ' ;V—A.— 1R.
= 2me M m A (=dc) my dx g —c?ch

if the potential is linear everywhere e ——————— ——

2l : Bl I el (_diffeomorphisms between QRFs?7
2mp  2mc e i



Jacob-Piran formula

Jacob, Piran, arXiv:1707.02413

pass to comoving momenta to
account for universe
expansion

turning to redshift variable z:
dz’

Taking into account that the comoving distance is the same for a high-energy and
a low-energy (i.e. no in-vacuo dispersion) photon:

1 nEgy (= (1+2")dz’ E
At = L1 - Jairyon =~ E 20D (z)




Rainbow gravity. 4: effective QG approach

Assanioussi, Dapor, Lewandowski, arXiv:1412.6000

massive scalar field minimally coupled to gravity in FRW spacetime

1 .
Hy = Ho— —H, [/ T (Aza4 + m?a®)¢? |.

2

trace out gravitational dof

1
2

frtraced _ [<L0|H0 |L0>’l’ + (Yo|Q(k m)]no)ct)i],

——— e ——— e

Q(k,m) = K*H;'a* + m?Hy 'ab .

LQ

—m?® = "k, k, = —N + — =



Case of study 2: multifractional gravity
Calcagni, MR, arXiv:1608.01667

q-theory: .

i (@7)
! NJE)M]

{D[M*], DI[NI|} = D? [ (M?9;N* — Njaij)] ,

T = 297 (5;0u9v0 + 370090 = 5700 Guv)

18 = 55 [dPzu(z)\/—g(‘R — 2A) + Sy,

* {DI[N*], HI[M]} = H? [

Uj (z7)
hik

v;(z7)

{H?[N], HY[M]} = D* [ (NO; M — M9, N)]

weighted-theory:

Sy = 555 [dPze®/P\/=g[R — Q0,20"® — U (v)]

Q= %6%4’ +(D-1) (2B* — %) : ¢ (x) = logv(x)
v
H[N] = Ho[N +H¢ [N] = [ d3z N(Hy + vVhHg)
{H[N], H{M]} = {Ho[N], Ho[M]}+ [ d*z N(z) [ d®y M (y)x{Ho(z), Vh}Hs(y)+

[ Bz N(z) [ ddy M(y) x He(z ){\/E Ho(y)} = D [hﬂk(Na M — MO, N)]



http://arxiv.org/abs/arXiv:1608.01667

Case of study 3: Moyal noncommutative gravity
Bolowald Brahma, Buyukam MR, arXiv:1712.07413

[5?"’, ] 16’“” - — * F (x)G (x)

1:5 paBh’ —a _
star product f(x)*xg(x) = f(X)e_E'g‘o "% g(x) = F(F(x))falg(x))
R — ¢i0°P0.00s  R-1 _ o—i0°P9.00s  Rewatrix

Ly (uxw):=(Ly>u)*w+ R(u)* (Lg, > w) deformed Leibniz rule

\‘

modified Gaussian condition for R(n*) * (Lr(y) > Guv) = —0p(VP * ¥ x gup) 07 x n’ x g,

the weftric |
M X, n)? = —0pN x g% —9,N*n" =0

(0, Ml).', (0~ M2)]* — (Oa [Ml *X, M2 *Xi) .
(N1,0), (N2,0)]x = (0, N1 qab * OpNo — Op N1 * No % qab) _,
:(01 M)* (N, 0)]* — ([’M*X > N, 0)

Peforwmed general covariance!!



