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Outline of the Talk:

m Focus on vacuum energy dispersion (a form of LIV)

m Why do we use GRBs & how do we set the limits

m Limit from the bright long GRB 080916C at z~4.35

m 3 different types of limits from the short bright GRB
090510 at z = 0.903: detailed description & results

m Summary of limits on LIV using Fermi1 LAT GRBs
m Future prospects: the Cherenkov Telescope Array

m Conclusions
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Vacuum energy dispersion: parameterization

= Some quantum-gravity (QG) models allow or even predict
(e.g. Ellis et al. 2008) Lorentz invariance violation (LIV)

m We directly constrain a simple form of LIV - dependence of
the speed of light on the photon energy: v, (E ) # ¢

m This may be parameterized through a Taylor expansion of
the LIV terms in the dispersion relation:

. Where £

QG

« SE, . 18 naturally expected

m s, =—1,0,Istresses the model dependent sign of the effect

m The most natural scale for LIV 1s the Planck scale
lPlanck = l 62 # ]‘0—33 CInl , EP]anck o 1\'/11’lanckc’2 = l 22>< 1019 Ge\[
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Vacuum energy dispersion: parameterization
= The photon propagation speed is given by the group velocity:

e . / i
. . - E . ()[: |4 n E‘
c'pl, = Eif_l | + Z.S'k s , V= 2 el 1- S, : )| S
A -V . 2 |\

JG A ()Hpn QG

m Since E )y < By S E e ~ 10" GeV the lowest order
non-zero term, of order n = min{k | s, # 0}, dominates

m Usually n = | (linear) or 2 (quadratic) are considered

m We focus here on n = 1, since only in this case are our limits
of the order of the Planck scale

m We try to constrain both possible signs of the effect:

¢ s, = 1, v, <c: higher energy photons propagate slower

¢ s, = —1, v, > c: higher energy photons propagate faster

ph
m We stress: here ¢ = v, (E,...,=20) is the low energ
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Probing Vacuum dispersion Using GRBs

u\, (first suggested by Amelino-Camelia et al. 199

F

Why GRBs? Very bright & short
transient events, at cosmological
distances, emit high-energy y-rays
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Constraining LIV Using GRBs

= A high-energy photon E, would arrive after (in the sub-luminal
case: v,. < c, s, = 1), or possibly before (in the super-luminal

ph » °n
case, v, > ¢, s, = —1) a low-energy photon E, emitted together

ph > ©n

» The time delay in the arrival of the high-energy photon is:
‘ (l+n)b b” (1+2z")" ,
A[l v = ‘Sn n _[, d:

2H,  Egsy 0 [Q,, (1+12)°
~ ; z2)7+Q
(Jacob & Piran 2008) Eqan m ) A

m The photons E, & E, do not have to be emitted at exactly the
same time & place in the source, but we must be able to limit
the difference in their effective emission times, 1.e. in their
arrival times to an observer near the GRB along our L.O.S

source X
. cl'," Atubs Aun AtLI\

Page 8/87



Pirsa: 13070052

Method 1

m Limits only s, = 1 - the sub-luminal case: v
time delay, At; ,, =t —t
arrival time, while t

oh < C, & positive
> 0 (here t, 1s the actual measured

cm

would be the arrival time if v, = ¢)

cm

= We consider a single high-energy photon of energy E, and
assume that it was emitted after the onset time (t,,,) of the
relevant low-energy (E,;) emission episode: t, >t

cm start
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Method 1

m Limits only s, = 1 - the sub-luminal case: v
time delay, At , = t, —t
arrival time, while t

oh < C, & positive
> ( (here t; 1s the actual measured

cm

would be the arrival time if v, = ¢)

cm

= We consider a single high-energy photon of energy E, and
assume that it was emitted after the onset time (t,,,) of the
relevant low-energy (E,;) emission episode: t, >t

cm start

cm start

® A conservative assumption: t
emission from the GRB

= the onset of any observed

start

t

start
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Limits on LIV: GRB080916C (z = 4.35)
m GRB0O80916C: highest RS RRY.= SNV tel

“ ] e

energy photon (13 GeV) KN S SR
8 keV ~ 260 keV i.

arrived 16.5 s after low- |
energy photons started M W.MMMJ |

arriving (=the GRB trigger)

=» conservative lower limit:

N, A .
o LS ns |
'y

Eoc > 1.3x10' GeV e AT bt rbron el

L nL.I.. e 1l .. "l

LAT » 1 GaV .

‘l |l
(Abdo et al. 200980|ence 323 1688)

~ 0.1 lEPlanck

® This improved upon the
previous limits of this type,
reaching 11% of Ep ..«

M l LAT >700 MeV 5 "

Pulsar  GRB AGN GRB  AGN GRBO80916( Planck mass |,
(Kaaret 99) (Ellis 06) (Biller 98) (Boggs 04) (Albert 08) min P,Q“_,

(GeV)
1015 1.8x10'S 0.9x10" 1016 4x10% 1017 1.8x10'7 0.2x10'¥ 10" 1.3x108 10" 1.2x10"
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GRB090510: L.1.V 7 (Abdo et al. 2009
m A short GRB (duration ~1 s) |
m Redshift: z=0.903 + 0.003

m A~3] GeV photon arrived at
t, = 0.829 s after the trigger

m We carefully verified it is a

photon; from the GRB at >5¢ il “ ol
*%*?_ﬁ,_","g_w*,['lm:[ 0 8

L&) " ‘
0 "U""'I"" ,L-L.u.l.).- wib
e e Sl

m We use the 1-c lower bounds

on the measured values of E;,
(28 GeV) and z (0.900)

® Intrinsic spectral lags known
on timescale of individual
ulses: weak effect expected

et (TR
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GRB0905 10 L l . V - n= koo (Abdo et al, 2009

: : B’ o7" /[ Nature, 462, 331)
m Method 1: different choices of § - 1. ..

t... from the most conservative
to the least conservative
mt,..=—0.03 s precursor onset
> E-'l = EQG.I/EPlanck =15
mt..=0.53 s onset of main TR WYY ' ' Y
emission episode = &; > 3.42 [rsES T T B v
= For any reasonable emission ':E_W i - mm R J_m'f_-::?-" :
spectrum a ~31 GeV photon 1s  FREEEEE | "oos §
accompanied by many y’s above ki ‘ ' -
0.1 or 1 GeV that “mark™ 1ts t, E
mt,  =063s,0.73 sonsetof H
emission above 0.1, | GeV

o
2 2 : !
5 ‘ .
| ‘ fbat
5 ( ha
( )5 0 (X 1 1.5
4 1 e wince GAM trisoe (26S380TTEY O /s
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Method 3: DisCan (Scargle et al. 2008)

m Based on lack of smearing of the fine time structure (sharp
narrow spikes in the lightcurve) due to energy dispersion

m Constrains both possible signs of the effect: s, = =1

m Uses all LAT photons during the brightest emission episode
(obs. range 35 MeV - 31 GeV); no binning in time or energy

m Shifts the arrival time of photons according to a trail energy
dispersion (linear in our case), finding the coefficient that
maximizes a measure of the resulting lightcurve variability

= We found a symmetric upper limit on a linear dispersion:

AVAE| < 30 ms/GeV (9% CL) = Eg > 1.22E,,

m Remains unchanged when using only photons < 1 or 3 GeV
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Future: Cherenkov Telescope Array (CTA)
m Energy range: ~20 GeV to ~300 TeV

¢ an order of magnitude more sensitive than current instruments
around 1 TeV (~150ME price tag), better angular/energy resolution
s — 1000imembers i 27 countrics
Should becomeioperational around =2018:

CONSOITHETIE DI HETH M EIMISPIETES)

Tundredy of telescopes of O different sizes

e sy W W,
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A bigger difference for transient sources

Fermi e.o. GRBs, AGN,

microquasars...
. 1 hour
- / 10 hours
, 100 hours
// CTA

1 year
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Prospects for LIV studies with CTA GRBs

m Method 1: it may be difficult to do much better
¢ Our current limit |At/AE| < 30 ms/GeV would
require E, > 1 TeV for a response time of 30 s
eat>1 TeV intrinsically fewer photons + EBL
m Method 3: might work best PE G- GRB090926A
¢ Sharp bright spikes up to | E R O
high energies exist also LN,

well within long GRBs PR Rl
~0.1s & E;, ~0.1 TeV |
could do ~30 times better § bt

m A short GRB in CTA FoV [ EaalEN

\"11'

a "o

(survey mode) would be great 8
) o n\/ ¢ N3 timee hotte
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Conclusions:
B GRBs are very useful for constraining LIV

M Bright short GRBs are more useful than long ones

B A very robust and conservative limit on a linear
energy dispersion of either sign: Eq g ;> 1.2Ep, ;0

B Still conservative but somewhat less robust limits:
EQQl/Epla,]Ck >35.1, 10 (onset of emission >0.1, 1 GeV)

B “Intuition builder” liberal limit: Eqg ; /E jj, > 102

B Quantum-Gravity Models with linear (n=1)
photon energy dispersion are disfavored
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LPNHE

Lorentz Invariance Violation:
the latest Fermi results

J. Bolmont
LPNHE - Université Pierre & Marie Curie
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v

LOOPS 2013
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Contents

® Introduction
® Brief reminder on the formalism
® Propagation vs. intrinsic lags
® The latest Fermi results
® The three methods in use
® Acounting for intrinsic lags
® Results
® Conclusions and prospects
® GRB/AGN complementarity

® Future developments

J. Bolmont - LPNHE LOOPS'|3 - Waterloo - 22-26 July 2013
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In brief: the formalism in use

® QG related effects should appear at Eqgc ~ O(Er = 1.2x10'? GeV)
® These effects include deformation or violation of Lorentz Invariance

® For E << Eqg, a series expansion is expected to be possible, giving:
o0 1 n
12 9 9 k
e 0 0 I—Esi 1
QG
n=1 8

® s. = +| for a subluminal propagation, -1 for a superluminal propagation

® We consider two photons with energy difference AE emitted at the same time and detected

with a lag At. At (]‘ m ’IL) 1
® We want to measure/constrain: Ty = ——= = S4 X Kn

AE 2H() 1&(;

]
h ’ i (1+zl)n
where n —
J VA + Om(1 + /)3

® Cosmological parameters from WMAP and Hubble

J. Bolmont - LPNHE LOOPS' |3 - Waterloo - 22-26 July 2013
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oo 1 n
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QG Effects vs. Source Effects

Emission processes can introduce a time lag too !

IPropagation = LIV Effectl -

J. Bolmont - LPNHE LOOPS' |3 - Waterloo - 22-26 July 2013
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QG Effects vs. Source Effects

Emission processes can introduce a time lag too !

IPropagation = LIV Effectl -

Emission =» Source Effect

J. Bolmont - LPNHE LOOPS’ |3 - Waterloo - 22-26 July 2013

E2> E
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The latest
Fermi results

«Constraints on Lorentz Invariance Violation with
Fermi-LAT observations of GRBs»

® VVasileiou, F Piron, J. Cohen-Tanugi (LUPM Montpellier)
® A Jacholkowska, |B, C. Couturier (LPNHE Paris)

® J.Granot (Open Univ. of Israel)

® F Stecker (NASA GSFC)

® F Longo (INFN Trieste)

Phys. Rev. D 87, 122001 (2013)
arXiv:1305.1553
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I GRBO9OS 10 i

Overview I —

0.05 sec

® Use of LAT data
® 20 MeV - 300 GeV

High effective area

Events per 0.30 sec
Events per

Ul
\
\
|
|
|
\
\
|
|
\
\
|

Low background

,dl
|lJl|I[lE JII l‘:l-ill
8 0 £ 10

WW il bliufumgl.ui it dusd

h}j

Time after trigger (sec) Time after trigger (sec)

(~10 % at 10 GeV) e e e e e

® 4 GRBs are analyzed - (G0 rmosorzin
090510, 090902B, 090926A, 0809 16C : >0.1 GeV

Known redshifts (from 0.9 up to 4.3)

Variability time scale down to tens of ms

[
Hli
l‘u

1

Good energy recontruction accuracy

Events per 0.30 sec
Events per 0.30 sec

|

‘ f
Maximum energy detected: ~30 GeV | I
~100 events/GRB above 100 MeV N ’1 |

, 5 w b
SECE TR LAl MMMM Ll U

( 10 15 F
Time after trigger (sec) Time after trigger (sec)

J. Bolmont - LPNHE LOOPS’ |3 - Waterloo - 22-26 July 2013
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Method #|: PairView

® Calculate the spectral lags | between
all pairs of photonsiandj<iina
dataset

® The distribution of |ij values peaks
approximatly at the true value of T.

mp Histogram

® The peak position is determined using a
Kernel Density Estimate of the
distribution.

= Smooth curve
® The KDE peak gives the estimate for T.
m) Dashed line

I
|
|
|
!
|
|
|
|
|
|
|
!
|
|
L
0

01 0.1 02
Photon-pair lags (s/GeV)

J. Bolmont - LPNHE LOOPS’ I3 - Waterloo - 22-26 July 2013
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Method #2: Sharpness Maximization Method

® LIV spectral dispersion smears light-
curve structure and decrease sharpness

® Apply an inverse dispersion to the data
to maximize the sharpness

m» Smooth curve

The sharpness peak gives the estimate
for T.

m» Dashed line
0 0.05

The sharpness S is defined by the | LIV parameter 1, (s/GeV)
formula on the right, where t’; is the
modified detection time of the i*"
photon and p is a parameter selected
using simulations

J. Bolmont - LPNHE LOOPS' I3 - Waterloo - 22-26 July 2013
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Method #3: likelihood fit

® Study of the correlation between the arrival time and the energy of the photons

(Biller et al. 99, Martinez & Errando 09,Abramowski et al. | |)
® We use the following form for the probability density function:

P(t,E)=N / A(Es)T(Es) G(E — Eg,0(Es)) Fs(t — TEs) dEg
J(

)

where [ (Es) is the emitted spectrum, G(E-Es, O(Es)) is the smearing function in energy, A(Es)

is the acceptance of the detector and Fs is the emission time distribution at the source

® The likelihood function is then given by the product
L =[] A(t, E)
(

over all photons in the studied sample

® The maximum of the likelihood gives the best estimate for T

J. Bolmont - LPNHE LOOPS’ I3 - Waterloo - 22-26 July 2013
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GRB 080916C Method #3: Example

The minimum of the curve gives the best
estimate of T:on the right plot, 0809 16C (full
Template line), 090902B (dotted line) and 090926A
spectrum 1 (dashed double-dotted line)

Eventsbin

e —
log ILI.I"IUV'MI'\I'F
\ IRARSRARANARAREARARAGALARAARES LRARE RARN TTTTITTIrr [T IT T[T IT T[T ITo[TToIm
‘ I RALRJ LARR] RERLN LARL] LLLLE| [ [RRLAN I I TV

GRB 090510 (n=1) R

LU N S I

GRB 090510
Template

Light-Curve
< |50 MeV

Events per 0.1 sec

- ‘ /
Y/ - - . ". / \
/ \i /[ 1 ! {
b o Lo aal i L T L [JII.H.IHH.IHJlJllll'LlllllllHllllllllll C {llllllllllllhllluI.Jl.lllllllll

5 1 1.5 2 2. K . 004 003 002 001 0 001 002 003 00 15 1 05 0 05 1 15

T (s/GeV) T (s/GeV)

LOOPS'13 - Waterloo - 22-26 July 2013
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GRB 080916C Method #3: Example

The minimum of the curve gives the best

estimate of T:on the right plot, 0809 16C (full
Template line), 090902B (dotted line) and 090926A
spectrum 1 (dashed double-dotted line)

Eventsbin

e 5 ——
log (Energy/MeV) AR AL AR RRARRARARRRRAY ARRRR AR ARLARRRAANENARSRRRRERREEERRRLE!
; [

GRB 090510 (n=1) i

LA N N [ B |

GRB 090510
Template

Light-Curve
< |50 MeV

Events per 0.1 sec

. \ /
Vi 1 [ = - \ \
) | J ) /
(TR R R R |-l i L i L Ulllllllllllllllllll'Lllllllillllllllllll C {llllllllllllbl}]ulJ.llllllllll

S 1 1.5 2 2. K X 004 003 002 001 0 001 002 003 00 15 1 05 0 05 1 15

T (s/GeV) T (8/GeV)

LOOPS'13 - Waterloo - 22-26 July 2013
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Eventsbin

Events per 0.1 sec

GRB 080916C

Template

[

LI N N R [ |

GRB 090510
Template

Light-Curve
< 150 MeV

\ / NN
I
. [\ |
| A
.’Jf
/
(TR R R R

- 1 1.5

|I'I'T]T'II'T]IT'IT]I|||TH||]I’II’T}'1HI"|HT|

GRB 090510 (n+1)

A\ S -
0 ll.l.Ll‘J.H.J.JllllJllll'Lllllll}l.illllllllll
004 003 002 001 0 001 002 003 00

T (s/GeV)

LOOPS'13 - Waterloo - 22-26 July 2013

1414

1

Method #3: Example

The minimum of the curve gives the best
estimate of T:on the right plot, 0809 16C (full
line), 090902B (dotted line) and 090926A
(dashed double-dotted line)

[TTITT T IR [T T T[T T I T T Too

\

h /
ot Lo Lot Lo L b
5 1 05 0 05 1 18

T (8/GeV)

Page 34/87



Results

® Three methods => three points for
each GRB (PV,SMM, ML)

® Markers = best estimate of T
® 90% (99%) CL intervals (two-sided)

t, (ms GeV )
1, (ms GeV )

). Bolmont - LPNHE LOOPS’ |3 - Waterloo - 22-26 July 2013

Pirsa: 13070052 Page 35/87



Results

® Three methods => three points for
each GRB (PV,SMM, ML)

® Markers = best estimate of T
® 90% (99%) CL intervals (two-sided)

t, (ms GeV )
1, (ms GeV )

J. Bolmont - LPNHE LOOPS'|3 - Waterloo - 22-26 July 2013

Pirsa: 13070052 Page 36/87



Results

All confidence intervals are

® Three methods => three points for com patible with O dispersion
each GRB (PV,SMM, ML)

® Markers = best estimate of T 3 g
: Constraints with the 3 methods

® 90% (99%) CL intervals (two-sided) are in gOOd agreement

t, (ms GeV )
1, (ms GeV )

J. Bolmont - LPNHE LOOPS’ |3 - Waterloo - 22-26 July 2013
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Accounting for Source-Intrinsic Effects

® It is probable the measured lag has two components:

T=TINT + Tuv

where TinT is the intrinsic dispersion (due to the source) and Ty is the LIV-induced
dispersion

® There is no good model available to predict the value of TinT.
) A conservative modelization of TiNT is used.
® We assume the observations are dominated by source effects
® The PDF of TinT is chosen to match T allowed by the data
= Average of 0
= Width matching the width of T
® TinT is modelled to reproduce the allowed range of possibilities for T

m» \orst case scenario

Most conservative limits on TLv

J. Bolmont - LPNHE LOOPS’|3 - Waterloo - 22-26 July 2013
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95% CL lower limits on

® Left:linear LIV, Right: quadratic LIV

® Horizontal lines: previous published limits

® Bars: average constraint accounting for GRB-intrinsic effects
® Current limits improved by a factor 2-4

8 Ep for n=1
1.3x10!'"" GeV for n=2

1.8 =41)
=2, § =+1)

Lower Limiton E_J/E_ (n
Lower Limit on E. (10" GeV) (n

Redshin

J. Bolmont - LPNHE LOOPS’ I3 - Waterloo - 22-26 July 2013
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95% CL lower limits on Eqc

® Left:linear LIV, Right: quadratic LIV

® Horizontal lines: previous published limits Over the Planck

® Bars: average constraint accounting for GRB-intrinsic effects scale for 0905 | 0,

® Current limits improved by a factor 2-4 even accou nting
for intrinsic

8 Ep for n=1 p
1.3x10'" GeV  for n=2 errects

Lower Limit on E_JE_ (n=1, s =+1)

Lower Limit on E , (10" GeV) (n=2, 5 =+1)

J. Bolmont - LPNHE LOOPS’ |3 - Waterloo - 22-26 July 2013
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GRB/AGN Complementarity

® AGNSs > high statistics with ground-based instruments BUT _ , :
High energies, low distance
low redshift (EBL) and low statistics with satellites
® GRBs = high statistics with space instruments BUT

Low energies, large distance
lower energies and|no detection from the ground g g

® Comparison between Vasileiou et al. results (ML) and previous results obtained with AGNs

1000 T T T 4 L

1. Mkn 421

800 Whipple (1999)

2. Mkn 501
MAGIC (2008)

600 3. PKS 2155-304

H.E.S.8. (2011)

400

200

AVAE (s/TeV)

200

400 4. 000610
5. 0000028

6. 000026A
600 7. 080916

Lower Limiton E_/E_ (n=1,95%CL s =+1)

800/

1000
10°

J. Bolmont - LPNHE LOOPS’ |3 - Waterloo - 22-26 July 2013
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What’s next !

® Linear LIV has reached the physicaly meaningful bound of the Planck scale
® In the future, the effort should be put on constraining the quadratic LIV !

mp Ground-based detectors and satellites will need to work together to
make the energy range as large as possible (GeV - TeV)

mp» Source effects need to be understood
® CTA will help !

J. Bolmont - LPNHE LOOPS'|3 - Waterloo - 22-26 July 2013
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Relative localitq
and

k-Poincaré

Giulia Gubitosi

University ot Rome ‘Sapienza’

LOOPS13, Waterloo, CA
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K-Fomncare Hopr algebra
—
dimensionful deformation of Poincaré algebra through an energy scale
h o~ /'.‘['
e commutators

P.E]=0. [N.P]= 5 (1=c720/%) Lp (N =P

. ('()[)I’()(ll!('lh

AE=E®I+Id®E, AP=P@ld+e B/"gP, AN=N@Ild+e F/%gN

. dl]li])()(l(‘h | |
S(E) E. S /'] ( I kP, S(N) ( E/k \

Lukierski 1991

Bicrossproduct structure, where E and P close a Hopf-subalgebra

—3 algebra of functions over a momentum space

J. Kowalski-Glikman and 8. Nowak 2002-2003
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K-Fomncare Hoprt algebra
—
dimensionful deformation of Poincaré algebra through an energy scale
K~ /'.‘[’
e commutators

P.E|=0. [N.P] = (1—c72Er) P2 NE| =P

. ('(),H’()(Il!('lh

AE=E®I+Id®E, AP=P@ld+e #/"gP, AN=N@Ild+e F/"gN

. dllli])()(l(‘h | |
S(E) £, S(P) ElRp S(N) TR N\

Lukierski 1991

Bicrossproduct structure, where E and P close a Hopf-subalgebra

-3 algebra of functions over a momentum space

J. Kowalski-Glikman and §. Nowak 2002-2003
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kK~-Fomcare momentum 5|:>ac,a ~ Properhes

In the basis where the k-Poincaré commutators are trivial

", )2
E. o 1 -

o = wsinh (—) + ™ m IR P
IS 2K

we can add a generator

. . l;‘_’
e = weosh (E/k) — /"
2K
so that the inverse map is bi-univocal &
i No + 1 K
E K log 0 i ), P 2
K o 1 1)4

one finds out that the new generators satisfy the relation

s . . >
(de Sitter - embedding coordinates) g

2 )

)
"o —1h 14 K

o

which translates into the metric

_—_—-) 1/32 f/]""_’ ) 2F r.'{//,'_’
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Relative loc.allttj

connection between the geometrical properties of a momentum space in
terms of kinematical and dynamical properties of particles living on it, and

v | ce-versa Amelino-Camelia, Freidel, Kowalski-Glikman, Smolin 2011
geodesic equation - particle dispersion relation
d*~ (1) d~,, (1) oAy, (1 ) . )
\,{ } ‘l"”'\ pll) ) () nf‘\;ﬂ.(?] m-
dt= (dt ot
connection composition law of momenta
I.;‘ZI/|;.‘] .j} ‘;'} (p D 'ﬂ... I{/J <-¢’r],
f f)/;“ ()'h' f p=q=k ’
curvature associativity of (‘()|n|)()silicm law
_ ‘) ) i ) X | . \ . -
il . ! rff'ﬂw rhlfl 4};“ up kq) k! P k14 k7)) i‘_‘ qmrmk (/J \ . 4 (/) ‘]! jll — l) ':' ((l ! :‘ /..)
torsion commutativity of composition law
» a0 _ ,
5" (k) o (P Dk g — gDk p)p| pPBg=qDp
()"J” ()rh, ‘{1 ;f f
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Farticle dl:%Pﬁ!'Sl()ﬂ refation

a particle of mass m lives on the curve of constant geodesic distance from
the origin of momentum space

A A
A ey r
¢X' é‘ T -
/ N\
\N
h
geodesics are given by intersection with constant geodesic curves are given by
planes passing through 1), intersection with planes orthogonal to 1,

in embedding coordinates the constant geodesic distance condition is

d
14 K cosh (—)
h

inverting the relation and going to bicrossproduct coordinates we get

‘ ’_7[)'._
i r/lp.”] koarcosh (t'llhll (E/K) e B/ 5 )
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Farticle dl:—'»PﬁI'SI()I‘I refation

a particle of mass m lives on the curve of constant geodesic distance from
the origin of momentum space

A A
i r
AX“ 4‘ T -
N <
geodesics are given by intersection with constant geodesic curves are given by
planes passing through 1, intersection with planes orthogonal to 1,

in embedding coordinates the constant geodesic distance condition is

d
14 K cosh (—)
N

inverting the relation and going to bicrossproduct coordinates we get

‘ ’_7[)'._’
1 r/[p.'ll koarcosh (t'llhll[[i H) ( E/R .)
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Lorentz transtrormations

Composition law becomes covariant upon introducing a ‘back-reaction” of
particle momentum on the boost

R _ e~/ sinh (£/2)
£ aq = 2arcsinh

\,.’li-nwllt\L 2) 4 :‘ sinh (£/2)]¢ — e==490/% ginh*(£/2)

Majid 2006

— A& pDq) = A& q) DAKE<q.p)

GG, F Mercati 2011
o keeps “covariance in form”:

((/--'/.‘}/ = r/,';-/,"
: /
with ¢ = A(&.q) and K = A(Eaq. k)
. |<<'(~,)s “covariance in substance”:

AME.q@k) = A& P,

G. Amelino-Camelia, GG, G. Palmisano 2013
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Kelativistic c.ompatlhllltq OTF Lorentz transtrormations

o on-shell momenta always stay on mass-shell

d(ANE<q.k).0) =d(k,0)

« composition law is the same in every reference frame
e transformation rules are the same for all observers:

G. Amelino-Camelia, GG, G. Palmisano 2013

Page 54/87
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Lorentz transrormations 1in >+l dimensions
e in 3+1 dimensions also rotation generators play a role

o in k-Poincaré rotation generators have trivial algebra and coalgebra

« however they turn out to be affected by back-reaction, since

AN, =N, @1+ e~ Fo/k N,. + !—(_j/‘-/p,' 9 Ry

1

— —p —

—> A0 g k) =AN{E 0. q) B A{E Oy aq. k)

GG, F Mercati, Class. Quant. Grav. 2013
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Lorentz transrormations 1in 5+l dimensions
e in 3+1 dimensions also rotation generators play a role

o in k-Poincaré rotation generators have trivial algebra and coalgebra

« however they turn out to be affected by back-reaction, since

, , /e , |
AN, =N, @1+ e~ Fo/k N,. + !—(ﬂ‘.//)_l- 9 Ry

1

— —

— A{E Y g k) = A{E.0),q) & A{E 0y aq. k)

GG, F Mercati, Class. Quant. Grav. 2013
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conclusions

o within the relative locality framework k-Poincaré algebra becomes a
coherent physical model for point particles with ‘relatively local’
interactions

o the model turns out to be compatible with the relativity principle, with
a peculiar transformation law for particles participating to an
interaction

e rotations are not classical in k-Poincaré framework, as they can be
generated l)y back-reaction of momenta over boost transformations
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Novel interpretation of de formed

relativistic kinematics

Giovanni Palmisano Loops 2013, Waterloo, CA
University of Rome "Sapienza”

Giovanni Amelino Camelia, Giulia Gubitosi, GP
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C'ontents

e New interpretation of deformed composition of momenta

® New curved momentum space with commutative and

non associative composition law: Proper de Sitter
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Standard Geometrical Interpretation

Special Relativity

Curved Momentum Space

2 . (A A A
/ {l{ (”)) B ‘/ (/’ \/”Il ( ") I iv

m?* = d7 (p)

P =4 ‘fl:'{ !\7 WV N g 0 ( ...“’] A)
\ 'y (p) = dq, Ok, 194 A la=k=p
k l\( —_ F
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T'he Cyclic Composition Law

[ — @ &

d.s‘{s' )

~v(s,t) definition

=~k (g)
= 70(t)

f
[

f[ I'! T e (l ‘("‘;) f ({"’“, .41'_"
A/\(H‘!)_+_|;u/\(k(.~.)(”) QI [ ) ( )

=0
dt ds ' dt ds

by definition

qberk=~(1,1)

C#)(t) definition

translated composition law

42 () Stite Fouls d¢," (t) da¢'*) (t)
4703 (1) + T (C1(t)) =25 @ =V

¢(0) = y*)(s)
¢(1) = 7(s,1)
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Cyclic Composition Law Properties

Second Order Form

x/ (2. V(Y {2 e e AR ‘{2 ~x 3y d
(q'|‘1' A)A = g } }'-)\ ”‘,\dflni",i o (),f’] )\qur‘l'.."i (“fp f ‘["p) } 5 I Adl ,‘;h‘hl'}\i‘[-',i } 0 | A ‘J[ .‘;,qrrq‘}‘!“a‘i

4 e

o I(p)=T{(p) = qodk=kagq
_ (FPP2) + DPT%)) kapp,

o ((q®ek)Dep)y— (q®e(kDep))y 5

o Cycly, {(Deq ®e (k D q)),} = Cyclg, {((Deg De k) Ge q),)
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Relativistic Compatibility Constraints

Behaviour Under Diffeomorfism

f(a@l k) = £ (@) o™ 1 (k)

Deformed Lorentz Covariance

— f\(r/) ®r A(A')
)
3 (2

d (1‘\(;)).(]) =d(p,0) & A (qor k)

T D' (p) = JEJL TS

depends on the metric only

) — JOJE (@ T7) = T (p)

Levi Civita case

[' = A = Levi Civita connection

A d(.&(p},n) d(p,0) = A'=A4 = A(gdak)=A(q) Da A k)
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Relativistic Compatibility Constraints

Behaviour Under Diffeomorfism

f (q B lf) = [ (q) &2 1 (k)

Deformed Lorentz Covariance

= j\(q) Br A(A)
m
3(2

7} (J\(p).(l) =d(p,0) & A (g or k)

T [ (p) = JEJL TS

depends on the metric only

) = Sy (0VJ3) =T a (p)

Levi Civita case

['= A = Levi Civita connection

A d (,"\(p},{l) d(p,0) = A'=A = A (qba k) = A (q) DA A (k)
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e [quivalent for x-dS and 1t

order 1_|_1 D

e Is different in general

General Setting

‘) 1)

oy (- Y [y '(H r7 Y37y
(q®ek)y = qxn+ kx + X i({“kﬁ + 5 Yy i'.r;(,q,gl.g + 5 AN i'r/,,l.',-gl.ur

8 12 19

e

LAY (p) = T4" (0) 4+ ped’TK" (p)

8 16

I,r):[)

First Order Map Y, Z < or(0)

2] / o L ‘)‘ .
[4Y(0) = —e XY 24 16

/s
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2 )

(= { .
) -nﬁ 'rn‘f‘\l rrcx[3
(gD k)y = qx + kx + X" qakp + B Yy " qaqpky 4 5 Z\ jr{‘,.f.',.;f.'f)

Cyclic Interpretation

e 16 dimensional Cyclg, {(Deq De (kDeq))y} = Cycle, {((Deq De k) S q)y}

| 16
> (Cycl| &> [ IT
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D ]
-

(= / .
) -nﬁ 'rn'f“; rrcx 3
(g Pe ﬂ,) g ky “‘\»\ r{,.:l-'..g } 3 ‘}’\ f}'“.f,f_.‘l.',.f f -) A’)\ F]f{“.lill‘--f'["‘_}

Cyclic Interpretation

e 16 dimensional Cyclg, {(Deq Do (kDeq))y} = Cyclg, {((Deg De k) De q)y}

‘ 16
> (Cyd| &> [ IT

Standard Interpretation

o (m“" A-) , 0T (0) Z" po + TEPT Y by + TSVT ., — TP paITHY
dq,, ak,, ¢ \ lg=k=p T7 A Pe ‘A Pa At a Py A La Py A Pal g

¢ 1 11 ¥ ra - f « [ pe ~ 1 (3 <O ¥ [ 0 11 <0/ <
|2 dimensional Y =0 & 9% k" I ’\“ Ir"] E ’\l* [oul _ 1991 .f[!f“]

16
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Standard V.S Cyclic

Standard Cyclic

12 dimensional map 16 (maximal) dimensional map

l‘,’{“([)) = [1:'“('!)) - q D k=k b q r'{{“ — ["/{“ e f]|/~ = k "‘q

) D

£* 1p[3 £ yoele )
Ay = S F "\ kaDsap Ax = (FPP%\ 4+ DPT?\) kappq,

e )

? [' =T = A(q @ k) = A (q) @ A (k)

Ax=((qDe k) Dep)y — (@D (KDep)),
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De Sitter Proper Momentum Space

de Sitter metric Levi Civita connection

0 ‘
A Aol sHEAY S1 g sk g0 6
_ o26po ) AM Y, = L (5501 +6§07) 6, + €676 0, e

On Shell Relation

] .
m = dy (p,0) = {j\l'('('()H]l[(‘(JHII[{PHJ ~ 5

2th order composition law

(g De k) = qo + ko — Laiky + % [—q1k1 (qo + ko) + qoki + giko]
(g Do ]f)I =q1 + k1 — € (qok1 + q1ko) + f.l_,- [(‘In’\'l + q1ko) (o + ko) + fn}"']z -+ f,"iz}f]]

commutative, non associative. relativistic
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Standard V.S Cyclic

Standard Cyclic

12 dimensional map 16 (maximal) dimensional map

l‘,’{“([)) — [1:'“('!)) -t t{ h [,T = AT |(i l—‘{\”} — ri{“ P (]|/' —_ !!\ "‘({

) D

£* o3 ¢ PP )
Ay = S F " \kapsqp Ax = (FPP\ + DPT?\) kappq,

— )

? =T = A(qg® k) = A(q) & A (k)

Ax=((gDe k) Dep)y — (D0 (kDep)),
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De Sitter Proper Momentum Space

Commutativity

qDek=k®Deq

Curvature

(Non) Associativity

pPa o p2 -[,l? i| 28pg cox 50 -1 ¢
I A = 26704 0 (( 010y + (5)\0“)
)

\ 5

{ 0 2fpo -1
((gBek) Dep)y — (gD (k Bep))y 5 (03e“P°ky + d\ko) (Pog1 — P14o)

F4)

Relativistic Compatibility

dy (A’"\(l’)-”) = dy (p,0) = {f\n(]’) = po + &pi

Av(p) =p1 + & (1 — e 2o)
Y
A=A = Algbak) =A(q) Da A(k)

commutative, non associative. relativistic
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De Sitter Proper Momentum Space

de Sitter metric Levi Civita connection

() \ Y y y » - - - /
_ ¢2¢po ) AN, = (8304 + 04 67) 8L + €581 8 etPo

On Shell Relation

] .
m = dy (p,0) = (Ar('('“’“‘h[(‘“Hh[”'”] 9

2th order composition law

(q e k)o = go + ko — Lgrky + 5 [—q1k1 (g0 + ko) + qok? + qTko]
(g Do If)I =q1 + k1 — C(qok1 + q1ko) + f.l_,- [(‘In,\'l + q1ko) (o + ko) + (“}l.‘.ll + f{fh]

commutative, non associative. relativistic
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Outlooks

Find the exact inverse map &, — I’
Compute Physical Predictions
Find the finite form of the cyclic identity

What non associative algebra is the one defined by the cyclic identity?

Cycle, {(®eq Be (k e )y} = Cyelay, {(Seq Do k) ®e q),)
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Is Relative Loca[ily causal?

Lin-Qing Chen

Perimeter Institute for Theoretical Physics

Warm thanks to G.Amelino-Camelia, A.Banburski, L.Freidel & L.Smolin

N

00ps 13 TJuly 23 2013
J Julty

1357 H238 R —
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Outline-

@ Relative Locality and Kappa-Poincare momentum space
in a nutshell

@ Causal loop solutions and x-dependence

@ Define orientability of loop processes, and prove

Causal <= The loop is orientable <= X-independent

0

Global momenta conserved

1357 H238 R —
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Relative Locality is a proposal for describing the Planck scale modifications
to relativistic dynamics resulting from non-trivial momentum space geometry

h—0 Gy—0 BUT M,=y/hc/Gy fixed

Taking momentum space (P, ¢**,1'*) as primary, and formulating classical dynamics
on the phase space 7*(P)

There is no universal spacetime. Spacetimes are cotangent spaces attach on each
momentum point x; C T, , canonical conjugate variable {x7,pp}=06,0]

Nonlinear addition of momenta: (Sp) & p = 0
The form of vertex reflects "microscopic causal orders™ K, = (p b q) © k=0

0
. = —Iab(f
IPa Udb(p Dre q)c p=q=k e (k)

Momentum space P: Connection
curvature: lack of associativity
torsion: lack of commutativity of the momentas combination

G.Amelino-Camelia, L.Freidel, J.Kowalski-Glikman and L.Smolin, PRD, 2011

1357 H238 R —
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@ The dynamics of particles are defined by the action:

S = Z Sfru .. ZSWJ
= Z/ ds(x%py +NJCJ ZIC' (8i))z

masishell ‘momenta conservafion on vertex

c’(p) =D*(p’) —m? {‘_,.-H/

dC(A J) / \ | 715\ '
' |
| ] ol

{ /
() = ~S’f,fj; T

P
.
‘_f/

‘o,
Ps
0Ky
kg
L______ i
How an interaction connecting the end/starting
points of different particles’ worldlines

? Since the structure of spacetime has already radically changed in this
| theory, how about the causal structure ?

1357 H238 R

Pirsa: 13070052 Page 77/87




@ The dynamics of particles are defined by the action:

S = Z Sfru I Z 9’!1lf
. Z/ ds(x5py +NJCJ ZIC' (8i))z

masishell ‘momenta conserva’rion on vertex

c’(p) =D*(p’) —m?

aC (k1) o \ |
=Nk % s

(1) = .?jfj; \A [ ;
I;jﬁf 13 -3 & \;_//

How an interaction connecting the end/starting
points of different particles’ worldlines

it

(O
. X

? Since the structure of spacetime has already radically changed in this
| theory, how about the causal structure ?

1357 H238 R
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Kappa Poincare Momentum Space

Kappa-Poincare Hopf algebra, coming from a dimensionful deformation of the Poincare
group, can describe a momentum space with de Sitter metric, torsion and nonmetricity.
[G.Gubitosi & F. Mercati 2011, G.Amelino-Camelia, M.Arzano, J.Kowalski-Glikman, G.Rosati & G.Trevisan 2011]

Line element of the momentum space in comoving coordinates:
ds® = dp — e®P/*§dpdp; i,j=1,2,3

Mass-shell condition  m(p) = kArccosh(cosh(po/k) — eP/5 % /2k2)

Momenta addition @®qo=po+aw (p®q)i=pi+ e“Pﬂ/"'qi
(PO @o=po—q (PO Q)i =pi —eP /%

T —— S—

® For notation convenience, define

Ap®9) _ 1 Op®q) . .»p d(Sp)

/ J —_— = p = I
Ay p®q dp req 2

@ Important properties
(gbp)Op=q — U] -V§ =Vi®PUL,, = -UPI, Right inverse property

Jdp

(ep)e(pPqg)=q — 1"'1' U = {;’li**':l';{:m =3 _1;4;'1,, Left inverse property
rp rk rk P P rp rk _ vk JP _ 1P i

f‘,‘,-f'q !q'(k ('f_ 1‘._-\'! ‘q"k .Iq Chain rule

1357 H238 R —

Pirsa: 13070052 Page 79/87




Kappa Poincare Momentum Space

Kappa-Poincare Hopf algebra, coming from a dimensionful deformation of the Poincare
group, can describe a momentum space with de Sitter metric, forsion and nonmetricity.
[G.Gubitosi & F. Mercati 2011, G.Amelino-Camelia, M.Arzano, J.Kowalski-Glikman, G.Rosati & G.Trevisan 2011]

Line element of the momentum space in comoving coordinates:
ds® = dpd — e®P/*§dpdp; 1,5 =1,2,3

Mass-shell condition ~ m(p) = wArccosh(cosh(po/k) — /|12 /2K?)

Momenta addition (P®a@)o=pPo+a (p® q)i =pi+ e P/ ¢
PO qo=pPo—q (PO q)i=pi—el P/

e ——— e S . . o e T —— e
® For notation convenience, define

op®q) _ 17 dpdq) s ASp)

‘phq: ap = Vpdq = Ip

dq
@ Important properties
(gbp)Op=qg — U} -V§ =Vi®PUL,, = -UPI, Right inverse property

Jdp

) [ n) ah 0 7 rpBq TP rOp '

(Ep) B (pe q) q — 1,, U = 'E"i ”':{-M oy _1“ g Left inverse property
rp rk rk P Tp rp rk _ 17k I D !

f‘,‘,-f'q !q'(k ('f. ‘A-"q \q "A- Iq Chain rule

1357 238 R —
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Causal loops
o The simplest case (two collisions) A< B, B<A

Particle O with momentum pO is created from event

A and then collides with another particle at event B.

The twist is now to consider particle 1 with momentum p created at event B and then
colliding with another particle at event A, which creates the particle O.

o Equations (M4 — MB) u0+T1u1, To,T1 €R4

1

(Ma)l, == (9K /0p)) - (—OK& /0p))”

o In the limit of Spgcial Relativity

Toug + 1uy =0

o Invariant under momentum space diffeomorphism

o Straightforward to generalize to loops that have more events A< B . B <. N, N<A
(v’Mxl_MBM( MH )ﬂ "[1 T]Mf}'-'MTl”1+
f T‘.ZJM('---Mu”g oot Tn—an”'-:j,_] 4 TH“';,)_-

L.Q.Chen ArXiv:1212.5233 [gr-qc)

135E7 H238 R
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A lot of solutions

Ka=(kephe (@ &) =0
Kp=@a&qe(raep)=0

FIG.: The region of (p), pi) that possiblly leads to a causal
loop by events A | B when p: i ,;.v' P17 1.1k
0.88x, k, r 0.1k.

x-dependence? s (Pop] — Popi)Tok

Lr'ogqg =
0A [Ml'('gm —1r0) + ‘r)} (r1 — Ky )]'H.r

QFT in Curved Spacetime: unitarity fails for interacting fields in Closed Timelike
Curve and the subjective probabilities of events can be different for different
observers. [ J.L.Friedman, N.J.Papastamatiou & J.Z.Simon, PRD 1992 D.G.Boulware, PRD 1992, ]

1357 A23A MM
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The general condition of x-independent loop

® Consider a loop with n vertices, in which each node
is associated with an equation of the momenta
conservation K1,Kq..K,, =0

Define transport operator on vertex K;

e 0 s & 5 o 4 ;
" T\ Ong OPiit1 Toi-14 = Tpis

o Enforing equations of motion around the loop (from
the 1y, ,; € 15, and finally coming back to the same
point), we will get

or Zri.i+1'ﬂi.,-i+] H H; "F=n+1"=1

=] i<j<n

(Using 21, , to label the endpoint which corresponds to event Ky on particle Pn.1's worldline.)

@ The general condition of x-independence:

x — independent <= Hy, := H Hy =4
i=]

1357 H238 R
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Orientable loops

For the momenta conservation of a vertex K, in a loop, if the order of adding

internal momenta and external momenta has an orentation, i.e. clockwise or anti-
clockwise, we say that the vertex is orientable.

Three-vertices are always orientable.

Above three-vertices (more than two external momenta), the vertices are orientable
only when the external momenta can be grouped as a whole up to permutations.

Non-orientable: K =p; &1y G podlo =0 ¢ external momenta

e i e ———————

A loop is orientable: if all the vertices have the same orientation after embedding
the loop in a 2-d surface.

® A nice property:
Kazp @i @padlo=0=22Ka=li@p@la®p =0
though dp, Ka # dp, Ko _ C Rz Fall OB
Hy = (dp, Kar) ™ (=dp,Kar) = Ha ~ Hioy = Huot C Xt peopels
® Thus we just need to consider two cases

A?J /i'%'/"r‘ALi'l'("QPIJ+|) h, :{i$(%fjf.i+l)$f’a'—].f'
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Orientable €«—> x-independent

@ Consider an orientable loop with n vertices and the
conservation law on the vertex given by

Ki =1 ® pi-1, © Pii+1

@ Edge transport operator
f NG B, = = @R VETREE UL I Al U

Pi,i-l-l) Pi=1,i

@ Around the whole loop: =
Huo = [[ Ugestt =1
i=1

two Kinds of non-orientable loops:

o E.g. the vertex m becomes of the opposite orientatjpn compared with other vertices:

= - Pm=1m | |/Pm,m+1 [ []Pn,1
Hh’! (]Pu‘l L]’m—l.m { Pm.m+k

| QU e
T 5 e — gl grlgi
(f Pu (gbp), {p#{-&q)ﬂ o g H‘ 0 Y ¢ P

® Some of the vertices do not have orientation, e.9. K! = I; & p;_1; ® ki ® (Spi.it1)
_ 1/Pi-1,iDki TPi,i /
H; = Vi3 U ok = H;, # 1

Pi—=1.d
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Orientable €«—> Global momenta conserved

Kp=(l®&k)ogq

A twisting loop with p # ¢

o There are loop processes that locally momenta are conserved, but
there is no global momentum conservation. [A.Banburski, 2013]

® Also has x-dependence
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Summary’_

The theory of Relative Locality allows causal loops with x-dependence
For loop processes in Kappa-Poincare momentum space,

Causal <= The loop is orientable < X-independent

)

Global momenta conserved

Non-orientable loops contain an “effective curvature” caused by a combination of
nonlinear interactions, and these loops have strange features.

Outlook

Understand the fundamental and testable reasons of choosing vertices’ forms, make
sense of "microscopic causal order”.

Understand the x-dependent loops, they are problems or new features?
Try to find some testable predictions for x-dependent loops.
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