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Abstract

Do photons of different energies disperse as they race across the 
universe? Potential reasons for dispersion include violations of Lorentz 
invariance, violations of the weak equivalence principle, and 
electromagnetic interactions with the intervening matter. Which 
parameters make GRBs the most sensitive to these potential 
differences: their great distance, being seen over such a wide range of 
energies, or their fast time scale of variation? Also, how can we find a 
fair race where GRB photons were emitted at nearly the same time? 
Are higher or lower energy photons expected to win the race? Could 
racing distant GRB gravitational waves tell us something different from 
photons? Which Fermi GRBs, so far, have probed the universe the best 
-- and why? A review of these Fermi GRBs and the limits they impose 
on fundamental physics is reviewed, along with a comparison of similar 
limits from other -- and likely future -- GRB detectors.



A Little About Me

•Not a member the Fermi team

•Has some experience with Fermi data

•Has published in microlensing (PhD), GRBs, 
sky monitoring (CONCAMs), the ASCL 
(ascl.net), and APOD (apod.nasa.gov)

•Ask me about Relative Image Doubling in 
Cherenkov detectors! 



Galileo Ball & 
GRB Photon Race

Image Source: https://id.pinterest.com/pin/348606827380020275/



Rules of the Race

•Photons must all start from the same place

•Photons must all end at the same place

•Photons must all start at the same time

•Photons must all end at the same time



Reasons the Race Would be a Tie

As a function of photon ENERGY:

•Gravity acts the same 

•Lorentz Invariance holds

•Speed of light the same 

•Dark energy dispersion the same 



Our Goal: Three numbers

•Δt: minimize 
•ΔE: maximize
•z: maximize

•Best source(s): GRBs
•Best detector (so far): Fermi LAT



Are there any precedents for such short duration GRB 
pulses?  



Our Goal: Three numbers

• Δt: minimize 

• ΔE: maximize

• z: maximize

• For GRB 090510A 

• ΔE ~ 30 GeV

• z ~ 0.9

• A new possibility is

• Δt ~ 0.001 seconds

Fermi Collab 2009, Nature 462, 331
GRB 090510A



Consider only
high energy photons

Fig1.ps



---- GRB 090510A ----Pass 7----
Time (s)             Energy (GeV)
-507.37014 1.93
-380.59269 1.15
3.7022335 1.22
3.7027825 1.91
3.7069414 3.37
3.7194310 1.17
3.7631084 1.29
3.7641773 2.68
3.7991902 1.98
3.7993189 30.86
3.8000964 1.31
3.8167293 6.75
3.8757667 2.29
3.9253115 2.67
3.9530931 1.60
4.0376598 1.44

4.1406114 1.64
4.1527832 1.49
4.2644487 2.28
4.5259632 4.12
4.5643419 2.22
5.1267243 1.06
5.2103540 1.68
5.9021644 2.08
6.1776803 1.53
6.4026321 2.78
6.6466461 3.69
7.8898184 1.25
12.265765 1.04
12.618712 1.73
26.082871 1.40
41.571826 1.22
50.966219 1.52
101.89744 1.41



How was significance estimated?

• χ2 to find flat arrival epochs

• Photon-photon correlation function to find chance that 5 
photon pairs with Δt < 1.069 ms would be found among 11 
photons spread uniformly over ~ 0.1745 seconds

• Statistical comparisons to 109 Monte Carlo runs

• Then assume 1.069 ms pairs drawn randomly from a classic 
Norris GRB pulse shape

• Δt increased to 1.550 ms => “real pulse width”

• Norris et al, ApJ, 2005, Nemiroff et al, MNRAS, 2012



Have you told anybody?



Weak Equivalence Principle (WEP) 

• “mass and weight are locally measured to have an identical ratio for 
all bodies.” (paraphrase) – Isaac Newton  [1]

• “the acceleration imparted to a body by a gravitational field is 
independent of the nature of the body.” – Albert Einstein [2]

• Modern restatement: All objects fall the same.

• Weak EP: bodies that are not themselves gravitationally bound fall 
the same.



How presented limits on WEP violations 
improve on previous limits 

• GRBs with more rapid fluctuations are used.

• Previously: smallest dt used about 0.1 sec

• Here: smallest dt used 0.00022 sec

• More distant GRBs are used.

• Previously: A GRB with z=0.895 

• Here: A GRB with z~9.4 (photometric) is used, although a more conservative 
redshift of 6.5 is used for a conservative limit on dgamma

• Galaxies and Clusters of Galaxies are inferred as masses creating the 
Shapiro time delays.

• Previously: Only the gravitational potential of our Milky Way 

• Here: Galaxy clusters along the line of sight



Shapiro Time Delay: In Principle

• t_Shapiro is the time delay created by a mass along the line of sight 
to a source in excess of the crossing time without the mass.

• DS and DO are the light travel times to the source and observer.

• U(r) is the gravitational potential of a mass that is creating the 
Shapiro time delay.

• γ is the parametrized post Newtonian (PPN) variable that 
characterizes a violation of the WEP. General Relativity predicts γ = 1, 
while the WEP predicts Δγ=0.



Computation: A cylinder with random 
clusters of galaxies thrown inside



• t_Shapiro is the total time delay created by all cluster masses along the 
line of sight to a GRB.

• a single cluster along the line of sight has mass Mi, light travel distance 
Dmi, and redshift zi

• Light from the GRB passes each mass at impact parameter bi.

• The maximum allowed impact parameter is bmax = 10 Mpc, taken from 
the largest observed radius of weak gravitational lensing distortions on 
background galaxies [12, 13].

• γ is the parametrized post Newtonian (PPN) variable that characterizes a 
violation of the WEP. General Relativity predicts γ = 1, while the WEP 
predicts Δγ=0.

Shapiro Time Delay: In Practice



Computed distribution of Shapiro time 
delays for galaxy clusters in the cylinder out 

to redshift 1



Results
Table 1: Data and WEP Violation Limits 



All Photon Races are 
Ties to within Error

Limits on: 

WEP violations
Δγ < 6.6 x 10-16

LI violations
lQG < 1.53 x 10-3 lPlanck (mean)

Speed of light
Δc/c < 6.94 x 10-21  (over ΔE ~ 24.7 GeV)
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