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Light speed variation from gamma ray burst GRB 160509A
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Abstract

It is postulated in Einstein’s relativity that the speed ight in vacuum is a constant for all observers. However,
the dfect of quantum gravity could bring an energy dependencegbf Bpeed. Even a tiny speed variation, when
amplified by the cosmological distance, may be revealed bytbserved time lags between photons witffiedlent
energies from astrophysical sources. From the newly datdohg gamma ray burst GRB 160509A, we find evidence
to support the prediction for a linear form modification @t speed in cosmological space.
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At Tp=08:59:07.16 UT on 9 May 2016, the Gamma-ray Burst Monitor §G L] onboard the Fermi Gamma-ray
Space Telescope (FGST) was triggered by photon flux from éimenga ray burst GRB 160509A [2] (hereafter all
times are measured relativeTg). About one day later, beginning at 13:15 UT on 10 May 2016,@&emini North
Telescope on Mauna Kea observed the optical counterparRif G60509A and revealed a single, well detected
emission line which is interpreted as [Oll] 372A at a redshift oz = 1.17 [3].

The light curves of the two brightest GBM trigger detectambined (GBM Nal-n0 and Nal-n3,8 260 keV) [4]
are shown in Fid.I1. In the left panel Figl1a where photon &vare binned in 1 second intervals, a main pulse lasts
about 20 seconds after a first dim short spike near triggee-tin the right panel Fi§._1b, photon events near the peak
of the main pulse are binned in 0.064 s intervals to deterthiag@eak time of the main pulse &gax= 13920 s.

GRB 160509A also triggered the Large Area Telescope (LAT pfboard FGST and is located at (Rdec) =
(3113, 76.1) (J2000) by LAT with a 90 % containment radius of 0.12 degi(statistical only)/[6]. A 51.9 GeV event
was observed rive = 76.506 s after the GBM trigger. This photon is located at (R&c)= (3103, 76.0) (J2000) so
the directional coincidence of this photon with GRB 1605094ery significant. Several other photons with energy
higher than 1 GeV, within the 90 second time window and withih2 region of interest (ROI)L|7] are listed in

Table1.
Table 1: Photons with energy higher than 1 GeV from GRB 168509

Eobs / GeV tarni / S (RA Dec)
51.9 76.506 (31@3, 76.0)
2.33 24.258 (312, 75.9)
1.85 87.039 (308, 73.9)
1.52 50.570 (328, 725)
1.26 49.155 (318B,75.8)

Photons are selected within the 90 second time window arfdmat 12 ROI. Eqpsis the observed energy while
tarr IS the arrival time of these photons with respect to the &iggf GBM.
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Figure 1: Light curves of the two brightest trigger detestoombined (GBM Nal-n0O and Nal-n3,8 260 keV) for
GRB 160509A. In the left panel (a), photon events are binnetl $econd intervals. In the right panel (b), photon
events are binned in 0.064 seconds intervals to determéneetak of the main pulse 8geax= 13.920 s.

Amelino-Camelizet al. [8, |9] first suggested to use the data of GRBs to test energgritlgmce of light speed.
For photons with energi < Ep|, whereEp, = /ic®/G ~ 1.22x 10*° GeV is the Planck scale, leading terms in a
Taylor series expansion of the classical dispersion malaie

v(E):c[l—sﬂnLl( pe )n} 1)

2 \Ewn

wheren = 1 or 2 is usually assumeds, = +1 indicates whether the high energy photon travels slower(+1)

or faster 6, = —1) than the low energy photon, aig, ,, represents thaeth-order Lorentz invariance violation (LV)
scale to be determined by the data. Taking the expansioreafritverse into consideration, one has the arrival time
lag due to light speed variance between two photons withgéesEniqn andEjqw respectively as [10, 11]

1+nBign—Eow (2 (1+2)dz

Aty = s ,
2Ho  E}),, 0 VOn(1+272)3+Qp

(2)

wherezis the redshift of the GRB sourckly = 67.3 + 1.2 kmsMpc is the Hubble expansion rate ar@[, Q,] =
[0.3153015 0.68570.517] are cosmological constants [12].
Observed time lag consists of bathy and the intrinsic time lagt;, at the source of GRBs [13],

Atops = thigh — tiow = Atry + (1 + 2)Atin. 3

The factor (1+ 2) is due to cosmological expansion. Without further assimngtabout the intrinsic properties of
GRBs, Aty varies for diferent photons.
We combine Eqs[{2) anfl(3) as
Atobs _ Kn

=%
1+z EEV,n

whereK, is the Lorentz violation factor
 _ 1+nBhgn = Bow 7 (142)dz
"T2Ho 1+z 0 VOm(l+2)3+Qn

We can see that if the energy-dependence of light speed giségleere would be a linear relation betweg,s/ (1+2)
andK,. Photons with same intrinsic time lag would fall on an ineliine in theAty,s/(1 + 2)-K, plot, and we can
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Figure 2: TheAtops/(1+2) versusK; plot for high energy photon events. Events in gray were ihetlin Ref.|[16] and
the mainline (solid line) was fitted by the eight events oiffite slope was determined a&ELy 1 = 2.78x 1078 GeV!

with s; = +1 and the intercept iAt;, = —-10.7 s. GRB 160509A is denoted by the red mark and falls exactiyizn
mainline. Two dash lines have the same slope as the maimahthair intercepts are0.47 s and-20.77 s respectively.

determineAti, of them as the intercept of the line with theaxis. The slope of this line is,/E}, ., from which we
can determin&,y .

With known redshifiz = 1.17 and high energy photons, GRB 160509A can help constraipdsible energy-
dependence of light speed. Here we follow the works in R&#,15] 16], where photons with energles- 10 GeV
and within the 90 second time window are adopted as high gmrgtons described in Eq§] (2) andl (3), iBnigh =
519 GeV andthigh = Tarmive = 76.506 s for GRB 160509A. On the other hand, low energy photoegereived
constantly during the burst so a unified criteriontigy is required for diterent GRBs. We also follow Ref. [16] and
settqw as the peak time of the main pulse (Fiy. 1), which, as a bendhaia large number of low energy photons,
naturally reflects the intrinsic property of GRBs. @ = Tpeak= 13.920 s for GRB 160509A. Since photons arriving
attw have energies between8260 keV,Ejqy is negligible compared witknigh. So it is reasonable to sEf,y = 0
in Egs. [2) and(5).

In Refs. [14, 15, 16], some previous GRBs with high energytph®were adopted and analyzed. In Ref. [14], four
events from GRBs 080916C, 090510 (short), 090902B and @@992re analyzed and three events from long bursts
were found to fall on a same line. After that, in Ref./[17], lallown photon events then with energies greater than
10 GeV, with measured redshifts and within a 90 second wingdeve published (11 events in total, four in Ref./[14],
six reconstructed in Pass 8 from aforementioned GRBs antthanone from GRBs 100414A). Ref. [15] exhausted
all events satisfying above conditions at that time (af@ptioned 11 ones and another one from newly detected
GRB 130427A, which was extensively discussed in Ref. [18} eevealed a regularity that 5 out of 12 events fall
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Table 2: Data of high energy photon event from GRB 160509A

GRB z thigh (5) tiow () Eobs@ev)  Esource(Gev) T (5 K1 (x10°s. Gev)

160509A 117 76.506 13.920 51.9 112.6 28.812 14.2

Data of GRB 160509Athiqn andtiq,, denote the arrival time of the high energy photon event aag#ak time of
the main pulse of low energy photons respectively, with tiggjer time of GBM as the zero poinEqps andEsoyrce
are the energy measured by Fermi LAT and the intrinsic enartfye source of GRBS, witBsoyrce= (1 + 2)Eobs
K1 is the Lorentz violation factor with a unit of {(GeV) forn = 1.

on the mainline. In these two works, the trigger time of GBMsveat as the low energy photon arrival titpg in
Eq.[3. More recently, in Ref.[16], the peak time of the maispwof low energy photons was suggested tadge
With this more natural choice @&f,,, a stronger regularity emerges with 8 out of 13 photon e@misther event from
GRB 140619B was detected and included) falling on the sameénitheAtyns/ (1+ 2)-K; plot (see Fig. 1 in Refl[16]),
so a linear formif = 1) light speed variation was suggested at a scalg pf= (3.60+ 0.26)x 10!’ GeV.

The corresponding data for the newly detected GRB 16050%Agetic photon event are listed in Table 2 in
comparison with Table 1 in Ref. [16]. Now we can check the fiasiof this GRB 160509A event to test the prediction
from Fig. 1 in Ref.[16]. The results are shown in Hi@j. 2, whive gray marks correspond to previously observed
energetic photon events [16] and the red mark is the newlgrobd GRB 160509A event. It is quite surprising that
this GRB 160509A event falls exactly on the mainline (saiiet) and the slope of the mainline remains unchanged
as YE,v1 = 2.78x 10718 GeV! with this additional point. In other words, GRB 160509A stgty supports the
conclusion in Ref. [16].

In Ref. [16], it was discussed that there may be other waysdw gharallel lines in Fig. ]2 (see Fig. 3 therein).
But with the additional energetic event GRB 160509A, theritigtion trend seems to be more significant and one
has more confidence to draw the mainline. Furthermore, itterésting to notice that two events GRB 090902B
and GRB 160509A, which play an important role for directihg tistribution trend, have identical intrinsic energy
Esource= 1126 GeV, so it is very reasonable to assume that they have @itrinsic properties at the GRB source,
and consequently they have identical intrinsic time Mg. Therefore one should draw a line across them in the
Atops/(1+ 2)-Kp plot where, as we have mentioned, the intercept of this liitle the Y axis indicates the intrinsic time
lag Atjn. It is remarkable that this line in fact coincides with theintiae in Fig.[2. This provides a supplementary
justification for the mainline as an indication of light sgeriation.

Finally, we want to mention that GRB 160509A also supportsesather minor conclusions or conjectures in
Refs. [14) 15, 16]. The minus sign af;,, as the intercepts of the lines in Fig. 2, suggests that sagiednergy
photons are emitted before the intensive pulse of low engingyons at the source of GRBs. Furthermore, the average
intrinsic energyEsource = (1 + 2)Eops Of photons on the three lines in Fig. 2 are 40 GeV, 72+ 28 GeV and
96 + 37 GeV respectively (from up to down). Such regularity siggg@ chronological order dependent on intrinsic
energy of photons, i.e., the higher intrinsic energy onet@hdas, the earlier it is emitted, for the three groups of
photons cataloged by the three lines in Eig. 2. Of coursagtlienjectures wait for more data to verify.

In conclusion, we analyzed the energetic photon event afentéy detected long GRB 160509A and find that this
event strongly supports the prediction for a linear formigiit speed variatiom(E) = ¢(1 — E/E.y) in cosmological
space at a scale &y = 3.60x 10*" GeV.
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