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Abstract: Gamma-ray burst GRB221009A was of unprecedented brightness in the γ-rays and X-rays
through to the far ultraviolet, allowing for identification within a host galaxy at redshift z = 0.151 by
multiple space and ground-based optical/near-infrared telescopes and enabling a first association—
via cosmic-ray air-shower events—with a photon of 251 TeV. That is in direct tension with a potentially
observable phenomenon of quantum gravity (QG), where spacetime “foaminess” accumulates in
wavefronts propagating cosmological distances, and at high-enough energy could render distant
yet bright pointlike objects invisible, by effectively spreading their photons out over the whole
sky. But this effect would not result in photon loss, so it remains distinct from any absorption by
extragalactic background light. A simple multiwavelength average of foam-induced blurring is
described, analogous to atmospheric seeing from the ground. When scaled within the fields of view
for the Fermi and Swift instruments, it fits all z ≤ 5 GRB angular-resolution data of 10 MeV or any
lesser peak energy and can still be consistent with the highest-energy localization of GRB221009A: a
limiting bound of about 1 degree is in agreement with a holographic QG-favored formulation.

Keywords: gravitation; gamma rays; bursts

1. Introduction

Although general relativity (GR) neglects the quantum nature of particles, requiring
a smooth metric, a successful theory of quantum gravity (QG) must account for inherent
uncertainty as energies, lengths and timescales approach the Planck scale: an irreducible
“foamy” microscopic spacetime structure, as first proposed by Wheeler [1]. See [2] for a
recent review. One phenomenology that may probe this is whether tiny, continual, random
distance fluctuations ±δl proportional to the Planck length lP ∼ 10−35 m (or, equivalently,
the timescale tP ∼ 10−44 s) accumulate in electromagnetic wavefronts, as they travel
long distances through the spacetime foam. The strength of their phase degradation at
the observed wavelength λ would depend on the summation of the phase perturbations
∆φ = 2πδl/λ along the trajectory of the length L:

∆φ0 = 2πa0
lα
P
λ

L1−α (1)

where for a0 ∼ 1 and α specifying the quantum gravity (QG) model, 1/2 implies a random
walk and 2/3 is consistent with the holographic principle; it vanishes for α = 1 [3]. If the
effect is present, distant pointlike objects may appear blurry, although in optical light this
could only be comparably so to the diffraction limit of the Hubble Space Telescope. But that
already strongly rules out the random walk case (α = 0.5) and constrains blurring to be
weak (α ≥ 0.65) by images of distant galaxies [4,5] and active galactic nuclei (AGNs) [6–9].
Another promising method is to use high-resolution spectroscopy and look for the spread
of narrow emission lines in distant galaxies, which sets a similar limit [10].

Within distant galaxies, gamma-ray bursts (GRBs) provide another useful target to
probe the QG regime by looking for Lorentz invariance, due to the long distance over which
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their high-energy γ-rays travel. As energies approach the Planck energy EP ∼ 1028 eV,
fluctuations could scale linearly with dispersion δE as L/c [11]; so far, they have been found
to be inconsistent with QG formulations falling outside a lower limit of 1.2 EP [12]. But
GRBs could instead place strict observational limits on foam-induced blurring by virtue of
being nearly pointlike, with emission regions known to be more compact than galaxy scales
(∼100 kpc) at γ-ray energies, and despite the instrumental point-spread functions (PSFs) of
such telescopes being far from being diffraction limited, that is, λ/D << 1, where D is the
telescope diameter, which is typically ∼1 m [13,14]. Even so, for α = 0.67, the effect should
be obvious in a GRB of a fairly modest redshift, say z = 0.10, emitting photons at 100 MeV,
as each wavefront phase dispersion ∆φ0 is over 1 radian. Interpreted as an equivalent
ray deflection, this would uniformly “scatter” those photons out over a disk of the same
solid angle, complicating identification. And, as such sources are found, Perlman et al.
consider the holographic formulation excluded, allowing only the most phase-dispersed
wavefronts (lowest α) while neglecting in the PSF any less-scattered photon arriving from
a given redshift [15]. Alternatively, Steinbring [14] sums the total, cumulative PSF within
the horizon (i.e., for ∆φ ≤ 2π) integrating less-scattered photons (assuming these could be
affected by blurring due to any higher value of α) including those from along the path to
that redshift, within the field of view (FoV), in addition to diffraction, and down through
to the Planck scale. Averaged this way, and designated Φ, it predicts that sources should be
detectable well beyond 10 GeV (not all photons scattered outside 1 radian) and that the
general effect is instead degraded localizability (i.e., blurred image cores, with α setting
the maximal PSF) falling within a surrounding halo [16]. This effect is independent of
γ-ray pair-production haloes, which might also be spread over ∼Mpc scales for sources
with z < 0.5, as discussed in [14]. Those have been looked for, without success, around
low-redshift blazars by stacking together the data of many sources, for example, [17]. This
is also an effect unrelated to the absorption of γ-rays by the extragalactic background light:
foam-induced blurring would only spread out an image of a distant source and so will not
reduce the flux of a GRB.

A special GRB in this regard is the brightest ever observed: GRB221009A. It triggered
the Fermi observatory Gamma-ray Burst Monitor (GBM) within its FoV of 35◦, which
located it in the sky to within a error radius of 3.71◦ (90% confidence) at peak energy
375 keV [18], and also with the Large Area Telescope [19]. The latter has a resolution of 5◦ at
30 MeV or 1.5′ at 60 GeV and, together with the GBM, has found over 3390 GRBs (median-z:
1.41; highest-z: 4.61) from 100 MeV to 100 GeV since its launch in 2008; shown in Figure 1
are the contour plots of all the localization data available from the public archive (including
GRB221009A; this is the full Fermi GRB database, as accessed on 1 November 2022 from
the High-Energy Astrophysics Science Research Archive: https://heasarc.gsfc.nasa.gov/
(accessed on 1 November 2022)) plotted at the peak detected wavelength, as scaled by
1/(2πch̄). Although GRB-monitoring instruments like the LAT and GBM cannot resolve
those sources, the LAT does provide a measure of how far the telescope must slew—called
a roll angle—to center the GRB within the instrument FoV, which is something less than
the zenith angle to the celestial pole. This automatic repointing is not currently operational,
nor was it during the GRB221009A trigger, even though that does not affect the results
here. For very high energy sources like GRB221009A, this angle can be several factors
larger than the nominal instrumental PSF, making that an underestimate [20]. Despite this,
once triggered, finding GRB221009A with the LAT can restrict blurring, as photons were
detected at 100 GeV within 1 radian for either measure, including at 397.7 GeV [21], so not
all could have been scattered to the horizon. These two especially high-energy photons are,
however, problematic: the first was detected 240 s after the GBM trigger, and so suffers from
being in the bad-time-interval (BTI) region, which has compromised utility (for a discussion
of this BTI data anomaly with Fermi LAT/GBM observations of GRB221009A, see https://
fermi.gsfc.nasa.gov/ssc/data/analysis/grb221009a.html (accessed on 1 November 2022)).
And the second photon, of even higher energy, followed almost 10 h later, which is hard to
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explain physically with the current GRB theory [21]. Within the following discussion, these
datapoints will be retained as reported, with those caveats.

Figure 1. Angular localization (or equivalent wavefront phase dispersion) of GRB221009A: Fermi
LAT and GBM; Swift BAT, XRT and UVOT; or other space- and ground-based facilities. FoVs and
energy-sensitivity ranges of instruments are indicated by thin black outlines, and scaled LAT PSF is
that measured from AGNs (dot-dashed curve; see Appendix A); gray-shaded regions are instrument
resolutions, with increasingly dark shading indicating diffraction: Fermi LAT (D = 1.8 m), darker,
HST (D = 2.4 m) and darkest JWST (D = 6.5 m). Maximal limits imposed by foam-induced blurring
(orange-shaded regions; α = 0.650 and z = 4.61) and combination with instrument viewing angles
(blue) are shown; their average Φ (gray curves, α = 0.667 and z = 1.41) and minima (thick white
curve above Theta, thick black below; α = 0.735 and z = 0.151) follows in Section 2; apparent
source sizes (dashed horizontal lines, calculated for z = 0.151) and localization/resolution (horizontal
dot-dashed); for details of all other available data, which are shown here as density contours, see
Section 3.

And with GRB221009A, for the first time, at least one higher-energy photon may be
inferred by Carpet-2 via the cosmic-ray air-shower angle of arrival (AoA) at 251 TeV [22].
The reconstructed AoA was at R.A. = 289.51◦ and Dec. = 18.44◦, detected 1338 s after trig-
gering by Swift and 4536 s after the Fermi GBM. Carpet-2 has an all-sky FoV (essentially 2π)
and a resolution of 4.7◦ (90% confidence) indicated by a down-pointing arrow in Figure 1,
with the minimum set by the angular distance to the optical transient, fixing it within
1.78◦. This sets a critical angle near 1◦ (about half of the localization accuracy), because
if foam-induced blurring is present at this wavelength, it likewise demands here (and
at all longer wavelengths) some wavefronts phase-dispersed less: hereafter, to highlight
the importance of this benchmark angle, it is called “Theta”. That phase-error angle also
happens to be near the mid-point of the Fermi LAT/GBM resolutions, which is nominally
the mean PSF of those instruments. For the LAT, it has been measured via images of a
large sample of AGNs (see Appendix A). Table 1 lists these limits and the other relevant
data: Swift satellite detection [23] with the Burst-Alert Telescope (BAT), X-ray Telescope
(XRT) and Ultraviolet Optical Telescope (UVOT), as outlined in Figure 1; the black symbols
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indicate the positional accuracy, both the roll angle/zenith angle or error radius (above
Theta) and the localization/resolution (below Theta). The most stringent of these in each
energy range are plotted at 18 TeV by the Large High-Altitude Air-Shower Observatory
(LHAASO) [24], allowing for only a broad sky localization much like the LAT roll angle,
and the space-based instruments Konus-WIND (KW) and Mikhail Pavlinsky Astronomical
Roentgen Telescope X-ray Concentrator (ART-XC) [25], the Neutron Star Interior Composi-
tion Explorer (NICER) [26], the Monitor of the All-sky X-ray Imager (MAXI) [27]and the
Imaging X-ray Polarimetry Explorer (IXPE) [28], along with imaging from the Hubble Space
Telescope (HST) [29], the James Webb Space Telescope (JWST) [30] and a redshift obtained by
using ground-based optical telescope spectroscopy [31]. Thus, having located the object in
the sky to within a degree in higher-energy γ-rays than seen before, and then later being
able to identify its host galaxy, new restrictions can be placed on the blurring attributable
to spacetime foam.

Table 1. Fermi, Swift or other angular limits and localization accuracies for GRB221009A.

Telescope or Instrument Peak E or λ Angle

Horizon - 2π
Carpet-2 251 TeV 1.78◦–4.7◦

LHAASO VHE 18 TeV ≤180◦

Fermi LAT (roll angle) 99.3 GeV 62.1◦

Field of View - 35◦

Konus-WIND 3.04 MeV ≤48.2◦

Fermi GBM 375 keV 3.71◦

Theta - 1◦

Fermi LAT (extreme) 397.7 GeV 0.27◦

Fermi LAT (resolution) 99.3 GeV 0.09◦

Swift BAT 146 keV 2.4′

ART-XC 4–120 keV 36′

NICER/MAXI 13.5 keV 2.5′–10′

IXPE 5 keV 3.4′ ± 1.0′

Resolution - 1′

Swift XRT 2.3 keV 3.5′

Swift UVOT 5.25 nm 0.61′′

Seeing - 0.5′′–1.0′′

Ground-based optical 800 nm 0.80′′

HST 650 nm 0.10′′

JWST 1.65 µm 0.08′′

In light of GRB221009A’s high-energy γ-ray localization, Section 2 restates the phase
dispersion plus diffraction limit Φ relative to angle Theta and how that scales to the instru-
mental resolution and FoV, allowing it to be compared to the localization of instruments
sensitive to lower energies, that is, for sources with peak energies that occur at longer
wavelengths, such as in R-rays and in the optical/near infrared. The approach taken is
to attempt falsifying Φ by looking for any case where a localization (either a roll angle,
error radius or a partially resolved image size of a point source) is found to be larger than
is expected. The detailed agreement with the Fermi and Swift AGN and GRB data is
discussed in Section 3, finding a best-fit mid-way value of α = 0.667 for QG-attributable
blurring; the conclusions follow in Section 4.

2. Method of Finding Quantum-Foam Blurring

The expected wavelength-dependent spread in GRB localization is now considered
relative to whether, on average, foam-affected photons should fall inside the horizon
(allowing the source to be localizable somewhere in the sky) or within some smaller
characteristic angle Theta.
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2.1. Maximal Limit and Average Effect Redward of the Horizon-Crossing Wavelength

At most, for a wavefront propagating through spacetime foam, blurring accumulated
by a co-moving distance L = (c/H0q2

0)[q0z− (1− q0)(
√

1 + 2q0z− 1)]/(1 + z) is

∆φmax = 2πa0
lα
P
λ

{ ∫ z

0
L1−αdz +

(1− α)c
H0q0

×
∫ z

0
(1 + z)L−α

[
1− 1− q0√

1 + 2q0z

]
dz
}

= ∆φlos + ∆φz = (1 + z)∆φ0, (2)

where q0 = Ω0/2−Λc2/3H2
0 is the deceleration (assuming a standard ΛCDM cosmology;

values of ΩΛ = 0.7, ΩM = 0.3 and H0 = 70 km s−1 Mpc−1 are assumed throughout)
parameter [6]. The effect is stronger in bluer light; here, ∆φlos includes waves propagat-
ing from points along the line of sight, and ∆φz are exclusively those redshifted to the
observer. Note how the ratio between the greatest and the least-possible effect is always
∆φmax/∆φP = (1 + z)a0(L/lP)1−α, without dependence on λ, and where ∆φP = 2π lP

λ ,
that is, a minimal perturbation corresponding to the Planck length. And so, as long as
no photon is scattered to the horizon, a long exposure produces an image averaging
all the detectable phase dispersions, and if those have a distribution with amplitude
∆φ σ(∆φ) = 1− A log(∆φ/∆φP), this is

1
A

∫
∆φ σ(∆φ) d∆φ = (1 + z)∆φ0, (3)

for A = 1/ log [(1 + z)a0(L/lP)1−α], recovering equation 1, and constant for all λ. In short,
although some photons are dispersed by ∆φ0 (perhaps right up to the maximum), the
average blurring at any wavelength is less than this; it is shown in Figure 1 for α = 0.650
and the median z = 1.41 as a thick gray curve, where the redward of this “horizon-crossing”
(vertical dotted line in Figure 1) maintains a simple power-law wavelength dependence.

2.2. Combined Effect, Scaled between Telescope Field of View and Instrumental Angular Resolution

To explore wavelengths blueward, consider a point source viewed by a telescope that
sees dispersions less than θ, that is, its FoV or a lesser opening angle between that and the
instrumental resolution. In Figure 1, an angle Theta of 1◦ is chosen (see Table 1). For θ ≤ 2π
and A > 0, this implies a PSF mean width [14]

Φ = R
( λ

D

)ρ
+
∫ θ

0
∆φ σ(∆φ) d∆φ

= ΦR + Φθ = AR
( λ

D

)ρ[
1 + log

(2πlPDρ

Rλρ+1

)]
+ θ
{

1 + A
[
1 + log

(2πlP
θλ

)]}
, (4)

where the two components arrive from the integration by parts, that is, splitting the integral
above and below R(λ/D)ρ. For a telescope of diameter D, the ΦR portion includes all
the phase dispersions up to its resolution limit, e.g., optical telescopes have R = 1.22 and
ρ = 1. There is a range of wavelengths where Φ, if present, must be more than the telescope
resolution and less than the FoV.

Thus, depending on the outer scale sampled by the instrument, there are four distinct,
yet self-similar, degrees of PSF blurring, a shape analogous to an (inverted) wedding cake:
a narrow “base”, i.e., a sharper PSF core (for those photons falling inside the instrument
resolution) and progressively larger layers (for those falling outside its FoV and eventually
the horizon itself). The last corresponds to the “top” of the cake, which is either the roll
angle/zenith angle of the Fermi-LAT or blueward edge of the error radius for the GBM.
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These sub-regimes are illustrated in Figure 1 (shaded darker blue with a narrower field)
for α = 0.650 and z = 4.61: ΦHor, ΦFoV, ΦTheta and ΦRes. Notice that these layers all “turn
over” in the same sense toward higher energy, implying a smooth transition between them:
at the top, limited by the horizon, and at the lower edge by instrument resolution, or—in
the middle—Theta. The lower limit where this rises above the nominal resolution occurs
at α = 0.735, shown as the black-on-white curve. In between, scaling from an upper limit
of ΦHor to ΦTheta, the last term in Equation (4) would follow the ratio 1 + 2π/(1.22× θ),
where θ is 1◦, and here it is called ΦScaled. And so, an interesting result is that the half-way
point for α (i.e., just scaled instead by the ratio of the resolution to the horizon) would
then happen to occur at α = 0.667, which is the holographic value favored by QG models.
This limit, much like “seeing” from the ground, can be looked for along with the implied
smooth scaling for the average size of the bluest γ-ray sources (plotted as a dashed gray
curve for the average redshift z = 1.41).

3. Analysis and Discussion

Armed with an expectation for their foam-blurred PSFs, i.e., Φ, in the appropriate
regimes, the full catalog of GRB detections are explored further. Figure 1 already shows
the result of taking all the available localization data for GRB221009A, including from
the Fermi and Swift databases, indicated by contour plots; now, individual datapoints are
inspected, trying to find any instance where it is violated. The approach will be to start at
lower energies (where agreement with α ≥ 0.650 is already established), working toward
higher energies and a sharper resolution, and see if agreement continues, including for a
higher range of α.

3.1. Alpha Lower Limit by Comparison with Peak-Energy X-rays

Consider first only those data at X-ray energies, so sources with peak emission wave-
lengths long enough that most detected photons would lie redward of the horizon-crossing
wavelength. This is shown in Figure 2: all the reported error radii of each GRB localization
at peak energy for the Fermi GBM instrument (open gray circles, with a central black dot
there above the instrumental resolution); all the identified sources are indicated at their
mean angular distance from the initial trigger position and shown as color-coded by the
reported redshift, with the associated color-bar shown above. The density contours (in
10% increments up to 90%) help show their skewed distribution with energy. There is a
remarkable correspondence between that and the power-law slope of ∆φ0 and the lesser,
average blurring expected, especially above Theta. Note that the two GBM sources that
are more poorly constrained than 35◦ lie outside the FoV due to the conservative choice
of using 99% containment to define the FoV. Also notice that although some sources fall
to the right of the maximal foam-induced blurring case (and so are evidently of a lower
peak energy), this does not obviate it as the correct limit. The prediction is instead that,
above Theta (the mean blurring), most photons should be blurred more than (and so
sources should be found to the right, beyond) the gray curve, as is seen. Moreover, this
correspondence carries on in the anticipated way below Theta, hemmed by the lower limit
set by ΦHor (assuming α = 0.650 and z = 0.151), which never rises above the observed
GRB221009A localization accuracy at these energies. That is true all the way down to
the resolution afforded by the GBM (about 1′) as well as for the Swift BAT resolutions
(up-pointing triangles). That would not remain true if α < 0.650 (i.e., stronger blurring,
shifting these model curves to the right), although this was chosen as it is known to agree
with the previously established optical/near-infrared AGN/galaxy results, as discussed in
Section 1.
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Figure 2. Same as Figure 1, restricted to X-rays: all available Fermi GBM peak-energy positional error
radii (open gray circles), and Swift BAT resolutions (filled up-pointing triangles) for GRBs. Those
GBM data beyond its resolution are marked with a black dot, and all angular distances for identified
sources are shown color-coded by redshift, with associated color-bar shown above.

3.2. Alpha Upper Range by Fit to Mean-Energy Gamma-rays

Looking to see if this agreement continues when considering hard X-rays and at γ-ray
energies, those data can be compared to the expected dispersion of photons blueward of the
horizon-crossing wavelength. All the Fermi LAT and GBM localizations are shown again in
Figure 3: the roll angles (filled, down-pointing triangles) and zenith angles (same, gray) and
the resolutions (up-pointing triangles). The peak energies (GBM) above the resolution limit
are indicated by open gray circles, with each reported mean energy (typically less than the
peak) indicated by a left-pointing triangle (pointing right in rare cases when equal to the
peak). Other higher-energy TeV sources (up-pointing, filled triangles) are from the TeVCat
catalog (for consistency with the Fermi catalog, this is complete as accessed on 1 November
2022 from http://tevcat.uchicago.edu). The redshift dependence of ΦScaled is indicated
with the same color-scaling as that in the color-bar of Figure 2. The averages for each are
indicated by gray symbols, with one-standard-deviation error bars. The white contours are
the 5%, 10%, 50% and 90% containment of all the LAT plus GBM roll-angle and error-radii
data, which now have both their peaks and averages in a combined sample. Notably, the
density contours of the combined Fermi LAT roll angles and GBM error radii are matched
by the mean Φ (thick white curve above Theta: α = 0.650 and z = 0.151) with a smooth
transition blueward to lie within ΦFoV; this gives some confidence that foam-induced
blurring is the underlying cause of the broad spread in both of those datasets.

http://tevcat.uchicago.edu
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Figure 3. Same as Figure 1 for γ-ray and x-ray energies: Fermi LAT roll angles (black down-pointing
triangles) and zenith distances (gray); density contours outline AGN point source sizes (see text)
with squares indicating those sources of known redshift; color-coding of all symbols is the same as in
Figure 2. All GBM-reported GRB peak energies (gray open circles) have arrows (left- or right-pointing
triangles) to the mean energy recorded for each source. Averages within LAT and GBM are indicated
by black-on-gray symbols, with one-sigma error bars.

Notice how well the upper limit of the blurring matches the mean distribution of
the roll angles (including GRB221009A) in the upper left of Figure 3 for the LAT data by
themselves. Below that, most remarkable is that the model of the foam-induced blurring
plus LAT instrument resolution limit (thick gray curve labeled “Halo”) fits the locus of
the poorest-resolved GRBs well. And the agreement nicely continues to where they turn
off in approaching angle Theta at the lowest LAT energies. In other words, this explains
the “tailing off” of the largest image sizes at the longest wavelengths detectable with the
LAT, despite what might naively be expected to become worse there due to the effects of
diffraction (the slope of the gray-shaded region). That upper edge of the GRB datapoints
also closely matches the upper extent of the AGN-size samples from the LAT, taken from
the Fourth point source catalog (Abdollahi et al., 2020; 4050 samples, mean-z: 0.967) and
shown as white density contours (1%, 5%, 10%, 25%, 50%, 75% and 90%; and, where
available, filled squares color-coded by redshift using the scale in Figure 2) from which
the telescope instrumental PSF is reported (see Appendix A). Equation (4) anticipates this
behavior, because if these are true point sources of a given redshift blurred only by foam,
the last term in that equation allows for each being able to accumulate any image size
smaller than Theta, down to the resolution limit—even though that may be less than the
mean resolution at that energy; the LAT images are not limited by diffraction. This instead
implies that foam-induced blurring sets that lower limit, a resolution floor indicated here
by the darkest blue shading. Indeed, for the highest energies detectable with the LAT
(shortest wavelengths), the weakest possible ΦTheta (black-on-white curve, α = 0.735 and
z = 0.151) is consistent with the localization of GRB221009A. And, in between, the average
redshift (dashed curve) agrees with the mean energies of all the LAT and GBM sources as
well, that is, either the down- and left-pointing arrows for any of those sources could lie
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anywhere within the sensitivity of the LAT and GBM, but blurred by holographic QG foam
(α = 0.667) none of those should stray blueward of this smooth, redshift-scaled demarcation
(color-coded in the same way as in Figure 2). That does seem to be the case, judging that
one sigma from the mean angular localization of the sample is a fair estimate of uncertainty
in these reported data, accommodating two possible outliers (one dark blue and one green
down-pointing triangle) in the LAT GRB roll-angle sample. Overall, Equation (4) shows
good agreement with all the data at these energies.

4. Summary and Conclusions

Quantum-foam-induced blurring can explain the broad multi-degree angular spread
in the localization of GRBs, when detecting those objects in the sky in high-energy γ-rays
and X-rays, and yet still allow these to be identified at sub-arcsecond scales within the
source galaxy by its longer wavelength galaxian emission, that is, via later optical/near-
infrared spectroscopy. This is an improvement on earlier descriptions of foam-induced
blurring, now dealing with the resolution and angular spread of pointlike sources, and so
with the effect of photons falling either outside the telescope FoV or within the resolution of
an instrument. A characteristic angle “Theta” has been introduced, which is incorporated
into Φ, and is analogous to the image quality of ground-based telescopes due to uncorrected
atmospheric turbulence. That is a useful concept, setting the mean angular size ΦTheta
of any GRB to be under 1◦ near 250 TeV, agreeing with the highest-energy localization
of GRB221009A, although it is still consistent with α ≥ 0.65 and so with previous HST
imaging of galaxies, AGNs and all other available GRB localizations.

Twofold progress over previous investigations of foam-induced blurring of GRBs has
been made: First, beyond being in accordance with the highest-energy Carpet-2 observation
of GRB221009A, this is in agreement with the in-flight-measured PSF of the Fermi LAT
and an upper GRB size (a “Halo” angle) bounded at low energy by Theta. That is of
interest to GRB and AGN studies, implying that the PSFs used to measure their sizes
have neglected the effect of foam-induced blurring: so, in essence, this is akin to having
ignored atmospheric seeing in measuring the sizes of ground-based optical/near-infrared
galaxies, warranting further scrutiny. And, secondly, this investigation also moves searches
for foam-induced blurring forward by providing more than simply a lower limit of the
parameter α. It instead implies the observed effect falls below that and within an upper
range, i.e., 0.650 ≤ α ≤ 0.735, which also agrees with an average, scaled value of 0.667. That
is of broader interest to physics in general, as the further implication is that high-energy
observations of GRB221009A may constitute the first experimental evidence favoring a
holographic formulation of QG.
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Appendix A. The In-Flight-Measured Fermi LAT Point-Spread Function

The LAT is a pair-production imaging instrument, sensitive to γ-rays through the
resultant electron/positron tracks. Scintillometers covering the array are used to reject
background events and a calorimeter allows for the recovery of incident γ-ray energy.
The area of sensed γ-rays is one sample of the measured resolution (which is much larger
than its diffraction limit) and the overall average fit of those (at a given energy) can be

https://github.com/ericsteinbring/Special-Blurring
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considered the instrumental PSF of the telescope. The post-launch PSF was measured with
a large sample of AGNs, finding the scaling relation

PSF ∝
√
[(C0E/100)−ρ]2 + C2

1 ,

where E is the energy in MeV; the fitting constants are C0 = 3.5◦ and C1 = 0.15◦; and
ρ = 0.8 is the power-law slope [32].
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