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Two compelling (astro)-physical problems
for the next decades

* Development of Multi-Messenger astronomy (EM counterparts of
GW events)

* Is physical space(time) granular or continuous?

Zeno’s paradoxes and the existence of a “fundamental minimal
length” 1n some string theories: “Atoms of Space”, an effective
expression invented by Smolin

dispersion law for light in vacuo, that linearly depends on the ratio
between photon energy and Planck energy

Distributed Astronomy is the key!



The birth of Multi—Messenger Astronomy
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The Multi—Messenger Astronomy Paradox I
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The Multi—Messenger Astronomy Paradox 11

One of he most thrilling research field in Science:
the whole field based on ONE discovery: GRB 170817A - GW170817 connection

Fact # 1:

within 2025 LIGO — Virgo — KAGRA — Einstein Telescope GW antennas will
provide detectability of NS—NS mergers events like GW 170817 within = 300 Mpc
Localization accuracies:

100 square deg (LIGO — Virgo)

10 square deg (LIGO — Virgo — KAGRA)

Fact # 2:
GBM would not have been able to detect an event 60% fainter than GRB 170817A.

Kilonova events seen at angles > 25 degrees are undetectable by GBM for distances >
60 Mpc.

Fact# 1+ Fact # 2 = No EM counterpart detected, no party!
(quoting George Clooney)

We need a All-sky Monitor at least 10+-100xGBM Area for
letting Multi—Messenger Astronomy to develop from infancy
to maturity!
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Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)
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Afterglow

Jet-like
agnetic field
merges

Credit: NASA/AEI/ZIB/M. Koppitz and L. Rezzolla

GRB
progenitors

Long GRB:
BH collapse of a
massive star

Short GRB:
NS—NS binary
system coalescence
(emission of GW)



GRB - Fireball model

jet emission (about 10° opening angle)

multiple collision of relativistic shells (I' = [1 - (v;./c)*] "> > 100)
explains rapid variability

synchrotron radiation and inverse Compton scattering

energetics: 10°! ergs released in 50 s

BeppoSAX GRBM data

FORMATION OF A GAMMA-RAY BURST could begin either
with the merger of two neutron stars or with the collapse

"_. of a massive star. Both these events create a black hole
( A X-RAYS,

CRH010412, UT 21:48:26.27, 40—700 keV, unit 1
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SEIRRN STAGS [ with a disk of material around it. The hale-disk system, in
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HERMES & GrailQuest in a nutshell

Aims:
all Sky Monitor for fast and accurate detection
of the position of bright, transient, high-energy events
and All Sky Monitor of known bright sources (timing):
* GRBs
* GW events
* high-energy counterparts of Fast Radio Bursts
e flares from Magnetars
*  GrailQuest (only)
first dedicated experiment in Quantum Gravity

How:

temporal triangulation of signals detected by a swarm of LEO
nano/micro/small satellites equipped with:

* keV-Mev scintillators,

* sub us time resolution

* temporal triangulation

Pros:

* modularity,

e Ilimited cost,

* quick developement




Principles of temporal triangulation

Determination of source position through Delays in Time of Arrival (ToA) of an impulsive event
(variable signal) over 3 (or more) spatially separate detectors

Transient source in the sky defined by time of the event, position in the sky:
Ty, 0, 6 (3 parameters, Np g = 3)

GRB front

1=1,..., NSATELLITES
J=1, ..., NgareLLimes

DEL;; = ToA(1) — ToA())

Jj’

Number of (non trivial) different DEL,;:

NDELAYS - NSATELLITES X (NSATELLITES o 1) /2

Number of independent measurements:

Ninp = NoaTELLITES

Statistical accuracy in determining o and o with N¢ vy Lires:
~a — : _ 172



Accuracy in delays from cross—correlation analysis
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GW Triangulation & EM counterparts

(Fermi GBM, INTEGRAL, HERMES Pathfinder)

Example: 30°
LIGO/
long bright GRB Virgo
6.5 phot/s/cm? (source)

3 phot/s/cm? (background)
30 s duration

50-300 keV band

| HERMES

6 satellites each of 0

effective area: 50 cm?

IPN Fermi /
Cpop ~ 1 mMS INTEGRAL
<baseline> =~ 6000 km <1

positional accuracy: 1.7 deg




HERMES 3U
CubeSat

10x10%30 cm
Gyroscope Stability on 3 axes
« FoV(FWHM) = 3 steradians

On board Systems:

Data recording:
continuous on temporary
buffer
trigger capability for data
recording
continuous download of data
(VHF) for monitoring of
known bright sources

Data download:
S—band download on ground
stations (equatorial orbit)
VHF data transmission
IRIDIUM constellation for

data transmission




Spacecraft

@—’ Globalstar antenna

@ ~ — GPS antenna —Payload

— Battery Pack

Solar Panels _. EPS board: PDU + ACU + OBC

—S-band bundle
— ADCS board: ADCS OBC + GPS

— Globalstar + UHF/VHF

— Magnetorquer

» — Reaction wheels

UHF/VHF antenna

. ] — S-band Antenna



Payload Design

LOWER SUPFORT STRUCTURE

Scintillator Crystal size: 0.7x1.2x1.5 cm

FEE-AP

R Crystal type: 60 GAGG crystals
Photo detector: 120 SDD (1x0.5 cm)
o Energy range: 4 keV +>0.5 Mev
cavsTAL 80 LD Energy resolution: ~10% at 30 keV
Effective area: ~ 56 cm?
PRESE— FOV: ~ 3 steradians (FWHM)
: Temporal resolution: ~0.5 ps
; Mass: 1.8 kg

Volume <10x10x12.5 cm




y/X Transients

Sci-20-2018

- y/X Transients
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PATHFINDER - "
+ Faint Detection

« Timely Transmission

y/X Transients

« Faint Detection
> « Timely Transmission

HERMES project development — incremental strategy

SpIRIT

Space Industry — Responsive —
Intelligent — Thermal Nanosatellite

E
Mission lead

INOVOR

nnnnnnnnnnnn

SITAEL

S\;stem engineering

Funding status at 2020, December

ASI (Italian Space Agency) — 23/12/2016:

EU Horizon 2020 — Call: H2020-SPACE-2018-2020 — 17/07/2018:

ASI (Italian Space Agency) — internal funding 05/02/2019

Total Funding (at 12/2020):

Incremental strategy:

Hermes Technological Patfinder (ASI funding):

€ 500,000

MIUR (Italian Ministry of University and Research) and ASI — 29/11/2017: € 1,650,915 (MIUR)
€ 815,085 (ASI)

€ 3,318,450

€ 1,900,000

€ 8,184,450

3 3U satellites equatorial (launch 2023)

Hermes Scientific Patfinder (EU H2020 funding): 3 3U satellites equatorial (launch 2023)
Hermes on Spirit (ASI + Austalian Space Agnecy): 1 6U satellite SSO orbit (launch 2022)
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First and second order Dispersion Relation for photons in vacuo
LIV theories

At > G
speed of light,

DO 10.1103/PhysRevD.93.064017

Burderi, Di Salvo, Iaria (2016)

I i Space—Time
. |Uncertainty Relation |
Ar At > Gh/c?
& Sanchez, 7
2018 S -
- Or "Quantum Loops" ?
Loop Quantum Gravity (Rovelli)
First Order Dispersion Relation Second Order Dispersion Relation

Vphot/ c~1- }; Ephot/ (MPlanck C2) Vphot/ c~1- i [Ephot/ (MPlanck C2)]2



Or “buantu

Quantum Foam?

Accumulation of delays in light propagation:

Atyipry = € (Dpray/©) [AE 0/ (Mgg €)1
The distance traveled by photons takes into account the cosmological expansion:
Dyrav@=(c/Hy)fy* dB (1+B)/[Q,+(1+B)* Q"

z: cosmological redshift

Q,: ratio between the energy density due to the cosmological constant and the
critical (closure) density of the Universe

Q,: ratio between the energy density due to the matter and the critical (closure)
density of the Universe



The Energy & Redshift delay

Time lags caused by Quantum Gravity effects:
* < |E(Band I)—E (Band D)
* < Dgrp(Zgrs)
Time lags caused by prompt emission mechanism:
* complex dependence from E ; (Band II) and E ; ,(Band I)
 independent of Dpp(Zgrp) 19




dNB(E) _ (E%): exp{~(a - B)E/Es}, E < Eg,
da dt (&) e{-(a-p},  E>Es

Gce = 0.46 psec x (2.6 103/N)03
Atypiy = € (Drpav/€) [AE o/ (Mg cH)In
Drrav(@)=(c/Hp)fy? dB (1+B)/[Qp+H(1+B) ]

Bright Long GRB: 8.00 (0.86 BCK) c¢/s (50 =+ 300 keV)
Spectral shape: Band function with a = —1, 8 = —2.5 + —2.0, Fg = 225 keV
Detector effective area: A = 100 m?
Accuracy in cross—correlation in function of the number of photons: Ecc (N) = 0.46 pus4/2.6 108 /N

GRBs Number per redshift z

ACDM cosmology: 24 = 0.6911 and 2natter = 0.3089

— At=25s

219 Swift LGRBs
Last GRB observed : GRB130907A |

z bin=0.2

Redshift z

Energy band FEAvE N Ecc(N) N

(B=-2.5) (B =-2.0)
MeV MeV photons us photons

0.005 — 0.025 0.0112  3.80 x 108 0.38 3.02 x 108

0.025 — 0.050 0.0353  1.40 x 108 0.62 1.17 x 108
0.050 — 0.100 0.0707  1.10 x 108 0.71 9.98 x 107
0.100 — 0.300 0.1732  8.98 x 107 0.79 1.00 x 108
0.300 — 1.000 0.5477  2.07 x 107 1.64 3.82 x 107
1.000 — 2.000 1.4142  2.63 x 108 4.56 8.20 x 106
2.000 — 5.000 3.1623  1.07 x 106 7.19 4.92 x 106

5.000 — 50.00 15.8114  3.52 x 10° 12.54 2.95 x 108

Ecc(N)

us

0.43
0.69
0.74
0.74
1.20
2.60
3.35
4.33

ATy (€ = 1.0, ¢ = 1.0)

us
z=0.1

0.04
0.13
0.27
0.66
2.09
5.40
12.07
60.35

s
z=20.5

0.25
0.72
1.43
3.51
11.11
28.68
64.12
320.62

us
z=1.0

0.51
1.46
2.93
7.19
22.72
58.67
131.19
656.00

us
z=3.0

1.42
4.10
8.21
20.10
63.56
164.12
367.00
1834.98




Location of GRBs with fleets of satellites and redshifts

Accuracy in determining delays from Monte-Carlo simulations of 100 pairs of GRBs of fluence 260 (112
BCK) photons/cm? with detectors of different effective areas:

OpELAYS = Oroa = 3.3 18 X (A/1 m?)™0-38

Accuracy in determining o and 6 with Ngarpr 1 res Ninop = NsaterLitess Npar= 35 To» @, 0):

6, ~ G5 = C 63, /<baseline> X (Nxp — Npar)

Large fleet of small satellites in Low Earth Orbits:
A=30x30cm~0.1 m?

Opop~ 12.5 ps

Nsarereires = 1000

<baseline> =~ 6,000 km

6, ~ 6; <~ 4 arcsec

Three satellites with detectors of 1 m? effective area in Earth—Moon Lagrangian points:
A=1.0m?
Cpop ~ 3.3 US

NarerLites = 3

<baseline>~ 400,000 km

6, =~ 6; =~ 0.5 arcsec

Once the position is known, the redshift of the GRB host galaxy is obtained through
pointed observations of large optical telescopes.



GrailQuest selected for the 2019 Call for White Papers
for the Voyage 2050 long term plan in the ESA Science Programme

Experimental Astronomy
https://doi.org/10.1007/s10686-021-09745-5

ORIGINAL ARTICLE

®

Check for
updates

GrailQuest: hunting for atoms of space and time
hidden in the wrinkle of Space-Time

A swarm of nano/micro/small-satellites to probe the ultimate
structure of Space-Time and to provide an all-sky monitor to study
high-energy astrophysics phenomena

L. Burderi'23 . A. Sanna' @ . T. Di Salvo?3* . L. Amati’ - G. Amelino-Camelia®’ .

Download paper at M. Branchesi® - S. Capozziello? - E. Coccia® - M. Colpi'® - E. Costa’’ -
‘. N.D’Amico'? . P. De Bernardis'? - M. De Laurentis® - M. Della Valle'3 .
aerV’ 1 9 1 1 02 1 54V2 H. Falcke'® - M. Feroci'' - F. Fiore' . F. Frontera'® - A. F. Gambino* -

G. Ghisellini'” . K. C. Hurley'® . R. laria® - D. Kataria'® - C. Labanti?° -
G. Lodato?' - B. Negri?? - A. Papitto?3 . T. Piran2* . A. Riggio’ - C. Rovelli?* .
A. Santangelo?® . F. Vidotto?” . S. Zane'®
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© The Author(s) 2021



SPACEX" /? e N

4425 @ 1200 km (completed by 2024)

7518 @ 340 km

up to 1,000,000 fixed satellite earth stations & optical inter—satellite links
100 + 500 kg satellites (mass production)

1700 satellites launched at 02/11/2021

board a 10x10 = 100 cm? effective area detector on each satellite

120 m? effective area All Sky Monitor!

AIRBUS DEFENCE AND SPACE STARTS

A NEW ERA IN SPACE <
WITH ONEWEB CONSTELLATION...
© TOTAL COVERAGE é»
A . \
om REVOLUTION ——

SATELLITE N \‘ 3
MANUFACTURIN( - — . — N
o daye

FFFFF « tm ©::150kg ©u.4

Figures

900 @ 1200 km (648 initial phase)

150 kg satellites (mass production)

330 satellites launched at 02/11/2021

board a 30x30 =900 cm? effective area detector on each satellite
81 m? effective area All Sky Monitor

e

3200 @ 1200 km

First 2 satellites launch in 2022

board a 30x30 = 900 cm? effective area detector on each satellite
288 m? effective area All Sky Monitor

Starlink Constellation
12,000 sats

SpaceX

(Elon Musk)

OneWeb Constellation
650 sats,

Virgin Galactic

(Richard Branson)
Arianespace

Airbus Defence and Space

Amazon’s Kuiper System
3,236 sats

Amazon & Blue Origin
(Jeff Bezos)




GrailQuest

Gamma-Ray Astronomy International Laboratory for QUantum Exploration of Space-Time

X-ray/Gamma All-Sky Monitor
Transients sub-arcsec localisation

Gravitational-Waves EM counterparts
In a nutshell:

Constellation of 10010000 small sats
keV-MeV energy band

Time resolution < 100 ns

Collecting area ~100 m?

Mass production ‘* ﬁ
Assembly line ,

Costs reduction :

Quantum Gravity Experiment £20 Atpis
Space-Time Granular structure ¢p~10-33.¢cm":; =
Dispersion law for photons vpn/c ~ [1-fp/Aph]

P.I. Luciano Burderi - University of Cagliari




The HERMES project:
the movie

That's all Folks!

Please, visit our websites:
http://hermes.dsf.unica.it
www.hermes-sp.eu




