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Exploration of Space-Time 
& HERMES  

High Energy Rapid Modular Ensamble of Satellites 
 

Hunting for Gravitational Wave Electromagnetic Counterparts  
Probing Space-Time Quantum Foam  

 



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” in 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 
GW170817	

•  NS-NS merging  
•  Host galaxy NGC 4993 
•  ~ 40 Mpc 
•  70 observatories 
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The Multi−Messenger Astronomy Paradox I 

•  2025+ LIGO/VIRGO/KAGRA/LIGO-
INDIA will detect GW170817  within ~ 
300 Mpc with localisation accuracy ~10 
deg2 

•  FERMI GBM would not have been 
able to detect GRB 170817A at D > 
60 Mpc  



 
 
 

 
 

  

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 GW170817 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 è No EM counterpart detected, no party!  
(quoting George Clooney) 
 
We need a All-sky Monitor at least 10÷100×GBM Area for 
letting Multi−Messenger Astronomy to develop from infancy 
to maturity! 
  
 
 

The Multi−Messenger Astronomy Paradox II 



Long GRB:  
BH collapse of a 

massive star  

short long 
Short GRB:  
NS−NS binary 
system coalescence 
(emission of GW) 

GRB  
progenitors  



GRB - Fireball model 
•  jet emission (about 10° opening angle)  
•  multiple collision of relativistic shells (Γ = [1 – (vjet/c)2]−1/2 ≥ 100) 
•  explains rapid variability 
•  synchrotron radiation and inverse Compton scattering 
•  energetics: 1051 ergs released in 50 s  

 



 
 
 

 
 

  

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  
•  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 µs time resolution 
•  temporal triangulation 
 
Pros:  
•  modularity,  
•  limited cost, 
•  quick developement 

HERMES & GrailQuest in a nutshell 



Principles of temporal triangulation 

GRB front 

c dt 

baseline 

 

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:  
T0, α, δ (3 parameters, NPAR = 3)  
 
i = 1, …, NSATELLITES 
j = 1, …, NSATELLITES 
 
DELij = ToA(i) – ToA(j) 
 
DELij = − DELji ; DELii = − DELjj = 0 
 
Number of (non trivial) different DELij:  
NDELAYS = NSATELLITES × (NSATELLITES − 1) / 2 
 
Number of independent measurements: 
NIND = NSATELLITES 
 

Statistical accuracy in determining α and  δ with NSATELLITES: 
σα ≈ σδ = c σToA/<baseline> × (NIND − NPAR)−1/2     

 
 



Accuracy in delays from cross−correlation analysis 
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y = - 0.58*x - 5.4    linear

Best fit formula: 
σDELAYS ≈ σToA = 3.3 µs × (A/1 m2)−0.58     
 

Accuracy in determining delays  
from a bright long GRB with 
Δt = 40 s;  
φGRB= 6.5 phot/s/cm2;  
φBCK= 2.8 phot/s/cm2;  
variability timescale  ≈ 5 ms;  
 
1000 pair of Monte-Carlo simulations  
for detectors of different effective  
areas A 



 
 

  

GW Triangulation & EM counterparts 
(Fermi GBM, INTEGRAL, HERMES Pathfinder)  

Example: 
 
long bright GRB  
6.5 phot/s/cm2 (source) 

3 phot/s/cm2 (background) 

30 s duration 
50-300 keV band 
 
6 satellites each of 
effective area: 50 cm2 
 

σToA ≈ 1 ms  
<baseline> ≈ 6000 km  
positional accuracy: 1.7 deg  



HERMES 3U  
CubeSat  
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likely associated to optical light produced in the scintillator by an incoming hard X-ray (the set of the four 
SDD and the scintillator crystal is indicated as a Photon Detector Unit (PDU). The full detector will then be 
formed by several modules (Modular Detector Unit, MDU), each consisting of four PDUs, as represent 
schematically in Figure 1. 

 
Figure 1 Schematic view of one HERMES modular detector unit (MDU), made by four PDUs. 
Each module is composed by: 

• Low energy collimator. A thin optical screen will be mounted on the collimator (not shown) to avoid 
optical photon load on the SDD 

• Printed Circuit Board (PCB), on which the collimator is placed; the SDDs are mounted on the back 
side of the PCB, opposite to the collimator. The pre-amplifiers (preamps, represented by the red 
cubes), one for each SDD, are mounted on the same side of the collimator. The PCB is pierced in 
correspondence of the active area of the SDD to allow the bonding between SDDs and preamps and 
not to impede low energy X radiation 

• The SDDs 
• Thin layer of elastic and transparent material for optical contact (silicone) 
• Scintillator crystals (to be optically coupled to SDDs) and coated with a film that spreads the light 

(not shown in the drawing) 
• Case and light screen with the function of pressing the crystals against the SDDs 

In each HERMES detector 4 MDU (16 PDU) are 
combined in a 4×4 matrix (Figure 2.) 
Scintillator. Table below gives the main characteristics 
of the crystal selected for the HERMES application: 
GAGG (Gadolinium Aluminium Gallium Garnet). These 
new crystals are characterised by a fast response (well 
below 1μsec) and high light throughput per keV (~56 
photons/keV), which allows reaching a lower energy 
thresholds with respect to a more standard scintillator of 
similar density like the BGO (~8 photons/keV). A viable 
alternative to GAGG is GFAG (Gadolinium Fine 
Aluminum Gallate), which has similar characteristics.  
Photo-detector. The solid-state photo-detector that 
appears to be the most convenient in the framework of 
this project is the Silicon Drift Detector (Gatti and Rehak 
1984, NIMA 225, 608), a Silicon detector that allows the 
decoupling of the area of photon collection (hence the 

 
Figure 2: Schematic view of the payload 

•  10×10×30 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 
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Spacecraft
3U minimum, simplest basic configuration  
≤100cm2 detector

6U more performing configuration 
≤200cm2 detector, more accurate GPS, more 
accurate AOCS



Payload Design 

Scintillator Crystal size:   0.7×1.2×1.5 cm  
Crystal type:                     60 GAGG crystals  
Photo detector:                 120 SDD (1x0.5 cm)   
Energy range:                   4 keV ÷ ≥ 0.5 Mev 
Energy resolution:            ~ 10% at 30 keV 
Effective area:                  ~ 56 cm2 
FOV:                                 ~ 3 steradians (FWHM) 
Temporal resolution:        ~ 0.5 µs 
Mass:                                   1.8 kg 
Volume                             < 10×10×12.5 cm 
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this project and represents a significant enhancement of the detector system with respect to its 
baseline design.  

2. The interface of the GPS receiver with a local oscillator. Our baseline solution is to use a commercial 
GPS providing the absolute time and a local oscillator on the second stage FEE, see Figure 3. This may 
achieve precisions of the order of hundreds nanosec. While this is enough to fulfil the HERMES timing 
requirements (1 µsec or slightly less), this does not fully exploit the extremely good timing performances 
of the GAGG crystals (decay time of ~100 nano-sec). Reaching a timing precision of tens of nanosec 
would allow a perfect sampling of the GAGG decay time. We will perform a trade-off study to 
understand which are the advantages of developing an ad hoc board including both a GPS and a local 
oscillator, and if this architecture would allow pushing the accuracy toward the goal of tens of nanosec. 

Three units will then be realised and tested in the framework of this project. The injection in orbit of 
these additional units will again be provided by ASI, as piggy-bags of VEGA flights at the end of this 
project (second half of 2021, first half 2022). 
Design of the Mission Operation Centre and of the Scientific Operation Centre is part of this project, as well 
as the development of all complex data analysis software for the transient position determination, 
including accurate determination of satellite position through the GPS system. MOC and SOC 
operations will be provided by ASI, as well as data archive and data processing in the framework of the 
ASI SSDC. 
3 – The HERMES Full Constellation will be studied in detail in the framework of this project. We will 
use the experience accumulated from the development of the HERMES-SP experiment to design a robust 
mission concept. A feasibility study (Phase A) will be carried out, including both payload and SM. 
Politecnico di Milano will adopt the Concurrent Design approach to cope with the HERMES FC 
architectural complexity. The HERMES-SP project will put the Consortium in the best position to prepare a 
proposal to the ESA and/or to National funding Agencies for the realisation of the full constellation.  Figure 
7 shows the overall incremental philosophy adopted to get to the final full constellation, splitting the final 
goal in intermediate smaller objectives to verify, validate and strengthen the attainable science quality.  

 

Figure 7. HERMES project development – incremental strategy 
 

HERMES project development − incremental strategy  

Funding status at 2020, December 
 

ASI (Italian Space Agency) − 23/12/2016:                                                              €    500,000 
MIUR (Italian Ministry of University and Research) and ASI − 29/11/2017:    € 1,650,915 (MIUR) 
                                                                                                                                    €    815,085 (ASI) 
EU Horizon 2020 − Call: H2020-SPACE-2018-2020 − 17/07/2018:                     € 3,318,450  
ASI (Italian Space Agency) − internal funding 05/02/2019                                   € 1,900,000  
 
Total Funding (at 12/2020):                                                                     € 8,184,450  
	

Incremental strategy:  
 

Hermes Technological Patfinder (ASI funding):      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) 

SpIRIT  
Space	Industry	–	Responsive	–		
Intelligent	–	Thermal	Nanosatellite	



Existence of a Minimal Length (String theories, etc.) 
 

lMIN ≈ lPLANCK = [Gh/(2πc3)]1/2 = 1.6 × 10-33 cm		
  

implies:  
 
i)  Lorentz Invariance Violation (LIV): no further Lorentz contraction 
ii)  Space has the structure of a crystal lattice and therefore  
iii)  Existence of a dispersion law for photons in vacuo  

|vphot/c − 1| ≈  ξ Ephot/(MQG c2)n      
ξ ≈ 1     
n = 1,2 (first or second order corrections) 
MQG = ζ mPLANCK        (ζ ≈ 1) 
mPLANCK  = (hc/2πG)½ = 21.8 10−6 g 

Quantum Gravity 
 Minimal Length Hypothesis,  LIV and Dispersion Relation for photons in 

vacuo	

lMIN ≈ lPLANCK 	



First Order Dispersion Relation 
vphot/c ≈ 1 - ξ Ephot/(MPlanck c2)      
 

Second Order Dispersion Relation 
vphot/c ≈ 1 - ξ [Ephot/(MPlanck c2)]2      
 

Quantum clock: A critical discussion on spacetime

Luciano Burderi,1,* Tiziana Di Salvo,2 and Rosario Iaria2
1Dipartimento di Fisica, Università degli Studi di Cagliari,
SP Monserrato-Sestu, KM 0.7, 09042 Monserrato, Italy

2Dipartimento di Fisica e Chimica, Università degli Studi di Palermo,
via Archirafi 36, 90123 Palermo, Italy

(Received 5 July 2012; published 8 March 2016)

We critically discuss the measure of very short time intervals. By means of a Gedankenexperiment, we
describe an ideal clock based on the occurrence of completely random events. Many previous thought
experiments have suggested fundamental Planck-scale limits on measurements of distance and time. Here
we present a new type of thought experiment, based on a different type of clock, that provide further
support for the existence of such limits. We show that the minimum time interval Δt that this clock can
measure scales as the inverse of its size Δr. This implies an uncertainty relation between space and time:
ΔrΔt > Gℏ=c4; where G, ℏ, and c are the gravitational constant, the reduced Planck constant, and the
speed of light, respectively. We outline and briefly discuss the implications of this uncertainty conjecture.

DOI: 10.1103/PhysRevD.93.064017

I. INTRODUCTION

The definition of a quantity or a concept in physics has
to be operational in order to clarify the terms in which
that quantity should be used and to avoid unjustified
assumption of properties that belong more to our mental
representation of that quantity than to its effective nature
(e.g. [1]).
This point of view has been particularly fruitful e.g.,

when applied to the critical discussion of the concept of
simultaneity, leading to the foundation of special relativity
(SR, [2]). Indeed, it is worth noting that an operational
definition of time is crucial in SR. In particular the setting-
up of a device that defines time in an operational way,
whose behavior is constrained by the postulate of the
invariance of the speed of light, implies directly the
heterodox phenomenon of time dilation. Such a device
is the so called Light-Clock: two plane parallel mirrors,
facing each other at a constant along time—i.e. fixed—
distance Δx, over which a light pulse bounces back and
forth beating time in equal intervals of duration
Δt ¼ Δx=c, where c is the speed of light.
In what follows we adopt the rigorously operational

definition of time as:

time≡ a physical quality that is measured

by an appropriate clock: ð1Þ

This apparently trivial (or somewhat circular) definition is
essential to point out some subtle features of this elusive
quantity. The assumptions and the limitations of any
experimental apparatus adopted to measure (define) the
quantity “time” have to be discussed carefully since they

enter directly into play when the physical properties of the
defined quantity enter into relationship with other physical
quantities.
In particular, since in general relativity (GR) time is a

local quantity, deeply linked to every spatial point, it is
desirable to keep the physical size of the device used to
measure it as small as possible, which results in the
limitations discussed in Sec. IV.
To clearly address this question, in the next section we

describe an ideal quantum device whose spatial extension
can be suitably reduced, that is, in principle, capable of
measuring arbitrarily short time intervals with any given
accuracy. Curiously, this device is based on a process that,
in some sense, is just the opposite of a strictly periodic
phenomenon, namely the (in some respect more funda-
mental) occurrence of totally random events, such as the
decay of an ensemble of noninteracting particles in an
excited state. In this case the time elapsed may be obtained
by the amount of particles that have decayed. Such a device
has been discussed in [3] as an example of a simple
microscopic clock. We dubbed this device “Quantum
Clock.” Limits, imposed on our device by quantum
mechanics (QM) and GR, result in an uncertainty relation
that we briefly discuss.
Many previous thought experiments have suggested

fundamental Planck-scale limits on measurements of dis-
tance and time (see e.g. [4] for a review). Here, we present a
new set of thought experiments, based on a different type of
clock (which was briefly alluded to in [3]), that provide
further support for the existence of such limits.

II. THE QUANTUM CLOCK

Let us consider a statistical process whose probability of
occurrence*burderi@dsf.unica.it
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Loop Quantum Gravity (Rovelli) 

No LIV theories	LIV theories	

First and second order Dispersion Relation for photons in vacuo	

Space−Time  
Uncertainty Relation  

Δr Δt > Għ/c4	

& Sanchez,  
2018	

Burderi, Di Salvo, Iaria (2016)	

lMIN ≈ lPLANCK 	



Accumulation of delays in light propagation: 
 
ΔtMP/LIV  =  ξ (DTRAV/c) [ΔEphot/(MQG c2)]n 
 

The distance traveled by photons takes into account the cosmological expansion: 
 
DTRAV(z)=(c/H0)∫0z dβ (1+β)/[ΩΛ+(1+β)3 ΩM]1/2 
 

z: cosmological redshift 
 

ΩΛ: ratio between the energy density due to the cosmological constant and the 
critical (closure) density of the Universe 
 
ΩM: ratio between the energy density due to the matter and the critical (closure) 
density of the Universe 
 
 

Dispersion Relation for photons in vacuo and Delays in travel time 	



Time lags caused by Quantum Gravity effects:                             
•  ∝ |Ephot(Band II)−Ephot(Band I)| 
•  ∝	DGRB(zGRB) 

Time lags caused by prompt emission mechanism:  
•  complex dependence from Ephot(Band II) and Ephot(Band I) 
•  independent of DGRB(zGRB) 

The Energy & Redshift delay 
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High z 

Low z 



1

Long GRB � 8.00 (0.86 BCK) c/s (50÷ 300 keV) �t = 25 s � A = 104 cm2

Energy band EAVE N ECC(N) N ECC(N) �TLIV (⇠ = 1.0, ⇣ = 1.0)
(� = �2.5) (� = �2.0)

MeV MeV photons µs photons µs µs µs µs µs
z = 0.1 z = 0.5 z = 1.0 z = 3.0

0.005� 0.025 0.0112 3.80⇥ 106 0.38 3.02⇥ 106 0.43 0.04 0.25 0.51 1.42
0.025� 0.050 0.0353 1.40⇥ 106 0.62 1.17⇥ 106 0.69 0.13 0.72 1.46 4.10
0.050� 0.100 0.0707 1.10⇥ 106 0.71 9.98⇥ 105 0.74 0.27 1.43 2.93 8.21
0.100� 0.300 0.1732 8.98⇥ 105 0.79 1.00⇥ 106 0.74 0.66 3.51 7.19 20.10
0.300� 1.000 0.5477 2.07⇥ 105 1.64 3.82⇥ 105 1.20 2.09 11.11 22.72 63.56
1.000� 2.000 1.4142 2.63⇥ 104 4.56 8.20⇥ 104 2.60 5.40 28.68 58.67 164.12
2.000� 5.000 3.1623 1.07⇥ 104 7.19 4.92⇥ 104 3.35 12.07 64.12 131.19 367.00
5.000� 50.00 15.8114 3.52⇥ 103 12.54 2.95⇥ 104 4.33 60.35 320.62 656.00 1834.98

dNE(E)
dA dt

= F⇥

8
<

:

⇣
E
EB

⌘↵
exp{�(↵� �)E/EB}, E  EB,

⇣
E
EB

⌘�
exp{�(↵� �)}, E � EB.

(1)

where E is the photon energy, dNE(E)/(dA dt) is the photon intensity energy
distribution in units of photons/cm2/s/keV, F is a normalization constant in units
of photons/cm2/s/keV, EB is the break energy, and EP = [(2 + ↵)/(↵� �)]EB is
the peak energy. For most GRBs: ↵ ⇠ �1, � ⇠ �2.5, EB ⇠ 225 keV that implies
EP = 150 keV.

ECCLong = 5µs/
p

Nphot/22150 (2)

for a Long GRB, and

ECCShort = 50µs/
p

Nphot/221 (3)

for a Short GRB.
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σCC ≈ 0.46 µsec × (2.6 108/N)0.5 
 
ΔtMP/LIV  =  ξ (DTRAV/c) [ΔEphot/(MQG c2)]n 
 

DTRAV(z)=(c/H0)∫0z dβ (1+β)/[ΩΛ+(1+β)3 ΩM]1/2 

GRBs & Quantum Gravity	



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/cm2 with detectors of different effective areas: 
σDELAYS ≈ σToA = 3.3 µs × (A/1 m2)−0.58   
Accuracy in determining α and  δ with NSATELLITES (NIND = NSATELLITES; NPAR= 3, T0, α, δ): 
σα ≈ σδ = c σToA/<baseline> × (NIND − NPAR)−1/2     
 
Large fleet of small satellites in Low Earth Orbits: 
A = 30 × 30 cm ≈ 0.1 m2  
σToA ≈ 12.5 µs 
NSATELLITES ≈ 1000  
<baseline> ≈ 6,000 km 
 
σα ≈ σδ ≈ 4 arcsec 
 
Three satellites with detectors of 1 m2 effective area in Earth−Moon Lagrangian points: 
A ≈ 1.0 m2  
σToA ≈ 3.3 µs 
NSATELLITES = 3  
<baseline> ≈  400,000 km 
 
 σα ≈ σδ ≈ 0.5 arcsec 
 
Once the position is known, the redshift of the GRB host galaxy is obtained through 
pointed observations of large optical telescopes.  
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Abstract
GrailQuest (Gamma Ray Astronomy International Laboratory for QUantum Explo-
ration of Space-Time) is a mission concept based on a constellation (hun-
dreds/thousands) of nano/micro/small-satellites in low (or near) Earth orbits. Each
satellite hosts a non-collimated array of scintillator crystals coupled with Silicon Drift
Detectors with broad energy band coverage (keV-MeV range) and excellent temporal
resolution (≤ 100 nanoseconds) each with effective area∼ 100 cm2. This simple and
robust design allows for mass-production of the satellites of the fleet. This revolution-
ary approach implies a huge reduction of costs, flexibility in the segmented launching
strategy, and an incremental long-term plan to increase the number of detectors and
their performance; this will result in a living observatory for next-generation, space-
based astronomical facilities. GrailQuest is conceived as an all-sky monitor for fast
localisation of high signal-to-noise ratio transients in the X-/gamma-ray band, e.g.
the elusive electromagnetic counterparts of gravitational wave events. Robust tem-
poral triangulation techniques will allow unprecedented localisation capabilities, in
the keV-MeV band, of a few arcseconds or below, depending on the temporal struc-
ture of the transient event. The ambitious ultimate goal of this mission is to perform
the first experiment, in quantum gravity, to directly probe space-time structure down
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•  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 10×10 = 100 cm2 effective area detector on each satellite 
•  120 m2 effective area All Sky Monitor! 

Starlink Constellation 
12,000 sats  
SpaceX  
(Elon Musk) 

•  900 @ 1200 km (648 initial phase) 
•  150 kg satellites (mass production) 
•  330 satellites launched at 02/11/2021 
•  board a 30×30 = 900 cm2 effective area detector on each satellite 
•  81 m2 effective area All Sky Monitor  

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) 

•  3200 @ 1200 km 
•  First 2 satellites launch in 2022 
•  board a 30×30 = 900 cm2 effective area detector on each satellite 
•  288 m2 effective area All Sky Monitor  
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Please, visit our websites: 

http://hermes.dsf.unica.it 
www.hermes-sp.eu 

That’s all Folks! 


