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The Multi−Messenger Astronomy
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GW170817

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

We need a All-sky Monitor at least 10×GBM Area for letting 
Multi−Messenger Astronomy to develop from infancy to maturity!



Aims: 
• all Sky Monitor for fast and accurate detection of 

the position of bright, transient, high-energy events
• inspect fine temporal structure of transients 
• first dedicated experiment in Quantum Gravity

How:
temporal triangulation of signals detected by a 
swarm of LEO nano/micro satellites equipped with:
• keV-Mev scintillators
• sub μs time resolution
• low X-ray background

Pros: 
• modularity
• limited cost
• quick development

HERMES in a nutshell
High Energy Rapid Modular Ensemble of Satellites

4



Principles of temporal triangulation

GRB front

c dt

baseline

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

position of the source in the sky: 
α, δ (2 parameters, NPAR = 2) 

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 DELij:
NIND = NSATELLITES − 1

Accuracy in determining α and  δ with NSATELLITES:
σα ≈ σδ = c σToA/<baseline> × (NIND − NPAR +1)−1/2 5



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

band 50-300 keV
3 satellites each of
effective area: 125 cm2

σToA ≈ 1 ms
positional accuracy: 8 deg
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The Gamma-Ray Burst phenomenon
� sudden and unpredictable bursts of hard-X / soft gamma rays with huge flux 
� most of the flux detected from 10−20 keV up to 1−2 MeV, 
� fluences for very bright GRB (about 3/yr) 25 counts/cm2/s  (GRB 130427A 160 counts/cm2/s) 
� bimodal distribution of duration (0.1−1.0 s & 10.0−100.0 s)
� measured rate (by an all-sky experiment on a LEO satellite): ~0.8/day (estimated true rate ~2/ day)
� evidence of  submillisecond structures
� cosmological (spatial isotropy) origin

short long
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Long GRB: 
BH collapse of a 
massive star 

short long

Short GRB: 
NS−NS binary
system coalescence
(emission of GW)
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GRB - Fireball model

� multiple collision of relativistic shells (Γ = [1 – (vjet/c)2]−1/2 ≥ 100)
� explains rapid variability
� synchrotron radiation and inverse Compton scattering
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MP or LIV predictions:
|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

Implications for travel time of photons:

ΔtMP/LIV =  ξ (DTRAV/c) [ΔEphot/(MQG c2)]n

DTRAV(z)=(c/H0)ò0z dβ (1+β)/[ΩΛ+(1+β)3 ΩM]1/2

Quantum Gravity
(Massive Photons or Lorentz Invariance Violation)
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In a nutshell:

Δt~μs

ΔT~Gyr
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First Quantum-Gravity dedicated experiment

Constellation of 100÷10000 small sats
Total collecting area ~100 m2 

keV-MeV energy band
Time resolution < 100 ns
Quantum Gravity Experiment
Space-Time Granular structure lP~10-33 cm
Dispersion law for photons vph/c ~ [1-lP/λph]
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HERMES-SP template WP18-20 v20171006 

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 2019, July

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 06/2019):                                                                     € 8,184,450 
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HERMES Pathfinder Payload

Silicon Drift Devises
+

Scintillator Crystals (GAGG)

• Broad energy band (3-1000 keV)
• High time resolution (0.2 μs)
• Effective area ~50 cm2

• Energy resolution: 15% at 30 keV
• Reduced X-ray background
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HERMES Next Generation − OneWeb

OneWeb Constellation 900 sats
Virgin Galactic (Richard Branson) − Arianespace − 

Airbus Defence and Space

• 900 @ 400-1500 km
• 150 kg satellites (mass production)
• board a 100 cm2 effective area GAGG crystal 

− SDD photodetector (position sensitive + 
coded mask?) module on each satellite 

• 9 m2 effective area All Sky Monitor 14



HERMES Next Generation − Starlink

Starlink Constellation 12,000 sats
SpaceX (Elon Musk)

• 4425 @ 1200 km (completed by 2024)
• 60 satellites launched on 16/05/2019
• 7518 @ 340 km
• up to 1,000,000 fixed satellite earth stations 

(February 2019) 
• optical inter−satellite links
• 100 ÷ 500 kg satellites (mass production)
• board a 100 cm2 effective area GAGG crystal 

− SDD photodetector (position sensitive + 
coded mask?) module on each satellite

• 120 m2 effective area All Sky Monitor! 15



The HERMES project:
the movie 

Please, visit our websites:
http://hermes.dsf.unica.it

http://hermes-sp.eu
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Thank you
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2 Lightcurves of a short GRB
Δt = 0.25 s
A = 100 cm2

φGRB= 8 phot/s/cm2

φBCK= 0.8 phot/s/cm2

NPHOT = 220
λSHOT= 100 shot/s
τSHOT= 1 ms
τKERN= 0.1 ms

Delays from cross-correlation analysis
Temporal resolution: 200 μs
Standard CCF (red) 

2 Lightcurves of a short GRB
Δt = 0.25 s
A = 100 cm2

φGRB= 8 phot/s/cm2

φBCK= 0.8 phot/s/cm2

NPHOT = 220
λSHOT= 100 shot/s
τSHOT= 1 ms
τKERN= 0.1 ms
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Delays from cross-correlation analysis (GBM data)
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GRB & Quantum Gravity

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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σCCF ≈ 100 μs/ (NPHOT/12000)−1/2 (GRB with ms variability )
100 nano−satellites of A = 100 cm2
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GRB & Lorentz Invariance Violation (LIV) with Fermi

Fermi GBM & LAT detection of
short (ΔT<1 s) GRB 090510
z = 0.903(3), d = 1.8 × 1028 cm
(ΩΛ = 0.73, ΩM = 0.27, h = 0.71)
(Abdo et al. 2009)

“Cleanest” constraints based on one photon detected at 31 GeV
Δt31Gev ≤ 859 ms (+30 ms because GRB started 30 ms before 0)
δt/δE ≤ 30 ms/GeV (35 Mev – 31 GeV)

LIV predictions:
Relative Locality Models (Freidel, Smolin 2011): ξ = ½ ; n=1

Data of GRB 090510  imply: 
MQG ≥ 0.595 mPLANCK     ( Δt31Gev ≤ 859 + 30 ms; Eph ≥ 28 GeV )
MQG   ≥ 0.610 mPLANCK     (δt/δE ≤ 30 ms/GeV)

Caveats, assumptions:
i)  photon at 31 GeV emitted after tSTART GRB = −30 ms (not before)
ii) physical delays in emission process (e.g. comptonization) not

considered
Solution to effectively probe SpaceTime structure: 
cross-correlation of GRB lightcurves at different (close) energies 21



HERMES 3U 
CubeSat

10 
HERMES-SP template WP18-20 v20171006 

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

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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