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From the HERMES fleet to the flight of the 
ALBATROS: surfing the waves of quantum 

space-time 
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Il quinto Congresso Nazionale GRB

per discutere gli sviluppi, lo stato dell’arte

e i progetti in cui la comunita italiana e’ impegnata.
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SCIENTIFIC CHALLENGES FOR THE NEXT 
DECADES

Multi-Messenger 
Astronomy

Testing Quantum 
Gravity



Development of Multi-messenger astronomy
GW/GRB 170817 Multi-Messenger Astronomy Paradox

We need a high-energy All-sky Monitor with large area to 
allow Multi−Messenger Astronomy to develop from 

infancy to maturity!

?

?



Monte-Carlo simulations of a true long GRB

Template (1ms resolution) of a long GRB ( derived from GRB130502327 observed by Fermi 
GBM)
Δt = 40 s; φGRB= 6.5 phot/s/cm2; φBCK= 2.8 phot/s/cm2; variability ≈ 5 ms; 
(Long and Short GRB with millisecond time variability, 40% of bright)
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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

3 satellites each of
effective area: 50 cm2

σToA ≈ 1 ms
<baseline> ≈ 6000 km 
positional accuracy: 3 deg



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 Hypotesis,  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

ξ = ½  (Burderi et. al., in preparation)    

/c4

Loop Quantum Gravity (Rovelli)

No LIV theoriesLIV 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:

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

The distance traveled by photons takes into account the cosmological expansion:

DTRAV(z)=(c/H0)ò0z 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:                            
• µ |Ephot(Band II)−Ephot(Band I)|
• µ 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)ò0z dβ (1+β)/[ΩΛ+(1+β)3 ΩM]1/2

GRBs & Quantum Gravity



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

For a sample of i = 1…N GRB of known redshift zi at a given energy E, adopt:
n = 1;  DTRAV/c = τ0f(z);  MQG= ζ mPLANCK;  ΔEphot = E – E0
τ(E) = intrinsic spectral delay at E; ξ/ζ = α(E) ≈ 1 = delay constant at E
τ0 = 1/H0
f(zi) = ò0z dβ (1+β)/[ΩΛ+(1+β)3 ΩM]1/2

Thus we have:
Δti = τ(E) + τ0f(zi) ✕ α(E)(E – E0 )/(mPLANCKc2)

Plot Δti vs. ti = τ0f(zi)(E – E0 )/(mPLANCKc2) and fit with 
Δti = τ(E) + α(E) ✕ ti to obtain τ(E) and α(E)

If a first order dispersion relation is present, α(E) = α  for any energy E

Compute the average value of α(E) and its standard deviation: α = <α(E)> and σα, for 
all the energy considered, 

Search for a first order Dispersion Relation in a sample of GRBs 
of known redshift (Burderi et al. Exp. Astr., 2021)



Since all the errors are of statistical origin, the accuracy of the method depend on the 
number of photons detected. 

If the the delays are detectable (or constrained) for α(E) ≈ 1 with one GRB and a 
detector of effective area A = 100 m2, the same number of photons and, therefore, 
accuracy is possible with a sample of N = 1000 GRBs and a detector of effective area 

A* = 100 m2/N = 100 m2/1000 = 106 cm2/1000 = 103 cm2

Search for a first order Dispersion Relation in a sample of GRBs 
of known redshift



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 − 1; NPAR= 2):
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

Three satellites with detectors of 400 cm2 effective area in Cart-wheel orbits:
A ≈ 1.0 m2

σToA ≈ 21.3 μs
NSATELLITES = 3 
<baseline> ≈  2,500,000 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. 



GrailQuest: First Quantum-Gravity dedicated experiment

Δt~μs

ΔT~Gyr

Robust Quantum Gravity Experiment to:
i)  Search for a Dispersion law for photons vph/c ~ [1-lP/λph] 
ii)  Explore Space−Time Granular structure down to lP~10-33 cm 

Performed by means of a Constellation of 100÷10000 small sats with: 
i)   Total collecting area: ~100 m2 

ii)  Energy band: 50 keV − 50 MeV
iii) Time resolution: < 0.1 μs

In a nutshell:





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

Δt~μs

ΔT~Gyr

In a nutshell:

Download paper at  arXiv:1911.02154v2

https://arxiv.org/abs/1911.02154v2


The ALBATROS mission: cart-wheel orbits

3 satellites in “Cart-wheel” 
orbits (e.g., LISA orbits): 
• 3 heliocentric orbits with 

a=1AU
• 3 slightly different small 

inclinations (idegrees) w.r.t.
to eclipting plane

• Equatorial triangle of side            
D 2.5 106 km

• Contact to ground up to 23 
hours per day

• Wet mass ~ 230 kg per 
satellite

• Dry mass  ~ 165 kg per 
satellite

a

D



Voyage 2050
ESA FAST MISSION OPPORTUNITY 2021

Astoninshingly 
Long 
Baseline 
Array 
Transient 
Reconnaissance 
Observatory from 
Space

Lead proposer: 
Prof. Dr. Luciano Burderi 
University of Cagliari, Italy 
burderi@dsf.unica.it

The ALBATROS mission

Three satellites in “Cart-wheel” orbits: 
3 heliocentric orbits with a = 1AU and 3 slightly
different small inclinations (i ≈ 0.5°) w.r.t. the ecliptic
plane: equilateral triangle of side D ≈ 2.5 106 km.

Two 400 cm2 effective area detectors (HERMES like) per 
satellite pointing in opposite directions w.r.t. the 
equilateral triangle plane.
FoV: 4π steradians (whole sky)

Detection rate: 1÷2 GRB/day

Positional accuracy with Temporal Triangulation
Techniques:
σα ≈ σδ ≈ c σΔt / B ≈ 24 arc-sec × (B/2.5×106 km)-1×
(σΔt/1ms) implies: σα ≈ σδ ≈ 0.5 arc-sec for 400 cm2

detectors

Prompt follow-up with ground-based optical telescopes: 
75% success in determination of redshift z

Number of GRB with determined redshift detected in 
4 yr nominal mission lifetime N ≈ 1000

Effective constrain of first order (LIV) Quantum Gravity
dispersion law for photons



The HERMES project:
the movie 

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

www.hermes-sp.eu

That’s all Folks!

http://hermes.dsf.unica.it

