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Current optimization of ground-based Cherenkov telescopes arrays, also called Imaging Air
Cherenkov Telescope (IACT) arrays, relies on brute-force human-driven approaches based on
large simulations requiring both high amount of storage and long computation time. To explore
the full phase space of telescope positioning of a given array even more simulations would be
required. To optimize any array layout, we explore the possibility of developing a differential
program with surrogate models of IACT arrays based on high-level instrument response functions
(IRFs).

The simulation time of a single telescope to a cosmic-ray event can be significantly reduced with
its instrument response function or with generative models. However, it is not straight forward
to model the array of telescopes from a set of single telescope surrogate models as the array is a
stereoscopic imaging system. The complexity increases as well if the telescopes in the array are
of different types.

Additionally, the optimum of the array layout depends on the scientific use case. Current array
layout optimization are obtained by minimizing the sensitivity of the array, a metric that depends
on several high-level parameters such as the trigger efficiency, the energy and angular resolution,
as well as the background rejection capability. The variety of telescopes types in IACT arrays,
such as in the Cherenkov Telescope Array Observatory (CTAO), not only extends the sensitive
energy range but also allows for cross-calibration of the instruments. Therefore, the optimal array
layout is not only which minimizes sensitivity but also which reduces the systematic uncertainties.
We focus on the optimization of a telescope array based on the SST-1M IACTs in Hanle, Ladakh
India aiming at building a generic optimization pipeline for future ground-based cosmic-ray

observatories.

Fifth MODE Workshop on Differentiable Programming for Experiment Design (MODE2025)
8-13 June 2025
Kolymbari, Crete, Greece

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (CC BY-NC-ND 4.0) All rights for text and data mining, Al training, and similar technologies for
commercial purposes, are reserved. ISSN 1824-8039 . Published by SISSA Medialab. https://pos.sissa.it/


mailto:cyril.alispach@unige.ch
https://pos.sissa.it/

Design of an IACT array layout with differential programming Cyril Alispach

mayout optimization
i

Monte Carlo Tele:

Stereo array surrogate performance metrics

Effective area nuing
) resolution
(E)
Background Energy
rejection resolution
(E) o.(E)

ope surrogate performance metrics

scop
CORSIKA Effective area
(Air showers) Eoy(r, E)

sim_telarray
(Instruments)

\ Science case

Figure 1: Schematic of the array layout optimization workflow.
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1. Introduction: array layout optimization of ground-based gamma-ray astronomy
with IACTs

High-energy gamma rays entering the Earth’s atmosphere initiate electromagnetic cascades,
producing secondary particles—electrons, positrons, and photons. Charged particles traveling
faster than the speed of light interact with the medium that emits Cherenkov radiation, faint flashes
of blue-UV light. This light is emitted in a narrow cone (typically 0.1°-1.4°), forming a “light
pool” on the ground with a radius of 120-150 meters and relatively uniform photon density. These
flashes last only a few nanoseconds and produce just a few photons per square meter. Cherenkov
telescopes use fast, UV-sensitive cameras with high photon detection efficiency to capture them.
With effective areas ranging from 10° to 10® m2, depending on energy, IACTs can detect gamma
rays from tens of GeV up to 100 TeV, making them powerful tools for studying extreme astrophysical
phenomena.

Traditional optimization of IACT array layouts relies on brute-force Monte Carlo simulations
using CORSIKA [1] and sim_telarray [2], which are computationally expensive and require large
storage. Exploring the full configuration space of telescope positions would demand even more
resources. To address this, we propose a differentiable modeling approach using surrogate models
based on high-level instrument response functions. While single-telescope simulations can be
accelerated using such models, extending them to arrays is non-trivial due to the stereoscopic
nature of the system.

Previous layout studies, such as in [3], rely on extensive simulations but lack efficiency in
exploring the full parameter space. In contrast, differentiable techniques—Ilike those used in [4]
for the SWGO water Cherenkov array—enable scalable, gradient-based optimization. In this work,
we present a differentiable model for estimating the stereoscopic performance of arbitrary array
layouts, derived from monoscopic telescope performance.

Although the method applies to arrays of any size and telescope type, we focus on a simplified
case: two identical SST-1M telescopes [5] separated by a distance Ax. In Section 3, we define a
cost function to find the optimal separation for detecting a gamma-ray source with spectral index
I' = 2. The optimization scheme is illustrated in Figure 1.
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2. Imaging Atmospheric Cherenkov Telescope Performance Metrics

IACT performance is typically characterized by four key metrics:

» Effective area — the ground area over which the instrument is sensitive to gamma-ray events.
* Angular resolution — the precision of direction reconstruction.

* Energy resolution — the accuracy of energy reconstruction.

* Gamma/hadron separation — the ability to distinguish gamma rays from hadronic back-
ground.

An additional metric, the differential flux sensitivity, combines the above and quantifies the
instrument’s ability to detect a given flux spectrum under predetermined exposure and significance
thresholds. It is considered the gold standard for layout optimization, as done in [3].

In this study, we focus on effective area and angular resolution. While not sufficient alone
to define an optimal layout, they provide a strong basis for maximizing detection rates and image
sharpness. The stereoscopic effective area and angular resolution are derived from monoscopic
metrics in Sections 2.1 and 2.2, respectively. All metrics are evaluated as functions of gamma-ray
energy from 10 GeV to 100 TeV, using five bins per energy decade, following community standards.
Energy resolution and gamma/hadron separation are not addressed here but will be considered in
future work (see Section 4).

Gamma-ray simulations for the SST-1M telescope were performed using CORSIKA + sim_telarray,
with 10° on-axis primary gamma rays simulated at a zenith angle of 20°. The energy range spans
10 GeV to 100 TeV, following a power-law spectrum with index E~2. Simulations were conducted
for the Hanle Observatory (altitude 4500 m), using the corresponding atmospheric profile and geo-
magnetic field. For the moment, we optimized only on signal and did not yet use the background.

2.1 Effective Area
The effective area of an IACT, both monoscopic and stereoscopic, can be derived from the
survival (events that survive the trigger and the analysis cuts) probability of the telescopes.

2.1.1 Monoscopic Effective Area

The survival probability as a function of impact distance to the SST-1M telescope is shown in
Figure 2-left across all energy bins.
The survival probability p(r, E) is modeled as:

Pmax (E)
)k(E) ’

p(r.E) = ey

(im)  +1
where pmax (E) < 11is the maximum survival probability, 71 (E) is the radius at which p = 0.5,
and k(E) controls the slope of the drop-off.
Fitted parameters as functions of energy are shown in Figure 3.
The monoscopic effective area is computed by integrating the survival probability over the

ground surface:



Design of an IACT array layout with differential programming Cyril Alispach

~ 10°
100 SST-1M 20 2.0 —— ssTam
15 15 10°
210 1.0 1.0 NE 10
E 05 E 05 E, °
o
o o o ©
5 1072 00 W 00 W
a = 2 o
- 2 s 2 10
o —05 @ 0592 O
g 05 05 S
o - - 1
g £ 10
= 1073 E -1.0 -1.0 w
3
-15 -15 10
10~ L L L L —20 0.0 A\ > L 20 1071 Lt L L L L
0.0 0.2 0.4 0.6 08 0.0 02 0.4 0.6 08 1072 1071 10° 10* 102

13.0 13v0
rim] 10 r{m] x10 Energy [TeV]

Figure 2: Left: Survival probability vs. impact distance for all energy bins. Center: Parametrized survival
probability curves (Eq. 1). Right: Effective area computed from Eq. 2.
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Figure 3: Survival probability parameters vs. energy: pmax(E) (left), ri/»(E) (center), and k(E) (right).
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2.1.2 Stereoscopic Effective Area

For arrays with N > 1 telescopes, the stereoscopic effective area is derived from the joint
survival probability. The probability that an event survives the trigger and the analysis cut with
exactly k telescopes is:

Pin=ky= > []r ][] -po (3)

TreT ieTy i¢Ty

where T is the set of all telescopes and T} the set of (’Z ) combinations of k telescopes among
N telescopes.

To define a valid array event, a minimum multiplicity m is required. The probability that at
least m telescopes survive the trigger and analysis cuts is:

m—1
P(an)zl—ZP(n:k). )
k=0

The stereoscopic effective area for multiplicity m is then:

AlG(E) :/m/mP(n >m,x,y, E)dxdy. (5)
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Figure 4: Left: Effective area of a two-SST-1M array (m = 2) vs. energy for various separations. Center:
Angular resolution vs. energy and separation. Right: Cost function vs. separation Ax. A quality selection
criteria of the stereo angle Ay > 1° was used in all figures.

Figure 4-left shows the effective area for an array with two-SST-1M telescopes (and multiplicity
m = 2) across energy bins and various telescope separations. As expected, the effective area
decreases with increasing separation.

2.2 Angular Resolution

Direction reconstruction in IACTs can be performed using either monoscopic or stereoscopic
techniques. While some algorithms allow reconstruction from a single telescope, others require
multiple telescopes observing the same air shower. A comparison of stereoscopic methods are
discussed in [6].

We adopt the simplest reconstruction method: estimating the gamma-ray direction by inter-
secting the major axes of the images recorded by each telescope corresponding to algorithm 1 in [6].
Although more advanced techniques could improve precision, they are reserved for future work.

2.2.1 Monoscopic Angular Resolution

With the selected reconstruction method, the direction of the primary particle cannot be fully
determined from a single telescope. However, the shortest distance from the true source position to
the major axis, known as the "miss" parameter, can be computed (see Figure 5-left):

d =cosyy (Yem = ¥") = sing (xem — X7, (6)

where i is the angle of the major axis, (Xcm, Yem) 1S the image centroid, and (x*, y*) is the true
direction of the primary gamma ray. In the literature, this parameter d is sometimes referred to as
the "miss" parameter, representing how much the reconstructed event deviates from the true source
position.

This distance d is converted to angular units using the telescope focal length F’:

d d
6 =arctan|—=| ~ —. @)

F F
The angular separation 6 between the source direction and the major axis was computed for all
events surviving the analysis cut and trigger. Its standard deviation o as a function of the impact

distance to the telescope is shown in Figure 5-right for all energy bins.
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Figure 5: Left: Illustration of the "miss" distance d between the source direction and the major axis of the
image. Right: Standard deviation o of the monoscopic angular separation as a function of impact distance
for different energy bins.

The monoscopic angular resolution oy for the SST-1M telescope, shown in Figure 5-right,
has not been parametrized as was done previously in Section 2.1. This parametrization will be
addressed in future work. For now, piecewise linear interpolation is used.

2.2.2 Stereoscopic Angular Resolution

With k > 1 telescopes, the reconstructed direction X minimizing the sum squared distance,
Zf.‘:_ol d?, to the k major axis lines is:

k=1
argmin )" (¥ = Fom,) T (4] ) (% = Fem, 1), (8)
XeR? Do
where 7i; = (—siny;, cos ;) is the unit vector perpendicular to the major axis of telescope i,
oriented at angle y;, and X¢m_; = (Xem.i» Yem,i) 1S the centroid of the image in telescope i.
The analytical solution to Equation 8 is:

-1

k-1 k-1

—)_ A AT A AT—)

X = E ;i E i} Xem,i | - )
i=0 i=0

Assuming that each telescope yields an error o, in the direction #;, the angular error on the
reconstructed direction o (from the generalized variance) can be expressed as:

k-1
1 1 .
_5 ) ; 06,00, |SmA‘/’i1‘|’ Abij =i = ;. (10)

From Equation 10, we observe that the stereoscopic angular resolution:
* Is proportional to the monoscopic angular resolutions,

* Improves with the number of telescope pairs combination (oc ﬁ), see Figure 6-right,

* Depends on the angular separation Ay, ;, sometimes called "stereo angle", between the major
axes of telescope pairs.

This last point reflects a geometric constraint: if the major axes tend to be parallel (| sin Ay| ~
0), as illustrated in Figure 6-left, the reconstructed direction is poorly constrained. Conversely, if
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Figure 6: Left: Poorly constrained reconstruction due to parallel major axes. Center: Optimal reconstruction
with perpendicular major axes. Right: Improvement of angular resolution with increasing separation angle
Ay and number of telescopes.

they are nearly perpendicular (| sin Ays| =~ 1), as shown in Figure 6-center, the reconstruction is
optimal. Moreover, the reconstruction is impossible at sin Ay = 0 and thus it is necessary to apply
quality cut on the stereo angle. In this work, we selected event with Ay > 1°.

An additional important remark is that the average angle ¢ of the major axes aligns with
the polar angle ¢ of the impact point. Therefore, Equation 10 provides a way to compute the
stereoscopic angular resolution from the monoscopic angular resolutions of individual telescopes,
for any impact point of the primary particle.

The average angular resolution of a pair of SST-1M telescopes for various separation distances
is shown in Figure 4-center across all energy bins. The average was computed over the full surface,
weighted by the array event survival probability.

3. Layout Optimization

Having constructed a differentiable model for the stereoscopic performance metrics—namely
the effective area and angular resolution—based on monoscopic performance derived from Monte
Carlo simulations, we can now proceed to optimize the array layout. As previously discussed,
we focus on a simplified configuration consisting of only two SST-1M telescopes. This choice
offers the advantage of reducing the optimization problem to a single free parameter: the telescope
separation.

The stereoscopic effective area and angular resolution are shown in Figure 4 (left and center)
across all energy bins, for a range of tested separations from 0 to 200 meters.

For the optimization, we consider a science case aimed at detecting a gamma-ray source with the
highest possible statistical significance, assuming a spectral index of I' = —2, while also achieving
the sharpest possible image resolution. To this end, we define a cost function:

2k Al (B, Ax)wy

Sk 03 (E, A)wi

L(Ax) = wi ~EY, I'=-2, (11)

where A is the effective area for multiplicity m = 2, o7 is the angular resolution, and wy
are energy-dependent weights reflecting the assumed source spectrum. The angular resolutions and
effective areas are computed accordingly with the selected quality cut Ay > 1°.
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The resulting loss function L as a function of telescope separation is shown in Figure 4-right.
The optimal separation, corresponding to the minimum of L, is found to be at Axp;, = 58.3 m.

4. Conclusion and Outlooks

In this study, we developed a differentiable model to estimate the stereoscopic performance
metrics (effective area and angular resolution) of an Imaging Atmospheric Cherenkov Telescope
(IACT) array, based on monoscopic performance derived from Monte Carlo simulations. Focusing
on a simplified configuration of two identical SST-1M telescopes located at the Hanle Observatory,
we demonstrated how these metrics vary with telescope separation and energy.

To identify an optimal array layout, we introduced a cost function that balances sensitivity (via
effective area) and image sharpness (via angular resolution), tailored to a science case targeting a
gamma-ray source with a spectral index of I' = —2. By evaluating this cost function across a range
of telescope separations, we found that the optimal configuration occurs at a separation of 66.7 m.

This framework provides a foundation for scalable optimization of more complex arrays and
can be extended to include additional performance metrics such as energy resolution and back-
ground rejection. Future work will focus on refining the angular resolution model, including signal
extraction from the dominant hadronic background, adding energy reconstruction, incorporating
more advanced reconstruction algorithms, and generalizing the optimization to large heterogeneous
telescope arrays. Moreover using differential programming would greatly improve the computa-
tional effectiveness of finding the optimized the array layout as suggested in [7]. Finally in the
future we will optimize the layout based on the quality cuts. Here we selected a single fixed quality
threshold on the stereo angle but quality cut criterion (such as on image intensity and on stereo
angle) could be simultaneously optimized with the layout.
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