
Contributions to High Energy and Very High Energy
Gamma-Ray Astronomy

Dissertation

zur

Erlangung der naturwissenschaftlichen Doktorwürde

(Dr. sc. nat.)

vorgelegt der Mathematisch-naturwissenschaftlichen Fakultät

der

Universität Zürich
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Abstract

The universe is observable in a wavelength range that spans the whole electro-

magnetic spectrum. Observations in radio, microwave, infrared, optical, ultravio-

let and X-rays have recently been complemented by gamma-ray observations that

probe the highest electromagnetic energies. In contrast to high-energy cosmic rays,

gamma rays are not deflected by galactic magnetic fields, which makes gamma-ray

astronomy an indispensable tool to study the high-energy emission of astrophysical

objects, the production mechanism of gamma rays and furthermore the origin of

cosmic rays.

This thesis is subdivided into two parts. The first part is dedicated to solid

light concentrators that are utilized in the ground-based First G-APD Cherenkov

Telescope, FACT. The light concentrators are part of the telescope’s camera and

fulfill a dual purpose by increasing the photo-sensitive area per camera pixel and by

cutting off photons from ambient background light. Development and production

of these light concentrators are described, and their performance is investigated.

The second part of the thesis is dedicated to the analysis of gamma rays ob-

served by the space-borne Fermi Large Area Telescope. A method has been de-

veloped, that allows the analysis of stacked gamma-ray data with a maximum

likelihood method. With this method, different gamma-ray sources can be com-

bined in order to achieve a cumulative signal, allowing for the detection of faint

sources that may be not detectable individually. The method is tested using sim-

ulations and real data, and is applied to a sample of galaxy clusters to search for

gamma-ray emission from the central cluster region. Even though an increased

signal intensity correlated with the cluster positions was observed, it did not reach

a statistically significant value. Therefore only upper limits on the gamma-ray flux

have been derived.



Zusammenfassung

Das Universum kann in Wellenlängen des gesamten elektromagnetischen Spek-

trums beobachtet werden. Beobachtungen im Radio- bis Röntgenbereich wurden

in den letzten Jahren durch Messungen von Gammastrahlen ergänzt, sodass auch

die höchsten elektromagnetischen Energien untersucht werden können.

Diese Arbeit ist in zwei Teile unterteilt. Der erste Teil befasst sich mit Lichtkonzen-

tratoren, die im erdgebundenen First G-APD Cherenkov Telescope, FACT, zum

Einsatz kommen. Die Lichtkonzentratoren sind Bestandteil der Kamera des Teleskops

und erfüllen zwei Aufgaben: sie erhöhen die photosensitive Fläche eines Pixel

und reduzieren das Hintergrundlicht. Die Entwicklung und Produktion dieser

Lichtkonzentratoren wird diskutiert und ihre Effizienz untersucht.

Das Thema des zweiten Teils ist die Analyse von Messdaten, die mit dem Satel-

litenexperiment Fermi Large Area Telescope gewonnen wurden. Hierzu wurde eine

Methode entwickelt, die es erlaubt gemessene Daten aufzuaddieren und diese mit

der Maximum-Likelihood-Methode zu analysieren. Dadurch können verschiedene

Gammaquellen miteinander kombiniert werden, um selbst sehr schwache Quellen

zu detektieren, die als einzelne Objekte nicht nachweisbar wären. Die Methode

wird mithilfe von Simulationen und echten Daten getestet und später auf Gal-

axiehaufen angewendet, um in diesen nach Gamma-Emission zu suchen. Obwohl

eine erhöhte Signalintensität beobachtet wurde, die mit den Positionen der Gal-

axiehaufen korreliert, wurde kein statistisch signifikanter Wert erreicht. Es werden

deshalb nur obere Grenzen der Gamma-Emission angegeben.
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Ich möchte mich vorallem bei Ueli Straumann bedanken für die grossartige Un-
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mir eröffnet hat. Von seiner Seite habe ich grosses Vertrauen und viele Freiheiten

genossen.

Für die hervorragende Zusammenarbeit möchte ich mich herzlichst bedanken
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Chapter 1

Introduction to gamma-ray

astronomy

1.1 Cosmic rays and gamma rays

In 1912, Viktor F. Hess discovered with the aid of balloon experiments that the

Earth is continuously bombarded by ionizing particles [1]. These particles are

known as primary cosmic rays (CRs) and composed of protons (hydrogen ions),

helium ions and heavier nuclei as well as electrons and perhaps positrons [2].

The energy range of these particles is enormous and spans over many orders of

magnitude, from 106 electronvolts (eV) to more than 1020 eV [3]. Below 1015

eV, most of the CRs are supposed to be confined within the galactic magnetic

field and hence expected to be of galactic origin. Widely accepted candidates for

galactic CR sources are, for instance, supernovae (stellar explosions) which could

boost the CRs in subsequent shock waves to the observed energies [4, 5, 6, 7]. The

shock waves are observable as supernova remnants. This acceleration mechanism is

known as diffusive shock acceleration [8, 9, 10, 11], in which particles are reflected

between two shock fronts, gaining energy in each reflection cycle. The resulting

differential particle flux spectrum that follows a power-law function in the form of

dN/dE ∝ Eα, where N is the number of particles, E the particle energy and α

the power-law index with α ≤ −2 [12]. Even though diffusive shock acceleration

could boost individual CRs up to 1020 eV, the origin of the highest energy CRs

remains a mystery, and it is still an open question at which energies the CRs can

be associated to purely extragalactic sources (see [13, 14] for recent reviews).

Since primary CRs are charged particles, they suffer deflection in the galactic

magnetic fields during their propagation through the galaxy (e.g. [15]). This

makes direct observations of primary CR sources impossible (see [16] for a review

on CR observation methods). The interaction of high-energy CRs with ambient

matter close to the acceleration site, however, leads to the production of hard X-

rays and gamma rays which are neither deflected in magnetic fields nor confined

on galactic scales, and hence allow CR acceleration to be studied indirectly. High-
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energy gamma rays are expected to originate from the decay of neutral pions that

are produced in proton-proton (pp) collisions when CR nuclei collide with ambient

interstellar matter [17]:

π0 −→ γγ .

The total energy of the resulting gamma rays (Eγ > Mπ0/2 ≈ 70 MeV) is on the

order of 1/8 of the energy of the primary proton that initiated the pp-collision

[18, 19]. A further mechanism that produces gamma rays is known as inverse

Compton scattering (ICS) [20, 21] and occurs when CR electrons scatter with

photons of the cosmic microwave background (CMB), boosting these photons to

high energies. Also infrared, optical and X-ray photons can be up-scattered via

ICS to gamma-ray energies. Furthermore, high-energy electrons that pass through

interstellar matter can lead to bremsstrahlung emission in the gamma-ray regime

[18, 21]. Annihilations of dark matter particles, leading for instance to neutral

pions, could be another possibility to produce gamma rays [22].

Gamma-ray astronomy (see e.g. [18, 23, 24, 25] for reviews) covers gamma-ray

energies from MeV to 1020 eV, where the terms “High Energy” and “Very High

Energy” refer to the energy intervals 30 MeV to 100 GeV and 100 GeV to 100 TeV,

respectively. It is expected to become a major contributor to the understanding of

the origin and the acceleration of CRs and to the indirect search for dark matter

in the universe [18]. In section 6.1, clusters of galaxies are introduced, that are

supposed to be giant gravitionally bound reservoirs of CRs. In particular, obser-

vations in the radio band indicate the presence of large-scale shock and turbulence

acceleration which could enable the production of high-energy gamma rays via ICS

and π0-decays.

In the following section 1.2, two detection methods for gamma rays are de-

scribed, that both make use of gamma-induced pair conversion and a subsequent

electromagnetic cascade, though in completely different environments: while space-

borne telescopes encounter the gamma rays directly, ground-based telescopes make

use of the fact that gamma rays are absorbed by the Earth’s atmosphere leading

to giant electromagnetic showers with simultaneous Cherenkov emission.

1.2 Detection methods for gamma rays

1.2.1 Electromagnetic cascades

When high-energy photons with energies much higher than twice the electron

mass enter a dense medium, they are absorbed via pair production and develop

an electromagnetic cascade (shower) through pair production and bremsstrahlung

processes [26]. Such a cascade can equally be initiated by high-energy electrons

(positrons) that enter the medium and produce gamma rays via bremsstrahlung.

As long as the energy of the electrons is high enough to produce mainly gamma

rays via bremsstrahlung, the number of particles in the cascade grows. When their
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energy falls below the medium-dependent critical energy Ec, energy dissipation

through ionization and excitation of the medium dominates the bremsstrahlung

process and no further cascade particles are produced. A measure for the energy

loss rate in an electromagnetic cascade is given by the radiation length X0. It

characterizes the energy loss through bremsstrahlung dE per unit length dx by

dE/dx = −E/X0, where E is the energy of the electron. Hence, X0 is equivalent

to the mean amount of matter that a high-energy electron has to traverse until it

has lost all but a fraction of 1/e of its initial energy. At the same time, X0 · 9/7
corresponds to the average distance that the photons travel through the medium

until they undergo pair production. The number of splitting lengths m after

which the cascade reaches a maximum number of 2m particles is approximated

by m = log(E0/Ec)/ log 2 [26]. One splitting length d, given through d = X0 ·
log 2, corresponds to the traversed distance after which an electron looses half

of its energy. This leads to an approximate shower penetration depth p = X0 ·
log(E0/Ec). As a measure for the lateral shower spread, the Molière radius RM is

applied, which defines a cylinder that contains approximately 90% of the shower

particles and is given through RM = (21 MeV/Ec) · X0 [27].

1.2.2 Space-borne gamma-ray telescopes: the Fermi LAT

For the high energies in the electromagnetic spectrum, i.e. X-rays, gamma rays,

the Earth’s atmosphere is an excellent absorber, preventing gamma rays to be

directly observed from ground. In the 1970s, the telescopes SAS-2 [28] and COS-

B [29], and later in the 1990s, the Compton Gamma Ray Observatory [30] were

successful experiments that explored the gamma-ray sky from space. Launched

in 2008 and now operating on-orbit 565 km from ground, the Fermi Gamma-ray

Space Telescope [31] is the most recent gamma-ray satellite experiment. Its main

instrument, a pair-conversion telescope called the Fermi Large Area Telescope

(LAT) [32], is designed to detect gamma rays with energies between 20 MeV and

300 GeV. Operated in survey mode, the Fermi LAT achieves a uniform full-sky

coverage after two orbital periods, that is ∼ 3 hours of observation, by rotating the

telescope alternatingly by +35◦ and -35◦ relative to the orbital plane. The field of

view of the Fermi LAT covers a solid angle of 2.4 steradian, which corresponds to

an opening angle of ∼ 103◦.

The functionality of the LAT is illustrated in figure 1.1. A high-energy gamma

ray enters the LAT passing through an anticoincidence detector that is used to

reject the dominant background of charged cosmic rays [33]. In the tracker sys-

tem, the gamma ray encounters thin high-Z1 foils made of tungsten, by which it

is converted into an electron and a positron that both are tracked with position-

sensitive silicon strip detectors [34] to reconstruct the direction of origin of the

incident gamma ray. The accuracy of this reconstruction is described by a proba-

1The cross section for pair production is proportional to the square of the atomic number Z.
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bility distribution called point spread function (PSF) which is mainly affected by

multiple Coulomb scattering of electrons within the converter foils. With increas-

ing particle momenta, the multiple scattering angle decreases [27, 32], and hence

the PSF improves. The improvement is in turn limited by bremsstrahlung losses

that increase with increasing electron momenta [35]. Due to the energy-dependent

PSF, the Fermi-LAT image of a point-like source on the sky appears extended

by several degrees. At gamma-ray energies ∼ 10 GeV, a point-like source has an

angular extension of 0.2◦ given by the diameter of a circle that contains 68% of

the photons associated to this source [35]. At smaller gamma-ray energies ∼ 200

MeV, however, this extension is significantly larger such that a circle of diameter

4◦ is needed to cover 68% of the photons from the point-like source.

Leaving the tracker, the electrons and positrons enter the electromagnetic

calorimeter where electromagnetic cascades are induced, and the energy deposi-

tions are measured. In the calorimeter, CsI(Tl)2 scintillator crystals are arranged

using alternating x- and y-orientations, such that the profiles of the electromag-

netic showers can be reconstructed [36, 37, 38]. Together with the signature of

pair production detected by the tracker, the shower profiles provide important

information to reject background cosmic rays and to reconstruct the direction of

the incident gamma ray. Electromagnetic showers in CsI(Tl) are characterized by

a critical energy Ec = 10.3 MeV, a radiation length X0 = 1.86 cm and a Molière

radius RM = 3.8 cm. Due to a total longitudinal calorimeter depth of 8.6X0, the

electromagnetic cascades can leak out of the detector for gamma-ray energies > 60

GeV, which is taken into account for the energy reconstruction. For small energies,

the energy resolution improves approximately ∝ 1/
√
E, where E is the gamma-ray

energy. At gamma-ray energies > 5 GeV, leakage of individual particles can occur

leading to fluctuations in the measurable energy deposition, that limit the energy

resolution [35].

The efficiency to detect gamma rays is given by the effective area of the detector

in units of cm2 [35, 39]. For 100 GeV photons at vertical incidence, the effective

area is on the order of 8000 cm2, reflecting the true collection area for incident

gamma rays at this energy. At 200 MeV, however, the effective area is on the

order of 4000 cm2, indicating that the detector is half as sensitive as for 100 GeV

photons. The effective area is determined by the geometrical size of the detector,

the efficiency of the detector components, the trigger efficiency and the event

reconstruction, and hence depends on the angle of incidence and the energy of

the gamma rays. A more detailed overview on the LAT is given in [32], and the

current LAT performance including PSF, effective area and energy resolution is

displayed in [35].

Since Fermi is a space-borne experiment, size and weight of the detector are

limited, which restricts the geometrical size of its potential photon collection area

to ∼ 1.8 m2. The limited collection area leads to maximum measurable energies

2CsI(Tl): Cesium iodide doped with thallium.
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of about 300 GeV within a reasonable observation time. This is due to rapidly

decreasing gamma-ray fluxes, given in photons per (energy × area × time), with

increasing energy.

For gamma rays with energies above 10 GeV, the collection area can be dras-

tically increased by observing the electromagnetic cascades that are induced when

gamma rays enter the Earth’s atmosphere (see section 1.2.3).

incident
gamma ray

electron

positron

electromagnetic
cascades

anticoincidence detector

tracker system
with interleaved

high-Z converter foils
and position detectors

electromagnetic
calorimeter

Figure 1.1: The principle of the Fermi LAT, a pair-conversion telescope. An incident gamma

ray is converted into an electron-positron pair with the aid of high-Z converter foils. The

electron and positron are tracked independently through a tracker system in order to recon-

struct the direction of origin of the gamma ray. The energy of both particles is measured

with the aid of an electromagnetic calorimeter by reconstructing the induced electromagnetic

cascades. The reconstructed shape of the cascades, the particle tracks and the information

obtained by an anticoincidence detector are used to reject background signals from charged

cosmic rays.

1.2.3 Ground-based Cherenkov telescopes

In contrast to the space-borne experiments, ground-based Cherenkov telescopes

[18, 23, 40] detect gamma rays by observing Cherenkov light from electromag-

netic cascades that are produced when gamma rays enter the Earth’s atmosphere.

The interaction between the incident gamma ray and air molecules takes place
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at altitudes between 10 and 15 km above sea level. The shower that develops is

characterized by a Molière radius of ∼ 75 m, a critical energy Ec ≈ 85 MeV and

a radiation length X0 ≈ (37 g·cm−2)/ρ(z), where ρ(z) is the density of air for a

given altitude z. The maximum number of shower particles of, for instance, a 1

TeV gamma-ray is reached approximately 8 km above sea level.

Cherenkov telescopes do not detect the shower particles directly, but the Cheren-

kov light that is emitted as a result of very high gamma-ray energies, > 10 GeV,

at which the electrons in the cascade are highly relativistic and faster than the

speed of light in the atmosphere. Cherenkov light is produced if the electron ve-

locity v exceeds c/n(z), where c is the speed of light and n is the refractive index

of air at altitude z [40]. Throughout the cascade, the threshold for Cherenkov

emission is sufficiently low to ensure the production of Cherenkov light until the

critial energy of the shower is reached. The emission angle of the Cherenkov light,

given by θ(z) = cos−1[c/(vn(z)], increases with decreasing height, e.g. from 0.66◦

at 10 km to 0.74◦ at 8 km [40]. On ground, the change of the emission angle leads

to an accumulation of Cherenkov photons along a ring shape of ∼ 120 m radius.

Cherenkov light from multiple scattered electrons fills out the ring area approxi-

mately uniformly but leads to a rapid intensity decrease beyond the ring [40]. The

pool of Cherenkov light arrives on ground with a time spread of ∼ 5 to several tens

of nanoseconds [25]. It can be observed with an imaging air Cherenkov telescope

(IACT) that consists of a large imaging reflector (e.g. parabolic or spherical) and

a pixelized camera mounted at the reflector’s focal point. Since the reflector is an

imaging system, photons incident from a given direction relative to the telescope

axis are focused onto a single spot on the camera plane. Therefore, the changing

Cherenkov angles at different altitudes as well as multiple electron scattering lead

to ellipse-like images on the camera, for which the major axis reflects the longi-

tudinal shower profile. The exact shape and position of the image on the camera

depends on the distance (impact parameter) and the angle between telescope and

shower axis . In case of a parallel alignment between the telescope and shower

axes, the ellipse points towards the camera center.

A 1 TeV gamma ray produces ∼ 106 Cherenkov photons that arrive at ground

level, where the number of photons is proportional to the original gamma-ray

energy. About 10 photons are collected per m2 reflector area depending on the

radial distance from the shower core, whereas ∼ 50 detected photons are necessary

to reconstruct the gamma ray successfully [18]. Hence, increasing the reflector area

makes Cherenkov telescopes more sensitive to lower energetic showers. The current

lower energy thresholds of the major experiments MAGIC [41], HESS [42] and

VERITAS [43] range between 25 and 100 GeV. These threshold are also influenced

by the level of the night sky background (NSB), which consists of photons from

stars, the Moon, airplanes or nearby cities and by the atmospheric absorption

during the observation.

Due to the rather small field of view of Cherenkov telescopes on the order of
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4◦, the sources of interest are observed one at a time by pointing to the respective

source position. The orientation of the ellipse-like shower image relative to the

camera center allows the discrimination against gamma rays from background

sources.

Hadronic air showers induced by CRs occur by a factor ∼ 104 more frequent

than gamma-ray showers and form the main background for observations with

Cherenkov telescopes [23, 25, 40]. Hadronic showers include Cherenkov-emitting

electromagnetic sub-showers that lead to a spread image structure on the camera.

Also muons, as part of CR-induced cascades, emit Cherenkov light that appears

as a ring shape on the camera if the muon traverses the telescope’s primary mirror

[44]. Gamma-ray showers can be separated from hadronic showers by evaluating

the lateral extensions of the shower image and by making use of the reconstructed

direction of the shower axis. In contrast to gamma rays, CRs enter the atmosphere

isotropically and can not be associated to a specific source.

Figure 1.2 illustrates the observation of Cherenkov light from a gamma-induced

electromagnetic cascade using three telescopes in stereoscopic mode. In stereo-

scopic mode, shower images from neighboring telescopes are combined, which al-

lows a more accurate reconstruction of the shower axis compared to single-telescope

observations. It furthermore improves the separation between gamma- and CR-

induced cascades.

Compared to satellite-based instruments for which the photon collection area

is strongly restricted, ground-based Cherenkov telescopes allow the observation of

gamma rays whenever the Cherenkov light pool covers the location of the telescope.

A single telescope is therefore able to detect shower cores within an area on the

order of 105 m2, which makes the telescopes sensitive to TeV gamma rays and

beyond, even though the photon fluxes at these energies are very low. The future

Cherenkov Telescope Array (CTA) is planned as an array of ∼ 100 telescopes with

different reflector sizes distributed over an area of several km2, in order to access

gamma-ray energies from a few tens of GeV to more than 100 TeV [45].



1.2.4 The First G-APD Cherenkov Telescope (FACT) 10

120 m

Distance from ground

20 km

15 km

10 km

5 km

gamma ray

electromagnetic
cascade

Cherenkov
light

superposition of the
three camera images

Cherenkov
telescopes

Figure 1.2: Three Cherenkov telescopes that observe Cherenkov light produced by a gamma-

induced electromagnetic cascade. The incident gamma ray initiates an electromagnetic

cascade between 10 and 15 km above ground. The emitted Cherenkov light, which arrives

at ground level within a circle with a radius of ∼ 120 m, produces ellipse-like camera images

that reflect the structure of the cascade as well as the distance and the relative orientation

between telescope and shower axis. The three independent shower observations (illustrated

only for the leftmost telescope) are combined into a single image to reconstruct the direction

of origin of the shower-inducing gamma ray.

1.2.4 The First G-APD Cherenkov Telescope (FACT)

The ground-based First G-APD Cherenkov Telescope (FACT), shown in figure

1.3, has been installed on the Roque de los Muchachos at La Palma in October

2011. A refurbished telescope mount from the HEGRA experiment [46] is used

for this purpose, equipped with a new primary mirror with a reflective area of

9.5 m2 and a focal length of 4.9 m. Unlike MAGIC, HESS and VERITAS, where

the cameras are based on photomultiplier tubes (PMTs) [47, 48, 49, 50], FACT
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utilizes a camera that makes use of Geiger-mode avalanche photodiodes (G-APDs)

[51, 52, 53, 54], silicon-based photosensors. G-APDs provide a photon detection

efficiency (PDE) which corresponds to the fraction of incident photons that are

actually converted into a signal, that is currently similar to the one of PMTs, but

expected to be significantly improved in the near future. In comparison to PMTs,

G-APDs are mechanically more robust and are operated at voltages ∼ 70 volts

instead of kilovolts.

The FACT camera, viewed from the front in figure 1.3, features a frontplane

with 1440 pixels that combine G-APDs with special solid light concentrators in

order to increase the photosensitive area per pixel and to cut off ambient back-

ground light. The first part of this thesis is dedicated to these light concentrators

which are dielectric-filled and based on total internal reflection.

Subdivided into 160 patches with nine pixels each, the camera captures an

image whenever the summed signal of a patch reaches a predefined signal threshold.

This results, for instance, in the events shown in figure 1.4, which were recorded

in November 2011. First scientific results obtained with FACT are presented in

[55], showing, for example, a clear gamma-ray signal from the Crab nebula.

In the following chapter 2, an introduction on light concentrators is given, and

their use in Cherenkov astronomy is described. Design and production of the

FACT pixels are described in chapter 3, followed by chapter 4 which is dedicated

to measurements of the light concentrator performance. The assembly of the

frontplane of the FACT camera is described in chapter 5.

Figure 1.3: Left: the First G-APD Cherenkov Telescope during operation in a full moon night.

The novel camera is installed on the refurbished HEGRA CT3 structure, using new hexagonal

mirror segments for the primary mirror. Right: front view of the FACT camera. The camera

frontplane consists of 1440 hexagonal pixels that are composed of solid light concentrators

combined with Geiger-mode avalanche photodiodes. Image courtesy: T. Krähenbühl.
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Figure 1.4: Events captured with FACT. The signals in the pixels are displayed in arbitrary

units. Upper left: ellipse-like shape produced by a gamma-induced Cherenkov shower. An

ellipse that points to the camera center indicates that the shower occurs along the telecope

axis. Upper right: ellipse-like shape produced by a gamma-induced Cherenkov shower, corre-

sponding to an event that does not occur along the telescope axis. Lower left: a spread shape

produced by proton-induced Cherenkov subshowers. Lower right: a ring shape produced by

Cherenkov light from a muon that traverses the telescope primary mirror. The spread struc-

ture within the ring comes from the proton shower from which the muon originated.
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1.3 Author’s contribution

The first part of the thesis describes development, production and characteriza-

tion of solid light concentrators that form the frontplane of the FACT camera. I

was involved in the production of prototypes and in the industrial realization, in

cooperation with the company IMOS Gubela GmbH. I designed a test setup to

characterize the light concentrators with respect to light throughput, angular re-

sponse and optical cross talk. The work on the light concentrators was concluded

with the production of the frontplane of the FACT camera, which we assembled in

a clean room environment at ETH Zürich. A summarizing document was written

in context of the 32nd ICRC in Bejing 2011 [56].

In the second part of this thesis, a method is introduced that enables the

analysis of stacked Fermi-LAT data. I developed this method during my stay at

the ISDC Center for Astrophysics in Versoix. The stacking of faint gamma-ray

sources that are not detected individually can lead to a cumulative detection and

can help to investigate common spectral features of these sources. I applied the

method on a sample of galaxy clusters to search for gamma-ray emission from the

central cluster regions. The stacking method is described in a paper that has been

accepted for publication in Astronomy & Astrophysics in September 2012. The

application on the galaxy clusters will result in a further paper which is currently

(October 2012) in preparation.
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Part I

Solid light concentrators for

small-sized photosensors used in a

Cherenkov telescope



Introduction to light concentrators 15

Chapter 2

Introduction to light

concentrators

2.1 Light concentrators in Cherenkov astronomy

A central issue in the design of an IACT is the composition of the camera’s front-

plane. To allow the spatial sampling of shower images, the camera is pixelized

and makes use of a pixel design that combines photosensors with special light

concentrators. The light concentrators are designed to maximize the fill factor by

ensuring a full coverage of the camera with photosensitive area and to cut off light

that has not been reflected by the telescope’s primary mirror in order to reduce

photons due to NSB [57]. Furthermore, the light concentrators increase the pho-

tosensitive area per pixel which ensures a cost-effective camera design. The main

tasks of the light concentrators are:

• Maximize the fill factor:

To obtain a high sensitivity for a Cherenkov telescope, it is required that

the camera detects photons with a high efficiency. Insensitive material that

absorbs but not detects the photons should be avoided. Commercially avail-

able photosensors often have insensitive borders that are part of the casing,

or are circle-shaped, which allows at maximum 90% coverage of a plane. By

combining the photosensors with light concentrators, dense packing on the

camera plane becomes possible and a fill factor

fill factor =
sensitive area

total area
· 100% (2.1)

close to 100% can be obtained, leading to a full coverage of the camera with

photosensitive area.

• Limit the angular response:

In the ideal case, the field of view (FOV) of a single pixel covers exactly

the telescope’s primary mirror and cuts off light that comes from elsewhere,
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f D

θ

Figure 2.1: The cutoff angle θ of a light concentrator is adjusted to the focal length f and

the diameter D of the telescope’s primary mirror.

in order to eliminate NSB photons. The light concentrators are designed

to have a specific angular response to incident light with a defined cutoff

angle that matches the extensions of the telescope’s primary mirror. As it is

illustrated in figure 2.1, a telescope structure with focal length f and reflector

diameter D leads to a desired cutoff angle θ:

θ = arctan

(
D

2f

)
. (2.2)

• Increase the photosensitive area:

Adjusting the light concentrator’s input aperture Ainput to obtain a dense

packing on the camera plane and matching the output aperture Aoutput to

the photosensor’s geometry, leads to a geometrical concentration ratio C:

C =
Ainput

Aoutput

. (2.3)

It is desirable to achieve a large concentration ratio in order to decrease

the camera costs that scale with the photosensitive area. The concentration

ratio, however, is strongly related to the desired cutoff angle θ and limited

by a theoretical maximum of Cmax = 1/ sin2(θ) (see section 2.2.1).

2.2 Principles of light concentration

2.2.1 Maximum concentration ratio

In figure 2.2, an arbitrary light concentrator is illustrated. It represents any optical

system with an input aperture Ainput and an output aperture Aoutput. In an ideal
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Ainput Aoutput2θinput 2θoutput

Figure 2.2: Sketch of an arbitrary light concentrator with input aperture Ainput and output

aperture Aoutput. The angular divergence of the light beam at input and output aperture is

given by θinput and θoutput, respectively.

optical system in which no light losses occur, the product of beam cross-section

and the beam’s semi-angle is a conserved quantity [58], leading to θinput ·Ainput =

θoutput ·Aoutput. Hence, under the assumption that the total light flux through the

optical system is conserved, a light beam is concentrated by decreasing its cross

section and increasing its angular divergence to compensate.

For a given cutoff angle θinput, the maximum light concentration is achieved

when the angular divergence at the output aperture has reached its limit, covering

a total solid angle of 2π, which corresponds to 2θoutput = 180◦. This results in

a maximum concentration ratio Cmax for a three-dimensional ideal concentrator

[58, 59]:

Cmax =
Ainput

Aoutput

=
1

sin2(θinput)
. (2.4)

In this ideal case the angular cutoff function corresponds to a perfect step-function,

accepting rays with angles of incidence θ < θinput and rejecting rays with θ > θinput,

as it is shown by the grey-shaded area in figure 2.3. Cmax gives an upper bound

for the achievable geometrical concentration, corresponding to the ideal case with

100% light throughput through the concentrator. In [58], Roland Winston pro-

poses the two-dimensional Compound Parabolic Concentrator (CPC) that reaches

a maximum concentration ratio by construction, and for which tilted parabolic

side walls ensure a sharp angular cutoff. Its two-dimensional shape is completely

defined by the desired cutoff angle and the size of the output aperture. The tilt

of the parabolic side walls is chosen such that incident rays that enter at extreme

angles θinput are focussed sharply onto the rim of the exit aperture, as it is illus-

trated in figure 2.4. This ensures that rays incident at θ < θinput pass through the

exit aperture, while rays incident at θ > θinput are back-reflected.

Whereas the two-dimensional CPC, achieves a sharp angular cutoff, other de-

signs may lead to an increased number of multiple reflections inside the concen-
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Figure 2.3: Angular cutoff function for an ideal (grey-shaded area) and a light concentrator

with a softened cutoff (black line). In the ideal case, 100% light acceptance is obtained for

angles of incidence θ < θinput, while for angles θ > θinput, none of the incident rays reaches

the output aperture.

trator and to aberration effects [58], resulting in a softening of the cutoff function,

as it is shown in figure 2.3.

In the three-dimensional case, the CPC, obtained by rotating the two-dimensional

CPC about the axis of symmetry, departs from an ideal concentrator since rays

that enter tangentially to the side walls may follow spiral paths and may suffer

many reflection losses [58]. This is illustrated in figure 2.5. Other designs with

different side-wall shapes may therefore be absolutely competitive with the CPC

and more appropriate for the given purpose. In practice, ray-tracing simulations

are used to determine the optimum geometrical concentration that leads to the

desired cutoff angle.

2.2.2 Dielectric-filled (solid) concentrators

On the one hand, a light concentrator can be designed as a hollow body and

make use of reflective side walls. The main light losses that occur with this design

are due to a limited reflectivity of the side walls. On the other hand, a light

concentrator can be a solid body made of dielectric material and based on total

internal reflections [58]. While total internal reflections are supposed to have an

efficiency of 100%, losses are rather expected through the transitions between air

and the dielectric, known as Fresnel losses, at the input and output apertures and

through photon absorption due to a limited transmittance of the dielectric.

Applying Snell’s law, total internal reflection in the light concentrator is pro-

vided if Ψ > arcsin(1/n) is fulfilled, where Ψ is the angle of incidence at a given

point on the side wall and n is the refractive index of the dielectric. In [58], the

condition n >
√

2 for the refractive index is derived, which assures total internal

reflection for any incident ray with θ < θinput. Even though this formula is based

on the CPC theory, it gives an estimate of the refractive indices that are useful for
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θinput

Figure 2.4: The CPC is designed to focus

rays that are incident at a predefined cut-

off angle θinput onto the rim of the exit

aperture.

Figure 2.5: Multiple reflections occur

more frequently in a three-dimensional

light concentrator compared to the two-

dimensional version. Small losses at each

reflection can add cumulatively and lead

to significant overall losses.

the design of light concentrators, well consistent with available optical materials,

such as glass or the polymer polymethyl methacrylate (PMMA) with refractive

indices on the order of 1.5.

As an important feature of dielectric-filled concentrators, the geometrical con-

centration ratio can be increased compared to a hollow concentrator. With θinput

as the desired cutoff angle, the solid concentrator, surrounded by air, i.e. refractive

index 1.0, can be designed for a smaller cutoff angle θ′:

θ′input = arcsin

(
sin(θinput)

n

)
, (2.5)

which is illustrated in figure 2.6.
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Figure 2.6: For a given geometrical concentration ratio, the cutoff angle of a dielectric-filled

concentrator is increased compared to the hollow version.

This leads to a theoretical maximum of the geometrical concentration ratio,

increased by a factor n2 compared to the hollow version [58]:

Cn,max ≡
1

sin2(θ′input)
=

n2

sin2(θinput)
= n2 Ainput

Aoutput

, (2.6)

whereAinput andAoutput are the aperture sizes for the hollow concentrator. Dielectric-

filled concentrators also lead to difficulties. Large output angles up to 90◦ can

produce total internal reflection at the output aperture. The light rays are then

internally back-reflected into the concentrator volume and do not pass through the

exit area [58]. The photosensor that is attached to the light concentrator must

therefore be optically coupled to the output aperture, using a coupling grease that

matches the refractive index of the dielectric in order to avoid Fresnel reflections

(see section 3.2).
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Chapter 3

Development and Production

3.1 Design criteria

In the following chapters, the light concentrators are described, that are combined

with G-APDs in order to form the pixels of the FACT camera. These concentra-

tors are dielectric-filled and must fulfill specific design criteria with respect to the

desired cutoff angle, the size and shape of output and input apertures as well as

the choice of the dielectric:

• Cutoff angle:

The telescope structure used for FACT is characterized by an (f/D)-ratio of

∼ 1.4. Using equation 2.2, this leads to a cutoff angle θinput on the order of

20◦.

• Output aperture, size and shape:

G-APDs, here Hamamatsu Multi-Pixel Photon Counter S10362-33-50C (MPPC)

[60], are the photosensors of choice in this project. The sensor is square-

shaped with a sensitive area of 3.0 × 3.0 mm2. In order to use as much of

the sensitive area as possible, the concentrator is tailored to the photosensor

by choosing a square-shaped output aperture with an area of 2.8 × 2.8 mm2.

This is slightly smaller than the sensor to allow for alignment tolerances.

• Input aperture, shape:

The shape of the concentrator’s input aperture defines the actual shape of

the pixels on the camera plane. In Cherenkov astronomy, it is common to

use a hexagonal structure to allow a densely packed coverage of the camera

plane with pixel centers that are equidistant for directly neighboring pixels.

The size of the input aperture is determined with the aid of ray-tracing

simulations (see section 3.3), taking into account the desired cutoff angle

and the fixed size of the output aperture.

In order not to loose image information, the pixel size should be similar to

the point spread function of the telescope, which is the projected size of a
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point-like object, e.g a star, on the camera. The FACT point spread function

is currently on the order of 15 mm, given by the diameter of a circle that

contains 68% of the projected light.

• Refractive index:

The dielectric material of the light concentrators, PMMA (see section 3.5),

is chosen to match the refractive index of the photosensor’s protective epoxy

layer that is given as 1.51 ± 0.02 [60]. Similar refractive indices in coupled

materials help to avoid total internal back-reflections at the output aperture

and losses due to Fresnel reflections (see section 3.2).

3.2 Expected losses

A light beam that enters a dielectric-filled concentrator is expected to suffer losses

due to the transition between air and the dielectric, due to a non-fulfilled total

internal reflection condition and due to absorption by the dielectric:

• Fresnel losses:

When light propagates from one medium to another with a different refrac-

tive index, losses occur since part of the light is back-reflected. These losses

depend only on the refractive index and the angle of light incidence relative

to the input aperture, well described by the Fresnel equations [61]. Given

that the refractive indices between the concentrator’s exit and the photosen-

sor match perfectly, Fresnel losses due the transition from air to the dielectric

are only expected to occur at the input aperture. Applying a refractive index

n = 1.5, reflective Fresnel losses remain constant at about 4% for angles of

light incidence between 0◦ and 20◦, and rise slowly to 8% at 60◦ and 40% at

80◦, up to 100% at 90◦.

Fresnel losses can be minimized over a wide wavelength range by anti-

reflective coating (AR coating) on top of the input aperture. This, however,

has not been investigated for the present light concentrator design.

• Total internal reflection losses:

Even though total internal reflection is supposed to have an efficiency of

100%, losses can occur due to the quality of the side walls of the concentrator.

A rough surface can change the direction of reflection arbitrarily.

It is shown in [58] for the CPC case, that a dielectric with refractive index

n = 1.5 does not guarantee total internal reflection for rays that enter the

concentrator with angles of incidence > 10◦. In the present light concentrator

design, this issue may contribute to a softening of the angular cutoff and may

lead to optical crosstalk between neighboring pixels in the camera (see also

sections 4.2 and 4.5).
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• Absorption losses:

Absorption in a dielectric follows an exponential lawN(∆x) = N0·exp[−µ(λ)∆x],

where N0 is the number of photons at depth x0, N(∆x) is the number of pho-

tons that remain after a depth x0+∆x, and µ(λ) is the wavelength-dependent

absorption coefficient that is determined by the electronic bandstructure of

the material. Although PMMA is generally known to have an excellent trans-

mission in the optical and infrared, it clearly suffers absorption losses in the

ultraviolet range. In section 3.7, the spectral transmittance is measured for

the FACT light concentrators which are produced by injection molding of

PMMA.

3.3 A simple parabolic solid concentrator

The FACT light concentrator makes use of an upright parabolic side wall shape

which connects the perimeters of the input and output aperture for a given con-

centrator height H:

y(x) = H · x
2 − r2

i

r2
o − r2

i

, (3.1)

where ri (inner radius) and ro (outer radius) are the distances from the concentra-

tor’s central axis to the perimeter of the output and input aperture, respectively,

as it is illustrated in figure 3.1. The three-dimensional concentrator has two dif-

ferent types of side walls, A and B, as it is shown in figure 3.2. While type A

joins the flat sides of square and hexagon, type B corresponds to the surface that

connects the square to the angled part of the hexagon. For a given concentra-

tor height H, different positions along the perimeters, indicated by angle ω, lead

to different ratios ro/ri, resulting in different cutoff angles and parabolic shapes.

Formula 3.1 is defined in such a way that y(ri) equals 0 and y(ro) equals H for

any ratio ro/ri and thus allows a simple construction of a parabolic surface that

interfaces a hexagonal input to a square-shaped output aperture for a given con-

centrator height. The three-dimensional concentrator is then constructed in the

following way. The parabolic shape that is obtained for ω = 0 is applied all over

surface A by horizontal translation. For surface B, ro/ri is evaluated for each ω

individually, resulting in a changing parabolic shape and cutoff angle along this

surface. The intersection line at which both surfaces, A and B, meet defines the

respective outline of the concentrator.

The exact shape of the simple parabolic light concentrator is determined with

the aid of ray-tracing [62, 63], where the parameters ro and H are adjusted to

obtain an as sharp as possible cutoff at 20◦ (see section 3.1). This results in

a concentrator height H = 19.94 mm and a diameter of d = 9.5 mm for the

hexagonal entrance aperture, whereas the output aperture is fixed to 2.8 × 2.8

mm2 by the photosensor geometry (see section 3.1). This leads to a geometrical
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Figure 3.1: A simple parabolic shape that

connects the perimeters of the input and

output aperture for a given height H,

where ro and ri are the distances from the

concentrator’s central axis to the perime-

ter of the input an output aperture, re-

spectively.
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Figure 3.2: Construction of the three-

dimensional concentrator shape which

consists of two different types of side

walls, A (blue-shaded) and B (grey-

shaded). Type A corresponds to the sur-

face that connects the flat sides of square

and hexagon, while surface B connects

the square to the hexagon’s angled part.

The distances ro and ri, from the con-

centrator’s central axis to the aperture

perimeters, change with different angles

ω.

concentration ratio of:

C =
Ainput

Aoutput

=

√
3

2
· d2

Aoutput

≈ 10 , (3.2)

which is smaller than the theoretical maximum for solid concentrators with refrac-

tive index 1.5, given by equation 2.6:

Cn,max =
n2

sin2(θinput)
=

1.52

sin2(20◦)
≈ 19 . (3.3)

This discrepancy is due to the fact that the theoretical maximum is derived as-

suming a completely lossless concentrator with a sharp angular cutoff. But the

ray-tracing simulations [62, 63] take into account that the concentrator is a three-

dimensional optical system, which includes a potential non-ideal behaviour of rays

that enter tangentially to the side walls (see section 2.2.1). Furthermore, Fres-

nel losses, transmission losses and losses due to a non-fulfilled condition of total

internal reflection (see section 3.2) are taken into account in the simulation.

Losses generally shift the angular cutoff to smaller angles. This can be compen-

sated by decreasing the geometrical concentration ratio of the concentrator, which
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Figure 3.3: Concentrator prototypes. Prototype 1 is produced by milling, which leads to a

fluted surface. Prototype 2 is injection-molded. It features flow lines inside the volume and

on the surface. Prototye 3 is produced by injection molding using an enlarged injection hole

compared to prototype 2, which avoids the flow lines.

leads, for a desired cutoff angle θinput, to a concentration ratio that is smaller than

n2/ sin2(θinput).

3.4 Production iterations

As a first attempt, the simple parabolic concentrators are produced by milling

commercially available extruded PMMA to the desired shape in a CNC machine

(prototype 1). Due to the movement of the milling head, a fluted surface is visible

as horizontal lines in figure 3.3. To achieve a smoother surface, which is important

for reliable total internal reflection, injection molding is investigated, where molten

PMMA is injected into a metal mold. The surface quality of the molded piece is

expected to be excellent, equaling the quality of the mold. This investigation is

done in close cooperation with the company IMOS Gubela GmbH. In the first

injection-molded version of the concentrator (prototype 2), flow lines are present,

that occur when injected material cools before it can bond with the previously

injected material in the mold. This is caused by a low flow rate due to a small

injection hole with a diameter ∼ 1 mm, located on one of the side walls. The

flow lines are completely avoided by enlarging the injection hole to a diameter of

1.5 mm, resulting in prototype 3 which features an excellent surface quality (see

section 3.6).

In contrast to the milled version, the injection-molded pieces reveal tiny air

bubbles inside the volume that are visible in green laser light, as it is shown in figure
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Figure 3.4: Air bubbles inside the concentrator are visible as scattering centers in a green

laser beam. Image courtesy: T. Krähenbühl.

3.4. The bubbles act as scattering centers and diminish the light transmittance.

After several test iterations at IMOS and by applying a pure PMMA granulate,

Plexiglas R© 7N OQ [64] that is optimized to obtain a high optical quality (OQ) of

the molded pieces, the bubbles could be reduced, and the light transmittance could

be generally improved, e.g. from ∼ 5% to ∼ 75% at 350 nm wavelength (see section

3.7). The improved concentrator prototype yields the final version that is used for

the production of 2000 pieces for FACT.

3.5 Basic PMMA properties

For the injection molding, the PMMA granulate Plexiglas R© 7N OQ is used (see

section 3.4), which is chosen because of a high transmittance in the wavelength

range that is expected for atmospheric Cherenkov photons (see section 3.8). The

refractive index of this material is approximated by n = 1.4774 + (69/λ)2 [65]

and hence well adjusted to the epoxy layer of the photosensor (see section 3.1).

Also the temperature dependence of n is negligibly small and stated in [66] as

dn/dT = −0.00011 K−1.

An Abbe number1 of 57 indicates that only a very low dispersion is expected

in injection-molded PMMA [67, 68], which ensures that the concentration effect is

nearly independent of the light wavelength, disregarding absorption.

The thermal expansion of PMMA is low and characterized by a low linear ex-

1The Abbe number = (nd - 1)/(nF - nC), where nd, nF , nC are the refractive indices at 587.6
nm, 486.1 nm and 656.3 nm, respectively, is a measure of the dispersion of light in an optical
material.
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pansion coefficient of 0.0001 K−1 [69]. Thus, temperature changes at the telescope

site do not lead to significant changes of the concentrator’s volume. However, com-

pared to other polymers, the water absorption of PMMA is rather high and can

lead to a mass increase of ∼ 1%, reached after 4 hours at 50 ◦C and 90% relative

humidity, whereas the change of refractive index during this test is negligible [67].

3.6 Surface roughness

A crucial issue of a reliable light concentrator is the surface roughness. Arbitrary

distortions of the surface reduce the light throughput since total reflection becomes

unpredictable. The surface roughness of the final version concentrator is probed

with the aid of a Hommel tester T500 [70] by scanning the input aperture with a

supersensitive pin along a track of 4.80 mm (x-direction). For each datapoint in

x-direction xi, the variation in y-direction relative to a given baseline is registered,

where the datapoints yi probe the peak and valley structure of the surface. The

baseline results from high-pass filtering the measurements, which eliminates the

initial offset of the supersensitive pin [71]. As a measure of the roughness, an

Ra-value is provided that is calculated by Ra = 1
n

∑n
i=1 |yi|, where n is the number

of datapoints (xi, yi). It is found that the Ra-values are on the order of 0.01 µm,

corresponding to the highest achievable quality level.

3.7 Spectral transmittance

The optical transmittance is tested for more than 1400 final concentrators individ-

ually, making use of a Perkin-Elmer Lambda 900 spectrophotometer at the ETH

crystal lab at CERN [72]. The concentrators are measured along the concentra-

tion’s central axis, giving the transmittance through ∼ 20 mm of injection-molded

PMMA. Figure 3.5 shows the average transmission spectrum derived from the

measurements of 1439 pieces. Fresnel losses occur in all measurements at the in-

put and output aperture of the concentrator, leading to an overall decrease of the

transmission spectrum by ∼ 8%.

3.8 Spectral performance in real conditions

The spectral fraction of Cherenkov light that can be measured by a Cherenkov

telescope is determined by the spectral transmittance of the light concentrators,

the reflectivity of the telescope’s primary mirror and the efficiency of the photo-

sensor. Figure 3.6 shows the reflectivity of the FACT mirrors [73], the PDE (see

section 1.2.4) that has been measured for a Hamamatsu MPPC (see section 3.1)
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Figure 3.5: Average transmission spectrum derived from 1439 measured light concentrators.

The grey-shaded area corresponds to the standard deviation from the mean value of the

measurements.

operated at the nominal Geiger-voltage2 [74] and the average transmittance of the

concentrator as functions of the wavelength. The concentrator transmittance is

taken from figure 3.5, corrected such that the Fresnel losses at the concentrator’s

output aperture are eliminated, assuming a perfect coupling to the photosensor

(see section 3.2).

A typical spectrum of a Cherenkov shower produced in the Earth’s atmosphere

is shown in figure 3.7 (black solid line with dots), which includes atmospheric losses

and represents the expected spectrum at telescope level [75]. The spectrum is

attenuated by the reflection at the primary mirror (black dashed line with crosses)

and further by considering the MPPC’s PDE (black solid line). Including the

transmittance of the concentrators, the signal is further attenuated, giving the

final detectable spectrum (blue solid line with circles).

2Geiger-voltage: Some avalanche photodiodes can be operated in Geiger-mode. In this mode,
an operating voltage is used, that is higher than the breakthrough voltage of the diode. This
enables the detection of single photons. Hamamatsu defines the Geiger-voltage as the operating
voltage at which the gain of the photosensor equals a given value.
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Figure 3.6: Spectral efficiencies of the various telescope components. The measured reflectiv-

ity of the telescope primary mirror, the MPPC PDE and the light concentrator transmittance

are plotted versus the wavelenth of the incident light.

Figure 3.7: Simulated Cherenkov spectrum as it is expected at the telescope. The fraction

that can be measured is estimated by stepwise-including the reflectivity of the telescope’s

primary mirror, the PDE of the MPPC and the transmittance of the light concentrators. The

final result is given by the blue solid line with circles.
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Chapter 4

Performance measurements

4.1 The test setup

red LED pinhole
lens

diffusor
(teflon tape)

optical axis & azimuth angle rotation axis

zenith angle 
rotation axis

hexagonal
aperture
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sensor

aluminum
plate

280 mm
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Figure 4.1: Schematic sketch of the test setup that is used to characterize the light con-

centrators. A goniometric holder provides room for a central light concentrator and four

additional neighbors, including the photosensors attached to the output apertures. A light

source illuminates the central concentrator with a homogeneously distributed parallel light

beam, whereas the neighbors are covered with an aluminum plate. The orientation of the

light concentrators relative to the optical axis of the system can be changed within a large

azimuthal and zenithal range.

Figures 4.1 and 4.2 show a schematic sketch and a fotography, respectively, of the

test setup that is used to characterize the light concentrators. The light source

is a combination of a light-emitting diode (LED), a pinhole and a lens, leading

to a homogeneous and nearly parallel light beam. A goniometric holder is used

to change the orientation of the concentrators relative to the light beam axis

within a zenithal range of [−65◦; +65◦] and an azimuthal range of [0◦; +360◦].

It provides room for five light concentrators that are arranged as it is sketched

in figure 4.3 from the light source’s point of view. At the central position of the

holder, the concentrator of interest is placed. The four neighboring positions that
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can be used for optical cross talk measurements (see section 4.5) are covered by

an aluminum plate to make sure that only the central concentrator is illuminated.

During the measurements, photosensors (see section 4.1.2) are optically coupled

to the concentrators.

light source

goniometric 
holder

Figure 4.2: Top view of the test setup that is used to characterize the light concentrators.

Figure 4.3: Arrangement of the light concentrators in the goniometric holder from the light

source’s point of view. Only the central light concentrator is illuminated by the light source,

while its neighbors are covered with an aluminum plate (grey-shaded area).

4.1.1 The light source

Nearly parallel light is achieved by positioning a point-like isotropic light source

in the focal point of a biconvex lens. In the case of the present setup, the isotropic

light source consists of a pinhole illuminated by a LED. A diffusive white teflon foil

on top of the pinhole is used to obtain an approximately homogeneous distribution

of the light intensity around the central beam axis.
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With the aid of a commercial Nikon D5000 CMOS1 sensor, the divergence of the

light beam is investigated by capturing the beam intensity distributions2 around

the beam axis for different distances between CMOS sensor and light source. In

figure 4.4, such a beam profile is shown, captured at 40 mm distance to the light

source. The half width half maximum (HWHM) of the beam profile serves as a

measure of the beam cross-section. For different distances to the light source, this

leads to the results shown in figure 4.5, indicating an angle of divergence of 2.7◦.

Figure 4.4: Relative intensity profile of the light beam at 40 mm distance to the light source.

The beam profile is captured with a commercial CMOS sensor with a total area of 23.6 ×
15.8 mm2. The x- and the y-axis correspond to the pixels of the sensor, and the z-axis

reflects the light intensity measured in the pixels.

1Nikon D5000 CMOS (Complementary Metal Oxide Semiconductor) sensor with 4310 × 2868
pixels and a geometrical size of 23.6 × 15.8 mm2.

2Raw sensor images are used for the analysis to ensure a linear response to the irradiance.
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Figure 4.5: Divergence of the light beam. The half width half maximum (HWHM) (black

solid line with stars) of the beam profile is plotted versus the distance to the light source. The

black bar perpendicular to the beam axis indicates the input aperture of the light concentrator

positioned at 280 mm distance to the light source. The solid and the dashed line illustrate

the total lateral beam extension.

A homogeneous illumination of the light concentrator’s input aperture is found

by positioning the goniometric holder at 280 mm distance from the light source.

This results in the intensity distribution shown in figure 4.6, where the black

hexagon outlines the input aperture of the light concentrator at the central position

in the holder. The standard deviation from the mean intensity within the hexagon

is on the order of 3%.

The LED located behind the pinhole emits light in the red visible range, peak-

ing around 630 nm, as it is shown in figure 4.7, and thus in a range for which

injection-molded PMMA features maximum transmittance (see section 3.7). This

prevents the measurements from being severely affected by absorption losses.
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Figure 4.6: Relative intensity distribution of the light beam at 280 mm distance to the light

source. The standard deviation from the mean value of the pixel values within the hexagonal

area is on the order of 3%.

Figure 4.7: Spectrum of the light source, measured with an Ocean Optics spectrometer [76].

4.1.2 The photosensor

The outgoing rays at the concentrator’s output aperture are measured with a

Hamamatsu MPPC S10362-33-50C (see also section 3.1). Here, this photosensor

is operated as a photodiode (photodiode-mode) by applying an operating voltage

below the nominal Geiger-mode voltage. The response current of the photosensor

is expected to be proportional to the incident light flux, which is tested indirectly
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by comparing to a linearly responding positive-intrinsic-negative diode (PIN diode;

the linear behaviour is known from the datasheet).

First, the light output of the LED is monitored by the PIN diode while the LED

current is step-wise increased, reflecting the non-linear dependence of the LED

output on the applied LED current. Then, the same measurement is performed

using a MPPC. In case of a linear MPPC response, the ratio of the MPPC to PIN

diode current is expected to remain constant for any LED current applied. This is

tested for the MPPC with and without a light concentrator attached, resulting in

the curves shown in figure 4.8. The corresponding ratios of the measured currents

are shown in figure 4.9. The ratios are nearly constant with a small standard

deviation from the mean value of 0.7%, confirming a linear response of the MPPC

to the LED light output.

Figure 4.8: The LED output behaviour with increasing LED current is measured using a

linearly responding PIN diode and a MPPC with and without a light concentrator attached.

The MPPC is operated as a photodiode.
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Figure 4.9: The ratio of MPPC to PIN diode response versus the LED current. The mea-

surements are performed for a MPPC operated as a photodiode, with and without a light

concentrator attached. The constant ratios with small standard deviations of 0.7% in both

cases indicate a linearly responding MPPC in photodiode-mode.

Since light concentration is based on increasing the divergence of a light beam

(see section 2.2), it is important that the photosensor features a homogenous re-

sponse for a wide range of angles of incidence. For different angles of beam in-

cidence upon the concentrator, 0◦, 10◦, 20◦ and 30◦, the expected angular distri-

butions of photons at the concentrator’s exit aperture are shown in figure 4.10.

For an angle of incidence of 30◦, a large amount of photons leaves the concen-

trator with angles between 50◦ and 90◦. The angular response of the MPPC in

photodiode-mode is shown in figure 4.11, where a strong decrease for angles of

incidence between 70◦ and 90◦ is due to Fresnel reflections and the shadowing by

the photosensor’s casing. Correcting for these effects leads to an angular MPPC

response that is approximately constant for angles of incidence up to 90◦. It is

important for the measurements in the following sections, not to be limited by

the photosensor and hence to obtain realistic measures of the concentrator perfor-

mance.
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Figure 4.10: Angular distribution of the photons that leave the light concentrator, predicted

by ray-tracing simulations. Angular output spectra are shown for different angles of beam

incidence. Black: angle of incidence 0◦, red: 10◦, green: 20◦, blue: 30◦. Courtesy: I. Braun.

Figure 4.11: Angular response of the MPPC in photodiode-mode versus the angle of inci-

dence of a parallel light beam. The dataset is cosine-corrected (Lambert’s cosine law) and

normalized by the response at the angle of incidence 0◦. Fresnel reflections at the transition

from air to the epoxy layer on top of the MPPC and the shadowing by the photosensor’s

casing lead to the strong decrease between 70◦ and 90◦.
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4.1.3 Optical coupling to the photosensor

For FACT, the photosensors are optically coupled to the light concentrators with

a glue called EPO-TEC R© 301 [77]. It features high spectral transmittance in the

wavelength range of Cherenkov light and a refractive index 1.5 to avoid Fresnel

losses at the output aperture. The amount of the glue is carefully dosed and

applied first to the concentrator, before concentrator and photosensor are brought

in contact making use of a mechanical guide. Figure 4.12 shows one of the resulting

FACT pixels.

Figure 4.12: A light concentrator and a photosensor glued together, forming a FACT pixel.

For every glued pixel, the quality of the coupling is checked with the aid of a

macro image of the glue layer. The quality of the glue layer is subdivided into

four categories A, B, C and D, shown in figure 4.13 and used as reference for the

measurements in section 4.2. A sample that corresponds to category A features a

clear glue layer in which the sensitive cells of the MPPC are nicely visible. The rare

case, in which the photosensor is not perfectly aligned to the concentrator and the

border of the sensitive area is visible, is categorized as type B. Type C describes

samples in which air bubbles are present in the glue layer, that cover more than

5% of the sensitive cells of the MPPC. Type D reveals heavy distortions that make

parts of the glue layer appear opaque. These distortions also affect the mechanical

stability of the glueing.



4.2 Angular cutoff function 39

border
of sensitive area

A B

C D

Figure 4.13: Glue layer quality categories. Type A: the sensitive cells of the MPPC are clearly

visible. Type B: the photosensor is not perfectly aligned and the border of the sensitive area

is evident. Type C: many of the MPPC’s sensitive cells are covered by air bubbles, while the

remaining glue layer is clear. Type D: Heavy distortions are visible, parts of the glue layer

appear opaque. Note: due to the illumination used for taking the macro images, the bubbles

lead to visible shades on the glue layer.

4.2 Angular cutoff function

The angular response of the light concentrators is determined with the aid of the

goniometric holder (see section 4.1) that can be rotated to different azimuthal and

zenithal positions relative to the axis of the light beam. The light concentrator of

interest that is optically glued to a MPPC is mounted at the central position of

the holder. The photosensor response is determined for angles of incidence (zenith

angles) from 0◦ to ±60◦ in steps of 5◦, at different azimuthal positions, 0◦, 45◦ and

90◦, as illustrated in figure 4.14. The photosensor response, that is the current

at the MPPC, is measured with a Keithley 2001 multimeter [78]. During the
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Figure 4.14: The azimuthal positions that are used during the angular response measure-

ments. The goniometric holder rotated by 0◦, 45◦ and 90◦ over the azimuth axis is illustrated

from the light source’s point of view. Different zenithal positions of the goniometric holder

are indicated by a movement of the light source (positive zenith, negative zenith).

measurements, a hexagonal aperture on top of the concentrator is used to provide

mechanical stability to the goniometric holder. The aperture opening of 75.63

mm2 is chosen as large as possible to ensure a (almost) complete illumination of

the input aperture of the light concentrator at the central position.

In the following, the resulting angular responses are shown for light concen-

trators of the final version (see section 3.4) for the three azimuthal orientations

0◦, 45◦ and 90◦. Each of the figures contains four datasets that correspond to

the measurements obtained for positive and negative zenith angles at the given

azimuthal position and at the azimuthal position rotated by 180◦, to rule out un-

balances in the test setup. The angular cutoff functions are determined seperately

for FACT pixels with different glue layer qualities A, B, C and D (see section 4.1.3)

and compared to the angular cutoff function obtained by ray-tracing simulations.

The simulations are adjusted to the present test setup by taking into account the

spectrum of the light source (see section 4.1.1). A distortionless optical coupling

between concentrator and photosensor is assumed. The simulations include the

wavelength-dependent transmittance (see section 3.7) and the roughness of the

concentrator surface implemented as a peak-to-valley profile (see section 3.6 and

[62]).

Figures 4.15 to 4.20 show the measured angular responses, normalized to 1 at

vertical light incidence3, for two samples with a coupling quality A. The agreement

between the four measured curves in the figures is excellent, indicating a symmetric

3During the measurements small baseline variations were present, possibly due to heating
effects at photosensor or LED. These were changing slowly enough to be negligible during the
time needed to perform measurements for the full zenithal range. The normalization of the
angular response at vertical light incidence to 1 makes the measurements independent of these
baseline variations.
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angular behaviour of the pixels due to the clear optical coupling. The cutoff

functions generally differ for different azimuth angles because of the changing ro/ri-

ratio (see section 3.3) and are slightly softer than it is predicted by the simulations.

The results for a sample with coupling quality B are shown in figures 4.21 to 4.23,

where the disalignment between concentrator and photosensor affects particularly

the response for angles of incidence > 20◦ at azimuthal position 90◦. The curves

in figures 4.24 to 4.26 correspond to a pixel with coupling quality C, for which the

detection of the outgoing photons is affected by air bubbles in the glue layer. This

results in an angular cutoff that occurs at smaller angles of incidence compared to

previous measurements, here especially present for azimuthal positions 45◦ and 90◦.

The geometrical concentration ratio would have to be decreased to approximate

the cutoff of the simulation. Figures 4.27 to 4.29 show the measurements of a

sample with coupling quality D, resulting in a softened cutoff function for which

the cutoff angle is significantly decreased compared to the simulations.

Pixels with coupling quality A and B are the primary choice for FACT, whereas

samples of type D are completely discarded.

Figure 4.15: Angular cutoff functions versus the angle of light incidence, measured for

azimuthal positions 0◦ and 180◦ for positive and negative zenith angles, normalized by the

response at vertical light incidence. The measurements are compared to the angular cutoff

function obtained from ray-tracing simulations. The optical coupling corresponds to category

A.
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Figure 4.16: Angular cutoff functions for azimuthal position 45◦. The optical coupling

corresponds to category A.

Figure 4.17: Angular cutoff functions for azimuthal position 90◦. The optical coupling

corresponds to category A.
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Figure 4.18: Angular cutoff functions for azimuthal position 0◦. The optical coupling corre-

sponds to category A.

Figure 4.19: Angular cutoff functions for azimuthal position 45◦. The optical coupling

corresponds to category A.
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Figure 4.20: Angular cutoff functions for azimuthal position 90◦. The optical coupling

corresponds to category A.

Figure 4.21: Angular cutoff functions for azimuthal position 0◦. The optical coupling corre-

sponds to category B.
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Figure 4.22: Angular cutoff functions for azimuthal position 45◦. The optical coupling

corresponds to category B.

Figure 4.23: Angular cutoff functions for azimuthal position 90◦. The optical coupling

corresponds to category B.
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Figure 4.24: Angular cutoff functions for azimuthal position 0◦. The optical coupling corre-

sponds to category C.

Figure 4.25: Angular cutoff functions for azimuthal position 45◦. The optical coupling

corresponds to category C.
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Figure 4.26: Angular cutoff functions for azimuthal position 90◦. The optical coupling

corresponds to category C.

Figure 4.27: Angular cutoff functions for azimuthal position 0◦. The optical coupling corre-

sponds to category D.
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Figure 4.28: Angular cutoff functions for azimuthal position 45◦. The optical coupling

corresponds to category D.

Figure 4.29: Angular cutoff functions for azimuthal position 90◦. The optical coupling

corresponds to category D.

4.3 Light throughput efficiency

The light throughput efficiency TPE is defined for a vertically incident light beam

(zenith angle 0◦) as the ratio of the light fluxes through the output and input
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aperture of the light concentrator, Φout and Φinc:

TPE =
Φout

Φinc

· 100% . (4.1)

It gives a measure for the losses that a light beam suffers during its propagation

through the concentrator. The following section 4.3.1 describes the method that

is used to obtain a measure of the photosensor response to the incident flux from

the light source in the test setup. In section 4.3.2, the light source flux incident

upon the concentrator’s input aperture Φinc is determined in terms of photosensor

response, which is used later in section 4.3.3 to obtain TPEs for FACT pixels with

different coupling qualities.

4.3.1 Light flux measurements

According to section 4.1.2, the MPPC operated in photodiode-mode responds

linearly to the light flux incident from the light source. However, instead of using

the measured MPPC current as a measure of the photosensor response, the slope

is used, that describes the linear incline of the MPPC current with increasing light

source output. This makes the measurements independent of baseline variations

in the test setup, which might be caused by heating effects of photosensor and

LED. Figure 4.30 shows this incline for two cases, a bare MPPC and a MPPC

coupled to a light concentrator. In both cases, the currents are measured while

the output of the light source is step-wise increased within a range in which the

LED output increases linearly with the applied LED current. The fitted slopes

of these two curves yield measures of the photosensor response in arbitrary units,

that are reproducible within 3%.

Figure 4.30: Measured current responses of a bare MPPC and a MPPC coupled to a light

concentrator to a stepwise-increased light flux from the light source.
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4.3.2 The light flux incident upon the input aperture

In the test setup (see section 4.1), the entrance of the light concentrator is po-

sitioned at 280 mm distance to the light source and is restricted by a hexagonal

aperture that is part of the goniometric holder. This aperture has a known area

Ahexagon = 75.63 ± 0.10 mm2. To obtain a measure of the flux that is incident

through this aperture, the photosensor response to the light source flux is mea-

sured according to section 4.3.1, using a bare MPPC that is placed along the beam

axis at 280 mm distance to the light source. The obtained photosensor response is

then converted to the expected flux through Ahexagon using a conversion factor Fc.

The MPPC is covered by a square-shaped aperture with an opening area Asquare =

4.82 ± 0.03 mm2 to avoid an artificial increase of the measured response by photon

back-scattering from the bottom side of the MPPC’s casing. The conversion factor

Fc is given by the ratio Fhexagon/Fsquare of the light flux Fhexagon through Ahexagon

to the light flux Fsquare through Asquare. The profile of the light beam, however,

is not exactly homogenous but peaks around the beam axis (see section 4.1.1).

Therefore, the alignment uncertainty of the light concentrator relative to the light

beam and the light beam’s intensity distribution need to be taken into account for

the calculation of Fc.

The intensity distribution of the light beam at 280 mm distance to the light

source is known through the CMOS sensor image shown in figure 4.31. The hexag-

onal and a square-shaped outlines shown in the same figure represent Ahexagon and

Asquare, respectively. By summing the pixel values within the outlines, measures

of the respective light fluxes through Ahexagon and Asquare are obtained. The two

outlines are step-wise shifted across the beam profile within a range that reflects

the alignment uncertainty of the test setup, illustrated by the dashed arrow in

figure 4.31, and the light flux ratio Fhexagon/Fsquare is determined for each shifting

step. The light flux ratios for the different shift positions relative to the beam axis

are shown in figure 4.32. Averaging these values yields the conversion factor Fc =

15.28 ± 2%, where the error takes into account the alignment uncertainties in x-

and y-direction and the uncertainties on the sizes of Asquare and Ahexagon. The flux

incident upon the input aperture of the light concentrator is then calculated by:

Φinc = Rsquare · Fc · cF , (4.2)

where Rsquare is the MPPC response to the light flux through the square-shaped

aperture Asquare, measured according to section 4.3.1. An additional factor cF =

1.04 compensates the Fresnel losses of ∼ 4% that occur by the transition from air

to the protective epoxy layer of the MPPC (see section 3.1).
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Figure 4.31: Relative intensity distribution of the light beam at 280 mm distance to the light

source. The pixel values within the hexagonal and square-shaped outlines are summed to

obtain measures of the light fluxes upon the light concentrator’s input aperture and the bare

photosensor, respectively. The two outlines are step-wise shifted across the beam profile , to

obtained light flux ratios at different distances relative to the beam axis.

Figure 4.32: Ratio of the light flux through the hexagonal aperture to the light flux through

the square-shaped aperture, at 280 mm distance to the light source. The ratio is obtained

for different positions relative to the beam axis, where position 0 is set to the peak position

of the beam intensity distribution. The mean value of the ratios yields the conversion factor

Fc.

In the case of the FACT pixels, the light concentrators have already been

glued to the MPPCs and the bare photosensor is not available to measure Rsquare.

Fortunately, MPPCs are characterized by individual Geiger-voltages VG that are
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provided by the manufacturer and that correlate with Rsquare, as it is shown in

figure 4.33. The expected response in photodiode-mode Rsquare can be estimated,

with an uncertainty of∼ 3%, from a given Geiger-voltage VG through Rsquare(VG) =

a · VG + b, where a and b are determined from the fit-line (black dashed line) in

figure 4.33. Together with the uncertainty on the conversion factor Fc, the overall

uncertainty on the measure of the incident light flux Φinc yields ∆Φinc/Φinc =√
(∆Rsquare/Rsquare)2 + (∆Fc/Fc)2 ≈ 4% and is denoted in the following section

as calibration uncertainty.

Figure 4.33: The responses Rsquare in photodiode-mode of 30 different MPPCs versus their

Geiger-voltages. The responses are measured at 280 mm distance to the light source using

the square-shaped aperture Asquare. The datapoints are fitted by a straight line, which

allows Rsquare to be calculated on the basis of the Geiger-voltages that are given by the

manufacturer. The error of this method is estimated to ∼ 3%.

4.3.3 Results

The light throughput is determined for eight FACT pixels with different coupling

qualities A, B, C and D (see section 4.1.3). The response of each pixel to a

vertically incident light beam is measured several times, distributed over a period

of several hours. The results for each pixel are averaged and shown in figure 4.34.

The errorbars result from the standard deviation of the measurements and from

long-term baseline variations of the test setup on the order of 3%. The grey-shaded

area corresponds to the calibration uncertainty (see section 4.3.2).
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Figure 4.34: Light throughput efficiencies of 8 FACT pixels with glue layer qualities A, B, C

and D. The errorbars take the standard deviation of the measurements as well as long-term

variations of the setup into account. The grey-shaded area indicates the uncertainty on the

incident flux.

4.4 Light collection efficiency

A three-dimensional light concentrator collects light from any possible azimuthal

direction, as it is sketched in figure 4.35. The light flux that is incident upon the

light concentrator from zenith angles θ ∈ [θ1, θ2] and from azimuth angles φ ∈ [0,

2π], indicated in figure 4.35 by the red-shaded area, is given through:

Φinc(θ1, θ2) =

∫ θ2

θ1

∫ 2π

0

ΦΩ · sin θ dφ dθ , (4.3)

where ΦΩ is the light flux per solid angle Ω. The light flux that is actually collected

by the concentrator is then given by:

Φcoll(θ1, θ2) =

∫ θ2

θ1

∫ 2π

0

ΦΩ ·Rθ · TPE · sin θ dφ dθ , (4.4)

where Rθ is the measured angular response at zenith angle θ (see section 4.2) and

TPE is the throughput efficiency at vertical light incidence (see section 4.3). ΦΩ

will be set to 1 for the calculations in this section, corresponding to an isotropic

incident light flux.

Due to the varying angular cutoff function for different azimuth angles (see

section 3.3), the collected flux Φcoll is first calculated individually for the different

azimuth angles, 0◦, 45◦, 90◦, resulting in ΦA0, ΦA45 and ΦA90, and then approxi-
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Figure 4.35: For a given zenith angle θ, a light concentrator collects light from any possible

azimuthal direction. This is indicated by the red-shaded area around the central axis of the

concentrator.

mated by the weighted average:

Φcoll(θ1, θ2) =
2 · ΦA0(θ1, θ2) + 4 · ΦA45(θ1, θ2) + 2 · ΦA90(θ1, θ2)

8
, (4.5)

where the weighting reflects the actual shape of the concentrator.

In figure 4.36, the differential light flux dΦinc/dθ, incident upon the light con-

centrator from an isotropic source, is plotted versus the angle of incidence θ. Since

the light concentrator is designed to cut off for angles of incidence > 20◦, the dif-

ferential light flux is subdivided into signal and background for angles of incidence

θ ∈ [0◦, 20◦] and θ ∈ ]20◦, 90◦], respectively. In the same figure, the black dashed

line indicates the fraction that is expected to be collected by a FACT pixel with

coupling quality A (see section 4.2) applying a TPE of 90%. The total collected

fraction of the incident signal results in:

Φcoll(0
◦, 20◦)

Φinc(0◦, 20◦)
≈ 80% , (4.6)

whereas the total fraction collected from the background is significantly smaller

and yields:
Bcoll

Binc

=
Φcoll(20◦, 90◦)

Φinc(20◦, 90◦)
≈ 4% , (4.7)

indicating an excellent background suppression obtained with the present light

concentrator shape.
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Figure 4.36: The incident differential light flux and the fraction that is collected by the light

concentrator versus the angle of incidence. Angles of incidence θ ∈ [0◦, 20◦] and θ ∈ ]20◦,

90◦] are treated as signal and background, respectively. The incident differential flux is given

here by dΦinc/dθ = sin θ · 2π, which is then normalized to 1 at angle of incidence 90◦.

4.5 Optical cross talk

Optical cross talk occurs in pixelized cameras when light leaks from one pixel to

another. This can increase the background level across the whole camera if rays

that are primarily rejected reach the photosensor in a neighboring pixel. Since

the FACT pixels utilize solid light concentrators, optical cross talk could occur

as the result of a non-fulfilled condition for total internal reflection. Figure 4.37

illustrates leaking rays and two possible cross talk scenarios.

In the following, optical cross talk is probed, using pixels with coupling quality

A, for two different azimuthal positions of the goniometric holder, 0◦ and 45◦, as

it is illustrated in figure 4.38. While the central light concentrator is illuminated,

the photosensor response is measured in the neighboring pixels 1, 2, 3 and 4 for

zenith angles from 0◦ to ±60◦. The cross talk level measured in the neighboring

pixels is presented as a fraction of the incident light flux upon the central pixel.
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Figure 4.37: Rays that enter a light concentrator with large angles of incidence may leak

into neighboring pixel.
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Figure 4.38: Optical cross talk measurements. Left: The goniometric holder is positioned

at azimuth 0◦. While the central light concentrator is illuminated from different angles of

incidence, the photosensor responses are measured at neighbors 1, 2 and 4. Left: The

goniometric holder is positioned at azimuth 45◦. The photosensor responses are measured

at neighbors 1 and 3.

Measurements that indicate the occurence of cross talk are summarized in

figure 4.39, whereas figure 4.40 shows the measurements in which no cross talk is

found. For angles of incidence from 0◦ to 20◦, none of the measurements indicates

the occurance of cross talk. However, cross talk is clearly present in pixels 1 and 4

for angles of incidence > |50◦| when the measurements are performed at azimuth

angle 0◦ as well as in pixel 3 for measurements performed at azimuth angle 45◦.

Cross talk may therefore lead to an increase of the level of night sky background

across the camera, whereas the actual signal, expected from angles of incidence

between 0◦ to 20◦ (see section 3.1), is not affected.
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Figure 4.39: Measurements that indicate the occurance of optical cross talk. The uncer-

tainties of the cross talk measurements are on the order of 5% due to very low photosensor

currents close to the limit of measurability of the multimeter.

Figure 4.40: Measurements with no indication of optical cross talk. The uncertainties of the

cross talk measurements are on the order of 5%.
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Chapter 5

Application

5.1 The frontplane of the FACT camera

1440 light concentrators attached to photosensors form the pixels of the FACT

camera. The pixels are optically glued to a circle-shaped PMMA (Plexiglas R© GS

2458 [64]) window of 4 mm thickness, forming the frontplane of FACT. A dedicated

PMMA glue called ACRIFIX R© 1R 9019 Solar [79] is used for the glueing. With the

aid of capillary attraction, the glue is distributed homogeneously to the contact

area between pixel and front window. This is illustrated in figure 5.1.

syringe

PMMA window

glue layer

Figure 5.1: The input aperture of the light concentrator is attached to the front window.

Capillary attraction is used to distribute the glue homogeneously to the contact area between

pixel and frontplane. With the aid of a syringe the glue is applied to the edge of the contact

area, after the concentrator has been aligned to its final position on the front window.

The completed FACT frontplane is shown in figures 5.2 and 5.3. Viewed from

the front, the pixels appear dark since the dark sensitive area of the MPPCs is

projected to the concentrator’s input aperture. This effect illustrates nicely the

capability of the concentrators to increase the photosensitive area per pixel. When

the viewing angle is increased, the pixels appear brighter, reflecting the angular

cutoff function of the concentrators. This can be seen in the bottom image of figure

5.2. The lens of the photo camera collects light from different viewing angles, which

leads to a visible brightness gradient across the pixels.
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Figure 5.2: Front view of the FACT frontplane.
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Figure 5.3: Back view of the FACT frontplane.

The FACT frontplane has been produced manually. A more attractive solution

would be a robotic production flow that includes the coupling of the photosensors

to the light concentrators as well as the final placement on the front window.
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Abstract: Multipixel Imaging Air Cherenkov Telescope cameras feature a pixel design that utilizes specific light concen-
trators to fill the dead space between photosensors and to considerably increase their photon collection area. These light
concentrators additionally reduce the noise contributionfrom night sky background which arises from scattered photons
that come from airglow, nearby cities, stars etc. A new design of solid light concentrators is presented here that interfaces
a hexagonal entrance structure to small square-shaped Geiger-mode avalanche photodiodes (G-APDs). The price per unit
sensitive area of G-APDs is still higher than for more conventional photosensors, such as photomultiplier tubes. There-
fore, a higher area concentration ratio is desired than in previous experiments. The FACT (First Geiger-mode Avalanche
Photodiode Cherenkov Telescope) camera will make use of G-APDs in combination with these light concentrators. Solid
light concentrators, that are based on total internal reflection, intrinsically lead to an increased area concentration ratio
compared to the non-solid version. As production method, injection moulding of polymethyl methacrylate (PMMA,
Plexiglas) is investigated, which is ideal for larger scaleproduction. Development, production and the measured char-
acteristics of these devices are presented here and comparisons to predicted values based on ray-tracing simulations are
shown. The results of this study will be relevant for future Cherenkov telescopes as the Cherenkov Telescope Array
(CTA).
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1 Introduction

In current Imaging Air Cherenkov Telescopes (IACTs), as
HESS, MAGIC or VERITAS, pixelized cameras feature a
pixel design in which the photosensors are equipped with
special light concentrators (see for instance [1]). The light
concentrators increase the photosensitive area per pixel and
thereby minimize dead spaces on the camera. Furthermore,
they are designed to cut off environmental stray light from
night sky background photons by only accepting light that

is incident from the telescope’s reflector. For axisymmet-
ric light concentrators, the cutoff angleΘ is related to the
size ratio of the light guide’s input apertureAinput to its
output apertureAoutput by (Ainput/Aoutput) ∝ (n/sin Θ)2

[2], wheren is the refractive index of the material the light
guide is filled with. It may be air (hollow light guide) or
any dielectric (solid light guide). This area concentration
allows the expensive photosensitive area to be enlarged and
thereby to reduce the costs per mm2.
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20 mm

Figure 1: A solid light concentrator made of PMMA, opti-
cally glued to a G-APD.

2 Design criteria

For the First Geiger-mode Avalanche Photodiode
Cherenkov Telescope (FACT) [3], specific light con-
centrators are designed. The telescope mount that is used
for the FACT camera has a focal distance to diameter ratio
f/D of 1.4. This implies a desired cutoff angle per pixel
of approximately 20◦. As photosensors, Geiger-mode
avalanche photodiodes (G-APDs) are utilized, here Hama-
matsu MPPC S10362-33-50C [4], with a square-shaped
sensitive area of 3.0 x 3.0 mm2. In order to tolerate
alignment uncertainties, the output aperture of the light
concentrator is fixed to 2.8 x 2.8 mm2. A hexagonal input
aperture ensures equal distances between directly neigh-
bouring pixels and allows for nearly 100% coverage of
the camera with photosensitive area. Hexagonal pixels are
commonly chosen in current IACTs. Light concentrators
produced out of a solid material lead, due to Snell’s law,
to a larger area concentration at the same cutoff angle
compared to hollow light guides. In case of a camera front
window, solid light guides allow the losses due to Fresnel
reflections that occur at transitions between materials of
different refractive indices to be minimized. A refractive
index of about 1.5 is pre-defined by the protective epoxy
layer on top of the sensitive silicon area in the photosensor.
Therefore, polymethyl methacrylate (PMMA, Plexiglas),
a material with a similar refractive index, is selected for
the light guides and the front window. UV-transparent
PMMA is chosen in order to make the camera as sensitive
as possible to wavelengths below 400 nm.

3 A solid parabolic light concentrator

In comparison to hollow light guides whose inner surface is
covered with a reflective foil, solid light guides make use of
total internal reflection. The classical “Winston cone” that
is described in detail in [2] is widely used in Cherenkov
telescopes. Instead of using a “Winston cone” shape that is
characterized by tilted parabolic side walls, we have devel-
oped a light concentrator with upright parabolic side walls.
With this design, the complicated three-dimensional shape
that interfaces a hexagonal input to a square-shaped out-
put is much easier to produce. In contrast to the “Win-

prototype 1 prototype 2 prototype 3

milled,

grooved surface

moulded,

small injection hole

weld lines

moulded,

larger injection hole

no weld lines

20

mm

injection 

hole

Figure 2: CNC-milled and injection-moulded prototypes.

ston cone”, the upright parabolic concentrator offers two
more free parameters, the input area and the height of the
light guide. While the output area is fixed by the photo-
sensor size, the desired cutoff angle determines the input
area but the exact size of the area needs to be found with
the aid of ray-tracing simulations. Additionally, a fine-
tuning of the height is used to sharpen the angular cutoff
and thereby to increase the ratio of the acceptable light
from the reflector (signal) to the stray light from the en-
vironment (background). An extensive ray-tracing study
has been performed to determine these parameters, based
on the software and experience from [5]. The study re-
sulted in a 78.2 mm2 area for the hexagonal input and in a
height of 19.9 mm. The input area is adjusted to a cutoff
angle slighty larger than 20◦ to be sure that no acceptable
light from the reflector is rejected. The corresponding area
concentration is in the order of 10. The solid light guides
are finally produced by injection moulding of a PMMA
granulate called PlexiglasR© 7N OQ [6], a special selec-
tion of granulate to achieve a high optical quality. Figure
1 shows one of the injection-moulded light guides with a
photosensor optically coupled to the output area. Figure 2
gives an overview on the iteration process during the pro-
totyping phase. The first prototype is produced by CNC-
milling out of a block of commercially available extruded
PMMA. However, the milling process leads to a grooved
surface. Therefore injection moulding is investigated as
production method. Injection moulding guarantees a high
surface quality which is necessary to ensure efficient in-
ternal total reflections. The second prototype is injection-
moulded. Although a much smoother surface is achieved,
weld lines are present, caused by a low flow rate of the fluid
PMMA during the injection into the mould. In the third and
final prototype, the weld lines are eliminated by enlarging
the injection hole that is positioned at one of the side walls.

4 Spectral transmittance

Figure 3 shows the transmission spectrum averaged from
the measurements of more than 1400 injection-moulded
light concentrators. A Perkin Elmer Lambda 900 spec-
trometer is used for this purpose. Losses due to Fresnel
reflections occur at the input and at the output area of the
light guide. The light guide transmission spectrum affects
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Figure 3: Transmission spectrum averaged from more than
1400 measurements. The spectra are not corrected for Fres-
nel losses.
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Figure 4: Measurable intensity of the Cherenkov spectrum
versus wavelength. The simulated Cherenkov spectrum at
2200 m asl (maximum is normalized to 1) is folded itera-
tively with the mirror reflectivity, the photosensor PDE and
the light guide transmission. Perfect optical coupling be-
tween light guide and photosensor is assumed.

the measureable intensity of the atmospheric Cherenkov
spectrum. The measureable intensity is further restricted
by the reflectivity of the mirrors utilized in the telescope
and particularly by the photon detection efficiency (PDE)
of the photosensor. This is illustrated in figure 4. A typi-
cal Cherenkov spectrum, simulated as it is expected at the
FACT site (2200 m asl), is folded with the measured FACT
mirror reflectivity, the measured PDE of the photosensors
and finally with the averaged spectral transmission of the
light guides (extrapolated to 800 nm).

5 Angular acceptance

The angular acceptance is probed with the aid of the gonio-
metric setup that is schematically sketched in figure 5. The
setup features a light source that emits parallel light with
a wavelength of about 630 nm. This wavelength is cho-
sen to be in the wavelength range of maximum light guide
transmittance (see figure 3) to prevent the measurements
from being severely affected by absorption losses. EPO-
TEK 301 glue [7] is used for the optical coupling between
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Figure 5: Goniometric test setup to probe the angular ac-
ceptance and the light throughput of the light concentrators.
The light guide’s orientation relative to the light beam can
be varied within a wide azimuth and zenith range.
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Figure 6: Measured and simulated photosensor response
(normalized) versus the angle of light incidence.

photosensors and light guides. Light guide and photosen-
sor are then mounted into a goniometric holder that allows
the orientation relative to the light beam to be varied within
a wide azimuth and zenith range. In figure 6, the response
of the photosensor is plotted for a fixed azimuth angle ver-
sus the angle of light incidence (zenith angle). The curve is
normalized to 1 at angle of incidence 0◦. It is compared to
a ray-tracing simulation using the same azimuth and zenith
angle and the same light source configuration as in the mea-
surement.
Separate measurements are performed to determine the
light throughput through the light guide, defined as the ra-
tio of the light flux measured at the output to the light flux
incident on the input. The light guide’s zenith angle orien-
tation is fixed to 0◦ for this purpose. Well-coupled samples,
that is samples with clear glue layers, achieve throughput
efficiencies in the order of 90%, measured with the 630 nm
light source. Even a small number of small air inclusions
in an elsewhere clear glue layer has no measurable effect
on the throughput efficiency (see also [8]).

6 Collection efficiency

As mentioned in section 2, the light guides are designed
for a cutoff angle of 20◦. Light incident from angles [0◦,
20◦] is therefore treated as signal and light from angles
]20◦, 90◦] as background. In the three-dimensional case,
light incident from a certain zenith angle needs to be inte-
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Figure 7: Simulated incident signal and background light
flux in case of an isotropic incident flux distribution versus
the angle of incidence. The dashed line corresponds to the
flux that would be collected by the light guide.

grated over the total azimuth range. In figure 7, the light
flux is plotted versus the angle of incidence, assuming an
isotropic incident flux distribution. The dark grey and light
grey filled curves correspond to the incident signal and in-
cident background respectively, in the three-dimensional
case. The flux value at angle of incidence 90◦ is normal-
ized to 1. The dashed line in the same figure indicates the
flux that is collected by the light guides taking the mea-
sured angular acceptance and 90% throughput efficiency
into account. This yields collected 80% of the incident
signal and collected 4% of the incident background.

7 The FACT camera frontplane

1440 light concentrators form the FACT front plane. Pre-
fabricated samples, that is light guides and coupled photo-
sensors, are glued onto a circle-shaped PMMA front win-
dow (PlexiglasR© GS 2458 [6]). A highly fluid glue called
Acrifix R© 1R 9019 Solar [9] is used. The glue layer be-
tween front window and light guide is achieved by capil-
lary attraction. After intensive pre-treatment of the contact
surfaces with 2-propanol, an optically clear glue layer is
obtained. Figures 8 and 9 show two images of the front
plane, viewed from a lateral point of view and from the
front respectively. The front view makes the pixels appear
dark. This is due to the fact that the sensitive area of the G-
APD attached to the light guide’s output appears enlarged
at the hexagonal input.

8 Summary and conclusions

A new type of solid parabolic light concentrators for small-
sized photosensors has been developed. It interfaces a
hexagonal input to a square-shaped output aperture. Injec-
tion moulding of PMMA has been successfully tested as a
production method, appropriate for large-scale production.
These light guides have been utilized for the first time in
the FACT camera front plane. For future projects, there is

Figure 8: The FACT camera frontplane from a lateral point
of view.

Figure 9: The FACT camera frontplane viewed from the
front.

the option to substitute the manual placement of the light
guides on the front window by a robotic assembly.
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G-APDs in Cherenkov astronomy: the FACT camera.
Proceedings of the 6th NDIP, Lyon 2011.

[9] Evonik Industries AG: http://www.acrifix.com



66

Part II

A stacking search for gamma-ray

emission from galaxy clusters

with the Fermi LAT



Introduction to galaxy clusters 67

Chapter 6

Introduction to galaxy clusters

6.1 Clusters and their ingredients

Galaxy clusters are the largest gravitationally bound structures in the universe

and have been formed through local overdensities of matter that have attracted

thousands of galaxies, gas and dark matter (general reviews can be found in [80,

81, 82]).

Clusters form mainly through two processes that are called merging and accre-

tion. Merging events describe the scenario in which two clusters of similar mass

collide, merge and form larger structures and can occur several times during the

formation period of a cluster [83]. Accretion occurs continously during the lifetime

of a cluster and describes the absorption of smaller-scale structures, that is gas,

galaxies or groups of galaxies, along large-scale filaments in the cluster outskirts.

In optical observations, clusters appear as strong concentrations of galaxies,

packed into regions of about 4 Mpcs1 in diameter. Fritz Zwicky discovered in

the 1930s [84] that the galaxies in the central cluster core move like a rotating

solid body, a behaviour that could not be explained with the mass distribution of

the visible galaxies. This discovery lead to the introduction of an invisible (dark)

matter that is distributed between the galaxies. Today, we know that dark matter

makes up 85% and visible galaxies only a fraction of 3% of the total cluster mass

of ∼ 1015 solar masses.

The remaining 12% of the cluster mass correspond to the intracluster medium

(ICM), a diffuse, hot, ionized gas (plasma) that fills the entire cluster volume. The

main component of this gas is hydrogen, but also helium and heavier elements,

e.g. oxygen, iron, silicon are part of it [85, 86]. Most of the clusters are assumed

to be in approximate hydrostatic equilibrium, which means that the pressure of

the hot ICM prevents the gravitational collapse, while the gas and the galaxies

are confined by the gravitational potential of the cluster. In this condition, the

thermal velocities of the gas particles are similar to typical orbital velocities of the

14 megaparsecs (Mpcs) equals 12.36× 1022 m
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cluster galaxies (500 to 1200 km s−1), implying ICM temperatures of 107 to 108 K

[85].

The ICM is not visible in the optical range, but the high gas temperatures lead

to thermal emission of X-rays, which allows the observation of the ICM (see section

6.2). Current models assume that the high gas temperature is gravitationally

induced due to an enormous mass concentration in the central cluster region, that

leads to a deep gravitational potential well. The gas is introduced into the clusters

during cluster formation, falls into the potential well and is accelerated to velocities

> 1000 km s−1. Generally, the deeper the cluster’s potential well, the more gas

is confined and the brighter the cluster appears in X-rays [87, 88]. Besides the

initial gas infall, a significant part of additional heating occurs when clusters form

through merging, which disturbs the state of the ICM significantly and can destroy

the hydrostatic equlibrium. Major2 cluster mergers, the most energetic events since

the big bang, may lead to relative gas velocities > 2000 km s−1, at which colliding

supersonic gas streams result in powerful shock waves, called merger shocks, that

heat up the gas. Also, supernovae and active galactic nuclei (AGN) can provide

additional heating to the ICM.

6.2 Thermal emission and cooling

The high gas temperatures lead to extended X-ray emission across the cluster vol-

ume and make it possible to observe and investigate the ICM with X-ray telescopes

[80, 86, 89]. For gas temperatures < 3× 107 K, the X-ray emission is mainly due

to X-ray line emission, resulting from collisions between free electrons and gas

particles (collisional excitation) [82]. An example is the 7 keV iron line, indicating

that the material that forms the ICM could have been ejected from stars. For

gas temperatures > 3 × 107 K, thermal bremsstrahlung is the dominating X-ray

emitting process that is triggered when free electrons are accelerated in Coulomb

fields of ambient gas particles, mainly hydrogen ions.

In regions in which the gas is dense, these radiative energy losses can lead to

a cooling of the gas over relatively short timescales. Gas that has cooled below

the temperature at which it could sustain the gravitational pressure flows slowly

inwards to the cluster center, leading to an accumulation of the cool gas and thus to

an increased gas density in the inner region. This can be observed for a significant

fraction of clusters and leads to the general subdivision into cool core (CC) [90]

and non-cool core (NCC) clusters. ICM entropy profiles that reflect the thermal

properties of the clusters [91] help to discriminate between both types. The cool

gas in CCs is characterized by low entropy values in the central cluster region.

Gas that cools further loses its X-ray emissivity and reaches temperatures at

which star formation is possible [92]. The observed star formation rates, however,

2The merger is called major if the contributing clusters have masses > 1015 solar masses.
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are smaller than expected since the gas only cools to 1/3 of the initial temperature

and is protected from further cooling [93]. This phenomenon is currently explained

by a central heating mechanism in form of an AGN [94]. Every cluster is expected

to host a central supermassive black hole that could accrete the cooled gas and

be turned into an AGN, producing relativistic particle jets. The jets would get

absorbed by the surrounding gas and heat it up, which in turn stops the cooling

[82]. This theory is reinforced by the fact that in most CCs AGN in form of a

central radio galaxy have been detected [95].

NCCs, on the other hand, lack this low-entropy core region and some of them

produce extended diffuse radio emission, i.e. radio halos, radio relics (see section

6.3), which is not the case for any of the CCs. Evidence grows that these giant radio

halos are related to cluster mergers [96, 97], indicating that NCCs are clusters with

on-going dynamical activity. They could be part of a cyclical evolution scenario

in which mergers are the disturbing impact that turns CCs into NCCs which

afterwards tend to relax, cool down and resume the status of CCs [98].

6.3 Non-thermal emission

When galaxy clusters are observed with radio telescopes, some of them reveal large-

scale diffuse radio emission which is mainly observed in three different variations:

halos, relics and mini-halos [99, 100, 101]. Mini-halos are of relatively small size

on the order of 500 kpc and are only found at the center of CCs, which indicates a

connection to the central AGN [99]. In contrast, halos and relics are giant diffuse

radio sources with extensions ≥ 1 Mpc and explicitly found in some of the NCCs

but never in CCs. While halos are centered on the cluster and fill a similar volume

as the X-ray emitting gas, relics are located at the outskirts of the cluster volume,

often showing a shape that could be associated to a radial shock front. The three

phenomena, halos, relics and mini-halos, are attributed to synchrotron radiation

in the ICM, indicating the existence of extended diffuse magnetic fields on the

order of µGauss and populations of electrons that move at relativistic velocities

[100].

The following scenarios may be possible explanations for the existence of halos

and relics that are both most probably connected to merger events [96, 97]. AGN

activity or ongoing star formation may be mechanisms that inject primary CRs,

i.e. electrons, protons, ions, into the cluster volume (see also section 1.1). The

diffuse magnetic fields that are present in the ICM confine the CRs and make

them accumulate over time [102, 103, 104]. When clusters merge, shocks are

produced that propagate across the cluster volume, acting as accelerating wave

fronts. These shocks lead additionally to large-scale turbulence in the ICM. Both

mechanisms, shock waves and turbulence, enable CR acceleration up to relativis-

tic energies. Relativistic protons can be effectively accumulated in the cluster

volume over cosmological time scales on the order of 1010 years and hence may
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have gained energy through several merger events during cluster formation. In

contrast, relativistic electrons lose their energy rather rapidly within ∼ 108 years

through ICS (see section 1.1) and synchrotron emission, and thus within a time

scale that is shorter than the average time expected between two merger events

[105, 106, 107, 108, 109]. Radio halos are therefore expected to originate from

synchrotron-emitting electrons that have accumulated in the cluster volume over

time. These electrons are continuously reaccelerated by ICM turbulence that is

based on random interactions with turbulent magnetic fields, to overcome the

rapid energy losses [100, 108, 109, 110]. For radio relics, on the contrary, current

models propose that electrons are accelerated in merger shock waves according to

diffusive shock acceleration (see section 1.1) [100, 109]. Since electrons produce

synchrotron radiation rather close to the shock front, this leads to radio emission

with a filamentary shape [99, 106].

Besides the non-thermal emission in the radio band, a pool of relativistic CRs

is supposed to lead to scenarios that enable the production of hard X-rays and

high-energy gamma rays, as it is discussed in the following section.

6.4 Gamma-ray emission

Even though galaxy clusters have been observed in optical, radio and X-rays, the

definite observation in gamma rays is still missing. The dominant contribution to

the production of gamma rays is expected from the decay of neutral pions that

originate from pp-collisions between relativistic protons and nuclei of the thermal

cluster gas (see section 6.3) [106, 109]:

pp −→ ppπ0 (6.1)

π0 −→ γγ .

Due to an increased ICM density at the cluster core compared to the outskirts,

pp-collisions are expected to occur mainly in the cluster’s central region.

Under the assumption of diffusive shock acceleration, the particle flux spectrum

of the protons is expected to follow approximately a power-law function (see section

1.1) with an index α = −2 · (M2 + 1)/(M2 − 1) that depends on the shock’s

Mach number M, that is the velocity of the shock relative to the sound speed in

the medium [106]. The spectrum is further shaped through adiabatic transport

processes and particle energy losses [19, 109, 111]. The π0-decays lead to a gamma-

ray flux spectrum that can, for energies from 1 GeV to 107 GeV, be approximated

by a power-law function with a spectral index similar to the one of the proton

spectrum [19, 106, 111]. At energies < 1 GeV, the steepness of the gamma-ray

spectrum decreases since the protons lose energy through Coulomb interactions

with electrons [19].

A further mechanism that may produce gamma rays considers shock-accelerated

electrons that scatter with photons of the CMB, boosting the photons to higher
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energies via ICS [19, 106, 109]. Even though major merger shocks are extremely

energetic events, the produced shock waves are supposed to be rather weak com-

pared to the shocks that can originate from accretion, where cold infalling mate-

rial encounters the hot ICM. Merger shocks are therefore expected to contribute

mainly to the thermal energy in the cluster and to lead to large-scale synchrotron

emission. Electrons that are accelerated in merger shocks may be able to boost

CMB photons to extreme UV and hard X-ray energies via ICS [105]. In accretion

shocks, that exist so far only in models and have not been observed, the electrons

are expected to face much higher Mach numbers which would allow accelerations

up to energies ∼ 100 TeV. At these energies, ICS could turn CMB photons into

high-energy gamma rays [106, 108].

Proton-proton collisions can furthermore lead to highly energetic charged pions

that decay, via muons, into secondary electrons and neutrinos:

π+/− −→µνµ (6.2)

µ −→ eνeνµ ,

where the electrons could produce synchrotron emission in the X-ray and ICS

emission in the gamma-ray regime [19, 108, 112].

In [113, 114], a further possibility is discussed, that could enable the production

of gamma rays. While the maximum energy of accelerated electrons is limited

through synchrotron and ICS losses, protons could be accelerated in accretion

shocks to ultra high energies ∼ 103 TeV and may still be confined in the large-

scale magnetic fields of the ICM, allowing further acceleration. The protons could

then interact with the CMB and produce electron-positron pairs as well as pions

that lead to gamma rays via ICS and pion decays, respectively.

Additionally, the decay or the annihilation of dark matter particles in the

cluster volume could contribute to a potential gamma-ray emission [18].
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Chapter 7

Stacking of Fermi-LAT data

7.1 Analysis of Fermi-LAT data

After successful data taking with the Fermi LAT (see section 1.2.2), the obtained

data is transferred in two-orbit intervals, that is every ∼ 3 h, to the Fermi Mis-

sion Operations Center located at the NASA Goddard Space Flight Center in

Greenbelt, Maryland. Via automated pattern recognition and event selection, the

gamma-ray events are reconstructed and provided to the user in form of an event

list with information about direction of origin and energy of the detected photons.

The direction of origin is given as a position on the sky in units of right ascension

and declination.

A gamma-ray source is analyzed with the aid of a maximum likelihood method

[115, 116, 117], which is a convenient way to take the energy dependence of the

PSF into account (see section 1.2.2). For this purpose, photons are selected from

a region centered on the source of interest, that is sufficiently extended to account

for the large PSF at low energies. This region is also called region of interest

(ROI). In the binned likelihood approach, implemented in the Fermi ScienceTools

[117, 118], the photons from the ROI are filled into a three-dimensional histogram,

called CountCube, with two dimensions for the reconstructed sky position and

one dimension for the reconstructed photon energies. The probability pi to ob-

serve a number of photons ni in a histogram bin i is assumed to follow a Poisson

distribution:

pi ≡ f(ni, θi) =
θni
i

ni!
· e−θi , (7.1)

where θi is the expectation value of the number of photon counts in bin i. Using

the Poisson probabilities pi, a likelihood-function L can be formed, which reflects

the total probability to observe the photon counts as they are contained in the

histogram [115, 116]:

L =
∏

i

pi =
∏

i

θni
i

ni!
· e−θi . (7.2)

The goal of the maximum likelihood method is to find the best possible estima-
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tors for the θi, that maximize the likelihood function. For the prediction of θi,

models are used that include the spatial and spectral descriptions of the source

of interest, of the already detected point-like sources in the ROI as well as the

expected isotropic and region-dependent contribution from the extragalactic dif-

fuse background (EGB) and the galactic diffuse background (GB), respectively.

These models are provided by the Fermi ScienceTools and describe the differential

gamma-ray fluxes of the expected sources in the ROI, using free parameters to be

adjustable to the data:

• Source of interest:

In most of the cases, the spectral shape of the source of interest is unknown

and needs to be assumed. The maximum likelihood method enables the pos-

sibility to test various spectral shapes and to compare the resulting agree-

ments between model and data. The possible models provided by the Fermi

ScienceTools are listed in [119] and define the differential gamma-ray flux

dN/dE in units of photons per (MeV × cm2 × s). The spectral shape can,

for example, be a simple power law function in the form dN/dE = N0 · Eγ,

where N0 is the absolute normalization of the spectrum and γ is the power-

law index. Both parameters may be free during the likelihood maximization.

• Known point-like sources:

The size of a typical ROI is on the order of 20◦ in diameter. Besides the

source of interest, it may contain further gamma-ray sources that need to be

taken into account for the calculation of θi. The known gamma-ray sources

are listed in the Fermi-LAT 2-year point source catalog (2FGL) [120], pro-

viding the sky positions of these sources and the corresponding differential

photon fluxes. Most of the sources in the catalog, 1861 out of 1873, are

currently listed as point-like, whereas 12 sources are extended and described

by spatial templates, e.g. two-dimensional gaussian profiles [120]. The dif-

ferential photon fluxes are given in the catalog through one of the following

analytical functions (for details, see [119, 120]):

– Power law:

In the Fermi-LAT 1-year point source catalog [121], all detected sources

were described by simple power law functions in the form dN/dE =

N0 ·Eγ (see before), which is still a good approximation for most of the

known sources. To describe the sources more accurately in the 2FGL

catalog, two additional spectral shapes were introduced, a power law

with an exponential cutoff and a log-parabolic power law.

– Power law with exponential cutoff:

For gamma-ray pulsars which are supposed to be rotating neutron stars

that feature a periodic emission of gamma rays, power laws with an ex-

ponential cutoff are used, given by dN/dE = N0 · Eγ · exp(−E/Ec),
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where Ec is the cutoff energy [122]. Ec yields an additional free param-

eter compared to the simple power law.

– Log-parabolic power law:

Some active galactic nuclei are better described by the spectral shape

dN/dE = N0 · (E/E0)α−β log(E/E0), where E0 is an arbitrary reference

energy adjusted to the data, α the spectral slope at energy E = E0 and

β a measure for the curvature of the spectrum [123]. Besides N0, the

parameters α and β may be adjusted during the likelihood maximiza-

tion.

• Galactic diffuse background:

Also the gamma-ray counts that originate from the galactic diffuse emission

need to be taken into account for the calculation of θi. Due to interactions

of galactic cosmic rays with interstellar gas and radiation fields, e.g CMB,

the Milky way appears very bright in gamma rays [124]. The Fermi-LAT

analysis makes use of a map template, obtained from two years of Fermi-LAT

data, that contains the differential gamma-ray fluxes of the galactic diffuse

emission for each position on the sky [120, 125, 126]. During the likelihood

maximization, the absolute normalization NGB of the spectral map is a free

parameter used to adjust the template to the given ROI data.

• Extragalactic diffuse background:

Further background gamma rays originate from the isotropic extragalactic

emission, for which e.g. unresolved extragalactic sources are possible origins

[127, 128]. This emission needs to be taken into account for the predic-

tion of θi. The Fermi-LAT collaboration provides a template that predicts a

constant differential gamma-ray flux across the ROI, since the extragalactic

gamma rays encounter the Fermi LAT isotropically. The absolute normal-

ization NEGB of the differential flux is a free parameter during the likelihood

fit.

To obtain the expected number of counts θi, the differential flux models are con-

volved with the integrated exposure time of the observation as well as the effective

area and the PSF of the instrument. This results in a map of expected num-

ber of photon counts per energy, with the same spatial binning as the underlying

CountCube. The number of photon counts per energy are then extracted for the

sky position of bin i and integrated over the energy interval that is covered by this

bin.

Due to the exponential function in equation 7.2, the logarithm of L is used for

the maximization:

logL =
∑

i

(ni · log θi)−
∑

i

θi −
∑

i

log(ni!) , (7.3)

where the term
∑

i log(ni!) is removed since it does not affect the estimation of θi.
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More details on the analysis of Fermi-LAT data using the binned maximum

likelihood method can be found in the paper presented in section 7.3.

7.2 Data stacking

Sources of interest that are too faint to be detected individually by the Fermi LAT

may become detectable if their photon counts are combined. In the following, this

is done by bin-wise adding (stacking, co-adding) the corresponding CountCubes

which are by selection spatially centered on the sources. By this, potential source

emissions are cumulatively added, in contrast to the random adding of the photon

counts that originate from background sources. It is expected that the cumulative

significance of the stacked signals increases together with the number of stacked

sources.

In section 7.3, a stacking method is presented that makes use of the maximum

likelihood method implemented in the Fermi ScienceTools (see section 7.1). In

this approach, the involved CountCubes are prepared before the stacking by sub-

tracting the expected photon counts that originate from the known background

sources listed in the 2FGL catalog. With this strategy and under the assumption

that the stacked sources have common spectral features, the model used to predict

the θi for the stacked data can be drastically simplified. It then comprises only

three components, one to describe the stacked sources of interest and two further

to describe the stacked diffuse galactic and extragalactc backgrounds.

In the left image of figure 7.1, the map of counts of a region with an angular

extension of 20◦ × 20◦ is shown, hosting one known point-like source at its center.

This source is so faint that its emission is not visible. However, if ∼ 30 different

sources with a similar faintness as the previous one are stacked, the cumulative

signal becomes clearly visible, as it is shown in the left image of figure 7.2.

When the 33 regions are stacked, the subtraction of the known background

sources (see before) prevents that hundreds of background sources need to be

taken into account for the prediction of the θi. For the single ROI, the subtraction

results in the map of counts shown in right image of figure 7.1. The corresponding

map of counts of the stacked regions is shown in the right image of figure 7.2.

The co-added signal of the 33 sources is clearly visible at the center of the stacked

ROIs, while the background appears smooth and consists mainly of photons from

the diffuse emissions.

More details on the analysis of stacked Fermi-LAT data can be found in the

paper presented in section 7.3.
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Figure 7.1: Left: A map of counts for a region that hosts one faint 2FGL source at its

center. The map is derived from the CountCube by merging the different energies into a

single bin. The CountCube is spatially binned by 100 × 100 bins, corresponding to a total

angular extension of 20◦ × 20◦. Right: The same region as in the left image, but all 2FGL

sources except the central one are subtracted.

Figure 7.2: Left: A stacked map of counts for 33 regions, each with a different faint 2FGL

source at the center, selected from the Fermi-LAT all-sky map. Right: The same stacked

regions as in the left image, but all 2FGL sources except the central ones are subtracted.
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ABSTRACT

Aims. We present a stacking method that makes use of co-added maps of gamma-ray counts produced from data taken
with the Fermi Large Area Telescope. Sources with low integrated gamma-ray fluxes that are not detected individually
may become detectable when their corresponding count maps are added.
Methods. The combined data set is analyzed with a maximum likelihood method taking into account the contribution
from point-like and diffuse background sources. For both simulated and real data, detection significance and integrated
gamma-ray flux are investigated for different numbers of stacked sources using the public Fermi ScienceTools for analysis
and data preparation.
Results. The co-adding is done such that potential source signals add constructively, in contrast to the signals from
background sources, which allows the stacked data to be described with simply structured models. We show, for different
scenarios, that the stacking method can be used to increase the cumulative significance of a sample of sources and to
characterize the corresponding gamma-ray emission. The method can, for instance, help to search for gamma-ray
emission from galaxy clusters.

Key words. Methods: data analysis, statistical, Gamma-rays: general

1. Introduction

In conjunction with the Energetic Gamma-ray Experiment
Telescope (EGRET) onboard the Compton Gamma-ray
Observatory, several studies made use of a stacking method
that is based on the adding (co-adding, stacking) of maps
of gamma-ray counts and on a subsequent analysis with
a maximum likelihood method. These studies were per-
formed to search for gamma-ray emission from, for instance,
clusters of galaxies (Reimer et al. 2003), radio and Seyfert
galaxies (Cillis et al. 2004), infrared galaxies (Cillis et al.
2005) and potential gamma-ray sources at low galactic lat-
itudes (Cillis et al. 2007).

The basic idea of the co-adding is to add up the data
such that the sources of interest are spatially correlated
with one other, in contrast to the background sources
within the source region. Co-adding can thus increase the
signal-to-background ratio, resulting in an increased cumu-
lative significance of the sources in the sample.

Inspired by the EGRET stacking effort, we present a co-
adding method for data obtained with the Fermi Large Area
Telescope (LAT). The LAT is a pair-conversion telescope
onboard the Fermi Gamma-ray Space Telescope (Atwood
et al. 2009) that is capable to detect gamma rays with ener-
gies from 20 MeV to more than 300 GeV. In comparison to
EGRET, the LAT achieves a point source sensitivity that

is increased by two orders of magnitude1.
The public Fermi ScienceTools provide the stacking tool

Composite2 that has recently been applied, for instance, to
Milky way satellite galaxies to search for signals from dark
matter annihilations (Ackermann et al. 2011). In contrast
to the Composite2 method that makes use of summed log-
likelihood functions, the co-adding method presented in this
paper is based on added maps of counts instead. This may
increase the signal-to-background ratio for the sources of
interest and a visible excess of counts may be achieved for
the stacked signal.

This paper is structured as follows. In section 2, the
co-addition of count maps is described together with the
resulting likelihood analysis. In section 3, the method is
tested with simulated data. As a first step, the stacking
of diffuse background is studied, and significance and in-
tegrated photon flux upper limits of a hypothetical cen-
tral point-like source are computed for different numbers of
stacked sources. In a second step, the ability to detect point-
like emissions with low integral photon fluxes is tested. For
this purpose, a simulated faint point-like source is added
at the center of each region and the stacking is repeated,
investigating the development of source significance and in-
tegrated photon flux as well as the dependence on the spec-
tral shape of the source emission. In section 4, the method is

1 http://fermi.gsfc.nasa.gov/science/instruments/
table1-1.html

1
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applied to real data, first to regions that are free of detected
central point-like emission and second to regions that host
a known point-like source at their center, that is present
in the LAT 2-year point source catalog (The Fermi-LAT
Collaboration 2011). In section 5, we discuss the co-adding
method and its performance.

For the analysis and data preparation in the following
sections, we make use of the ScienceTools (v9r23p1)2, to-
gether with the P7SOURCE V6 LAT response functions.

The scripts used for the co-adding analyses in the fol-
lowing sections will become publicly available in the future,
or can be directly obtained by the corresponding author.

2. The co-adding method

The co-adding method presented in this paper is based on
analyzing stacked data histograms with a maximum likeli-
hood method. The contents of each individual histogram in-
clude contributions from two classes of background sources
and potentially one signal source. The reason for separating
the background contributions into two classes will become
clear in section 2.2. Let nim denote the content of bin i in
histogram m, and b

(1)
im be the estimated contribution from

the first class of backgrounds in the same bin. The first class
of background is subtracted from the original histograms
individually, before the stacking. The bin values ñi of the
co-added histogram are then given by:

ñi =
j∑

m=1

(nim − b
(1)
im) , (1)

where j is the number of stacked histograms. These bin
values are fit by a model θ̃i which is the set of bin contents
that include a prediction for the potential signal source,
sim, combined with a prediction for the second class of
background events, b

(2)
im :

θ̃i =
j∑

m=1

(sim + b
(2)
im) . (2)

The normalization of sim and b
(2)
im are considered to be free

parameters during the fit and varied until a maximum value
for the standard Poisson log-likelihood (Mattox et al. 1996),

log L̃ =
∑

i

(
ñi · log θ̃i

)
−

∑

i

θ̃i , (3)

is found, giving the best-fit value for the amplitude of the
potential signal. For each j ∈ [1, jmax], where jmax is the
total number of available histograms, the signal amplitude
and the corresponding statistical significance are computed.
True detections are expected to show an increasing trend
in significance as more histograms are added to the stack,
while false positives should result in cumulative signifi-
cances that remain low.

In the following, each histogram represents a region of
interest (ROI) and is given by a three-dimensional his-
togram called a CountCube.
The first class of background sources, b

(1)
im , corresponds

to known gamma-ray point sources, as they are listed
2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/

scitools/

in the LAT 2-year point source catalog (The Fermi-LAT
Collaboration 2011), while the second class, b

(2)
im, refers to

diffuse galactic and extragalactic gamma-ray emissions.

2.1. The likelihood function of the standard Fermi-LAT
analysis

When the Fermi spacecraft is operated in survey mode, the
LAT obtains full sky coverage. Photons that belong to a
ROI on the sky, are selected with the tool gtselect which
performs the basic regional cuts as well as the selection of
defined intervals for observation time and energy (for more
details, see sections 3 and 4). Here, the selection is done
such that the sources of interest are positioned at the cen-
ter of the corresponding ROIs. The ROI size is chosen large
enough to account for the point spread function (PSF) of
the instrument (see e.g. Atwood et al. 2009, for details on
the PSF). Additional time cuts are performed with the tool
gtmktime which takes the pointing and position history of
the spacecraft into account and makes sure that only good
time intervals are used for the analysis. This removes, for
instance, events taken when the spacecraft passes through
the South Atlantic Anomaly and photons that come from
the earth’s limb (Petry 2005). Afterwards, the tool gtbin is
applied to fill the photons into a CountCube. Two dimen-
sions in the CountCube are for the sky position, e.g. right
ascension and declination, whereas the third dimension cor-
responds to the reconstructed energy.

The log-likelihood function that is used for the stan-
dard binned analysis of single (not stacked) ROIs is given
by (Mattox et al. 1996):

logL =
∑

i

(ni · log θi)−
∑

i

θi (4)

where ni are the measured number of photon counts for
bin i as they are stored in the CountCube, and θi are the
number of counts predicted by a model for the same bin.
The index i runs over all bins in the CountCube.

The model that is used to predict the θi contains the
positions and spectral shapes of known point sources in
the ROI, and it includes the expected isotropic contribu-
tion from the extragalactic diffuse background (EGB) and
the region-dependent contribution from the galactic diffuse
background (GB). This model is converted into the model-
predicted number of counts with the aid of a SourceMap
that takes the integrated exposure time during the observa-
tion and the instrument response functions, mainly PSF, ef-
fective area and energy-dependent corrections, into account
and provides the appropriate conversion factors for each bin
i. For every source in the model an individual SourceMap
is generated by the tool gtsrcmaps, using the same spatial
and energy binning as in the underlying CountCube. The
model-predicted number of counts θi in bin i are calculated
through:

θi = NGB · FGB,i · SGB,i + NEGB · FEGB,i · SEGB,i (5)

+
∑

k

[N0,k · Fk,i(α, ...) · Sk,i] ,

where SGB,i, SEGB,i and Sk,i represent the SourceMap val-
ues for the GB, EGB and the point sources k, that be-
long to the sky position and the energy interval of bin i.
NGB · FGB,i and NEGB · FEGB,i denote the photon fluxes

2
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predicted for bin i, where NGB and NEGB are the corre-
sponding normalization parameters that are free during the
likelihood fit. While FEGB,i is uniform for all the bins of a
given energy and is derived from a fixed spectrum3, FGB,i is
derived from a three-dimensional distribution map of dif-
ferential photon fluxes4. For this reason, the SourceMap
of the galactic diffuse emission, that is created with the
ScienceTools, incorporates the factor FGB,i. In the follow-
ing, Simpl

GB,i = FGB,i ·SGB,i denotes the SourceMap of the GB
model as it is implemented in the ScienceTools. The photon
flux of source k is denoted by N0,k · Fk,i(α, ...), based on a
source spectrum that may depend on several parameters,
e.g. a prefactor N0 and a photon index α in the case of a
power-law spectrum5.

2.2. Co-adding of data

ROIs, selected and prepared as previously described, are
combined by adding up their corresponding CountCubes.
For this purpose, we introduce a new coordinate system in
which the origin is defined to be at the center of the com-
bined ROI. All sources of interest are thus located at the ori-
gin. The goal is to analyze the co-added data with the max-
imum likelihood method implemented in the ScienceTools.
We model the co-added diffuse backgrounds, GB and EGB,
by building a weighted sum of the SourceMaps. This takes
into account that the contributions of the diffuse back-
grounds are different for each ROI and that the co-adding
adds up the exposures. S̃GB,i and S̃EGB,i are the stacked
SourceMaps for the GB and EGB model, respectively:

S̃GB,i =
∑

m

[
NGB · Simpl

GB,i

]
m

and (6)

S̃EGB,i =
∑

m [NEGB · SEGB,i]m , (7)

where m denotes the different ROIs. The factors NGB and
NEGB are used to normalize the SourceMaps according to
the diffuse background contributions in each region, known
from individual region analyses (see below).

Depending on the ROI size, the number of detected
point sources increases rapidly and leads for the co-adding
to a model with a large number of components. In order
to keep the model simply structured, we follow a differ-
ent strategy. Before co-adding the data, a binned likelihood
analysis6 is performed on each individual ROI using models
that contain the diffuse backgrounds and the Fermi-LAT
detected point sources from the LAT 2-year point source
catalog, within and close to the ROIs. These analyses yield
the normalizations of the diffuse backgrounds and the pa-
rameters of the point sources for each individual ROI. More
than 99% of the sources in the LAT 2-year point source cat-
alog are characterized by a point-like gamma-ray emission,
only very few sources may appear extended with exten-
sions on the order of the PSF. In the following, we treat all
point sources that are included in the models as point-like

3 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/aux/iso_p7v6source.txt

4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/aux/gal_2yearp7v6_v0.fits

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/source_models.html

6 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/binned_likelihood_tutorial.html

emissions. All Fermi-LAT detected point sources are then
declared as background and simulated using the tool gto-
bssim, in order to subtract them from the measured data.
This leads to a simpler form of equation 5, in which the
last term is suppressed. The resulting CountCubes, that is
the data minus the simulated point sources, are finally co-
added.

In order to investigate sources at the center of the ROIs,
the model that we apply for the analysis of the co-added
CountCubes contains, besides the diffuse backgrounds, a
common source of interest at the ROI center, that is de-
noted as test source. For the analyses in the following sec-
tions, the test source is described as a point-like source
located at the ROI center using a power-law spectrum with
a prefactor Ñ0 and a photon index α̃ as model parameters
(see section 2.1). Similar to the case of the diffuse back-
grounds, the SourceMaps for the test source are first pro-
duced individually for each ROI m and then added up in or-
der to take the total exposure into account. The bin values
of the co-added SourceMaps for the test source, S̃test source,i,
are then given by:

S̃test source,i =
∑

m

[Stest source,i]m . (8)

From the stacked SourceMaps defined in equations 6, 7
and 8, the number of co-added model-predicted counts θ̃i

is derived by:

θ̃i = ÑGB · S̃GB,i + ÑEGB · FEGB,i · S̃EGB,i (9)

+Ñ0 · F̃test source,i(α̃) · S̃test source,i ,

where the normalizations of the diffuse backgrounds ÑGB,
ÑEGB and the test source parameters, prefactor Ñ0 and
photon index α̃, may be free during the likelihood fit. Due
to the normalized sum of SourceMaps in equations 6 and
7, the values of ÑGB and ÑEGB are expected to be close
to 1 and FEGB,i is derived from the same fixed spectrum
as in equation 5. Since the SourceMaps of the test source
are summed in equation 8, the test source parameters and
the resulting flux Ñ0 · F̃test source,i represent values that are
averaged by the total stacked exposure.

The log-likelihood function of the co-adding analysis
log L̃ is given in equation 3, where ñi is the number
of co-added measured counts in bin i after the subtrac-
tion of the simulated point-like sources. Both equations 4
and 3 represent a likelihood that is derived from Poisson-
distributed numbers of observed counts. The subtraction
of the simulated counts transforms, for a fraction of bins,
the Poisson distribution into a Skellam probability distri-
bution (Skellam 1946). For regions located at galactic lat-
itutes |b| > 25◦ (to avoid the high number of contributing
background sources close to the galactic plane and to be
consistent with the analyses performed in sections 3 and 4),
about 3% of the bins in a CountCube are affected by the
subtraction. Therefore, the likelihood defined in equation 3
is used for the co-adding analysis in good approximation.

We perform the binned likelihood analysis of the co-
added data through the likelihood python interface of the
ScienceTools7 using the minimizer Minuit8. During the

7 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/python_usage_notes.html

8 http://wwwinfo.cern.ch/asdoc/minuit/minuit.ps

3



B. Huber et al.: A stacking method to study the gamma-ray emission of source samples

likelihood analysis, equation 3 is maximized, which re-
sults in maximum likelihood estimators for the free pa-
rameters in the applied model. As a measure of the test
source significance, we compute the test statistic TS =
−2(logL0− logL1), in which L0 and L1 are the maximized
likelihood-values given that only the diffuse backgrounds
are present in the model (null hypothesis) and that a test
source is present in addition to the diffuse backgrounds (al-
ternative hypothesis), respectively.

For the analyses in the following sections, the prefac-
tor Ñ0 is the only free parameter in the spectral model of
the test source. Hence, if the photons were only due to the
background fluctuations from the sources defined in the null
hypothesis, then the TS values would follow approximately
a χ2

k/2-distribution with k = 1 free parameter. The signifi-
cance level of the test source can then be denoted as

√
TS in

units of sigma (σ) (Mattox et al. 1996; Particle Data Group
2010), based on a one-sided Gaussian quantile. Simulations
showed that a χ2

1/2-distribution is still true when simulated
point sources are subtracted from the data and when stack-
ing is performed. In the following sections, we use a detec-
tion threshold of TS≥25, corresponding to a 5σ detection
level, based on one more free parameter in the alternative
hypothesis compared to the null hypothesis.

3. Tests with simulated data

In the following, the co-adding is tested using 40 simulated
ROIs that are randomly distributed at high galactic lati-
tudes |b| > 25◦. Sources close to the galactic plane are ex-
cluded to avoid potential mis-modelings of the galactic dif-
fuse emissions and to avoid a high number of background
point sources in the analyzed ROIs. This is mainly rele-
vant for the analysis of real data in section 4 and applied
here for consistency. The simulations are performed with
gtobssim for 162 weeks of Fermi operation using the real
spacecraft information (2008-08-04 to 2011-09-13) and for
energies from 200 MeV to 100 GeV. The resulting photon
data is filled into CountCubes with 100 x 100 pixels and
40 energy intervals in logarithmic scale, corresponding to
square-shaped ROIs with an angular sidelength of 20◦.

We made use of 40 ROIs because the available number
of real sources used to test this method in section 4.3 is on
the order of 30. Furthermore, the co-adding method will be
applied to search for gamma-ray emission from a sample of
galaxy clusters in an upcoming paper (Huber et al. 2012,
in preparation). The available number of clusters, after se-
lection cuts similar to those used by (Reimer et al. 2003),
is expected to be on the same order.

3.1. Robustness against false detections

First, we investigate the probability of a false detection of a
point-like emission due to statistical fluctuations of the co-
added diffuse emissions. The model used to describe the test
source at the ROI center is defined by a power law with a
fixed photon index of −2.0. The normalizations of EGB and
GB and the prefactor of the test source are free parameters
during the likelihood fit. As expected, co-adding of diffuse
background yields no significant signal at the position of the
test source. As shown by the dark grey solid line in figure
1, the TS values take values close to zero for any number
of co-added ROIs. Although this curve appears flat, the TS
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Fig. 1. The test statistic values with respect to point-like emis-
sion at the center of the ROIs versus the number of co-added
ROIs. The co-adding is performed for simulated regions that
only contain EGB and GB and for regions that additionally
contain a simulated point-like source (PS) at the center. Three
samples with different integrated fluxes of the point-like source,
2.5 × 10−10, 5.0 × 10−10 and 7.5 × 10−10 ph/(cm2s), are used.
The detection threshold TS ≥ 25 is indicated by the dashed line.

values underlie the fluctuations expected for the analysis
of pure diffuse background. Since the TS values stay below
TS=25, we compute the 90% confidence level (CL) upper
limits (UL). To obtain the 90% CL UL on the gamma-ray
flux, the prefactor of the test source spectrum is stepwise-
increased until (logLmax− logLmax|Ñ inc

0
) = 2.71/2 (Cowan

1997), where Lmax is the maximized likelihood-function and
Lmax|Ñ inc

0
is the likelihood-function recomputed after Ñ0

has been incremented. The resulting test source spectrum
is then integrated over the full simulated energy range from
200 MeV to 100 GeV.

The UL development for the test source is shown by the
dark grey solid line in figure 2. With an increasing number
of co-added ROIs the probability of false signals due to
Poissonian fluctuations is reduced. The computed UL de-
creases until it reaches an asymptote after approximately
25 co-adding steps. By co-adding 40 ROIs, an upper limit
on the integrated flux of approximately 3×10−11 ph/(cm2s)
is obtained.

3.2. Detectability of weak signals

In a second step, we test the ability of the method to de-
tect a signal from weak point-like emissions. Additional sets
of simulations are performed that add a point-like source,
denoted as central source, to the center of the previously
simulated diffuse background regions. The central sources
are simulated for different integrated fluxes [2.5, 5.0 and
7.5 × 10−10 ph/(cm2s)] using a power-law spectrum with
a photon index −2.0. Standard analyses of the individual
ROIs (no co-addition applied) reveal no significant signal
(TS ≥ 25) associated with the test source for any of these
data sets. We perform the co-adding method independently
for the different integrated fluxes using a power-law test
source with a photon index −2.0, for which the result-
ing developments of the TS values are shown in figure 1.
Central sources with a flux of 2.5×10−10 ph/(cm2s) remain
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Fig. 2. The integrated photon flux or 90% CL upper limit (UL)
with respect to point-like emission at the center of the ROIs
versus the number of co-added ROIs. The co-adding is per-
formed for simulated regions that only contain EGB and GB
and for regions that additionally contain a point-like source (PS)
at the center. Three samples with different integrated fluxes of
the point-like source, 2.5 × 10−10, 5.0 × 10−10 and 7.5 × 10−10

ph/(cm2s), are used. The grey and blue shaded areas correspond
to the statistical uncertainties on the integrated flux values.

undetected during 40 co-adding steps. In contrast, sources
with twice this integrated flux yield a clear detection after
15 co-added ROIs, and sources with a flux of 7.5 × 10−10

ph/(cm2s) are detected after 10 co-additions. The high TS
values, on the order of 100 and 200, after 40 stacking steps
show clearly the power of this method to detect weak emis-
sions from combined regions.

In each co-adding step, we also compute integrated flux
values for the detected and 90% CL UL for the undetected
samples, which are shown in figure 2. The UL values for the
sources with 2.5×10−10 ph/(cm2s) decrease strongly at the
beginning and reach an asymptote after 10 co-adding steps,
that is significantly higher than the one obtained from the
diffuse background. This can be explained by the fact that
the co-added central sources in this sample almost reach de-
tection level. It can be seen from the same figure that the
statistical uncertainties (grey and blue shaded areas) on the
integrated fluxes of the detected samples are reduced with
an increasing number of co-additions.

3.3. Dependence on the spectral hardness

In the following, the dependence of the source significance
on different spectral shapes is tested. For this, four sam-
ples of simulated ROIs in which the central sources have a
common integrated flux of 7.5 × 10−10 ph/(cm2s) but dif-
ferent photon indices [−2.0, −2.4, −2.8 and −3.2] were pro-
duced. The samples are co-added and analyzed separately
using a test source model that applies the same spectral
shape as in the respective simulation. The resulting TS
values are shown in figure 3. The two samples with pho-
ton indices −2.0 and −2.4 are clearly detected after 10 and
28 co-additions, respectively. Although the simulated inte-
grated flux is the identical, we find no significant signal for
the two softer spectra. Hard spectra provide, compared to
soft spectra, an increased number of events in high energy
bins, which make the likelihood, due to an improved PSF
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Fig. 3. The test statistic values with respect to point-like emis-
sion at the center of the ROIs versus the number of co-added
ROIs. The stacking is performed for simulated ROI samples that
contain central sources with photon indices−2.0, −2.4, −2.8 and
−3.2. For the analysis, power-law spectra are used that apply the
same fixed photon indices as in the corresponding simulations.
The stacking is also performed for ROIs that contain central
sources with photon index −2.0 using a test source with photon
index −2.4 in the analysis.

at high energies, more sensitive to a spatial correspondence
between model and data.

In figure 4, the integrated flux of the test source is re-
ported for the samples with photon indices −2.0 and −2.4,
for which the values obtained after 40 co-additions are con-
sistent with the simulated value of 7.5× 10−10 ph/(cm2s).
Since a TS ≥ 25 is not reached for the samples with pho-
ton indices −2.8 and −3.2, 90% CL flux UL are computed
instead.

In cases in which the exact spectral features in the data
are unknown, it may help to investigate the data using dif-
ferent spectral shapes. In figure 3, the TS values are com-
puted for sources simulated with a photon index of −2.0
and analyzed with a photon index of −2.4. Applying an
analysis spectrum that is softer than the spectrum in the
data decreases the TS increment per stacking step, which
is also the case if a harder analysis spectrum, e.g with a
photon index of −1.6, is used. The method is thus sensitive
to the correspondence between the spectral shape in the
model and the spectral shape in the data, which is a useful
feature to investigate the combined spectrum of the sources
in the sample.

The sensitivity of the likelihood analysis to events in
high energy bins leads in this case to an increased inte-
grated test source flux if a photon index −2.4 is used, as
it is shown in figure 4, and to a decreased flux applying a
photon index of −1.6.

3.4. Detectability of a source sample with mixed spectral
shapes

In the following, we investigate the impact of having a
source sample with mixed spectra, as it might be the
case for different astrophysical sources. For this, simulated
source spectra with different photon indices [−2.0, −2.4,
−2.8 and −3.2] are mixed during the co-adding. We an-
alyze the mixed sample for three different photon indices
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Fig. 4. The integrated photon flux or 90% CL upper limit (UL)
with respect to point-like emission at the center of the ROIs ver-
sus the number of co-added ROIs. The stacking is performed for
simulated ROI samples that contain central sources with photon
indices −2.0, −2.4, −2.8 and −3.2. For the analysis, power-law
spectra are used that apply the same fixed photon indices as in
the corresponding simulations. The stacking is also performed
for ROIs that contain central sources with photon index −2.0
using a test source with photon index −2.4 in the analysis. The
grey and blue shaded areas correspond to the statistical uncer-
tainties on the integrated flux values. All central sources are
simulated with an integrated flux of 7.5× 10−10 ph/(cm2s), in-
dicated by the dashed line.
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Fig. 5. The test statistic values with respect to point-like emis-
sion at the center of the ROIs versus the number of co-added
ROIs. The stacking is performed for a simulated source sample
with mixed spectral shapes using analysis test sources with pho-
ton indices −2.0, −2.4 and −2.8. The detection threshold TS ≥
25 is indicated by the dashed line.

of the test source, [−2.0, −2.4, −2.8], and compute the
TS values after each stacking step. The common integrated
flux of the simulated central sources is again 7.5 × 10−10

ph/(cm2s). The results are shown in figure 5. All three cases
reach the detection threshold after 30 to 35 stacking steps.
The co-adding hence allows sources to be detected even if
different spectral shapes are involved. The analysis with
photon index −2.4 yields the highest significance, indicat-
ing that this spectral shape yields, in this example, the best
agreement with the mixed spectrum. The corresponding in-
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Fig. 6. The integrated photon flux with respect to point-like
emission at the center of the ROIs versus the number of co-
added ROIs. The stacking is performed for a simulated source
sample with mixed spectral shapes using analysis test sources
with photon indices −2.0, −2.4 and −2.8. The grey and blue
shaded areas correspond to the statistical uncertainties on the
integrated flux values. All central sources are simulated with an
integrated flux of 7.5×10−10 ph/(cm2s), indicated by the dashed
line.

tegrated test source fluxes for each stacking step are shown
in figure 6. The flux that we find analyzing the mixed source
spectrum with a photon index of −2.4 is slightly below the
input flux of 7.5× 10−10 ph/(cm2s). Relative to this value,
we obtain an increased and decreased integrated flux using
photon indices −2.8 and −2.0, respectively, which can be
explained again by the sensitivity of the likelihood fit to
events in high energy bins as discussed previously.

It is possible to detect the spectral shape in the data us-
ing the photon index as an additional free parameter during
the fitting procedure. This works well if sources with the
same spectral shapes are stacked. In case of the present
mixed spectra, however, it is not possible to achieve a suf-
ficient likelihood fit quality if both the prefactor and the
spectral index are free to vary.

4. Tests with real data

4.1. Robustness against false detections

Using real data, downloaded from the Fermi Science
Support Center9, we again investigate the probability of
false source detections due to diffuse background fluctua-
tions, as in section 3.1. The stacking is first performed with
a sample of ROIs that contain as few Fermi-LAT detected
sources as possible, and next with ROIs that contain Fermi-
LAT sources with 5◦ to 10◦ angular separation from the
ROI center. From all-sky data obtained during 162 weeks
of LAT observations (2008-08-04 to 2011-09-13), 40 ROIs
are selected for each of the two samples while galactic lat-
itutes |b| < 25◦ are again excluded. In the following, we
denote these ROIs as dark patches. The same energy and
ROI size cuts are applied as in section 3 and the identi-
cal spacecraft information is used. The selected events be-

9 http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/
LATDataQuery.cgi
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Fig. 7. The 90% CL upper limit (UL) on the integrated photon
flux with respect to point-like emission at the center of the ROIs
versus the number of co-added ROIs. The first sample consists
of isolated dark patches that contain as few detected Fermi-LAT
sources as possible. The second sample consists of dark patches
that contain Fermi-LAT sources with an angular separation be-
tween 5◦ and 10◦ from the ROI center.

long to the SOURCE class10. Before stacking, individual
binned likelihood analyses are performed on each ROI, as
it is described in section 2, and the Fermi-LAT detected
point sources are simulated and subtracted from the data.
The resulting maps of counts (data minus simulated Fermi-
LAT sources) are co-added. For the co-adding analysis, a
model is applied that includes the EGB, GB emissions and
a power-law test source with photon index −2.0. The nor-
malizations of EGB and GB and the prefactor of the test
source are, as in section 3, free parameters during the fit-
ting procedure. For both samples, the TS values computed
for the test source remain < 1 for all numbers of co-added
ROIs.

The resulting 90% CL UL on the integrated test source
flux are shown in figure 7. A flux upper limit of approxi-
mately 3× 10−11 ph/(cm2s) is obtained after 40 stackings
for the first sample, which is consistent with the results for
the simulated dark regions in figure 2. In the second sample,
the flux upper limit rises during the stacking and results in
approximately 5 × 10−11 ph/(cm2s) after 40 co-additions.
This behaviour can be explained by slight mis-modelings of
the background point sources or the diffuse backgrounds in
the vicinity of the source of interest.

4.2. Detectability of weak signals

We perform a consistency check by repeating the study dis-
cussed in section 3.2, but this time the diffuse background
is obtained from real data. As before, a simulated point-
like source with an integrated flux of 7.5×10−10 ph/(cm2s)
is added at the center of each dark patch. The detected
Fermi-LAT sources are fit and subtracted from each ROI
prior the stacking. Using again a test source with photon
index −2.0 in the model, we obtain a TS value for each co-
adding step. The results are shown in figure 8 and compared

10 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_LAT_IRFs/IRF_overview.
html
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Fig. 8. The test statistic values with respect to point-like emis-
sion at the center of the ROIs versus the number of co-added
ROIs. The stacking is performed separately for three cases:
simulated point-like sources (PS) with an integrated flux of
7.5×10−10 ph/(cm2s) are added to simulated diffuse background
regions, the first sample of dark patches that contain as few
sources as possible and to the second sample of dark patches
that contain Fermi-LAT sources with an angular separation be-
tween 5◦ and 10◦ from the ROI center. The detection threshold
TS ≥ 25 is indicated by the dashed line.
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Fig. 9. The integrated photon flux with respect to point-like
emission at the center of the ROIs versus the number of co-
added ROIs. The stacking is performed separately for three
cases: simulated point-like sources (PS) with an integrated flux
of 7.5 × 10−10 ph/(cm2s) (dashed line) are added to simulated
diffuse background regions, the first sample of dark patches that
contain as few sources as possible and to the second sample of
dark patches that contain Fermi-LAT sources with an angular
separation between 5◦ and 10◦ from the ROI center.

with the results previously obtained for the simulated dif-
fuse backgrounds. In all three cases, the detection threshold
is reached within 5 to 10 stacking steps.

The corresponding developments of the integrated flux
values are shown in figure 9. The final values obtained af-
ter 40 co-additions are consistent with the input flux of
7.5× 10−10 ph/(cm2s).
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Fig. 10. The integrated photon flux with respect to point-like
emission at the center of the ROIs versus the number of co-added
ROIs. The stacking is performed for Fermi-LAT detected point-
like sources using the co-adding method (the grey shaded area
corresponds to the statistical uncertainty). The results obtained
with the Composite2 analysis are plotted for comparison.

4.3. Application to real point-like emissions

In a further test, the method is applied to real point-like
sources that are listed in the LAT 2-year point source cat-
alog. 33 weak Fermi-LAT detected sources with average
source significances close to 5σ are selected for this pur-
pose from galactic latitudes |b| > 25◦. As before, binned
likelihood analyses are performed on the individual ROIs,
in order to subtract the known Fermi-LAT sources from the
data. The 33 selected Fermi-LAT sources are treated as un-
detected and therefore not included in the models. For the
co-adding analysis, a model is applied that includes EGB
and GB emissions and a point-like test source with photon
index −2.0. We determine the TS values for each stacking
step and find them approximately linearly increasing dur-
ing the stacking, until a final value ∼1000 is reached after
33 co-additions. Figure 10 illustrates the development of
the integrated test source flux during the stacking, which
yields a final integrated flux of 2 × 10−9 ph/(cm2s). We
find an excellent agreement with the averaged integrated
fluxes that are obtained from individual ROI analyses (no
subtraction of simulated sources, no co-adding).

As a further consistency check, we apply the stacking
tool Composite2, provided as part of the ScienceTools, to
the 33 Fermi-LAT sources. Since the ROIs are kept seperate
in this case, we can not subtract the detected background
point sources but need to provide individual models for each
ROI that take into account these sources, the diffuse back-
grounds as well as a test source at the center. The ROIs
are then stepwise-added to the composite analysis and the
integrated test source flux is determined after each stacking
step. In figure 10, the resulting integrated fluxes are com-
pared to the values obtained with the co-adding method.
The flux developments for both methods, the co-adding and
the Composite2 analysis, are in good agreement with each
other, particularly for > 4 stacking steps. Due to the sub-
traction of point sources from the data, there is a departure
between the co-adding and the Composite2 method dur-
ing the first stacking steps, clearing away after a few co-
additions since potential mis-modelings of the subtracted

Fig. 11. The map of gamma-ray counts of a region that hosts
a weak but known point-like emission at its center. This map
corresponds to the CountCube of this region, summed over all
energies.

Fig. 12. The map of gamma-ray counts of 33 stacked regions.
Each of these regions hosts a weak but known point-like emission
at the center. This map corresponds to the CountCube of these
stacked regions, summed over all energies.

sources and resulting negative counts vanish in the diffuse
background fluctuations.

4.4. Visibility of stacked sources

The 33 Fermi-LAT sources from the previous section are
used to illustrate the effect of the co-adding method on
the maps of counts. Figure 11 shows the map of counts for
one of the 33 regions containing a weak but known point-
like source at the center, as it is obtained from Fermi-LAT
all-sky data. This map corresponds to the CountCube of
this region summed over all energies. The simulated back-
ground point sources have not yet been subtracted. After
preparing the 33 regions according to section 2.2, i.e. by
subtracting the non-central point sources, stacking of these
regions results in the map of counts shown in figure 12. The
background appears smooth, while the cumulative emission
of the 33 sources is clearly visible at the center.
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5. Summary and discussion

The stacking method presented in the previous sections is
based on stacked maps of LAT counts and applies the pub-
lic Fermi ScienceTools for data preparation and maximum
likelihood analysis. This method combines regions of poten-
tial gamma-ray sources in such a way that potential signals
add constructively to increase the cumulative significance of
these sources. We demonstrate with the aid of simulations
that the method is capable to detect weak point-like emis-
sions from sources that are individually not significant and
to determine the corresponding average photon flux and
flux upper limits. The method is sensitive to the correct
choice of the spectral model for the sources to investigate,
a feature that can be used for a systematic examination
of the combined source spectrum. We find that the stack-
ing of hard emission spectra leads to a higher source sig-
nificance compared to the stacking of soft spectra, due to
the improvement of the Fermi-LAT PSF at high energies.
Furthermore, the source significance is generally higher if
the individual spectral contributors are of similar spectral
shape, and the significance is decreased if the spectra de-
viate strongly from each other. The method is successfully
applied to real data, and an excellent agreement between
the input and reconstructed source fluxes is found.

Although the likelihood functions of the co-adding and
the existing Composite2 method differ from each other, we
show that both methods lead to similar results. The co-
adding of maps of counts allows background point sources
to be subtracted from the data and the model-predicted
contribution of the diffuse backgrounds to be combined.
This leads to a simple model for the likelihood analysis,
that consists of only three components, i.e. the diffuse back-
grounds and a common spectral model for the sources of
interest, for any number of stacked sources. The co-adding
method correlates the counts of the investigated sources in
a defined way which can even help to make these sources
visible in the count maps.
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Chapter 8

Searching for gamma rays from

galaxy clusters

According to section 6.4, several mechanisms suggest gamma-ray emission from

clusters of galaxies. Indeed, numerous studies [129, 130, 131, 132, 133, 134] resulted

in upper limits on the gamma-ray flux, but a definite observation in gamma rays

has not yet been achieved.

In the following sections, the stacking method from section 7.3, which performs

a maximum likelihood analysis on co-added Fermi-LAT count maps, is applied on

a sample of 53 galaxy clusters (see section 8.1) in order to search for gamma-ray

emission from the central regions of the clusters.

During the analysis, the energy distribution of the observed gamma rays is

assumed to follow a power-law function in the form of dN/dE ∝ Eγ, where dN/dE

is the differential gamma-ray flux in photons per (energy × time × area) and γ is

the power-law index or photon index. It is taken into account that galaxy clusters

can be subdivided into two groups, CC and NCC clusters, that could be part

of a cyclical evolution scenario (see section 6.2). While CCs are expected to be

relaxed clusters that host a central AGN powered by the accretion of cooled gas,

NCCs are expected to be clusters that are disturbed by merger events, leading to

merger shocks and large-scale turbulence in the cluster volume. The analysis is

therefore performed seperately for the whole sample of clusters as well as for the

CC and NCC subgroups, investigating the gamma-ray flux and the significance

of the corresponding emission. Furthermore, a possible correlation between the

observed emissions and the actual cluster positions is investigated.

The preceding data preparation and the stacking procedure are described in

section 8.2, followed by the presentation of the results in section 8.3.
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8.1 Cluster selection

The sample of galaxy clusters, on which the stacking analysis is performed, con-

tains the 53 clusters that are listed in table 8.1. In this table, the clusters are

characterized by their redshift z which is a measure for the distance to the cluster,

by their gravitational mass M500 which is determined for a cluster volume with a

mean gravitational mass density that equals 500 times the critical density of the

universe [87, 88] and by the feature of hosting a cool core [88, 91].

The clusters have been selected from the extended HIFLUGCS sample [87]

applying the following criteria:

• In order to avoid false signals due to strong diffuse gamma-ray emissions

close to the galactic plane and the Fermi haze [135], clusters in these regions

are excluded. Therefore, only the clusters with galactic latitudes |b| > 25◦

and longitudes l > 30◦, l < 330◦ are taken into account. Additionally, the

cluster A0400 is excluded, being rather close to the Taurus molecular cloud,

which may cause a mis-modeling of the diffuse backgrounds in this region.

• The probability to detect gamma rays decreases with increasing distance to

the emitting object. Therefore, the selection is restricted to clusters with

redshifts z < 0.2.

• Due to strong gamma-ray emission from detected sources close to the cluster

position and its difficulty to describe these strong emissions with an ap-

propriate model, the clusters A1650, A1651, A1689, A2065, A2199, A2589,

A3376, HCG94, M49, NGC4636, UGC03957, ZWCl1215 are excluded from

the selection.

Table 8.1: The sample of 53 clusters used for the stacking. The values for redshift z and

cluster mass M500 are taken from [88]. The classification of cool cores is done using [91]

(primary) and [88].

Cluster l (◦) b (◦) Redshift z M500 (in 1014 M�) Cool core

2A0335p096 176.25 -35.07 0.0349 2.79 yes

A0085 115.05 -72.06 0.0556 8.08 yes

A0119 125.70 -64.10 0.0440 8.98 –

A0133 149.76 -84.23 0.0569 4.30 yes

A0262 136.58 -25.09 0.0161 0.94 yes

A0399 164.36 -39.47 0.0715 7.74 –

A0401 164.18 -38.87 0.0748 8.38 –

A0478 182.41 -28.30 0.0900 8.85 yes

A0496 209.59 -36.49 0.0328 4.81 yes

A0548w 230.49 -25.26 0.0424 1.00 –

Continued on next page
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Table 8.1 – Continued from previous page

Cluster l (◦) b (◦) Redshift z M500 (in 1014 M�) Cool core

A0576 161.42 26.24 0.0381 4.61 –

A1060 269.63 26.51 0.0114 2.50 –

A1367 235.31 73.01 0.0216 7.42 –

A1413 226.19 76.78 0.1427 9.77 –

A1644 304.90 45.50 0.0474 7.34 yes

A1656 58.08 87.96 0.0232 9.95 –

A1736 312.58 35.10 0.0461 2.17 –

A1775 31.92 78.71 0.0757 4.19 –

A1795 33.79 77.16 0.0616 9.87 yes

A1800 40.47 77.07 0.0748 5.94 –

A1914 67.20 67.46 0.1712 11.84 –

A2142 44.23 48.69 0.0899 14.33 –

A2151 31.58 44.52 0.0369 1.60 yes

A2244 58.80 36.35 0.0970 5.48 –

A2255 93.92 34.92 0.0800 7.86 –

A2256 111.10 31.74 0.0601 12.12 –

A2597 65.34 -64.85 0.0852 3.71 yes

A2634 103.45 -33.06 0.0312 4.51 –

A2657 96.65 -50.30 0.0404 6.06 –

A2877 293.13 -70.88 0.0241 6.88 –

A3112 252.95 -56.09 0.0750 4.36 yes

A3158 265.07 -48.97 0.0590 5.75 –

A3266 272.09 -40.17 0.0594 19.24 –

A3391 262.36 -25.16 0.0531 6.04 –

A3395 263.18 -25.13 0.0498 9.48 –

A3528n 303.70 33.85 0.0540 4.49 –

A3528s 303.78 33.64 0.0551 2.76 yes

A3530 304.00 32.51 0.0544 4.34 –

A3532 304.44 32.48 0.0539 6.63 –

A3558 311.98 30.74 0.0480 6.71 –

A3560 312.73 29.00 0.0495 2.77 –

A3562 313.31 30.35 0.0499 3.51 –

A3571 316.32 28.55 0.0397 8.76 –

A3581 323.13 32.85 0.0214 0.93 yes

A3921 322.03 -47.97 0.0936 6.59 –

EXO0422m086 203.3 -36.16 0.0390 2.72 yes

Fornax 236.72 -53.63 0.0046 1.29 yes

HydraA 242.93 25.09 0.0538 4.07 yes

MKW4 276.91 62.31 0.0200 0.69 yes

Continued on next page
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Table 8.1 – Continued from previous page

Cluster l (◦) b (◦) Redshift z M500 (in 1014 M�) Cool core

NGC1550 190.98 -31.85 0.0123 0.68 yes

NGC499 130.50 -28.94 0.0147 0.33 yes

NGC5044 311.23 46.10 0.0090 0.49 yes

NGC507 130.64 -29.13 0.0165 0.46 yes

8.2 Data preparation and stacking

The co-adding method described in section 7.3 makes use of the publicly available

LAT software ScienceTools (v9r23p1) [117], applying the P7SOURCE V6 LAT

instrument response functions [136]. The response functions take the detection

efficiency for gamma rays, the PSF, and the energy resolution of the detector

(see section 1.2.2) into account. All-sky data obtained during 162 weeks of LAT

observations (2008-08-04 to 2011-09-13), that can be downloaded from [137], is

used for the analysis. From this data, ROIs with an angular sidelength of 20◦

are selected in such a way that these are centered on the clusters. The selected

events include photons from 200 MeV to 100 GeV. Events that could be caused

by gamma rays that originate from CR interactions with the upper atmosphere as

well as events that coincide with a solar flare or a gamma-ray burst are excluded

from the data [138].

Following the description in section 7.3, binned likelihood analyses are first

carried out on each ROI individually, using models that include the 2FGL sources

[120] within and close to the ROIs as well as the galactic and extragalactic diffuse

backgrounds (see section 7.1). Applying the obtained maximum likelihood esti-

mators of the model parameters, the 2FGL sources are simulated and subtracted

from the data, in order to simplify the model that is used for the later stacking

analysis. Here, the 2FGL sources are generally treated as point-like emissions.

The stacking is performed by stepwise-adding the resulting maps of counts of

the selected cluster regions (see section 7.2). In each stacking step, the data is

analyzed with a binned likelihood analysis, making use of a model that includes

the stacked diffuse backgrounds and a point-like source at the ROI center. The

central point-like source, denoted as test source, accounts for a potential emission

from the central regions of the clusters (see section 7.3). Even though clusters may

not be point-like but have extended dimensions in gamma rays, the main emission

is expected to originate from the cluster core. In this analysis, potential cluster

emissions are therefore treated as point-like.

The differential gamma-ray flux of the test source is assumed to follow the

power law dN/dE = N0 · Eγ, where the photon index γ is set to fixed values
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(see next section) and the normalization factor N0 is a free parameter during the

likelihood fit [119].

A measure of the emission significance associated with the test source is given

through the test statistic TS = −2(logL0 − logL1), where L0 is the maximized

likelihood-value given that only the diffuse backgrounds are present in the model

(null hypothesis), and L1 is the best fit value given that the test source is present

additional to the diffuse backgrounds (alternative hypothesis), representing a sig-

nificance level of
√

TS in units of σ (see section 7.3 and [115]). The integrated

gamma-ray flux is obtained by integrating the differential flux dN/dE in the energy

range 200 MeV to 100 GeV. If the resulting TS values are < 25, then 90% confi-

dence level (CL) upper limits (UL) on the integrated gamma-ray flux are computed,

which are obtained by stepwise-increasing N0 until (logLmax − logLmax|N inc
0

) =

2.71/2 (see section 7.3 and [116]), where Lmax is the maximized likelihood-function

and Lmax|N inc
0

is the likelihood-function recomputed after N0 has been incremented.

Under the assumption that the model of the test source corresponds to reality,

the TS values represent the cumulative significance of the gamma-ray emission

from the stacked cluster sample, whereas the flux upper limits correspond to the

averaged measured emission from these clusters.

8.3 Analysis and results

In the following sections, the clusters are stacked seperately for the CCs and NCCs

and the whole cluster sample. In order to investigate the spectral hardness of

the potential cluster emission, the analysis is performed using test sources with

different photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4], for which the TS

values and the 90% CL UL on the gamma-ray flux are computed in each stacking

step.

The samples are stacked in different sorted sequences to investigate the TS

developments during the stacking. If objects that contribute to a potential cu-

mulative signal are stacked first, it is expected that the TS values increase in the

beginning of the stacking. If then objects are added that rather add background

than signal, the TS values stay approximately constant or start to decrease, until a

final cumulative TS value is reached. In contrast, if the stacking order is reversed,

the TS values stay constantly low in the beginning of the stacking and start to

increase as soon as the objects are added that contribute to a potential signal,

until the same final TS value is obtained as before.

Due to the hierachical formation of clusters, high cluster masses imply a long

formation history, which in turn allows cosmic rays to be accumulated in the cluster

volume over time. This leads to a positive correlation between X-ray luminosity

and the gravitational cluster mass M500 (see sections 6.1 and 6.3). Hence, it is

reasonable to expect such a positive correlation also for the gamma-ray luminos-

ity. The measureable photon flux of a point-like source decreases with increasing
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distance to the object, according to the inverse-square law. This implies that

objects with low redshifts z are better observable compared to objects that are

farther away from the telescope. The first stacking sequence is therefore defined

by descending M500/z2-values. The second and third sequence, sorted by descend-

ing M500-values and ascending z-values, respectively, are used to investigate the

dependence of the TS values on mass and redshift seperately.

8.3.1 Stacking of 53 clusters

Using all 53 clusters given in table 8.1, the first sorting sequence, defined by

descending M500/z2-values, results in the TS values and the 90% CL UL shown in

figure 8.1 and figure 8.2, respectively. In figure 8.1, photon indices −1.2 and −1.6

yield the highest TS values on average, without reaching the detection threshold TS

≥ 25. Assuming that the spectral shape in the data can be described by a power

law with a photon index between −1.2 and −1.6, which would indicate a hard

spectral component in the data, 90% CL UL on the gamma-ray flux range between

0.26×10−10 and 0.65×10−10 ph/(cm2s) for 53 stacked clusters. Alternatively, one

could possibly interprete these results as signals with∼ 3σ significance. For photon

indices −1.2 and −1.6, this interpretation would lead to integrated photon fluxes

(0.16± 0.06)× 10−10 ph/(cm2s) and (0.38± 0.15)× 10−10 ph/(cm2s), respectively.

Figure 8.1: The test statistic values for a potential point-like emission at the center of

the ROIs versus the number of stacked clusters. The stacking analysis is performed using

different power-law spectra with photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and

a stacking order of descending M500/z2-values.
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Figure 8.2: 90% CL upper limits (UL) of the integrated photon flux for a potential point-like

emission at the center of the ROIs versus the number of stacked clusters. The stacking

analysis is performed using different power-law spectra with photon indices [−0.4, −0.8,

−1.2, −1.6, −2.0, −2.4] and a stacking order of descending M500/z2-values.

Note, that the resulting TS values and flux upper limits depend strongly on

the spectral shape of the applied model. The likelihood analysis is particularly

sensitive to photon counts at high energies, leading to increased flux upper limits

if the spectrum in the model is softer and to decreased flux upper limits if the

spectrum in the model is harder than the spectrum present in the data (see section

7.3).

Recently published flux upper limits [133], obtained with photon index −2.0

and for photon energies from 200 MeV to 100 GeV, range between 7.5×10−10 and

14.13×10−9 ph/(cm2s) and yield an average upper limit of 4.33×10−9 ph/(cm2s),

not considering the comparatively high values of 26.22 × 10−9 and 89.19 × 10−9

ph/(cm2s) for the Ophiuchus and Perseus cluster, respectively. In comparison to

this value, stacking the 53 clusters from table 8.1 yields 1.07 × 10−10 ph/(cm2s)

for photon index −2.0 and hence is one order of magnitude lower.

In figure 8.3, the developments of the TS values for the different power-law

spectra are shown using the second sorting sequence defined by descending M500-

values. With a photon index −1.2, the TS value increases during the stacking up

to the final value ∼ 10, where the main contribution comes from some objects that

are added during the 31st and 53rd stacking step and thus from objects with low

masses. In case of a photon index −2.0, the TS values remain below ∼ 1.5, which

indicates that the emissions do not add constructively.
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Figure 8.3: The test statistic values for a potential point-like emission at the center of

the ROIs versus the number of stacked clusters. The stacking analysis is performed using

different power-law spectra with photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and

a stacking order of descending M500-values.

A completely different behaviour is found if the stacking is sorted by ascending

redshifts z, which results in the TS developments shown in figure 8.4. The highest

cumulative TS values on the order of 15 are obtained for photon index −1.6 during

the stacking of low-redshift objects around the 10th stacking step. Interestingly,

the spectral shape in the data seems to harden when objects with higher redshifts

are added, such that the highest final TS value is achieved with photon index

−1.2. It can clearly be seen that the discrepancy between the hard spectra (photon

indices −0.4, −0.8, −1.2 and −1.6) and the soft spectra (photon indices −2.0 and

−2.4) increases during the stacking, resulting in a final departure of ∆TS ∼ 10.
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Figure 8.4: The test statistic values for a potential point-like emission at the center of

the ROIs versus the number of stacked clusters. The stacking analysis is performed using

different power-law spectra with photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and

a stacking order of ascending z-values.

In the following section, the 53 clusters are split into a CC and a NCC sub-

sample (see table 8.1), respectively, in order to investigate if the two cluster types

contribute in different ways to the TS values and the flux upper limits.

8.3.2 Stacking of cool core and non-cool core clusters

The largest discrepancy between the CC and NCC subsample is found when a

stacking order of descending M500/z2-values is used. The corresponding TS values

for the CC subsample are shown in figure 8.5. Up to the 11th co-added ROI, no

constructive adding of a signal is observed. Between the 12th and 17th as well

as for the 20th (in which A3112 is added) stacking step, the TS value rises until

a final value of ∼ 9 is reached for the hard spectrum with photon index −1.2,

for which the main contributions are due to some objects with low masses and

high redshifts. The 21 stacked CCs result in final flux upper limits of 0.44× 10−10

ph/(cm2s) for photon index −1.2, 1.13 × 10−10 ph/(cm2s) for photon index −1.6

and 2.34× 10−10 ph/(cm2s) for photon index −2.0, shown in figure 8.6.
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Figure 8.5: The test statistic values for a potential point-like emission at the center of the

ROIs versus the number of stacked clusters, computed for a sample of cool core clusters.

The likelihood analysis is performed separately for different power-law spectral models with

photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and a stacking order of descending

M500/z2-values.

Figure 8.6: 90% CL upper limits (UL) of the integrated photon flux for a potential point-like

emission at the center of the ROIs versus the number of stacked clusters, computed for a

sample of cool core clusters. The likelihood analysis is performed separately for different

power-law spectral models with photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and a

stacking order of descending M500/z2-values.
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Stacking the NCC subsample by descending M500/z2-values results in the TS

developments shown in figure 8.7. In contrast to the results in figure 8.5, the main

contribution to the TS values comes from NCCs with low M500/z2-values, where

the spectra with photon indices −1.6 and −2.0 dominate for low M500/z2-values.

The spectral shape in the data seems to harden during the stacking, leading to a

final TS value ∼ 3 for photon index −1.2.

32 stacked NCC clusters result in final flux upper limits on the cluster emission

of 0.23×10−10 ph/(cm2s) for photon index −1.2, 0.53×10−10 ph/(cm2s) for photon

index −1.6 and 0.70×10−10 ph/(cm2s) for photon index −2.0, shown in figure 8.8.

After only 21 stacking steps, the flux upper limits obtained for the NCCs yield

0.31× 10−10 ph/(cm2s) for photon index −1.2, 0.71× 10−10 ph/(cm2s) for photon

index −1.6 and 0.94× 10−10 ph/(cm2s) for photon index −2.0 and are thus below

the upper limits obtained for the 21 CCs.

The different developments in figures 8.5 and 8.7 could be due to differences

in the particle dynamics in CC and NCC clusters. However, the TS values are

far below the detection threshold and therefore the observed differences are not

conclusive.

Figure 8.7: The test statistic values for a potential point-like emission at the center of the

ROIs versus the number of stacked clusters, computed for a sample of non-cool core clusters.

The likelihood analysis is performed separately for different power-law spectral models with

photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and a stacking order of descending

M500/z2-values.
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Figure 8.8: 90% CL upper limits (UL) of the integrated photon flux for a potential point-like

emission at the center of the ROIs versus the number of stacked clusters, computed for a

sample of non-cool core clusters. The likelihood analysis is performed separately for different

power-law spectral models with photon indices [−0.4, −0.8, −1.2, −1.6, −2.0, −2.4] and a

stacking order of descending M500/z2-values.

8.3.3 Spatial correlation

In the following, the correlation between the obtained TS values and the actual

cluster positions is studied by probing the gamma-ray emission at different dis-

tances relative to the clusters. For each cluster, 10 additional ROIs are selected,

that are shifted in galactic longitude relative to the cluster position by [−5◦, −4◦,

−3◦, −2◦, −1◦, +1◦, +2◦, +3◦, +4◦, +5◦]. The ROIs are prepared in the same

way as it is described in section 8.2. Separated by the relative positions into 10

samples, each sample is stacked individually according to section 8.2, using a test

source to search for a potential point-like emission at the ROI centers.

In figure 8.9, the developments of the TS values are shown for the different

relative positions using a M500/z2-sorting and a photon index −1.2. After 26

stacking steps, the TS values obtained at the actual cluster position (shifted by

0◦) clearly dominate the ones obtained at the shifted positions. The dominance

is weaker but still present for photon index −1.6 and vanishes for photon index

−2.0, as it is shown in figures 8.10 and 8.11, respectively. In figure 8.12, the final

TS values for indices [−1.2, −1.6, −2.0] are plotted versus their relative position,

showing clear peaks for photon indices −1.2 and −1.6 at the actual cluster position

(relative position 0◦).

Figures 8.9 and 8.12 indicate that the final cumulative TS values obtained in

section 8.3.1 are correlated with the actual cluster positions, a correlation that is
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particularly present for hard spectra with photon indices −1.2 and −1.6. This

feature is drastically reduced if energies from 10 GeV to 100 GeV are excluded,

as it is shown in figure 8.12 for photon index −1.2 at relative positions [−1◦, 0◦,

+1◦]. This could indicate the presence of photon counts between 10 GeV and

100 GeV that are due to cluster emission. However, the TS values are well below

the detection threshold, such that more observation time is needed to obtain a

conclusive result.

Figure 8.9: The test statistic values for a potential point-like emission at the center of the

ROIs versus the number of stacked ROIs shifted by [−5◦, −4◦, −3◦, −2◦, −1◦, 0◦, +1◦,
+2◦, +3◦, +4◦, +5◦] relative to the cluster position. The likelihood analysis is performed

for a power-law spectral model with photon index −1.2 and a stacking order of descending

M500/z2-values.
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Figure 8.10: The test statistic values for a potential point-like emission at the center of the

ROIs versus the number of stacked ROIs shifted by [−5◦, −4◦, −3◦, −2◦, −1◦, 0◦, +1◦,
+2◦, +3◦, +4◦, +5◦] relative to the cluster position. The likelihood analysis is performed

for a power-law spectral model with photon index −1.6 and a stacking order of descending

M500/z2-values.

Figure 8.11: The test statistic values for a potential point-like emission at the center of the

ROIs versus the number of stacked ROIs shifted by [−5◦, −4◦, −3◦, −2◦, −1◦, 0◦, +1◦,
+2◦, +3◦, +4◦, +5◦] relative to the cluster position. The likelihood analysis is performed

for a power-law spectral model with photon index −2.0 and a stacking order of descending

M500/z2-values.
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Figure 8.12: The test statistic values for a potential point-like emission at the center of

the ROIs after 53 stacking steps versus their relative position. The likelihood analysis is

performed separately for power-law spectral models with photon indices [−1.2, −1.6, −2.0].

The black line with stars shows the TS values obtained for photon index −1.2 after excluding

energies > 10 GeV.
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Chapter 9

Summary and plans for the future

In section 7.3, a stacking method is described, that allows a maximum likelihood

analysis on co-added Fermi-LAT data. The method can be used to determine the

average photon flux from a sample of gamma-ray sources that are too faint to be

detected individually and to determine the cumulative statistical significance of

the corresponding emission. This has been tested successfully using simulations

and real data.

Using this stacking method, a sample of galaxy clusters is analyzed in section

8.3, for which a 90% confidence level upper limit on the integrated photon flux of

∼ 1.05×10−10 ph/(cm2s) is found. This value is one order of magnitude below the

average upper limit obtained in a recent study by the Fermi LAT collaboration

[133]. Performing seperate analyses on cool core and non-cool core clusters results

in flux upper limits of 2.32× 10−10 ph/(cm2s) and 7.2× 10−11 ph/(cm2s), respec-

tively, whereas no systematic difference in the emission from the two cluster types

can be concluded. The whole sample leads to a cumulative significance ∼ 3σ (TS

≈ 10) if a hard gamma-ray spectrum, a power-law spectrum with photon index

−1.2, is assumed for the cluster emission. It is found that the final cumulative

significance correlates with the actual cluster positions, being much lower if the

analysis is performed on regions that are not centered on the clusters. In an up-

coming paper [139], the gamma-ray emission from galaxy clusters will be studied

using a spectral model that is based on the cosmic ray population in the cluster

volume, allowing estimates on the cosmic ray energy density.

If a real signal is indeed present, the observed cumulative TS value ∼ 10 for

the whole sample of 53 clusters, which has been achieved after ∼ 3 years of Fermi

LAT observations, will increase approximately linearly with observation time. The

cluster sample is then expected to reach a 5σ detection level after ∼ 4.5 additional

years of data taking.
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