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Chapter 1

Event Reconstruction and Source Analysis Methods for

Pair-Conversion Telescopes

Eric Charles and James Chiang

Kavli Institute for Particle Astrophysics and Cosmology, SLAC National

Accelerator Laboratory, Stanford University, Stanford, CA 94305, USA

The analysis of the pair production data is unique in astronomy and is critically
linked with the details of the instrumental hardware. This chapter describes sev-
eral aspects of event reconstruction and source analysis in pair-conversion tele-
scopes. This includes the methods used to reconstruct the details of individual
γ ray interactions; the parametric representations of instrument performance;
and the likelihood fitting based analysis techniques used to analyze astrophysical
sources from γ-ray event lists. Finally, we describe astrophysical data sets that
can be used for calibration and validation of the instrument performance.

1. Introduction

As discussed in Chap. 0, in pair-conversion telescopes individual γ rays convert

to e+e− pairs, which are recorded by the instrument [1–3]. By reconstructing the

e+e− pair we can deduce the energy and direction of the incident γ ray. Accordingly,

data analysis is event-based: we record and analyze each incident particle separately.

Each event consists of a readout of all of the signals deposited in the instrument

during a narrow time window, typically O(µs).a It is worth noting that cosmic-ray

rates are high enough that some fraction of events will contain signals from more

that one cosmic ray, or from both a γ ray and a cosmic ray.

The field-of-view of pair-conversion telescopes is huge compared to most ob-

servatories operating at other wavelengths; typically exceeding a steradian (e.g.,

the Fermi-LAT field-of-view is ∼ 2.4sr at 10 GeV). Pair-conversion telescopes are

normally deployed in low-earth orbit with a period of ∼ 90 minutes; coupled with

the large field-of-view, this makes them excellent sky monitors. In fact, rather

than pointing at a series of fixed targets the Fermi-LAT is usually operated in a

sky-survey mode where it continuously scans across the sky.

In this chapter we will first describe some of the methods used to identify the

incoming γ rays and estimate their energy and direction (Sec. 2), discuss the in-

aDetector technologies are capable of much finer time resolution, down to O(ns) timescales. How-
ever, the power budget available for space-based telescopes significantly limits the achievable time

granularity.
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strument performance using the Fermi-LAT as an example (Sec. 3), describe tech-

niques used to make astronomical measurements from lists of γ ray events (Sec. 4)

and finally we will touch briefly on astronomical data samples used to calibrate and

validate the instrumental response (Sec. 5).

2. Reconstruction of Pair-Conversion Events

Event reconstruction translates the raw event information from the instrument sub-

systems into a high-level event description; see Fig. 1 for an illustrative event display

of a γ ray in the Fermi-LAT [3, 4].
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Fig. 1. Event display of a simulated 27 GeV γ ray (a) and zoom over the calorimeter (b) and

tracker (c) portions of the event. The small crosses represent the clusters in the tracker (see

Sec. 2.1), while the variable-size squares indicate the reconstructed location and magnitude of the
energy deposition for every hit crystal in the calorimeter. The dotted line represents the true

γ-ray direction, the solid line is the reconstructed calorimeter cluster axis and the dashed lines

are the reconstructed tracks. The backsplash from the calorimeter generates tens of hits in the
tracker, with two spurious tracks reconstructed in addition to the two associated with the γ ray

(note that they extrapolate away from the calorimeter cluster centroid and do not match the

calorimeter cluster axis direction). It also generates a few hits in the anti-coincidence detector,
which, however, are away from the event direction extrapolation and therefore do not contradict

the classification of the event as a γ ray.
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Reconstructing the signals in the individual detector channels into a coherent

picture of a particle interaction for each of the several hundred events collected

every second by a pair conversion telescope is a formidable task. The basic steps of

the process are:

(1) Digitization: converting the information about signals in individual channels from

the schema used in the electronics readout to more physically motivated schema,

including the location of the signal in an instrument-based coordinate system.

(2) Event Reconstruction: applying pattern recognition and fitting algorithms com-

monly used in high-energy particle physics experiments to reconstruct the event

in terms of individual tracks and energy clusters in the detector subsystems and

to associate those objects with each other. This step includes separating signals

the different particles in multi-particle events.

(3) Event analysis: evaluating quantities that can be used as figures of merit for the

event from the collections of tracks, clusters and associated information. Once this

information is extracted, multivariate analysis techniques are applied to extract

measurements of the energy and direction of the event and to construct estimators

that the event is in fact a γ-ray interaction rather than a background cosmic-ray

interaction.

(4) Event classification: applying selection criteria to make lists of γ ray events.

While the digitization stage is fairly straightforward, the remaining steps are

involved and described further below.

2.1. Event Reconstruction

A wealth of techniques have been developed in high-energy particle physics to re-

construct the momenta and energy of particles observed in a detector (see, e.g.,

Ref. [5] for an overview of the subject). Furthermore, the specific details of the

algorithms depend on the geometry of the detector in question. Therefore, rather

than discuss these algorithms in detail we will summarize the overall process.

In principle, near the pair-conversion point the event consists only of the two

tracks from electron and positron. (At energies above a few GeV, depending on the

granularity of the tracker, the two tracks overlap and become indistinguishable).

Within about one radiation length along the direction of travel of the incident γ

ray, Bremsstrahlung emission and secondary pair conversions produce the cascade

of e+, e− and γ-rays making the EM shower. As discussed in Chap. 0, identifying

and correctly reconstructing the e+ and e− tracks before the onset of the EM shower

is an essential goal of the event reconstruction.

The “clustering” stage of event reconstruction is to combine signals in adjacent

detector elements that are likely to have been caused by the same incident particle.

In the Silicon strip detectors used in the Fermi-LAT and the AGILE-GRID, a

charged particle often leave signals in two or more adjacent strips in a single layer.

The clustering algorithms combines these signals into a set of clusters that will be
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used in the later stages of the reconstruction.

Clustering algorithms for signals in calorimeters are different; since the EM

showers are fully developed in the calorimeter the goal of the calorimeter clustering

algorithm is to gather together all of the signals from a single shower, rather than

from the individual tracks in the shower. Calorimeter clustering is important to

disentangle the signals caused by incoming γ rays from those caused by cosmic rays

that crossed the instrument during the event readout window. The clustering stages

often include the application of channel-by-channel calibration algorithms, so as to

measure the energy deposition in each cluster.

With highly segmented calorimeters, such as the Fermi-LAT calorimeter, and to

lesser extent, the AGILE Mini-Calorimeter, a dedicated “shower-fitting” algorithm

(see, e.g., Refs. [6, 7]) can extract information such as: estimates of the total energy

deposited in the cluster as well as the energy that leaked out of the calorimeter,

topology of the clusters, e.g., the axes of the calorimeter clusters and the transverse

and longitudinal extent of the showers with respect to those axes. Topological in-

formation is useful for discriminating between γ rays and cosmic rays, in particular

baryons such as protons and heavy nuclei. Baryons do not generate electromagnetic

(EM) showers, but rather deposit energy by a combination of ionization and nu-

clear interactions, resulting in significantly different shower topologies than γ rays,

electrons or positrons.

In the “track-finding” stage of the event analysis, clusters in the tracker are

linked together into tracks representing the path of individual particles. Far too

many track-finding algorithms exist to be discussed here; four different algorithms

are used in the reconstruction of Fermi-LAT data alone. Probably the most im-

portant points to make are that no single track-finding algorithm is a panacea, and

different algorithms have often have complementary strengths. E.g., one algorithm

may be very fast, and excellent for picking out the simple and straight tracks of-

ten left by high-energy cosmic rays, while another may be significantly slower, but

better at disentangling the more complex events caused by γ rays with their EM

showers.

Once individual tracks have been found, Kalman filter-based “track-fitting” al-

gorithms are used to extract estimates of the direction of the individual parti-

cles [8–10]. The Kalman filter technique successively updates the best-estimate

track parameters and uncertainty estimates to account for the information gained

by each hit along the track trajectory and the information lost as the particles expe-

riences multiple scattering in the detector material. The output of the Kalman-filter

track fit is a series of best-fit track parameters and associated covariance matrices,

one set for each signal observed or volume of material traversed by the tracked

particle. Each set of parameters gives the best-fit estimate of the track trajectory,

using information up to that point in the track. In practical terms, however, the

track parameters at the beginning of the track are the most important, as they can

be used both to determine the direction of the incoming particle and to propagate
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the track to test for the existence of associated signals in other detector sub-systems

(e.g., an associated hit in an anti-coincidence veto system that might indicate the

track was most likely caused by a charged particle starting outside the tracking

volume).

The final stage of the event reconstruction is to associate information from the

various instrument sub-systems. For example, tracks can be extrapolated to the

calorimeter and matched up with calorimeter clusters, or extrapolated to a sur-

rounding anti-coincidence veto detector and associated with signals there.

In fact, the description given here is something of an oversimplification. Infor-

mation from various stages of event reconstruction can be useful in other stages.

E.g., for very complicated events, typically with thousands of individual signals in

the tracker, the axis of the EM shower in the calorimeter can be used to seed the

track-finding algorithms, to reduce the combinatorial challenge to a manageable

level. Typically the later stages of the event reconstruction have some amount of

overlap, and part or all of the process might be iterated more than once, often using

information from previous iterations. Also, the tracks and calorimeter clusters from

the different particles in multi-particle events must be separated during the event

reconstruction.

2.2. Event Analysis

Once each event has been fully reconstructed, the reconstructed event must be

analyzed to extract information that will be used to determine the energy, direction

and species of the incoming particle. It is also useful to estimate how well the

energy and direction were measured, e.g., to select sub-samples of events that are

particularly well reconstructed, or to reject events that are poorly reconstructed.

It is possible to design literally hundreds of different quantities to characterize

each event. Here we will list the most important questions these quantities are

designed to answer.

(1) Which track or tracks came from the original e+e− pair? In practice this is a

matter of finding the longest and straightest tracks, as those are the ones from the

highest energy particles. These are most likely to be from the original pair, as

opposed to back-scattered particles from the EM shower. Furthermore, if the two

longest and straightest tracks from a vertex, i.e., if they come from a single point,

that is a strong indicator that the event is in fact from a γ-ray pair conversion.

(2) How accurate are the estimates of the energy and direction? Events for which

a large fraction of the event energy leaked out of the calorimeter naturally have

poorer energy resolution than events for which the energy was well-contained.

Likewise, high-energy events for which the pair-conversion occurred near the top

of the tracker and signals were observed in every tracker plane naturally provide

a more accurate direction estimate than events for which the pair conversion

happened at the bottom of the track and only three or four track planes have
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signals.

(3) Does the event start well inside the instrument? Incoming cosmic rays will leave

signals from the point at which they enter the instrument; for converted e+e−

pairs the signals will only start after the conversion point. If a likely conversion

point can be identified, quantifying the number of detector signals “missing” be-

fore that point along the track extrapolation is a powerful discriminator between

γ rays and cosmic rays.

(4) Is the topology of the event consistent with an EM shower?. “Shower-shape vari-

ables” distinguish between EM showers caused by γ rays and the hadronic showers

caused by cosmic rays proton and heavy ions. However these do not discriminate

against cosmic-ray electrons and positrons. Similarly, the specific ionization, i.e.,

the energy deposition per unit length in the instrument, scales as the square of

the particle charge, making it a powerful discriminator against heavy ions. On

the other hand, because of Bremsstrahlung processes, EM shower events tend to

have a larger number of extra signals in the tracker near the e+e− pair.

(5) Do the instrument sub-systems provide a consistent picture of the event? Because

of the huge level of background rejection needed, low-probability events can pose

a significant analysis challenge. This is especially true as these low-probability

events might partially mimic a γ ray event. A specific example would be a cosmic-

ray electron that enters the side of the calorimeter, creating an EM shower, from

which a single particle escapes into the tracker and leaves a short track before

running out of energy. The tracker reconstruction might mis-identify the event as

a track that started in the middle of the tracker. The calorimeter reconstruction

might well identify the event as an EM shower. However, the axis of the calorime-

ter shower would probably not match the track direction particularly well. Only

by putting together the entire event would it be identified as a likely cosmic ray

interaction.

2.3. Event Classification

Since pair-conversion telescopes are subjected to a flux of cosmic rays orders of

magnitude larger than the γ-ray flux, it is not feasible to design a single set of

event selection criteria that remove all the cosmic-ray backgrounds while preserving

efficiency for selecting the γ rays. In fact, optimization with sophisticated ma-

chine learning algorithms is required to reach the signal to noise levels needed for

astronomy.

It is also important to note that the optimal point of the background rejection

versus signal efficiency curve (also known as the receiver operation characteristic

or ROC curve) depends on the scientific measurement being made. Accordingly,

instrument teams often provide a small number of different sets of γ-ray event

lists, made with more or less stringent background-rejection criteria. E.g., in each

of their data releases the Fermi-LAT collaboration has provided separate selections

optimized for the study of: (i) short time-scale transients such as gamma-ray bursts,
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(ii) persistent point sources, (iii) large scale diffuse emission and (iv) all-sky studies

of the isotropic gamma-ray background.b Similarly, the AGILE collaboration pro-

vides one data selection for most analyses and a looser selection for the analysis of

gamma-ray bursts and pulsar timing [2].

3. Instrument Response Functions

The standard for analysis of pair-conversion telescope data is the maximum like-

lihood analysis formalism as described in Ref. [11]. A critical component of this

formalism is the parametric representation of instrument performance: the instru-

ment response functions (IRFs). In practice, analyses assume that the IRFs can be

factorized into three parts:

(1) Effective Area, Aeff(E, v̂, s), the product of the cross-sectional geometrical collec-

tion area, γ ray conversion probability, and the efficiency of a given event selection

(denoted by s) for a γ ray with energy E and direction v̂, in the instrument frame;

(2) Point-spread Function (PSF), P (v̂ ′;E, v̂, s), the probability density to recon-

struct an incident direction v̂′ for a γ ray with (E, v̂) in the event selection s;

(3) Energy Dispersion, D(E′;E, v̂, s), the probability density to measure an event

energy E′ for a γ ray with (E, v̂) in the event selection s.

Note that the IRFs can change markedly across the instrument field-of-view. In

practice, because of their high level of azimuthal symmetry, existing pair-conversion

telescopes have parametrized the IRFs in terms of the incidence angle with respect

to the bore-sight, θ, and either ignored the azimuthal dependence of the IRFs or

treated it as a small correction factor.

Generally, IRFs are created by making Monte Carlo simulations of millions of γ

rays incident from a variety of directions, locations and energies, fitting the resulting

distributions to parametrized functions at each energy and incidence angle, and

storing tables of the fit parameters.

It is useful to define the IRFs in the instrument frame when discussing instru-

ment performance; but when analyzing celestial γ-ray data it is more practical to

work in sky-coordinates, and we must therefore account for the pointing history

of the instrument. So we denote the IRFs in celestial coordinates, p̂ and in terms

of a generalized vector ~L(t) describing, as a function of time, the instrument atti-

tude and other relevant degrees of freedom, such as the instrument mode, or if the

instrument is even taking data (“live”). The IRFs are then:

Aeff = Aeff(E, p̂, ~L(t), s);

P = P (p̂ ′;E, p̂, ~L(t), s);

D = D(E′;E, p̂, ~L(t), s). (1)

bSee, e.g., http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

Cicerone_Data_Exploration/Data_preparation.html.
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Clearly, this implies that the “live”-time pointing history of the instrument must

be tracked and saved.

Because the instrument response has to be evaluated over the constantly chang-

ing orbit and attitude of the telescope, experience has shown that it is useful to

pre-compute and store the distribution of observing time in the instrument refer-

ence frame of any given direction in the sky. For a single direction this is referred

to as the “observing profile” or “off-axis histograms”, and written tobs(v̂; p̂); and

we refer to a collection of observing profiles for a pixelization of the entire sky as a

“livetime cube”.

The exposure in a given direction can be calculated by integrating the product

of the observing profile and the effective area over the instrument field-of-view:

E(E, p̂, s) =

∫
dv̂Aeff(E, v̂, s)tobs(v̂; p̂). (2)

Figure 2 shows examples of the observing profile for two different sky locations and

a map of the exposure over the entire sky at 1 GeV.
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Fig. 2. Observing profiles and exposure at 1 GeV for 5 years (2008 Aug. 03 to 2013 Aug. 03) of

Fermi-LAT observations. Left: observing profiles towards the Vela pulsar and the blazar 3C279.

Right: exposure at 1 GeV in cm2s for the P7REP SOURCE V15 IRFs; shown in a Hammer-Aitoff
projection in equatorial coordinates along with the locations of Vela and 3C 279. The difference

in observing profile between the two sources is a consequence of the different declinations (δ) of

those sources.

3.1. Effective Area

When describing the performance of a pair-conversion telescope, we commonly show

the effective area at normal incidence as a function of the energy and the angular de-

pendence of the effective area for a given energy. Figure 3 shows these performance

curves for the Fermi-LAT.

In the middle of the energy band the effective area is primarily determined by

the geometrical cross section of the instrument and the pair-conversion efficiency,

and is fairly uniform with energy. At low energies the effective area falls off because

the converted electron and positron may not have enough energy to leave a long
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Fig. 3. Effective area and acceptance of the Fermi-LAT, for the P7REP SOURCE version of the event

selections and the associated P7REP SOURCE V15 IRFs. Top left: Aeff for γ-rays entering normal to
the orientation of the tracker planes. Top right: comparison of the Aeff of the P7REP SOURCE event

selection and two other selections. Bottom left: variation of the Aeff with incidence angle (θ) for

10 GeV γ rays. Bottom right: acceptance, Eq. (3), as a function of energy. “Front” and “back”
refer to events that convert in the front (first 12 converter/sensor layers) and back (last 6 layers)

sections of the LAT tracker. The Tungsten converters in the back layers are thicker and induce

more γ-ray conversions, resulting in roughly the same total acceptance as the front section with
fewer converter layers.

enough track to be properly reconstructed. At high energies the effective area falls

off because some fraction of the huge number of particles created in the EM shower

in the calorimeter scatter back into the tracking volume and complicate the event

to the point that it becomes exceedingly difficult to properly reconstruct.

The incidence angle dependence of the effective area is primarily a geometric

effect; as the incidence angle increases, the chance of a particle leaving enough

signals in both the tracker and calorimeter such that both the direction and energy

can be reconstructed decreases. The variation of the effective area with incidence

angle would be quite different for instruments that did not have the stacked planar

geometry of existing pair-conversion telescopes.

When discussing instrument performance, it is often useful to integrate over the

field-of-view to define the “acceptance” of the instrument:

A(E, s) =

∫
dv̂Aeff(E, v̂, s). (3)

The acceptance is plotted in the lower-right panel of Figure 3.
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3.2. Point-Spread Function

As discussed in Chap. 0, at low energies the PSF of a pair-conversion telescope is

determined by multiple scattering, while at high energies it is determined by the

spatial resolution of the individual signals in the tracker and the distance between

successive signals. Furthermore, the increasing complexity of higher energy events

makes it more likely that the track-finding algorithms will associate one or more

signals with the wrong track. In general this results in widening the tails of the PSF

without much change to the core of the distribution. Figure 4 shows two measures

of the PSF as a function of energy for the Fermi-LAT.

Fig. 4. Containment radius of the point-spread function of the Fermi-LAT for the

P7REP SOURCE V15 IRFs as a function of energy for γ-rays entering at normal incidence. Left:
68% and 95% containment radii. Right: ratio of the 95% to 68% containment radii. The expected

ratio for a two-dimensional Gaussian is 1.61; i.e., at high energies the tails of the PSF are very non

Gaussian. The thicker Tungsten converters in the back section result in more multiple scattering
of the tracks and worse direction resolution.

For instruments with planar geometries such as the Fermi-LAT or the AGILE-

GRID the PSF varies with the incidence angle of the incoming γ ray; at larger

incidence angles the particles will cross more material (and experience more multiple

scattering) per tracking plane. For a particular direction in the sky, the time- and

observing profile-averaged effective PSF is:

P̄ (p̂ ′;E, p̂, s) =

∫
dv̂P (p̂ ′;E, p̂, v̂, s)Aeff(E, v̂, s)tobs(v̂; p̂)∫

dv̂Aeff(E, v̂, s)tobs(v̂; p̂)
. (4)

3.3. Energy Dispersion

As discussed in Chap. 0, the energy resolution of existing pair-conversion telescopes

is determined by how much of the energy of the incident γ ray is deposited in

the calorimeter. At low energies the energy resolution degrades because a large

fraction of the energy is typically lost in the tracker, before the particles reach

the calorimeter; at very high energies the energy resolution degrades because of

energy leakage out the back and sides of the calorimeter. Figure 5 shows the energy
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resolutionc of the Fermi-LAT as function of energy and incidence angle.

Fig. 5. Energy resolution of Fermi-LAT as a function of Energy and incidence angle. Left: energy

resolution as of function of energy for γ rays arriving at normal incidence. Right: energy resolution
for 10 GeV γ rays as a function incidence angle.

For specific analyses where the energy resolution is important, it can be useful to

define time- and observing profile-averaged effective energy dispersion for a source

of interest, in analogy to Eq. (4):

D̄(E′;E, p̂, s) =

∫
dv̂D(E′;E, v̂, s)Aeff(E, v̂, s)tobs(v̂; p̂)∫

dv̂Aeff(E, v̂, s)tobs(v̂; p̂)
. (5)

4. Likelihood Formalism

Our knowledge of the GeV sky is quite limited. As of 2015 only ∼ 3000 γ-ray

sources have been detected [12]. In general, the limited statistics of the available

data only allow us to answer simple questions about any particular source. Often

we can measure only the total flux and overall spectral index. For brighter sources

we can measure spectral curvature, temporal variability or spatial extension if they

are pronounced enough.

Furthermore, the single event-based data acquisition, broad PSF and the typical

sky-survey operating mode make the analysis of pair-conversion telescope data quite

different from the analysis of data from many other types of instruments.

The maximum likelihood technique has been seen as the way to get the most

precise estimates of the relatively small number of source parameters we can mea-

sure with the available data. Maximum likelihood fitting was first used to analyze

pair-conversion telescope data in the COS-B era [13]. The methodology has been

refined and adapted first by the EGRET [11], and then the Fermi-LAT and AGILE

collaborations.

This likelihood analysis formalism compares the observed distributions of γ rays,

N(p̂ ′, E′, t, s), to an expected distribution, M(p̂ ′, E′, t, s), that is created by con-

cDefined as the half width of the energy window containing 34% + 34% (i.e., 68%) of the energy
dispersion on both sides of its most probable value, which typically gives slightly larger values of

energy resolution than using the smallest 68% containment window.
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volving source models, S(p̂, E, t; ~α), where ~α denotes the free parameters of the

model, with the IRFs. Specifically, the likelihood model is

M(E′, p̂ ′, t, s) =
∫
dEdp̂Aeff(E, p̂, ~L(t), s)P (p̂ ′;E, p̂, ~L(t), s)×
D(E′;E, p̂, ~L(t), s)S(p̂, E, t; ~α)

=
∫
dEdp̂R(E′, p̂ ′;E, p̂, t, s)S(p̂, E, t; ~α), (6)

where the latter relation defines R, the “total response” of the instrument. The

fitting procedure then finds the values, α̂, of the fit parameters that maximize the

likelihood, L(M(~α);N).

When testing the significance of additional model components or parameters, a

test-statistic (TS) can defined in terms of the likelihood ratio of the best-fit model

with the additional component included with respect to the null hypothesis (i.e.,

the best fit model with those components omitted):

TS = 2 log
L(M(α̂);N)

Lnull(M(α̂);N)
. (7)

In most analyses of γ-ray data the statistics are sufficient that the TS is well-

described by χ2 distribution with degrees of freedom equal to the number of addi-

tional parameters in the test-hypothesis model with respect to the null-hypothesis

model (i.e., Wilks’ [14] or Chernoff’s [15] theorem applies).

The likelihood ratio test can be used in a number of ways, e.g., to estimate the

significance of a source candidate at a particular location, to establish the presence of

spectral curvature or additional spectral components, or to test for source variability.

We will first discuss the formalism used to construct the likelihood for binned

data (Sec. 4.1), then by considering the limit of small bins, we can move to the

formalism for likelihood analysis of unbinned data (Sec. 4.2). In both cases we

will discuss approximations that can be used to simplify and vastly speed up the

analysis.

4.1. Binned Likelihood Analysis

For binned data the Poisson likelihood is:

L =
∏

j

m
nj
j e−mj

nj ! , (8)

where nj is observed number of events in bin j and mj is the number of events

predicted to lie within the bin given the model. In practice, the negative log-

likelihood is minimized with respect to the model parameters, ~α:

− logL = −
∑
j

(nj logmj −mj −���log nj !) (9)

= −
∑
j

nj logmj −Npred. (10)
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Here the log nj ! term is neglected since it does not depend on the model parameters,

and we have defined

Npred ≡
∑
j

mj (11)

which is the total number of counts predicted by the model.

Typically, data are binned both in the apparent direction, p̂ ′, and apparent

energy, E′; in some analyses they are also binned in time. Most analyses only use

γ rays for a relatively small part of the sky. This region of interest is dictated by

the size of the source of interest and the PSF and is typically of O(10◦). To avoid

excessive loss of information from binning, the bin size must be smaller than the

PSF, typically O(0.1◦), resulting in binned data images of roughly O(100 × 100)

pixels for each energy bin.

The general expression for the expected counts in bin j is:

mj =

∫
j

M(E′, p̂ ′, t, s)

=

∫
j

dE′dp̂ ′
∫
dt

∫
SR

dEdp̂R(E′, p̂ ′;E, p̂, t, s)S(p̂, E, t; ~α), (12)

where SR denotes the “source region”, i.e., the region of the sky for which sources

contribute to the region of interest. Because of the finite PSF, the source region

must be larger than the region of interest to account for contributions from sources

near the edge of the region of interest. Figure 6 shows example counts and model

maps for two different energy ranges for a region of interest centered on the blazar

3C 279. For analyses of all but the smallest regions of the sky for very short time

scales it is impractical to actually perform all these integrals. Fortunately, in most

cases a number of simplifying approximations can be found.

Constant sources and time-integrated IRFs. So long as both the source

flux and the IRFs are constant, the precomputed livetime cube can be used to

calculate contributions to the total response for any direction, e.g., the exposure,

Eq. (2), or the average PSF, Eq. (4). Because of the paucity of photons, non-

periodic time-dependence in form of flares or longer time scale secular changes in

flux or spectral shape will be better characterized by performing constant-source

likelihood analyses using sub-intervals of the data rather than trying to parametrize

and fit a time-dependent model. Similarly, discrete, time-dependent, changes in the

IRFs are best handled by treating the sub-intervals as separate observations.

Neglecting energy dispersion. In general, the physical processes responsible

for astrophysical γ-ray emission do not produce narrow spectral features. Further-

more, the IRFs for pair-conversion telescopes vary slowly as compared to the typical

energy resolution of 10%. Therefore, in many analyses neglecting the energy disper-

sion results in negligible biases. This vastly speeds up the analysis by avoiding the
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Fig. 6. Counts (left) and model (right) maps for a 14◦×14◦ region centered on the blazar 3C 279.

The maps were made using 5 years of Fermi-LAT data from the P7REP SOURCE event selection and
the associated P7REP SOURCE V15 IRFs. All of the maps use 0.1◦ pixels and are smoothed with

a 0.3◦ Gaussian kernel. The model maps were built using sources from the 2FGL catalog [16],

including some sources located just outside the region of interest. Top: maps for the 1 GeV to
1.78 GeV energy range. Bottom: maps for the 10 GeV to 17.8 GeV energy range.

convolution integrals over the true energy. Technically, this is equivalent to using a

delta-function to represent the energy dispersion D(E′;E, p̂, ~L(t), s) = δ(E′ − E).

We will refer only to true energies, E, henceforth.

Applying these two approximations makes it possible to express the expected

counts in bin j as a convolution of the source model with the exposure and average

PSF:

mj =

∫
j

dEdp̂ ′
∫

SR

dp̂E(E, p̂, s)P̄ (p̂ ′; p̂, E, s)S(p̂, E, t; ~α). (13)
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Factorization of spatial and spectral dependence in source models. Up

to this point we have treated the source model as a single entity. In fact, the

source model is typically a combination of many point sources (primarily pulsars

and AGN), contributions from Galactic diffuse γ-ray emission, isotropic extragalac-

tic emission, and a few spatially extended sources, such as supernova remnants or

nearby galaxies. It is often very useful to compute the distribution of expected

counts for each source component (indexed by i) separately and combine the ex-

pected counts distributions:

mj =
∑
i

mij

=
∑
i

∫
j

dEdp̂ ′
∫

SR

dp̂E(E, p̂, s)P̄ (p̂ ′; p̂, E, s)Si(p̂, E, t; ~αi). (14)

In many cases it is possible to factor the source model for a given source into a

spatial part, S̃i(p̂), and a spectral part, si(E; ~αi). This is explicitly true for point

sources, where S̃i(p̂) = δ(p̂), but is also the case when fitting to a spatial template

obtained from the analysis of data at other wavelengths. In fact, as the notation

here suggests, in many cases the spatial description of the source is assumed to be

known, and only the spectral parameters are being fit.

For point sources the expected counts distribution is simply the spectral term

convolved with the average PSF at the source location, p̃. For sources with ex-

tensions of O(1◦) the average PSF changes little across the source, so using any

location, p̃nom within the source will result in negligible bias and speed up the pro-

cedure dramatically by making it possible to invoke the convolution theorem to

perform the spatial integrals:

mij,pt =

∫
j

dEdp̂ ′E(E, p̃)P̄ (p̂ ′; p̃, E)si(E; ~αi); (15)

mij,ex =

∫
j

dEdp̂ ′
∫

SR

dp̂ E(E, p̃)P̄ (p̂ ′; p̃nom, E)si(E; ~αi)S̃i(p̂). (16)

If only the spectral parameters are being fit it is worthwhile to group every

other term in Eq. (15) into an energy dependent spectral prefactor, dij(E), and

precompute those values:

dij,pt(E) =

∫
∆p̂ ′j

dp̂ ′E(E, p̃)P̄ (p̂ ′; p̃, E); (17)

dij,ex(E) =

∫
∆p̂ ′j

dp̂ ′
∫

SR

dp̂ E(E, p̃)P̄ (p̂ ′; p̃nom, E)S̃i(p̂). (18)

In both cases the expected counts are simply

mij =

∫
∆Ej

dEdij(E)si(E; ~αi). (19)

Maps consisting of the precomputed dij(E) values for each source in the model for

a particular set of IRFs are often referred to as “source maps”. In fact, they are
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a combination of the spatial component of the source models and the instrumental

response.

4.2. Unbinned Likelihood Analysis

As stated earlier, the formalism for unbinned likelihood analysis can be obtained

by considering the limit of very small bins, such that any bin either has zero or one

event. In that case, the log of the likelihood is

logL =
∑
j

logM(E′, p̂ ′, t, s)−Npred, (20)

where the index j now runs over all the bins with one count (cf. eq. 10); or,

equivalently, over all of the counts. The total number of predicted γ ray counts is

Npred =

∫
dE′dp̂ ′M(E′, p̂ ′, t, s). (21)

Npred does not depend on the data, and must be calculated by numerical integration.

Effectively this is equivalent to summing the binned model counts over the region

and energy bands of interest, and the approximations discussed in Sec. 4.1 may be

be used (eqs. 10 and 11). Additionally, if a source is well contained in the region

of interest, or if the entire sky is being analyzed, the spatial convolution maybe be

dispensed with entirely, since only the total number of expected counts is needed,

rather than the distribution of those counts.

When evaluating the sum,
∑

j logM(E′, p̂ ′, t), it is impractical to convolve the

complete instrument response with every source in the model for every observed γ

ray, so simplifying approximations are required. These approximations are similar

to, but slightly different than the those used for the analysis of binned data and are

discussed below.

Constant sources and time-integrated IRFs. As was the case for binned

data, is generally more practical to perform constant-source likelihood analyses

using sub-intervals of the data rather than trying to parametrize and fit a time-

dependent model. Powerful techniques, such as the Bayesian Blocks method [17, 18],

can be used with unbinned time data to identify likely sub-intervals of constant flux.

Neglecting energy dispersion. Again, neglecting the energy dispersion results

in negligible biases for many measurements.

Applying these two approximations makes it possible to express the model like-

lihood to observe each γ ray, indexed by j, as

Mj(E, p̂
′, t, s) =

∫
dp̂Aeff(E, p̂, ~L(t), s)P (p̂ ′;E, p̂, ~L(t), s)S(p̂, E; ~α). (22)

Note that the effective area and the PSF are to be evaluated given the state and

orientation of the instrument at the time the jth γ ray was recorded.
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Factorization of spatial and spectral dependence in source models. For

the analysis of unbinned data, we obtain these expressions for the model likelihood

to observe a given γ ray from point source and extended sources, respectively:

Mij,pt = Aeff(E, p̃, ~L(t), s)P (p̂ ′;E, p̃, ~L(t), s)si(E; ~αi); (23)

Mij,ex =

∫
SR

dp̂Aeff(E, p̃, ~L(t), s)P (p̂ ′;E, p̃, ~L(t), s)si(E; ~αi)S̃i(p̂). (24)

When only the spectral parameters of a given source are free in a fit, it is useful to

precompute the spectral prefactors, dij for each γ ray in the sample:

dij,pt = Aeff(E, p̃, ~L(t), s)P (p̂ ′;E, p̃, ~L(t), s); (25)

dij,ex =

∫
SR

dp̂Aeff(E, p̃, ~L(t), s)P (p̂ ′;E, p̃, ~L(t), s)S̃i(p̂). (26)

Precomputing the “diffuse response”. Most studies focus on individual γ-ray

sources. However, the dij terms will be the same for every analysis that uses the

same data selection, IRFs and source models. Clearly, it would be impractical to

compute and save the dij for every combination of point source and γ ray. However,

a model of large-scale diffuse emission is needed for every analysis. More specifically,

analyses of individual point sources typically use pre-existing models of the Galactic

diffuse [19] and isotropic [20] γ-ray emission (note that the isotropic spectrum also

includes a residual cosmic-ray component). Accordingly, it can be useful to compute

the dgal,j and diso,j for the most commonly used IRFs for each γ ray in the data

sample, and to include those values as part of the data release.

5. Calibration and Validation Control Data

Because of the complexity of pair-conversion telescopes and of the physics simu-

lations of particle interactions in them we cannot expect Monte Carlo simulations

to perfectly reproduce the flight data. For this reason it is important to calibrate

and validate the IRFs using flight data. Detailed descriptions of calibration and

validation processes have been published by several instrument teams [4, 21–24].

Here we will briefly describe the most useful data sets for on-orbit calibration and

validation studies.

Although no astrophysical source has perfectly known properties, in practice

there are several sources for which accurate background subtraction allows extract-

ing a clean γ-ray sample that can be used to validate the Monte Carlo predictions.

Figure 7 shows examples of the definitions of the signal and background regions

used for background subtraction from four such samples. Taken together, the four

samples span the energy band accessible to pair-conversion telescopes. The samples

are described in more detail in the rest of this section.



June 29, 2015 12:12 World Scientific Review Volume - 9.75in x 6.5in HAI˙GammaAnalysis page 18

18 E. Charles and J. Chiang

Pulse phase
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

C
ou

nt
s 

/ 0
.0

12
5 

pe
rio

d

0

20

40

60

80

100

120

140

160

180
310×

Signal
Background

]2°[2α
0 2 4 6 8 10 12 14 16

 2 °
C

ou
nt

s 
/ 0

.2
 

0

5

10

15

20

25

30

35

40
310×

Signal
Background

]°[zθ
107 108 109 110 111 112 113 114 115 116 117

°
C

ou
nt

s 
/ 0

.1
 

210

310

Signal
Background

sin(b)
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

 s
r

π
C

ou
nt

s 
/ 0

.0
5 

0

5

10

15

20

25

30

35

40

45
310×

Clean
Dirty

Fig. 7. Examples of background subtraction methods used to define pure γ-ray calibration sam-

ples. In each case signal and background regions in the discriminating variable are shown. Top

left, pulse phase-selection for the Vela pulsar; top right, square of the angular separation, α, from
the nearest AGN; bottom left, zenith-angle, θz , selection to isolate the Earth’s Limb; bottom right,

distribution of Galactic latitudes for γ rays above 17.8 GeV. The figures are illustrative only and

use looser event selections than typical analyses, details of the selection criteria, the data sets used
and the definitions of the signal and background regions are given in Ref. [4].

5.1. Bright Pulsars

The pulsed high-energy γ-ray emission from pulsars allows for almost perfect control

of the background subtraction. The very short (< ms) timescales of pulse sub-

structures imply emission regions of < O(300 km), making them essentially perfect

point sources. Furthermore, the Vela pulsar (PSR J0835−4510) has the largest

integral flux > 100 MeV of any γ-ray source, and the Crab (PSR J0534+2200) and

Geminga (PSR J0633+1746) pulsars are also extremely bright γ-ray sources [16].

These factors make pulsars very good calibration sources. Unfortunately, the pulsed

emission of pulsars typically cuts off above several GeV, and pulsations are nearly

undetectable above 30 GeV by pair-conversion telescopes such as the Fermi-LAT

[25–27].

5.2. Bright Active Galactic Nuclei

Given the density of bright γ-ray sources in the sky, at energies where the 95%

containment radius of the PSF is less than ∼ 1◦ we can use the angular distance
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between a γ ray and the nearest source as a good discriminator for background

subtraction, particularly at high Galactic latitudes where there are fewer sources

and the interstellar diffuse emission is less pronounced. Unfortunately, no single

source is bright enough to provide adequate statistics to serve as a good calibrator.

However, by considering γ rays from a sample of bright and/or hard spectrum Active

Galactic Nuclei (AGN) that are isolated from other hard sources it is possible to

make good calibration sample for energies up to ∼ 30 GeV. It is worth noting that

some AGN might exhibit spatial extension because of the “pair-halo” effect where

TeV γ rays interact the extra-galactic background light and are reprocessed into a

“halo” of GeV γ rays around the original source direction. [28] Therefore, caution is

required when using AGN to calibrate the PSF with flight data; see e.g., Ref. [29].

5.3. The Earth’s Limb

The Earth’s atmosphere is a very bright γ-ray source. Furthermore, at energies

above a few GeV the γ-ray flux seen from space is dominated by γ rays from the

interactions of primary cosmic-ray protons with the upper atmosphere. This con-

sideration, together with the typical narrowness of the PSF at energies > 10 GeV,

causes the Earth limb to appear as a very bright and sharp feature, with a very

smooth spectrum, which provides an excellent calibration source. When using the

Earth limb as a calibration source we generally limit the energy range to energies

> 10 GeV, primarily because at lower energies orbital variations in the geomagnetic

field significantly affect the γ-ray fluxes [30].

5.4. The Galactic Ridge

At energies above ∼ 30 GeV no single source provides enough γ rays for a good

comparison between flight data and MC simulations. However, the combination

of bright Galactic sources and Galactic diffuse backgrounds means that there is a

very large excess of γ rays coming from the Galactic plane relative to high Galactic

latitudes.

The intensity of the γ-ray emission at low latitudes in the inner Galaxy is more

than an order of magnitude greater than at high latitudes in the outer Galaxy.

This can be used to validate event selections by comparing their effect on γ-ray rich

samples at low Galactic latitudes with γ-ray poor samples high Galactic latitudes.

6. Looking Forward

In this chapter we have given an introduction to event reconstruction and source

analysis in pair-conversion telescopes, and given several specific examples involving

the Fermi-LAT.

Prior to the advent of the Fermi-LAT, astrophysical observations in the 100 MeV

to 100 GeV range were largely limited by statistics. However, with the data ob-
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tained from the Fermi-LAT after more than six years of continuous operation, we

now have sufficient data that systematic effects, in terms of modeling of the as-

trophysical sources, understanding the residual charged-particle backgrounds, and

characterizing the instrument response, are starting to dominate our measurements

for the brighter sources at the 1% to 10% level.

Therefore, we expect that next generation pair conversion telescopes will require

important refinements to the data analysis methodology described here, but the

payoff from those refinements will be the ability to provide much more detailed

answers about the γ-ray sky.
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