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Abstract

Polarimetry provides insights into the emission mechanisms of astrophysical sources
by elucidating their magnetic field and geometry. Hard X-rays are produced in
regions with strong magnetic fields or strong gravitational effects, which makes
them a probe of extreme environments. This thesis describes the design, calibration
and data analysis from the balloon-borne hard X-ray polarimeters the PoGOLite
Pathfinder and its upgrade PoGO+. These instruments have measured the polari-
zation from the Crab nebula and pulsar, and of the black hole binary Cygnus X-1.

Paper I explores to what extent the statistical uncertainties on the polarization
parameters are non-Gaussian when the number of photons is low, as tends to be the
case for balloon-borne instruments. With this in mind, a Bayesian method is used
for data analysis in the subsequent papers. Paper II describes the measurement
of the polarization of the Crab system in the 20−120 keV energy range conducted
by the PoGOLite Pathfinder. Although the result is modest in its statistical signif-
icance it paves the way for the design of the upgraded instrument PoGO+.

The PoGO+ mission was conceived to remedy the shortcomings of the PoGO-
Lite Pathfinder design and observation strategy, as well as the pre-flight calibration,
which the focus of Paper III. Significant improvements are made to the detector
response model, optimization of data acquisition thresholds, online veto system
and to the general calibration procedure. When combined with interspersed target
and background measurements, systematic uncertainties are significantly smaller
for PoGO+ than for the PoGOLite Pathfinder.

The main scientific results are presented in Papers IV and V for the Crab
(20−160 keV) and Cygnus X-1 (20−180 keV), respectively. For the Crab, PoGO+
does not support a rapid increase in the polarization fraction claimed previously.
Additionally, the hard X-ray emission must be produced close to the pulsar and
possibly in the fine structures of the nebula. This is in agreement with X-ray images
from other instruments. For Cygnus X-1, the polarization measurements constrain
the geometry by rejecting the model where the hard X-rays are produced in a
compact corona close to the black hole and support the extended corona model.

The thesis demonstrates how balloon-borne instruments can be improved over
the course of several campaigns and can contribute to the testing of detector design,
development of analysis methods and provide new scientific results for bright X-ray
sources.
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Sammanfattning

Mätningar av polariserad röntgenstr̊alning fr̊an himlakroppar kan förklara astro-
fysikaliska processer och emissionsmekanismer. Högenergetisk röntgenstr̊alning kan
uppkomma till följd av stark gravitation eller starka magnetfält, och mätningar ger
inblick i förh̊allanden som r̊ader i dessa extrema miljöer. Den här avhandlingen be-
skriver utveckling, kalibrering och dataanalys för det ballongburna röntgenteleskopet
PoGOLite Pathfinder och dess uppföljare, PoGO+. Experimentet har uppmätt po-
larisationen fr̊an Krabbans nebulosa och pulsar, samt fr̊an tv̊astjärnesystemet Cyg-
nus X-1, som inneh̊aller ett svart h̊al och en synlig stjärnkompanjon.

Artikel I beskriver i vilken utsträckning den statistiska osäkerheten för po-
larisationsparametrar avviker fr̊an Gaussiskt beteende till följd av begränsad fo-
tonstatistik. För att hantera detta används Bayesianska metoder för dataanalysen
i efterföljande publikationer. Artikel II beskriver studien av Krabbsystemet med
PoGOLite Pathfinder, i energiintervallet 20−120 keV. Mätningen hade begränsad
statistisk precision, men banade väg för ett uppgraderat instrument, PoGO+.

PoGO+ skapades i syfte att åtgärda tillkortakommanden hos PoGOLite Path-
finder: specifika aspekter av instrumentets utförande, observationsplanering och
kalibrering, enligt Artikel III. Instrumentets simulerade respons har förbättrats
avsevärt, likas̊a har tröskelniv̊aer, veto-system och kalibrering optimerats. I kom-
bination med strategin att varva mätningar för signal och bakgrund bidrar dessa
förbättringar till kraftigt ökad prestanda för PoGO+ i jämförelse med PoGOLite
Pathfinder, samt bättre kontroll över systematiska mäteffekter.

Resultaten för Krabbsystemet (20−160 keV) samt för Cygnus X-1 (20−180 keV)
framställs i Artikel IV respektive V. Krabbmätningarna ger inget stöd för en ti-
digare p̊ast̊add dramatisk ökning i polarisationsgrad med energi. Vidare p̊avisas att
högenergetisk röntgenstr̊alning uppkommer nära pulsaren, samt möjligtvis i mindre
strukturer i nebulosan. Detta överensstämmer med röntgenavbildningar fr̊an andra
experiment. För Cygnus X-1 begränsar mätningarna geometrier som kan ge upphov
till str̊alningen, genom att utesluta str̊alning skapad i en kompakt region nära det
svarta h̊alet. Resultaten är i stället förenliga med str̊alning fr̊an en utbredd korona.

Avhandlingen demonstrerar hur ett ballongburet instrument kan förbättras steg-
vis genom flera kampanjer. Den kan ocks̊a p̊avisa hur detektoruppbyggnad, testning,
kalibrering och efterföljande dataanalys banar väg för vetenskapliga genombrott i
studierna av himlakroppar som sänder ut stark röntgenstr̊alning.
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Chapter 1

Introduction

Celestial objects can be studied through the electromagnetic radiation which they
emit. The radiation is characterized in terms of the energy spectrum, temporal
evolution, spatial image and polarization. The first three variables are routinely
measured across the electromagnetic spectrum but polarimeteric observations have
been conducted for only a handful of astrophysical sources at X-ray and gamma-ray
energies, due to the requirement of relatively high exposure times and a stringent
control of systematic uncertainties.

This thesis focuses on the development, launch and analysis of data from the
PoGOLite and PoGO+ balloon-borne hard X-ray1 polarimeters that made obser-
vations of the Crab pulsar and nebula, and the Cygnus X-1 black hole. Before
describing these instruments in detail it is necessary to introduce what polarization
is, how it is measured and how it can produced in astrophysical sources.

1.1 Polarization

The wave-particle duality principle states that light can be described both as an
electromagnetic wave and as a photon particle. Which description is relevant for
modeling a certain situation varies. For example, the diffraction of UV light can
be explained through the wave nature, but the photoelectric effect for the same
light incident on a detector placed behind the diffracting slit requires a particle
description. Polarization is present in both descriptions.

Polarization of electromagnetic waves

An electromagnetic wave is a longitudinal wave consisting of an electric field (E-
field) oscillating perpendicularly to a magnetic field (B-field). The direction of
oscillation of the E-field is the polarization angle ψ of the wave. If all waves emitted

1There is no strict definition of ”hard” X-rays but here they are considered to have energies
in the range of ten to a few hundred keV.

1
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from a source have the same polarization angle, the light has a polarization fraction
p of 100%. However, most optical sources of light emit electromagnetic waves with
random polarization angles making them completely unpolarized (p ≈ 0%).

When several waves meet at any point the resultant wave is their super-position.
If the source emits two waves with ψx = 0◦ and ψy = 90◦ then the resultant wave
will have ψtot = 45◦. However, if the waves are emitted out of phase by a quarter
of a period then the resultant wave will be circularly polarized. In this case if y
is behind x by a quarter of a period then the wave is right-hand polarized with
the angle of polarization rotating. Hence super-imposing waves that are in-phase
will result in a linear polarization whereas waves emitted with a phase-shift will
generally result in elliptical polarization (circular if the phase-shift is a quarter of
a period).

Polarization of a photon

Generally, the angular momentum (or the spin) of a boson particle is quantized
with possible values {−1, 0,+1}. These values correspond to the projection of its
angular momentum on the axis of propagation. A photon is a boson but since it is
impossible to transform to its rest frame (because it always travels at the speed of
light) the only possible spin states are {−1,+1} corresponding to left-handed |−〉
and right-handed |+〉 circular polarization states, respectively. Analogous to the
previous discussion, it can be shown that

|+〉 =
1√
2

(|x〉+ eiπ/2 |y〉) =
1√
2

(|x〉+ i |y〉)

|−〉 =
1√
2

(|x〉+ e−iπ/2 |y〉) =
1√
2

(|x〉 − i |y〉)
(1.1)

where the factor eiπ/2 corresponds to the quarter period phase-shift [Bellac, 2006].
Inverting these relations yields the expressions for linear polarization states

|x〉 =
1√
2

(|+〉+ |−〉)

|y〉 =
i√
2

(|−〉 − |+〉)
(1.2)

as a super-position of circular polarization states. Thus, for a single photon, it
is impossible to measure its circular polarization and linear polarization simulta-
neously. This particle description is necessary for computing photon interaction
cross-sections via Feynman diagrams but is not required for the discussion to come.

Measuring polarization

There are many techniques for measuring polarization. The choice of method de-
pends on the energy of the photons. At optical wavelengths the most common way
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is to use an analyzer – a filter that only allows one component of the E-field to
pass. The analyzer is rotated and the flux is recorded as a function of the rotation
angle resulting in a modulation curve, as shown in Fig. 1.1. The polarization angle
ψ corresponds to angle of the analyzer φ at maximum intensity of outgoing light
and the polarization fraction p can be calculated as

p =
1

µ

Imax − Imin

Imax + Imin
(1.3)

where µ is the modulation factor, Imax and Imin are the maximum and minimum
intensities, respectively. The modulation factor is the polarization fraction mea-
sured for a 100% polarized beam of photons. It can be thought of as the efficiency
factor of the polarimeter and must be determined from calibration measurements.
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Figure 1.1: The modulation of the intensity of a partially polarized (50%) photon
beam when an optical analyzer is rotated. At X-ray energies, instead of an analyzer
the scattering angle of photons or electrons is recorded also resulting in a modulation
curve.

An optical analyzer cannot be used for X-rays and gamma-rays, as they would
pass through unaffected. In the high energy domain photons are typically scattered
(whereby ψ = φ+90◦) or are converted to electrons through the photoelectric effect
and the emission angle of the electron determines the polarization angle (ψ = φ).
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1.2 Polarization detection techniques in high energy
astrophysics

The choice of technique for studying an astrophysical process depends on the energy
of the observed photons. At X-ray energy of the order of keV, the processes of photo-
electric effect, Bragg diffraction and Thomson scattering are used. At 10s to 100s of
keV, Compton scattering polarimeters are appropriate and at the highest energies
(above MeV) the photon pair-production process can be used for measuring the
polarization of gamma-rays. Once the appropriate physical process for measuring
polarization in the energy range of interest is identified, the geometry of the detector
must be optimized.

X-rays and gamma-rays are absorbed by the atmosphere, requiring the detectors
to be placed at high altitude. Detectors operate in either low pressure or vacuum
environments on balloon or satellite platforms, respectively, which together with the
cost of launching heavy instruments places mechanical constraints on the detector
size, geometry and tolerance to vibrations. In addition to the common figures
of merit such as the effective area, the duty-cycle (the fraction of time that the
detector is operational) and the background rate, polarimeters have an additional
parameter – the modulation factor µ. Whereas the statistical uncertainty of a
measurement decreases with the square root of the effective area, the modulation
factor has a linear impact on the statistical precision, making it an important
parameter when working under size constraints as is always the case in space. Its
impact on polarimetric performance will be discussed in detail in the later sections
of this thesis.

Thomson scattering

Thomson scattering of a photon from a free (unbound) electron occurs in the regime
when the energy of the incident photon is much less than the rest-mass of the elec-
tron. The cross-section for this process is independent on the incident energy and
no energy is lost by the photon. However, polarimeters are not built from free elec-
trons. At low photon energies, coherent scattering from atoms is called Rayleigh
scattering. Its cross-section is shown in Fig. 1.2 where the peak corresponds to a
resonance at frequencies corresponding to atomic electron transitions. The reso-
nances are included in the atomic factor f and the differential cross-section is given
by

dσ

dΩ
= r2

e |f |2 sin2 φ (1.4)

where re and φ are the classical electron radius and the angle with respect to the
polarization direction of the incident photon, respectively. When the wavelength of
the incident photon is much greater than the Bohr radius2, the photon interacts with

2Defined as ~
αmec

where ~, α, me and c are the reduced Planck’s constant, the fine structure

constant, the mass of the electron, and the speed of light, respectively. The Bohr radius is
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all electrons coherently (the phase of the photon does not change). Additionally,
if the photon energy is much greater than the atomic transition energies of the
electrons, then the atomic factor simplifies to f = Z where Z is the atomic number,
making the differential cross-section approximately Z2σT sin2 φ. This is the case
where the cross-section for the process is approximately the same as for Thomson
scattering and hence the name Thomson scattering polarimeter. If the energy is
much less than the atomic transition energies, then the cross-section is proportional
to E4 where E is the energy of the incident photon [Attwood, 2000] but interactions
at such low energies are outside of the scope of this thesis.

σo=oσT
(ω/ωs)4
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Figure 1.2: An example of Rayleigh scattering cross-section for a bound electron
with a resonance at ~ωs where ~ and ωs are the reduced Planck’s constant and the
angular frequency of the resonance. At higher energies the cross-section approaches
that of Thomson scattering σT. Adapted from [Attwood, 2000].

A Thomson scattering polarimeter on-board a sounding rocket was used in the
first statistically significant measurement of astrophysical X-ray polarization, from
the Crab nebula. The polarimeter was a larger version of that used for setting
an upper limit on the polarization of Scorpius X-1 [Angel et al., 1969] which is
shown in Fig. 1.3. It consisted of 28 lithium crystal blocks, each surrounded by
a low beryllium-window (beryllium is used to avoid absorption of low energy X-
rays) proportional counters. This allowed for the incident flux to be incoherently
scattered at a 90◦ angle, whereby a polarized incident flux would preferentially
scatter perpendicular to its polarization angle as evident from Eq. 1.4. A low
atomic number material such as lithium is suitable as a scatterer since the photo-
absorption cross-section increases with Z5 [Leo, 1992] whereas the scattering cross-

approximately equal to the circular orbit of an electron in the ground state of the hydrogen atom.
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section increases approximately with Z2. The polarimeter had an energy range of
5−20 keV, where the lower energy limit was dictated by the dominance of the cross-
section for photo-absorption over the cross-section for Thomson scattering and the
upper energy limit is a result of the decreasing source flux [Novick et al., 1972].

polarized photon

array single unit

lithium block

proportional counter

12.7 cm
25 cm2

Figure 1.3: A schematic view of the Thomson polarimeter used for setting an upper
limit on the polarization of Scorpius X-1 [Angel et al., 1969]. The polarimeter
was housed in a sounding rocket. As shown in the exploded view on the right, a
polarized beam undergoes Thomson scattering in the passive lithium block and an
asymmetry of the count rate is detected by the proportional counters.

The modulation factor for the polarimeter shown in Fig. 1.3 is 31.6% [Angel
et al., 1969]. This relatively low value is due to the large solid angle between the
scatterer and the detector. It leads to a large uncertainty in the scattering angle
of each individual photon since the locations of interaction in the lithium block
and in the proportional counter are unknown. Making the scatterer or the detector
smaller would improve the modulation factor but would also reduce the effective
area. This is a dilemma for all pixelated array detectors.

Bragg diffraction

The most precise measurement of the X-ray polarization from an astrophysical
source to date was done using a Bragg reflectometer on-board the Orbital Solar
Observatory (OSO-8) satellite [Weisskopf et al., 1976,Weisskopf et al., 1978]. Bragg
diffraction occurs when a wave is diffracted from periodically spaced layers of atoms
resulting, for certain angles, in a constructively interfering reflected wave. This is
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shown for a 45◦ angle in Fig. 1.4. More generally, the formula for the layer spacing
is given by

mλ = 2d sin θ (1.5)

where m is the mth harmonic of the wavelength λ, d is the distance between layers
and θ is the angle of reflection. The Brewster angle θB is the angle of minimum
reflectivity for photons polarized in the plane spanned by the normal to the surface
of the reflector and the direction of the incident ray. It is given by

tan θB = n (1.6)

where n is the index of refraction. For X-rays, n is slightly less than unity resulting
in θB just below 45◦ [Attwood, 2000]. Fig. 1.4 shows how Bragg diffraction at the
Brewster angle can be used to polarize an unpolarized beam. More importantly,
if the incident beam is polarized and the crystal lattice is rotated along the beam
axis, then the intensity of the reflected beam will be modulated. The phase of
the modulation corresponds to the polarization angle and the amplitude to the
polarization fraction.

unpolarized photons

polarized photons

crystal lattice

45°

d

Figure 1.4: A schematic view of a Bragg reflectometer. Incident X-ray photons are
polarized by reflection at the Brewster angle. Red dots and arrows indicate the
direction of polarization. Blue circles are atoms in a crystal lattice separated by a
distance d typically several 10−1 nm.

For OSO-8, the incident X-ray beam is scattered at 45◦ from two orthogonal
parabolic mosaics of graphite crystals into corresponding beryllium-window pro-
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portional counters. A mosaic crystal consists of many small perfect crystals with
randomized orientation allowing a larger bandwidth of energies to be constructively
reflected [Novick, 1975]. The constructive interference occurs from 2.4 keV to 2.8
keV and 4.8 keV to 5.6 keV for the first and second harmonics, respectively. The as-
sembly is aligned with the Crab nebula and rotated along the line of sight resulting
in a modulation of the signal in the proportional counters.

This detector has several advantages over the Thomson polarimeter shown in
Fig. 1.3. The parabolic surface of the mosaic crystals focuses the diffracted X-rays
allowing for a smaller detector volume, resulting in a lower non-X-ray background
level. Additionally, the small size limits the range of possible scattering angles re-
sulting in a high modulation factor of 94% [Weisskopf et al., 1976]. The polarimetric
results of OSO-8 are discussed in Sections 2.3 and 2.5 as well as in Chapter 8.

Photo-electric effect

The photo-electric effect [Leo, 1992] is the process of an atomic electron being
ejected from an atom by fully absorbing an incident photon (photo-absorption).
The kinetic energy of the emitted electron is the difference between the energy
of the incident photon and the binding energy of the electron. Since momentum
must be conserved, the process can only occur for bound electrons as it allows
for the atom to absorb the recoil. When the energy of the photon is much less
than the rest-mass of the electron, yet greater than the binding energy of the K-
shell electrons, a simple expression for the cross-section can be computed using the
Born approximation. For the following discussion only the proportionality of the
differential cross-section is of interest:

dσ

dΩ
∝ Z5

E7/2
× sin2 θ cos2 φ

(1− β cos θ)4
(1.7)

where Z is the atomic number, E is the energy of the incident photon, β is the elec-
tron velocity in units of speed of light in vacuum, θ is the polar scattering angle and
φ is the azimuthal scattering angle with respect to the angle of polarization [Heitler,
1954]. The angles are defined as per the diagram in Fig. 1.5.

The photo-electric effect cannot occur at energies below the lowest binding en-
ergy of the electrons in the atom. With an increase in incident energy, more atomic
electron shells can participate in the interaction. Each new available shell greatly
increases the cross-section and a correction factor must be applied to Eq. 1.7 if com-
puting the cross-section for energies close to the shell level is desired. As seen from
Eq. 1.7, an important feature of the photo-electric effect is that its cross-section
increases with Z5. Although Eq. 1.7 is only an approximation, for MeV energy
photons, the proportionality to the number of bound electrons is rather similar
with Z raised to the 4th or 5th power [Leo, 1992]. This makes high-Z materials ex-
cellent candidates for photo-absorption and explains why low-Z materials are used
for photon scattering.
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Figure 1.5: A diagram defining the angles used in Eq. 1.7 for the differential cross-
section of the photo-electric effect. Adapted from [Muleri, 2009].

The photo-electric effect can be used for measuring polarization. The Imaging
X-ray Polarimetry Explorer (IXPE), is a polarimeter operating in the 2−8 keV
energy range approved for launch in 2021 [Weisskopf et al., 2016,Muleri et al., 2017],
utilizes the Gas Pixel Detector (GPD) which images photo-electron tracks [Costa
et al., 2001]. A schematic view of the GPD is shown in Fig. 1.6. Incident X-ray
photons undergo the photo-electric effect in a He/DME (dimethyl ether, C2H6O)
gas mixture. The emitted photo-electron ionizes the gas creating a track and is
eventually stopped. A potential difference applied across the gas mixture causes
the track to drift towards the Gas Electron Multiplier (GEM) where the charge
is amplified via electron multiplication [Sauli, 1997]. The pixel array records the
charge reaching each individual pixel and a track can be reconstructed. One of the
challenges in determining the azimuthal angle of photo-electron emission is that
the track is not straight and that most of the energy is deposited at the end of
the track. Another challenge is that the low-Z gases used have a large probability
(> 50% for Z < 30) of Auger electron emission which is emitted isotropically and
carries no polarization information. Auger electron emission is a competing process
with X-ray emission when an atom fills a hole in one of its inner orbitals in this
case created when ejecting a photo-electron [Attwood, 2000].

The lower limit of the energy range for the IXPE polarimeter is set by the fact
that photo-electrons need to have significantly greater energy than Auger electrons
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Figure 1.6: A schematic view of the GPD detector used by IXPE. The incident pho-
ton interacts via the photo-electric effect in a gas mixture and the ejected photon-
electron leaves an ionization track. The track drifts through the GEM module,
where it is amplified, to the pixel anode where it is read out. The detector size is
15× 15 mm2 with 105400 pixels. Image courtesy of NASA.

so that they are not confused. Additionally, the tracks need to be long enough for
a precise reconstruction of the azimuthal angle. Increasing the detector thickness
and pressure results in increasing the upper energy limit due to higher effective
area (detector becomes less transparent), however, due to increased track diffusion
because of longer drift time as well as due to shorter tracks combined with a limited
pixel size of the read-out, the modulation factor decreases, leading to a significant
reduction in performance. As always, a trade-off must be made.

One of the advantages of the GPD shown in Fig. 1.6 is that the hexagonal design
of the pixel anode makes the detector symmetric. Combined with a uniform pixel
response, the measured modulation for an unpolarized beam is (0.18±0.14)% [Weis-
skopf et al., 2016]. Another advantage is its ability to be combined with X-ray
focusing optics resulting in a small detector (low background) with a large effective
area. Together with its imaging capabilities, the GPD allows spatially resolved
polarimetry of extended astrophysical objects.

Compton scattering

Compton scattering is incoherent Thomson scattering in the high energy domain,
with the difference that the photon scattering off an electron transfers some of its
energy. The differential cross-section is given by the Klein-Nishina formula [Evans,
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1982]:

dσ

dΩ
=
r2
0E
′2

2E2

[
E

E′
+
E′

E
− 2 sin2 θ cos2 φ

]
(1.8)

where E and E′ are the energies of the photon before and after scattering, θ and
φ are the polar and azimuthal scattering angles as defined in Fig. 1.5 with the
photo-electron replaced by the scattered photon. As the azimuthal scattering angle
is measured relative to the polarization of the photon, it follows that a linearly
polarized photon is more likely to scatter orthogonally to its polarization vector.
For a given incident energy, the modulation factor µ (scattering asymmetry) as a
function of the polar scattering angle θ is given by

µ(θ) =
sin2 θ

E/E′ + E′/E − sin2 θ
(1.9)

and is shown in Fig. 1.7 (see e.g. [Krawczynski, 2011] for derivations). For low ener-
gies the modulation factor is maximum for θ = 90◦. As the energy increases above
100 keV, the maximum shifts to lower polar angles and decreases in amplitude.
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Figure 1.7: The theoretical modulation factor achievable for Compton scattering as
a function of the polar scattering angle. A rapid decrease in the modulation factor
is seen at high energies.
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Unlike the Thomson and Bragg polarimeters, where the energy of the incident
photon is unchanged by the scattering, Compton polarimeters are usually designed
to record both the energy deposited during the Compton scattering and the energy
of the scattered photon. This is achieved by allowing the photons to scatter on an
active rather than a passive detector. Using relativistic kinematics, it is possible to
show that the energy of the photon after scattering E′ is given by

E′ =
E

1 + E
mec2

(1− cos θ)
(1.10)

where me is the rest-mass of the electron and c is the speed of light. The energy
deposited during the scattering is then given by ∆E = E − E′.

It is common for Compton polarimeters to consist of a pixelated array of one
(1-phase) or two (2-phase) types of detectors and require two coincident hits in the
array. Henceforth this will be called ”2-hit” events. A 2-hit event measures ∆E and
E′ or ∆E and ∆E′ depending on whether it was a Compton scattering followed by
a photo-absorption or a Compton scattering followed by another Compton scatter-
ing (subsequently escaping the detector volume). In the first case, the full energy
of the photon is deposited hence spectroscopy is possible in parallel with polarime-
try. In the other case, a major fraction of the photon energy is not detected, and
reconstructing the initial photon energy becomes a challenge.

Considering the trade-off between the Compton and photon-absorption cross-
sections plays a central role in selecting the detector material. The mass attenua-
tion coefficient σm relates the incident photon intensity I0 to the photon intensity
transmitted through a material of density ρ and thickness d via

I(d) = I0e
−σmρd (1.11)

which is shown in Fig. 1.8. The ratio between the scattering and photo-absorption
cross-sections impacts the efficiency of the polarimeter. Therefore, a low-Z mate-
rial is required for 1-phase polarimeters operating below ∼100 keV, otherwise the
photo-absorption cross-section will completely dominate over Compton/Thomson
scattering. However, for 2-phase polarimeters the combination of a low-Z scatterer
and a high-Z absorber results in the best performance.

Examples of flown 1-phase Compton polarimeters are PoGOLite [Chauvin et al.,
2016b] and PoGO+ [Chauvin et al., 2016c] (both will be covered in detail in the later
parts of this thesis). Another example of a 1-phase polarimeter is the Cadmium
Zinc Telluride Imager (CZTI) [Bhalerao et al., 2017] on board the AstroSat satellite,
which has recently measured the polarization of the Crab in the 100−380 keV energy
range [Vadawale et al., 2018]. The primary function of CZTI is spectrometry in the
10−100 keV range but it has been calibrated [Vadawale et al., 2015] to carry out
polarimetric observations for higher energies when the ratio of the cross-section for
Compton scattering to the cross-section for photo-absorption becomes significant
as shown in Fig. 1.8. The CZTI is a coded aperture mask telescope comprising
four identical quadrants of pixelated CZT arrays as shown in Fig. 1.9. The coded
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Figure 1.8: X-ray mass attenuation coefficient as a function of energy for different
materials. Here, BGO is Bismuth Germanium Oxide and CZT is Cadmium Zinc
Telluride. Mass attenuation coefficient for coherent scattering is shown for Li be-
cause it is relevant for the Thomson polarimeter discussed previously. Data from
[Berger et al., 2010].

mask becomes increasingly transparent at polarimetric energies and is only useful
for spectroscopic imaging at lower energies. Polarization is measured by recording
the asymmetry in the scattering angles of two hits between adjacent CZT pixels.
However, since the pixels are square, have different detection efficiency, and the
instrument is not rotated during observations, an asymmetry is measured even for
an unpolarized source. This inherent modulation is removed by simulating the
response to an unpolarized beam and normalizing the measured modulation to
the simulation. Such detector design puts high demands on the quality of pre-
flight calibration and simulations to minimize systematic errors incurred during
polarimetric measurements.

An example of a 2-phase polarimeter is X-Calibur [Beilicke et al., 2014]. It is a
balloon-borne polarimeter operating in the 20−60 keV energy range [Kislat et al.,
2017] using X-ray focusing optics with a single low-Z (〈Z〉 = 3.4) plastic scintillator
read out by a Photo-Multiplier Tube (PMT) surrounded by a pixelated array of
Cadmium Zinc Telluride (CZT) detectors. The configuration flown in 2016 is shown
in Fig. 1.10. The sensitive detector is surrounded by an active anti-coincidence
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Figure 1.9: A simplified schematic top-view of the sensitive detector array of the
CZTI instrument. Each quadrant has 16 CZT modules (cyan). Each module is
a 39 × 39 mm2 array of 16 × 16 CZT pixels (not shown). Incident X-rays Comp-
ton scatter in one pixel and are then photo-absorbed in another thus constituting
a 2-hit event. The housing (orange) of each quadrant is made of an aluminum
alloy [Bhalerao et al., 2017].

CsI(Na)3 scintillator shield allowing atmospheric background to be rejected. The
assembly is continuously rotated which eliminates systematic effects due to differ-
ences in CTZ detector efficiencies. An advantage of such a detector design is the
large effective area to volume ratio due to the X-ray focusing optics resulting in
relatively low background. Furthermore, the pixelation of the CZT array along
the axis of photon incidence allows for some determination of the polar scattering
angle which can be used for improving the polarimetric performance [Krawczyn-
ski, 2011]. Additionally, since CZT detectors are made of high-Z materials, they
have a sufficient energy resolution4 ('10% at 40 keV) for studying the polarization
dependence on energy [Beilicke et al., 2014]. The lower energy limit of 20 keV is
set by atmospheric attenuation of the incoming X-ray flux and the dominance of
the photo-absorption cross-section over the cross-section for Compton scattering at
lower energies. The upper energy limit of 60 keV is set by the reflectivity of the
X-ray mirror [Kislat et al., 2017].

Pair production

At energies above 2me = 1022 keV, the pair production process becomes possi-
ble whereby a photon interacts with a nucleus and produces an electron-positron
pair. The cross-section for pair production dominates over Compton scattering at

3The scintillator doping is written in parenthesis.
4Energy resolution is defined as ∆E/E where ∆E is the full width at half maximum of the

probability distribution for E.
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Figure 1.10: A schematic view of the X-Calibur polarimeter (not to scale). The
incoming photons are focused by the X-ray mirror (focal length ∼4 m) onto a plastic
scintillator rod (light blue) from which they scatter into a pixelated array of high-Z
CZT detectors (yellow) thus allowing for the azimuthal and polar scattering angles
to be measured. Each CZT detector segment has 64 pixels. The sensitive detector
volume is surrounded by an active anti-coincidence shield (dark blue). Adapted
from [Beilicke et al., 2014] and [Kislat et al., 2017].

energies above several MeV, making it the dominant interaction process of high
energy gamma-rays. The azimuthal angle of the plane containing the e−e+-pair
depends on the energy and the polarization of the incident photon [Kotov, 1988].
This angle is difficult to measure because Coulomb interactions of the e−e+-pair
with the surrounding material diffuse the azimuthal information. There is on-going
research on developing a polarimeter based on the emulsion technique [Takahashi
et al., 2016] and a polarimeter utilizing a gas time proportional chamber [Gros
et al., 2018]. Such techniques provide high spatial resolution of the reconstructed
electron tracks, necessary for a precise measurement of the azimuthal angle of the
e−e+-pair.

X-ray focusing optics

X-ray focusing optics allow for a small detector volume, which diminishes the back-
ground, while maintaining a large effective area, which increases the signal. Another
benefit is that a focusing system allows X-ray imaging. Whereas focusing visible
light requires only a simple mirror, X-rays will just penetrate it without being re-
flected. What follows is a simplified discussion on how X-ray focusing works, which
is necessary for providing context for some of the instruments mentioned in this
thesis.

Hard X-rays can be focused using grazing angle incidence optics. This is possible
because the real part of the index of refraction for hard X-rays is less than unity
so there exists a critical angle θc for which the refracted wave propagates along the
boundary of the medium and no significant absorption occurs. In this case most of
the photons are reflected. It can be shown [Attwood, 2000] that to first order

θc ∝
√
Z

E
. (1.12)
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For X-ray telescopes it is common to have θc of the order of a degree and to use
high-Z materials. Having significantly smaller grazing angles is difficult as it leads
to a large focal length which is mechanically challenging to achieve for satellite- and
balloon-borne telescopes. Therefore, simple grazing angle optics typically operate
at energies below 10 keV.
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Figure 1.11: An overview of the different X-ray mirror types. The high density
material layer is gray, the low density is cyan and the checkered layer is a substrate.

The grazing angle technique can be extended to higher energies by using multi-
layer coatings. A multi-layer mirror is a periodic structure consisting of alternating
layers of two material coatings of very different densities (a high-Z and a low-Z
material). The Bragg refraction relation in Eq. 1.5 determines the spacing between
the consecutive high-density layers for a given angle of incidence. Such a setup
results in a high reflection efficiency for a narrow energy range. A schematic view
of a grazing incidence mirror is shown in Fig. 1.11 with a multi-layer mirror for
comparison.

Astrophysical sources emit X-rays in a continuum of energies making a narrow
energy range of a multi-layer mirror undesirable even when a high reflectivity is
achieved. A solution is to use depth-graded multi-layer mirrors. For such a mirror,
the thickness of each consecutive layer decreases as the X-rays penetrate deeper
into the mirror as shown in Fig. 1.11. This configuration cannot achieve as high
a reflectivity as the conventional multi-layer but it allows for energy ranges larger
than an order of magnitude where the reflectivity is sufficiently high.

Fig. 1.12 shows the effective area as a function of energy of X-ray mirrors for sev-
eral satellite-borne instruments. Grazing incidence angle mirrors on-board Chan-
dra and IXPE are not efficient above ∼8 keV, whereas the depth-graded multi-layer
mirror of NuSTAR has an energy range of 3−78.4 keV with the upper limit cor-
responding to the K absorption edge of platinum. The InFOCuS mirror used for
X-Calibur is also a depth-graded multi-layer mirror [Berendse et al., 2003]. It is
common for X-ray mirrors to be limited by absorption edges, as is also the case
for the IXPE mirror made of a nickel-cobalt alloy having the K absorption edge of
cobalt at 7.7 keV.
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Figure 1.12: The effective area of X-ray optical systems, used by several instruments
prior the detector response. Chandra and IXPE use grazing incidence mirrors while
NuSTAR uses depth-graded multi-layer coated mirrors resulting in a much wider
energy range. Adapted from [Harrison et al., 2013] with IXPE data from [Soffitta,
2017].

1.3 Astrophysical emission mechanisms

Polarized photons can be created directly through processes like bremsstrahlung,
cyclotron, synchrotron or curvature radiation, or indirectly by scattering unpo-
larized photons at a particular angle. The main property of a source that emits
polarized photons is that it is asymmetric as symmetries tend to cancel out po-
larization effects. In what follows, the most common mechanisms of producing
polarized emission in astrophysical sources are reviewed.

Thermal radiation

A thermalized population of particles has velocities following the Maxwell-Boltzmann
distribution, implying that the motion of all particles is isotropic. Since there is
no asymmetry in the system, it cannot produce polarized radiation [Huang, 1987].
If the ensemble is in thermodynamic equilibrium and is a perfect absorber at all
wavelengths, then the emission spectrum follows that of a black-body given by the
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Planck function

BE(T ) =
2E3/h3c2

exp(E/kT )− 1
(1.13)

where BE(T ) is the spectral radiance i.e. the energy emitted per unit time, per
unit surface area, per unit energy (more often given per unit frequency), per unit
solid angle, e.g. (keV s−1 cm−2 keV−1 sr−1). According to Eq. 1.13 the spectral
radiance at any energy increases monotonously with temperature and hard X-rays
can only be produced at temperatures > 106 K [Rybicki and Lightman, 1985].

Although thermal emission itself generates unpolarized photons there are many
ways of producing polarized photons having a thermal or a black-body spectrum.
An example is Thomson scattering on a cloud of electrons far from the source
of thermal radiation. For an observer viewing the system perpendicularly to the
direction of incidence of the photons the resultant photon beam will be polarized
perpendicularly to the direction of incidence on the electrons. Since the Thomson
scattering cross-section is independent of initial photon energy the thermal/black-
body spectrum will be preserved.

Bremsstrahlung

Bremsstrahlung radiation is emitted when a charged particle undergoes acceleration
due to Coulomb interaction. The simplest case is the electron-nucleus interaction
where the field generated in the rest-frame of the electron at large distances from
the acceleration/deceleration region is that of a dipole. The emitted photons are
partially linearly polarized with the polarization angle depending on the initial
energy of the electron, the photon emission angle and the photon energy. Fig. 1.13
shows that at non-relativistic electron energies, if the photon carries only a small
fraction of the energy, its polarization will be perpendicular to the emission plane
(the plane containing the photon and the electron momenta). On the other hand, if
the emitted photon takes most the energy of the electron (e.g. 90%) its polarization
will be parallel to the emission plane. In certain cases, e.g. an electron emitting
90% of its energy as a hard X-ray photon at 60◦, the modulation factor is close to
unity.

The process of electron-electron bremsstrahlung is more computationally diffi-
cult than that of the electron-nucleus bremsstrahlung. Recoil and repulsion (can
be neglected for relativistic electrons) need to be taken into account for electron-
electron bremsstrahlung. It is found that photon emission is highly polarized par-
allel to the emission plane for most photon emission angles [Haug and Nakel, 2004].

Cyclotron radiation

A charged particle undergoing acceleration due to a magnetic field will emit radi-
ation. The magnitude of the effect is inversely proportional to the particle mass
thus it is much greater for electrons than for any other particle.
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Figure 1.13: Electron-nucleus bremsstrahlung radiation for non-relativistic elec-
trons. Here P0, Pe and ∆P are the initial electron momentum, electron momentum
after photon emission and the change of the electron momentum, respectively. An
accelerating electron emits a field like a dipole with the major axis parallel to its
acceleration. For large ∆P the dipole is aligned with the initial momentum of the
electron.

An electron will travel in a helical motion in a region with a uniform magnetic
field. If the electron is non-relativistic, it will emit cyclotron radiation with an
angular frequency ωcyc. Cyclotron radiation has a dipole pattern (a torus) with the
major axis of the dipole parallel to the direction of electron acceleration as shown in
Fig. 1.14. The emitted photons will be circularly polarized for an observer viewing
the system along the magnetic field lines and linearly polarized in the plane of the
electron motion when observed edge-on [Lei et al., 1997].
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Figure 1.14: Cyclotron radiation pattern (a torus) shown as dashed lines when
viewed from different directions. The direction of linear polarization is in the plane
of the electron motion. The acceleration and the velocity of the electron are a
and v, respectively. For clarity, only the velocity component perpendicular to the
magnetic field lines (blue) is shown.

The energy of the photons emitted due to cyclotron radiation is given by

E = hν =
hωcyc

2π
=

h

2π

eB

me
(1.14)
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where h is Planck’s constant and B is the magnetic field strength. It is only possible
to produce hard X-rays in very strong magnetic fields, e.g. a B = 1012 G magnetic
field is required for the emission of 12 keV photons. Cyclotron emission lines have
been observed in several accretion-powered pulsars [Krawczynski et al., 2011].

Synchrotron radiation

Synchrotron radiation is the relativistic limit of cyclotron radiation. The relevant
relativistic effects are beaming and Doppler shift. Relativistic beaming concentrates
the radiation pattern, as shown in Fig. 1.15 into a narrow cone pointing along the
motion of the electron with an opening angle of 2/γ where γ is the Lorentz factor5.
Doppler shift provides an additional increase in frequency of radiation emitted in
the forward direction. The emitted photons no longer have a single frequency but
a series of harmonics with a critical angular frequency ωc

ωc =
3

2
γ3ωcyc sinα (1.15)

where α is the angle between the magnetic field and the velocity of the electron.
Although for a single electron the harmonics are discrete, the emitted photon spec-
trum becomes continuous when the electron population has different energies [Ry-
bicki and Lightman, 1985]. The strong dependence on the Lorentz factor of the
electrons provides an efficient mechanism of producing high energy photons includ-
ing hard X-rays.
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Figure 1.15: Synchrotron radiation pattern (dashed lines) from a relativistic elec-
tron. Relativistic beaming focuses the dipole pattern of cyclotron radiation in a
forward cone. For a single electron, the polarization depends on which part of the
beam is viewed by the observer. At the center of the emitted beam, left and right
circular polarization combine producing linear polarization. For clarity, only the
velocity component perpendicular to the magnetic field lines (blue) is shown.

As shown in Fig. 1.15, an observer viewing electrons head-on will measure a lin-
ear polarization, whereas an observer viewing the beam slightly off-axis will measure

5The Lorentz factor is γ = 1/
√

1 − v2/c2.
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a circular polarization. However, in astrophysical sources, there are always many
electrons and their radiation patterns overlap such that the circular polarization
cancels out. As a result, synchrotron radiation from an ensemble of electrons is
linearly polarized [Lei et al., 1997].

A power-law electron differential energy spectrum ne(E) ∝ E−Γe , where Γe is
the power-law index, is typical for astrophysical sources. It can be shown [Rybicki
and Lightman, 1985] that the polarization fraction p of the radiation emitted by
such an ensemble is given by

p =
Γe + 1

Γe + 7
3

(1.16)

and that the emitted power-law photon spectrum nγ(E) has the index

Γγ =
Γe − 1

2
. (1.17)

For Γe in the range 1.5-5.0, typical for astrophysical sources, p is 65-80% [Lei et al.,
1997]. Thus in an environment with a uniform magnetic field, synchrotron emission
is able to generate high energy photons which are strongly polarized.

Curvature radiation

Curvature radiation occurs when electrons follow magnetic field lines which are
curved, instead of gyrating around them. In the relativistic limit, the emission
energy depends on the radius of curvature Rc such that

E =
3ch

4πRc
γ3. (1.18)

The emitted photons will have a linear polarization parallel to the magnetic field,
unlike synchrotron radiation where the polarization is perpendicular to the mag-
netic field [Lei et al., 1997].

Inverse Compton scattering

Strictly, inverse Compton scattering is not an emission mechanism but a process
of increasing the energy of already existing photons. It occurs when a low energy
photon Compton scatters off a relativistic electron. As a result, the average photon
energy 〈E〉 is increased according to

〈E〉 =
4

3
γ2β2E0 (1.19)

where E0 is the initial photon energy [Lei et al., 1997]. The proportionality to
γ2 makes inverse Compton scattering an efficient mechanism for the production of
high energy photons. For a power-law electron energy distribution, the photon spec-
trum resulting from inverse Compton scattering has the same spectral index as that
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of synchrotron radiation, making the mechanisms impossible to distinguish using
spectroscopy [Rybicki and Lightman, 1985]. However, the polarization signature
imprinted by inverse Compton scattering is significantly different from that of syn-
chrotron emission, and will depend on the photon scattering angle in the rest-frame
of the electron, as given by Eq. 1.9, allowing the processes to be distinguished.



Chapter 2

Astrophysical sources

Many astrophysical sources are relatively bright in hard X-rays but may lack optical
or radio emission. Furthermore, high energy emission is often produced closer to
the center of a compact object, making hard X-rays an efficient probe of extreme
environments [Lei et al., 1997,Krawczynski et al., 2011]. The polarization parame-
ters of the emission depend on the radiative mechanism and geometry of the source.
Often, several emission mechanisms or geometries can give rise to similar observed
energy spectrum, making spectroscopy unable to determine the physical parameters
of a system. Here, polarization measurements can have high discriminating power.

Understanding particle acceleration in the Universe is not the only benefit from
being able to accurately model the extreme environments of high energy astrophys-
ical sources. Such environments can be used as physics laboratories for observing
phenomena impossible to recreate on Earth, e.g. strong magnetic field environ-
ments found around pulsars provide additional tests for quantum electrodynamics,
and the strong gravitational effects around black holes provide a means of testing
the theory of general relativity.

2.1 Neutron stars and pulsars

Neutron stars are formed at the end of the life cycle of a star. When the fusion fuel
is consumed, the gravitational force is no longer balanced by the thermal pressure
and a collapse begins. If the star has sufficient mass, the gravitational compression
is stronger than the electron degeneracy pressure. As a result, protons and electrons
combine and form neutrons and neutrinos. At some point, the neutron degener-
acy pressure balances the gravitational forces and the core of the star becomes stiff.
The in-falling material bounces off the core, forming a shockwave which is enhanced
by the neutrino flux. As a result, the outer envelope of the star is expelled in a
supernova explosion. What remains is a neutron star which typically has a radius
of ∼10 km and a mass of ∼1.4M� [Bally and Reipurth, 2006]. Angular momentum
conservation during the supernova explosion results in neutron stars having very

23
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short rotation periods, in the range ∼10 ms to ∼10 s. Compression of material
during collapse increases the strength of the magnetic field where non-thermal par-
ticle acceleration takes place. The magnetic field is typically not perfectly aligned
with the rotation axis, causing the beam of emitted radiation to rotate like a light-
house. Such a neutron star is then classified as a pulsar. The list of possible types
of neutron stars includes but is not limited to rotation-powered pulsars, accreting
neutron stars, isolated neutron stars and magnetars. Only rotation-powered pulsars
are discussed in this thesis.

Rotation-powered pulsars spin down due to torques from magnetic dipole radia-
tion. A changing magnetic field induces an electric field which accelerates electron-
positron pairs which emit photons in a broad band, from radio to gamma-ray en-
ergies (not necessarily covering the entire band for a single pulsar). The magnetic
field can be estimated from the derivative of the rotation period, Ṗ (the spin down
rate), as

B ≈ 2× 1012 G× (P ˙P15)1/2 (2.1)

where P is the period and ˙P15 = Ṗ /(10−15 s s−1). The field strength is typically in
the range 108−1014 G [Harding, 2013]. Most of the pulsed emission power (not the
photon number flux n(E)) is in gamma-rays at GeV energies with some exceptions,
such as the Crab pulsar, where the emission power peaks in hard X-rays. Curvature
radiation is thought to be the primary emission mechanism at GeV photon energies,
with charged particles being accelerated to energies of tens of TeV. Emission up to
400 GeV has been observed from the Crab pulsar, where inverse Compton scattering
may contribute [VERITAS Collaboration et al., 2011].

The X-ray emission of rotation-powered pulsars usually consists of two compo-
nents: low energy 0.05−0.1 keV thermal emission from the polar caps or surface
cooling, and a non-thermal component that either originates in the magnetosphere
or in the pulsar wind [Kaspi et al., 2006]. The fundamental ingredient for par-
ticle acceleration is, in rest-frame of the particle, an electric field parallel to the
magnetic field. The places where such conditions are met are called ”gaps”, and
they can occur in different regions, as shown in Fig. 2.1, depending on the model
for the magnetosphere [Venter, 2017] . An important feature is the light cylinder
(LC) formed at a distance rLC where the co-rotating frame rotates at the speed of
light. Magnetic field lines crossing the LC cannot reconnect with the lines inside
the magnetosphere and thus remain open, allowing charged particles to escape.

A brief summary of the four historical main classes of models follows below.
The models have since been revised due to the availability of gamma-ray spec-
tral and optical polarization data [Pétri, 2016,Harding and Kalapotharakos, 2017,
Kalapotharakos et al., 2017].

Polar cap model

As electrons travel through the non-uniform magnetic field near the magnetic poles,
curvature radiation is emitted. The generated photons produce photon-pair cas-
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Figure 2.1: The magnetosphere of a pulsar. Rotation axis, magnetic axis and the
light cylinder radius are Ω, B and rLC, respectively. The emission regions (not to
scale) of competing pulsar models are labeled. The two thick black lines correspond
to the null charge surface Ω ·B = 0. Image from [Pétri, 2016].

cades, resulting in secondary synchrotron emission which is responsible for the
observed spectrum [Daugherty and Harding, 1996]. High energy emission from the
polar cap is ruled out for most pulsars (including the Crab pulsar) by the spectral
gamma-ray observations with the Fermi Large Area Telescope due to the lack of cor-
relation between the spectral cut-off and the surface magnetic field strength [Abdo
et al., 2010].
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Outer gap model

The outer gap is located in the outer magnetosphere between the null charge surface,
the last closed magnetic field lines and the light cylinder. A vacuum forms because
electrons can escape along the open magnetic field lines, and this results in a strong
potential difference over the region. High energy gamma-rays are produced when
curvature radiation photons undergo inverse Compton scattering [Romani, 1996,
Hirotani, 2006].

Caustic model

The acceleration of electrons occurs in the slot gap – a thin volume along the
last closed magnetic field lines, as shown in Fig. 2.1. Emission occurs at different
altitudes in the magnetosphere, starting from the surface of the neutron star and
continuing until the LC. Relativistic effects cause the emitted photons in different
regions to pile up at the same phase of rotation, creating double pulsed profiles
commonly seen in pulsars [Dyks and Rudak, 2003]. The model is able to reproduce
the swings in the polarization angle during the pulses seen in optical data for the
Crab [Dyks et al., 2004a].

Striped wind model

Due to the rotation of the pulsar, the magnetic field lines beyond the LC curve into a
spiral where the direction of the magnetic field alternates along the radial direction.
This results in an oscillating thin current sheet where particle acceleration takes
place. Synchrotron emission followed by inverse Compton scattering are responsible
for the observed photon spectrum. Pulses are generated by relativistic effects in
the spiral motion [Pétri and Kirk, 2005,Pétri, 2016].

2.2 Pulsar wind nebulae

The environment around a young pulsar (∼1000 years old) comprises several regions
as shown in Fig. 2.2. The unshocked wind corresponds to the striped wind model.
The energy budget of the wind is magnetically dominated at the LC, but the ki-
netic energy fraction increases significantly before the termination shock, where the
wind crashes into the much slower expanding supernova remnant (SNR). Particles
are accelerated in the shocked wind and photons are emitted via synchrotron and
inverse Compton processes [Bühler and Blandford, 2014]. The pulsar wind nebula
(PWN) is a toroidal structure around the pulsar at X-ray energies, as for example
seen in the Crab and Vela nebulae [Weisskopf et al., 2000,Helfand et al., 2001].
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Figure 2.2: The regions surrounding a young pulsar. The pulsar wind expands into
the slower moving supernova remnant forming a termination shock at the boundary.
Particle acceleration occurs in the turbulent shocked wind. The SNR is surrounded
by the interstellar medium (ISM). A spherically symmetric system is shown only
for illustrative purposes. Usually real systems are axially symmetric. Adapted
from [Pétri, 2016].

2.3 Crab nebula and pulsar

In 1054 A.D., Chinese astronomers observed the supernova that formed the Crab
nebula. It was rediscovered in 1731 and is the first historical supernova linked to
an astronomical object. Located ∼2 kpc [Trimble, 1973] from the Earth, the Crab
nebula has a high luminosity of 1.3×1038 erg s−1 [Hester, 2008] making it a popular
target for observations. Indeed, due to its broadband emission spectrum, shown in
Fig. 2.3, observations have been made at radio, infrared, optical, X-ray and gamma-
ray energies. Its relatively large size allows spatially resolved observations at radio,
optical and X-ray energies. The false color image in Fig. 2.4 shows very different
structural features in each energy band. The pulsar is seen in the center surrounded
by the PWN, which is dominant in X-rays. Wind termination shocks are formed
as the wind expands into the ejecta from the supernova explosion. The emission
at radio and optical wavelengths from the arcminute-sized nebula is generated by
synchrotron and inverse Compton scattering.

The rotational axis of the pulsar at (124.0±0.1)◦, as projected onto the sky, is in-
ferred from the plane of the inner torus of the two concentric magnetic tori [Ng and
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Figure 2.3: The average power spectra of the Crab nebula and pulsar with logarith-
mic binning EFE = E2 dN

dE . The nebula emission peaks around extreme UV and soft
X-rays, whereas the pulsar emission peaks in hard X-rays and gamma-rays. Data
is combined from several instruments [Rickett and Lyne, 1990, Thompson et al.,
1999,Sollerman et al., 2000,Kuiper et al., 2001,Tziamtzis et al., 2009,Meyer et al.,
2010,Buehler et al., 2012]. Adapted from [Bühler and Blandford, 2014].

Romani, 2004]. Eq. 2.1 together with the rotation period of the pulsar P = 33.7 Hz
and its derivative Ṗ = 4.2×10−13 [Manchester et al., 2005] can be used to estimate
the surface magnetic field strength of ∼4 × 1012 G [Bühler and Blandford, 2014].
Phase-resolved polarization of the pulsed optical emission is shown in Fig. 2.5 and
compared to the four historical models for pulsar emission discussed earlier. The
caustic and the striped wind models can reproduce the rapid swings in the polariza-
tion angle during the pulses, however, they struggle to reproduce the evolution of
the polarization fraction. There are even fewer similarities between the measured
polarization and the predictions of the polar cap and outer gap models. As men-
tioned previously, the polar cap model is excluded because of its incompatibility
with the observed gamma-ray spectrum.
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Figure 2.4: A composite false color image of the Crab nebula and pulsar in radio
(red), optical (green) and 0.1−10 keV X-rays (blue). The angular length of each
side is 6.9 arc minutes [Hester et al., 2013]. Credits: X-ray: NASA/CXC/ASU/J.
Hester et al.; Optical: NASA/HST/ASU/J. Hester et al.; Radio: NRAO/AUI/NSF.
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To date, there have been no phase-resolved polarization measurements in the
hard X-ray/gamma-ray domain of the Crab pulsar with comparable resolution to
the optical counterpart shown in Fig. 2.5. In fact, little progress has been made
since the first precision measurement of the Crab nebula forty years ago, when
the Bragg polarimeter on-board OSO-8 detected a polarization fraction of (19.2±
1.0)% and (19.5 ± 2.8)% at 2.6 keV and 5.2 keV, respectively [Weisskopf et al.,
1978]. Since this instrument had no imaging capability, the pulsar contribution
was removed by selecting the Off-Pulse (OP) region of the pulsation lightcurve
shown in Fig. 2.5. The measured polarization angle is (156.3± 1.4)◦ and (153± 4)◦

at 2.6 keV and 5.2 keV, respectively. It is significantly different from the pulsar spin
axis but in agreement with the dominant optical polarization angle of ∼165◦ for
the spatially resolved polarization map of the inner nebula made with the Hubble
Space Telescope [Moran et al., 2013].

It was not until only ten years ago that first polarization measurements in the
gamma-ray regime were conducted using the instruments SPI and IBIS on-board
the INTEGRAL satellite. They were not designed for polarimetry, nor calibrated
as such prior to launch, and do not rotate making systematic effects likely large
and difficult to estimate. A much higher polarization fraction was measured for
the OP by SPI (46 ± 10)% [Dean et al., 2008] and a lower-limit of 72% (at 95%
confidence level) by IBIS [Forot et al., 2008] in the 0.1−1.0 MeV and 0.2−0.8 MeV
energy ranges, respectively.

Optical and X-ray emission are expected to be generated by the same electron
population via synchrotron emission [Kalapotharakos et al., 2017]. Prior to the
PoGO+ results reported in [Chauvin et al., 2017a] the only reliable X-ray polariza-
tion measurements of the Crab nebula were those of OSO-8 and there have been
no phase-resolved measurements of the Crab pulsar. This has led to predictions
of high energy pulsar models being compared against optical data. One of the
main results of this thesis is the measurement of the polarization of the Crab in
the 20−160 keV energy band. The statistical significance of the data is insufficient
for phase-resolved polarimetry, hence a direct comparison with optical results pre-
sented in Fig. 2.5 cannot be made. However, the results provide information about
the evolution of the polarization parameters with energy, especially when combined
with the recent measurements by the CZTI instrument on-board AstroSat in the
100−380 keV energy range [Vadawale et al., 2018], as will be discussed in Chapter 8.

2.4 Accreting black holes

If gravitational attraction overcomes neutron degeneracy pressure a neutron star
will collapse into a Black Hole (BH). This occurs if the mass of a neutron star is
&3M� [Remillard and McClintock, 2006]. A BH can be described by two parame-
ters: mass and spin1. The latter is defined as a = J/McRg where J is the angular

1Another possible variable is charge but there is no observational evidence for charged BHs.
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momentum and Rg ≡ GM/c2 is the gravitational radius with G being the grav-
itational constant. A Schwarzschild BH does not rotate and has a = 0, whereas
a maximally-rotating Kerr BH has a = 1. The event horizon, the distance from
within which light cannot escape, is located at 2Rg and Rg, for a Schwarzschild and
Kerr BH, respectively. An important concept for accreting BHs is the Innermost
Stable Circular Orbit (ISCO), which is the closest distance where it is possible for
a photon to follow a circular orbit. The ISCO is at 6Rg and Rg for a Schwarzschild
and Kerr BH, respectively [Shapiro and Teukolsky, 1983]. It follows that for a Kerr
BH, the inner parts of the accretion disk suffer much stronger gravitational effects
than for a Schwarzschild BH.

A BH can only be observed indirectly because light cannot escape it. In a Black
Hole Binary (BHB) system where the companion is a non-degenerate star (i.e. not a
neutron star or a white dwarf), the mass of the BH can be inferred from the motion
of the companion. Additionally, if matter is transferred from the companion to the
BH, an accretion disk is formed. As matter travels towards the BH, gravitational
potential energy is converted to radiation, making the accretion disk hotter closer
to the BH. Emission spectra of BHBs typically consist of both thermal and non-
thermal components. The thermal component is a multi-temperature black-body
usually peaking at energies around 0.1−1 keV. The non-thermal component is
a power-law spectrum dN

dE ∝ E−Γ extending to higher energies than the thermal
component with Γ typically in the range of 1.4 to 2.1 and an exponential cut-off
at ∼100 keV. BHBs switch between accretion states where each state can last
for years. In the soft state the thermal component dominates, while in the hard
state the spectrum is mostly a power-law. A radio jet is present only in the hard
state [Remillard and McClintock, 2006, Done et al., 2007]. The soft state is not
discussed further in this thesis as it does not produce a sufficiently strong flux of
hard X-rays for detection with PoGO+.

Since it is not possible to spatially resolve a BHB, its exact geometry is not
known. In the hard accretion state, hard X-rays are thought to be produced by
inverse Compton scattering of soft X-rays originating from the disk in a hot thermal
corona of electrons [Haardt and Maraschi, 1993] forming the primary component. A
reflected component is formed by the Compton scattering of the primary component
off the disk and the characteristic X-rays of iron at 6.4 keV known as the ”iron
line”. Fig. 2.6 shows the comparison between the two prominent classes of accretion
geometry models. The so called ”lamp post” model [Miniutti and Fabian, 2004] has
the corona as a point source close above the BH, whereas the ”extended corona”
model [Zdziarski and Gierliński, 2004] has the corona surrounding the BH and
blocking emission from the inner parts of the accretion disk. As shown in Fig. 2.6,
both models are able to produce the same X-ray spectrum albeit for different sets
of physical parameters, and they are thus degenerate. However, the models predict
different polarization of the hard X-ray emission, making polarimetry a powerful
discriminatory tool.
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Figure 2.6: A schematic view of the lamp post and the extended corona models
along with a cartoon of the corresponding spectra. The upper panel shows a BH
(black circle), a corona (red circle) and a thin accretion disk (black line). The
primary component (red arrows) is emitted from the hot corona when soft X-ray
seed photons (not shown for clarity) originating from the cool disk undergo inverse
Compton scattering towards an infinitely distant observer. Some of the primary
component is reflected off the disk via Compton scattering (blue arrows). In the
lamp post model, the corona has a small size and is located on the rotation axis of
the BH. As a result, the primary component is affected by strong relativistic effects.
In the extended corona model (here a spherical corona), the disk is truncated much
before the ISCO due to the large corona size. For this geometry, the relativistic
effects on the primary emission are weak. The lower panel shows how the relativistic
effects enhance the reflection component as well as induce a gravitational redshift
and Doppler broadening of the iron line for the lamp post model. Despite the vast
differences in geometry, both models are able to reproduce the same total spectrum.
Image from [Chauvin et al., 2018a].

Lamp post corona model

This model has two free parameters related to the geometry: the height h of the
corona above the BH and the inclination of the accretion disk θ. For a face-on
observer θ = 0◦. As shown in Fig. 2.6, for low corona heights, the strong grav-
ity around the BH bends the paths of primary photons enhancing the reflected
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component. Most of the reflection occurs in the inner parts of the accretion disk
where relativistic effects are strong, resulting in a significant broadening of the iron
line. Polarization parameters as computed from simulations are shown in Figs. 2.7
and 2.8 [Dovčiak et al., 2011,Dovčiak et al., 2012]. When the corona height is low,
the polarization parameters differ significantly between a Schwarzschild and a Kerr
BH. Hence, polarimetry is a powerful probe of the BH spin under this model.
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Figure 2.7: The predicted polarization parameters under the lamp post model
for a fixed lamp post height h. A clear difference between the predictions for
a non-rotating Schwarzschild BH (solid lines) and a maximally-rotating Kerr BH
(dashed lines) is seen when the lamp post height is low. Image from [Dovčiak et al.,
2011,Dovčiak et al., 2012].
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Figure 2.8: The predicted polarization parameters under the lamp post model for
a fixed accretion disk inclination θ. A clear difference between the predictions for
a non-rotating Schwarzschild BH (solid lines) and a maximally-rotating Kerr BH
(dashed lines) is seen when the lamp post height is low. The lamp post height can be
lower for a Kerr BH because its event horizon is at 1Rg whereas for a Schwarzschild
BH it is at 2Rg. Image from [Dovčiak et al., 2012].

Extended corona model

A spherical corona is shown in Fig. 2.6 but other geometries are also possible,
e.g. a sandwich or an inhomogeneous clumpy corona. The corona shape affects the
polarization parameters of the X-ray emission. Simulations of these geometries have
been conducted [Schnittman and Krolik, 2010], yielding a relatively low polarization
fraction of ∼2−7% and a polarization angle parallel to the rotation axis for energies
above 10 keV. Fig. 2.9 shows how polarization arises from a thermal disk and how
it changes as more processes such as photons scattering in the spherical corona
multiple times are added to the simulation.

Since the polarization fraction predicted by this class of models is lower than
the sensitivity of PoGO+, the exact model predictions are not discussed.
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Figure 2.9: Simulations for a BH with M = 10M�, a = 0.9, an inclination of 75◦

relative to the rotation axis and a spherical extended corona. The color-coding is
the observed intensity and the lines are the projection of energy-integrated polariza-
tion vectors on the image plane. Relativistic effects such as beaming and Doppler
shifting induce asymmetries in panel (a) where only emission from the thermal disk
is modeled. Panel (b) adds returning radiation scattered once off the disk; panel (c)
introduces photons scattering in the corona; panel (d) allows for multiple scattering
in the corona. Image from [Schnittman and Krolik, 2010].

2.5 Cygnus X-1

Cygnus X-1 is an X-ray BHB system first observed in 1964 by instruments on-
board a sounding rocket [Bowyer et al., 1965]. Its brightness and proximity to
Earth (1.86+0.12

−0.11) kpc [Reid et al., 2011] have made it an object of study for many
instruments across a wide energy range from radio to gamma-rays. It comprises
the first widely accepted BH, with a mass of ∼16M�, and a companion supergiant
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with a mass of ∼27M� [Zió lkowski, 2014]. The stellar wind from the companion
is attracted by the BH and forms an accretion disk. The X-ray spectrum shown in
Fig. 2.10 varies with the state of accretion. Fig. 2.10 also shows how the spectral
index and intensity can vary even when in the same accretion state. Therefore, care
must be taken when combining data from observations separated by a significant
amount of time. In the hard state, Cygnus X-1 has a similar hard X-ray flux inten-
sity to the Crab nebula. A radio jet is observed in the hard state, thus allowing the
projection of the disk rotation axis onto the sky to be inferred as (158±5)◦ [Stirling
et al., 2001,Fender et al., 2006].
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Figure 2.10: The power spectrum of Cygnus X-1 for different accretion states. The
broad energy band data for the ”soft state” and ”hard state” is from [Di Salvo
et al., 2001, McConnell et al., 2002]. The high energy data for different spectral
indexes are from [Jourdain et al., 2012b]. Image from [McConnell et al., 2002]
and [Jourdain et al., 2012b].

The determination of the BH spin of Cygnus X-1 is a hot topic and can be
done via continuum spectral fitting [McClintock et al., 2014]. This method relies
on models where the spectrum depends on the inner radius of the accretion disk.
Modeling of the soft state assumes a disk extending to the ISCO, which is directly
related to the BH spin. However, the method requires certain parameters to be
well known, in particular the inclination of the disk, the distance to the BH, the
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spectral temperature and the spectral hardening factor (the thermal emission is
not a true black-body). A high spin a > 0.983 is inferred from spectral continuum
fitting of the soft state by [Gou et al., 2014], but a recent study claims a significantly
lower value of a = (0.80+0.08

−0.30) [Kawano et al., 2017]. Another method is fitting the
reflection component and the profile of the iron line. A high spin of 0.93 . a . 0.96
and a disk inclination of ∼40◦ is found when fitting the soft state [Walton et al.,
2016].

In the hard state the accretion disk does not have to extend to the ISCO. How-
ever, this is commonly assumed under the lamp post model as done by [Fabian
et al., 2012] where iron line profile fitting yields the spin of 0.97+0.014

−0.02 , setting con-

straints on the lamp post height of 5−7Rg and disk inclination of (23.7+6.7
−5.4)◦. Under

the extended corona model in the hard state the relativistic effects are suppressed
by the large size of the corona. Furthermore, the accretion disk does not have to
extend to the ISCO, hence the properties of the reflected component and the iron
line are not as sensitive to the spin as for the lamp post model.

Polarization measurements of the emission from Cygnus X-1 have been con-
ducted in a wide energy range [Russell and Shahbaz, 2014]. In the high energy
band, only measurements by OSO-8 at 2.6 keV and 5.2 keV [Long et al., 1980],
and INTEGRAL at 230−2000 keV [Laurent et al., 2011,Jourdain et al., 2012a] are
reported. However, the polarization fraction predicted by both the lamp post and
extended corona models in the energy range of OSO-8 is below the sensitivity of the
instrument (< 1% [Schnittman and Krolik, 2010, Dovčiak et al., 2011]), and mea-
surements by INTEGRAL, besides lacking on-ground polarimetric calibration, do
not probe the reflected component of Fig. 2.6, making them unable to discriminate
between the models. The energy range of PoGO+ for the observation of Cygnus
X-1 is 19−181 keV, which encompasses the dominant part of the reflected compo-
nent. As such, these measurements have high discriminative power. The results
are discussed in Chapter 9.

2.6 Gamma-ray bursts

Gamma-ray bursts (GRBs) are the most energetic transient electromagnetic events
in the Universe. The prompt emission lasts between a few seconds to sometimes
minutes. They are the result of black hole formation either through core-collapse
of a massive star associated with a long GRB [MacFadyen and Woosley, 1999] or
a neutron star merger associated with a short duration GRB [Nakar, 2007,Abbott
et al., 2017]. The prompt emission constitutes two collimated ultra-relativistic jets
of plasma (only one is observed) which radiate X-rays and gamma-rays. The struc-
ture of the jet and the emission mechanism are debated and there is no consensus
on the correct model [Pe’er, 2015].

Fig. 2.11 shows a general description of the GRB jet. Due to relativistic beam-
ing, an observer will see only a part of the jet (unless the jet opening angle is small).
It shows that if the jet is intrinsically unpolarized the only way to measure a po-
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larization is to observe only a patch at the edge of the jet, where the polarization
pattern will not be perfectly random. If the emission occurs outside the photo-
sphere (defined as the surface of last scattering of photons) in an environment with
an ordered magnetic field via synchrotron radiation, then a high polarization frac-
tion is expected for all viewing angles of the jet [Lyutikov et al., 2003], as shown
in Fig. 2.11. However, if the same emission occurs in a disordered field, then the
polarization fraction will be small for on-axis viewers and larger for off-axis viewers.

intrinsically polarized
A

B

intrinsically unpolarized
A

B
jet direction

jet direction

Figure 2.11: A schematic view of a GRB jet. Due to relativistic beaming, an
observer sees only a patch (blue) of the jet. The polarization angle is shown as
orange lines. Observer A will always measure the emission to be polarized, whereas
observer B will only measure a polarization if the jet is intrinsically polarized.

Another class of models proposes emission from the photosphere, where the
observed non-thermal spectrum arises primarily from photons scattered [Lundman
et al., 2014] or emitted via synchrotron radiation [Lundman et al., 2018] at the
surface of last scattering. In the case of scattering, very low polarization fractions
are expected unless the jet is observed from the edge. For synchrotron emission, a
significant level of intrinsic linear polarization is possible, increasing towards lower
energies since those photons are emitted closer to the photosphere and have thus
undergone fewer scatterings (their polarization angles are less randomized).

Measuring the polarization parameters of GRBs is best done using a wide field-
of-view Compton polarimeter, because their spectra peak at hard X-rays and soft
gamma-rays, and they occur in random locations in the sky. Pre-flight calibration
is especially important for GRB polarimeters, since they do not rotate nor point
at the GRBs, as the GRBs occur during a short time frame. To date, there are a
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dozen GRBs for which polarization has been measured, but statistical uncertain-
ties are large. The first polarization measurement by a dedicated GRB polarime-
ter was done by GAP [Yonetoku et al., 2006] claiming a polarization fraction of
(27 ± 11)% [Yonetoku et al., 2011]. GAP subsequently measured the polarization
of two more GRBs, with significantly higher polarization fractions around 80% [Yo-
netoku et al., 2012]. Recently, another calibrated polarimeter, the CZTI on-board
AstroSat, has measured the polarization of seven GRBs and set an upper-limit for
the polarization fraction of four [Chattopadhyay et al., 2017]. The general trend
is that the uncertainties on all GRB measurements are large, with the polarization
fraction in the range of 30-90%, and that the measured GRBs are few. In the
near future results are expected from the dedicated polarimeter POLAR [Produit
et al., 2018] on-board the Chinese space station Tiangong-2. These new data could
help narrow down the possible emission mechanisms in GRBs, as well as provide
information about their magnetic fields.



Chapter 3

Paper I: Pitfalls of
statistics-limited X-ray
polarization analysis

An intuitive way of measuring polarization is by making a histogram of the scat-
tering angles of photons and performing a χ2-fit of a modulation curve similar to
the one shown in Fig. 1.1. However, even if the data arise from an unpolarized
source, thus generating a uniform distribution, the fit will always yield a non-zero
polarization fraction. This is also the case for the unbinned method of using Stokes
parameters. Furthermore, these methods yield Gaussian uncertainties on the recon-
structed polarization parameters, which are correct only if the statistics are high, i.e
S/
√
S +B is large, where S and B are the number of signal and background pho-

tons, respectively. For the statistics-limited case, the posterior distribution of the
polarization parameters is highly non-Gaussian. This paper quantifies the errors
incurred for statistics-limited data when using the simple Gaussian approximations
that the Stokes analysis is relies on. The relations presented in this chapter are
used later in the thesis.

3.1 Classical analysis

For Compton polarimeters, according to the Klein-Nishina differential cross-section,
the polarization angle ψ is orthogonal to the scattering angle φ, such that ψ =
φ+90◦. The function generating a polarization angle ψi (where each the scattering
angle has been converted to the polarization angle) is

f(ψi|p0, ψ0, µ0) =
1

2π(S +B)

×
{
S ×

[
1 + µ0p0 cos

(
2(ψ − ψ0)

)]
+B

} (3.1)
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where p0 and ψ0 are the polarization fraction and polarization angle of the incoming
photon beam, respectively. Here, µ0 is the modulation factor of the instrument. In
this work, the notation of the ”0” subscript denotes a physical parameter gener-
ating the data, whereas ”r” denotes a parameter reconstructed from the data set.
It is common practice to either fit this function to a histogram of data {ψi} or to
characterize it using Stokes parameters. Stokes parameters allow for a mathemat-
ically simpler expression of the likelihood since binning effects do not need to be
considered and therefore, fitting is not discussed further.

The linear Stokes parameters (Q,U) (circular polarization is not relevant for
this work) are defined as

Qr =
1

S

N∑
i=1

cos(2ψi)

Ur =
1

S

N∑
i=1

sin(2ψi)

(3.2)

where N = S+B. The background is assumed to be unpolarized. The polarization
parameters can be reconstructed as

pr = 2
√
Q2

r + U2
r /µr

ψr =
1

2
arctan

Ur

Qr

(3.3)

These are the Stokes formulas. The relationship is visualized in Fig. 3.1. The
Gaussian uncertainties on the polarization parameters are calculated using error
propagation as

σpr =
2

µr

√
1

S

(
N

2S
− µ2

0p
2
0

4

)
σψr =

1√
2µrpr

√
N

S

(3.4)

According to the frequentist view, there exists a true polarization fraction and
angle (p0, ψ0), but some other parameters (pr, ψr) are reconstructed instead. The
distribution of (pr, ψr) is shown as the blue circle in Fig. 3.1. Even p0 = 0 yields
〈pr〉 > 0. This is often referred to as the polarization fraction being a positive
definite quantity.

In order to understand when a polarization measurement is statistically signif-
icant, the concept of Minimum Detectable Polarization (MDP) is commonly used.
The MDP is defined as [Weisskopf et al., 2010]

MDP =
4.292

√
S +B

µS
(3.5)
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Figure 3.1: The relationship between the Cartesian Stokes parameters (Q,U) and
polar polarization parameters (p, ψ). The red circle corresponds to (p0, ψ0) gener-
ating a distribution of (pr, ψr) (blue cloud).

An unpolarized source has only a 1% probability of producing pr > MDP. The
MDP is the standard figure of merit for polarimeter performance and is a central
concept in this thesis.

The MDP can be trivially calculated for any polarimeteric measurement. It is
therefore convenient to characterize the error incurred when using Gaussian approx-
imations as a function of MDP/pr. The ratio of the mean bias and the statistical
uncertainty (〈pr〉 − p0)/σpr is shown in Fig. 3.2 for different signal-to-background
ratios R. For measurements where MDP/pr ∼ 1, the bias constitutes ∼20% of the
statistical uncertainty.

This analysis shows that when MDP/pr ∼ 1, physical conclusions cannot be
drawn from pr because it will, on average, be significantly larger than the true
polarization p0. These results are especially relevant for phase-resolved pulsar po-
larimetery as it requires fine binning of the pulsar lightcurve which results in limited
statistics. Fig. 3.2 provides a straight-forward way of determining whether the sim-
ple Stokes analysis is sufficient, or if a more stringent approach is necessary.

3.2 Comparison to Bayesian analysis

The likelihood for observing a data set {ψi} can be written as

L({ψi}|p0, ψ0, µ0) =

N∏
i=1

1

2π(S +B)

×
{
S ×

[
1 + µ0p0 cos

(
2(ψi − ψ0)

)]
+B

} (3.6)

Since the Stokes parameters in Eq. 3.2 are sums of random variables they follow,
according to the Central Limit Theorem (CLT), the Gaussian distribution, if the



44
CHAPTER 3. PAPER I: PITFALLS OF STATISTICS-LIMITED X-RAY

POLARIZATION ANALYSIS

r
pMDP/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

R
at

io
=o

f=a
bs

ol
ut

e=
bi

as
=to

=s
ta

tis
tic

al
=u

nc
er

ta
in

ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

=R
==2R
==0.5R
==0R

Figure 3.2: The ratio of the bias and the statistical uncertainty (〈pr〉 − p0)/σpr for
different signal-to-background ratios R. Image from [Mikhalev, 2018].

number of photons is sufficiently large. In this case, the reconstructed polariza-
tion parameters (pr, ψr) as given by Eq. 3.3 become the sufficient statistics for the
likelihood in Eq. 3.6. This means that the likelihood can be rewritten as a single
bivariate Gaussian distribution in Cartesian coordinates B(Q0, U0|Qr, Ur) instead
of a product of N factors. Although (pr, ψr) converge to (p0, ψ0) for high statistics,
there is no reason why the reconstructed parameters should be used as estimates
of the physical parameters (p0, ψ0), they are simply the sufficient statistics if the
CLT is valid.

The paper compares the posterior obtained using the CLT approximation and
the full likelihood of Eq. 3.6. The posterior requires S ∼ 103 for the CLT approx-
imation to be accurate. This is of special relevance for measurements with high
signal-to-background ratio where even if MDP/pr < 1, the total number of pho-
tons may be small. This is typically the case when observing short duration GRBs
(t < 2 s).

In a Bayesian analysis, there are no point-estimates of parameters, instead there
is the posterior which contains the full information about the probability density
of the parameters. When fitting a function or performing model comparison, the
full posterior is used instead of merely a value and an associated uncertainty. How-
ever, there is a need to describe the posterior in text and for this it is common to
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marginalize over all parameters except for the one of interest, to take the peak as
the point-estimate and to take the region of Highest Posterior Density (HPD) as the
credibility region (the uncertainty). As an example, Fig. 3.3 shows the marginalized
posteriors for the polarization fraction and angle for the Crab nebula as measured
by PoGO+.

The magnitude of the uncertainties from the Bayesian approach is compared to
that of the Gaussian uncertainties given by Eq. 3.4 and shown in Fig. 3.4. It is
clear that a significant difference is found even for relatively high statistical power
MDP/pr ∼ 0.5 when the reconstructed polarization fraction is high (pr > 0.8).
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Figure 3.3: The marginalized posteriors for the polarization fraction and angle for
the Crab nebula as measured by PoGO+ [Chauvin et al., 2017a]. The posteriors
can be described in text as the fraction (17.5+8.6

−9.3)% and the angle (137±15)◦ where
the point-estimate is the peak (dashed line) and the uncertainty is the HPD region
(red) containing 1σ (68.3%) probability.

These considerations are relevant for the later parts of this thesis, where the
uncertainties on the polarization parameters of the Crab and Cygnus X-1 are de-
termined, since measurements of both sources are conducted in the statistics-limited
regime.

3.3 Uncertainties on the modulation factor

For most polarimeters, the uncertainty on the modulation factor σµ can be min-
imized by collecting sufficient amounts of calibration data. However, for GRB
polarimeters, µ varies with the location of the GRB relative to axis of the instru-
ment and the GRB spectrum. Generally, GRB polarimeters are not optimized
for localizing GRBs and may additionally have large uncertainties on the energy
spectrum. If there is no dedicated GRB monitoring instrument available for the
localization and measurement of the GRB spectrum, then σµ can be significant.
Fig. 3.5 shows how the MDP degrades as the relative uncertainty σµ/µ increases.
The effect is highly non-linear, it is 1% at σµ/µ = 5% and 80% at σµ/µ = 25%.
This decrease in the performance of the polarimeter should be considered when
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Figure 3.4: The ratio between the HPD credibility regions and Gaussian uncer-
tainties given by Eq. 3.4 for different reconstructed polarization fractions pr. The
unbound prior scenario corresponds to the prior 0 ≤ p0. In all other cases the prior
is 0 ≤ p0 ≤ 1 and a uniform prior for the polarization angle ψ0 = 1/180◦. Images
from [Mikhalev, 2018].
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designing future GRB polarimeters since no GRB monitor has complete sky cov-
erage nor 100% duty-cycle, so some GRBs will inevitably be observed only by the
polarimeter.
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Figure 3.5: The relative increase in MDP as a function of the relative uncertainty
on the modulation factor. The uncertainty on the modulation factor is assumed to
be Gaussian. The result is independent of the initial MDP. Image from [Mikhalev,
2018].





Chapter 4

PoGOLite Pathfinder

The Polarized Gamma-ray Observer (PoGOLite) Pathfinder is a balloon-borne
Compton polarimeter operating in the 20−120 keV energy range [Chauvin et al.,
2016b]. The first flight of the PoGOLite Pathfinder in the summer of 2011 lasted
less than five hours due to a leak in the balloon. A launch attempt in 2012 was
precluded due to bad weather conditions.

One year later, the PoGOLite Pathfinder was successfully launched on July
12th 2013 from the SSC Esrange Space Centre in northern Sweden. It conducted
observations of the Crab and Cygnus X-1 for two days until a failure of control elec-
tronics made the polarimeter hardware inoperable. The instrument was launched
to an altitude of approximately 40 km where the stratospheric wind has a well de-
fined direction at this time of year. It drifted westwards at approximately constant
latitude (∼70◦) until the flight was terminated over West Siberia, about 3000 km
east of Moscow, on July 25th due to the imminent disintegration of the polar wind
vortex.

This chapter describes the polarimeter design, its integration with the attitude
control system, the polarimeter calibration and the event selection necessary for
the optimization of the MDP.

4.1 Polarimeter

A schematic view of the polarimeter is shown in Fig. 4.1. It comprises a close-
packed hexagonal detector array of 61 units surrounded by an array of 30 Side Anti-
coincidence Shield (SAS) units. The detectors are placed in a pressure vessel inside
a rotation frame assembly allowing the instrument to be rotated around its viewing
axis to eliminate systematic effects due to differences in detector unit efficiencies.
The outside of the frame is surrounded by 10-15 cm thick blocks of polyethylene,
shielding the detector from atmospheric neutrons which are the dominant source of
background [Kole, 2014].

49
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Figure 4.1: A schematic view of the PoGOLite Pathfinder polarimeter. The sen-
sitive detector is an array of 61 fast plastic scintillators (blue) attached to hollow
slow scintillator collimators (light blue) and a BGO scintillators (red). The array is
surrounded by the SAS (red) which rejects background particles originating from
the atmosphere. The outside of the instrument is covered by a polyethylene neu-
tron shield (yellow). PMTs (grey) are attached to each scintillator and are read
out by the electronics (green). An enlarged view of the fast scintillator array is
shown on the right, demonstrating how a polarized photon will Compton scatter
preferentially perpendicular to its polarization. Image from [Chauvin et al., 2016c].

Each of the 61 detector units is a phoswich (phosphorus sandwich) detector
cell (PDC). As shown in Fig. 4.2 it comprises a 60 cm long hollow plastic ”slow”
scintillator active collimator glued to a 20 cm long ”fast” scintillator1 which is
glued to a 4 cm long Bismuth Germanium Oxide (BGO) scintillator coupled to a
Hamamatsu Photonics R7899EGKNP photo-multiplier tube (PMT) via a silicone
wafer. The hexagonal area of each unit is about 30 mm2. A wrapping of 3M
VM2000 film is applied to the plastic scintillators, while the BGO is coated with
BaSO4 epoxy resin to increase the light collection. Additionally, the slow scintillator
is wrapped in a 50 µm tin foil and then in a lead foil of the same thickness, for
passive collimation. The tin foil is necessary for absorbing characteristic X-rays
from the lead produced when a photon of sufficiently high energy is absorbed. The

1The scintillators are named after their scintillation decay time, such that the ”fast” scintillator
has the shortest decay time.
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fast plastic scintillator, Eljen Technology EJ-204, has a scintillation decay time of
1.8 ns, whereas the slow plastic scintillator EJ-240 and the BGO scintillator have a
decay time of 285 ns and 300 ns, respectively. The three scintillators are read out
by the same PMT and the resulting waveform is sampled by a Flash Analogue to
Digital Converter (FADC) board at a rate of 37.5 MHz. Polarization is measured
by recording scattering angles of 2-hit events as shown in Fig. 4.1.

top view side view

fast scintillatorBGOPMT slow scintillator

lead and tin wrapping
source photon

Figure 4.2: A schematic view of a PDC (not to scale). The hollow slow scintillator
(light blue) is glued to the fast scintillator (blue) which is in turn glued to the BGO
scintillator (red). The BGO scintillator is coupled to the PMT (gray) via a silicone
wafer to protect the PMT window from vibrations. The slow scintillator serves as
a collimator. The BGO scintillator rejects background coming from the back of the
instrument.

Background rejection is achieved in three ways. Particles coming from outside
of the aperture, a field-of-view of 2.5◦ defined by the dimensions of the slow scin-
tillator, are rejected when they produce a slow waveform due to an interaction in
the slow scintillator. The back of the instrument is protected by BGO scintillators
which also produce slow waveforms. Waveform discrimination will be discussed in
Chapter 5 but the basic principle is that all slow waveforms are rejected and only
fast waveforms are kept. Additionally, events that have interactions in the SAS,
which is also made of BGO scintillators, are rejected.

Scintillator detectors

A scintillator is a material which absorbs energy and re-emits it as optical light.
In the context of this thesis, its primary function is to absorb or scatter a hard
X-ray photon and to convert the deposited energy into light. The scintillator is
transparent to its fluorescence (although some attenuation is inevitable).

When a high energy photon interacts with the scintillator via photo-absorption
or Compton scattering, it transfers some of its energy to the kinetic energy of an
atomic electron. This electron travels a short distance in the scintillator, exciting
atoms around it. De-excitation produces optical photons which are reflected from
the sides of the scintillator and thus guided towards a PMT where they are converted
into an electric current. The number of optical photons produced is approximately
proportional (scintillator non-linearity will be discussed Chapter 7) to the incident
X-ray energy [Leo, 1992]. The process is illustrated in Fig. 4.3.

When an optical photon reaches the PMT, it interacts with the photo-cathode
via the photo-electric effect. With a certain efficiency, known as the quantum
efficiency of the PMT, an electron is ejected towards the first dynode inside the
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Figure 4.3: The process of detecting an X-ray with a scintillator detector. An
X-ray photon (black) transfers energy to an electron (red) via photo-absorption or
Compton scattering (interaction site is marked as the red circle). The electron then
migrates a short distance and causes the scintillator to emit optical photons (blue)
through excitation of the material. The optical photons are then guided towards
the PMT with the help of a reflective wrapping material where they are converted
into an electric current.

PMT. Then the electron undergoes several stages of acceleration and multiplication
as it is accelerated by a potential difference towards the next dynode where it
liberates more electrons, thus creating an avalanche effect with a typical gain factor
of 106. Usually, energy spectrum for a single electron emitted at the photo-cathode
can be approximated as a Gaussian. This is known as the single photo-electron
peak. In reality the peak can look like the negative-binomial distribution [Leo,
1992] with an exponential distribution at low energies which is due to the electron
not going through all of the stages of amplification [Bellamy et al., 1994].

A low-Z material such as plastic scintillator is suitable for a Compton polarime-
ter as a scatterer/absorber because, as shown in Fig. 1.8, its Compton scattering
cross-section dominates over photo-absorption at relatively low energies (above 20
keV). An advantage of plastic scintillators is that they are light-weight and inex-
pensive, but a disadvantage is that they have poor energy resolution.

The energy resolution is determined by the light yield of the scintillator, the
reflective wrapping, the interface between the scintillator and the PMT, the quan-
tum efficiency of the PMT and the capabilities of the read-out electronics. Such a
large number of factors makes it difficult to characterize the detector. A simpler
approach is to have a single overall performance factor for each detector cell. This
will be referred to as the detector sensitivity and is measured in photo-electrons per
keV (pe keV−1). The average detector sensitivity for the fast scintillators of PoGO-
Lite Pathfinder is (0.44± 0.05) pe keV−1 where ±0.05 is the standard deviation of
all considered units (not the uncertainty).
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4.2 Payload

In order to avoid significant reduction of the effective area due to shadowing of the
fast scintillators by the collimators, the polarimeter must be aligned to a celestial
target with ∼0.1◦ precision [Marini Bettolo, 2010]. The polarimeter is mounted in
a gimbal where direct drive torque motors are used to achieve elevation pointing.
Azimuth pointing is made possible by combining a motor acting directly on the
flight-train rigging connected to the balloon, and a fly-wheel.

The attitude control system uses GPS antennas on a boom separated by ∼10 m
(constituting a differential GPS) and an elevation encoder with an inclinometer
to achieve preliminary pointing. A three-axis magnetometer with a rather modest
pointing precision of a few degrees is used as a backup for the differential GPS.
High pointing precision is achieved by star tracker cameras (two were flown for
redundancy). The overall pointing performance has a standard deviation of ∼0.01◦

in azimuth and ∼0.003◦ in elevation. The attitude control system is described in
more detail in [Chauvin et al., 2016b].

Fig. 4.4 shows the entire payload where the attitude control system is integrated
with the gondola and the solar cells. The weight of the payload, excluding ballast,
is 1850 kg, where the polarimeter is 600 kg and the attitude control system is 300
kg. The payload was lifted by a 1.1 million cubic meter helium-filled polyethylene
balloon. When fully inflated, the balloon has a diameter of approximately 150 m,
but it does not occlude the field-of-view of the polarimeter during the observations
as the payload is suspended approximately 100 m below it.

As seen in Fig. 4.4, the Polarimeter Control Unit (PCU) electronics box was
mounted in a position where it was in direct sunlight during Crab observations. The
reason for this position was to counter-balance the weight from the star-trackers
thus requiring a less powerful elevation motor. Additionally, the Black Box – a spare
polarimeter control computer, was attached to the floor of the gondola in such a
position that it was also inadvertently exposed to direct sunlight when observing the
Crab. After two days of observations a power failure triggered by the overheating
of the control computers rendered the polarimeter inoperable.

4.3 Calibration

Calibration is essential for any polarimeter since an instrument with a non-uniform
response will incorrectly measure a non-zero polarization fraction even for an un-
polarized beam. Another important aspect is the calculation of the modulation
factor µ for the exact spectrum of an astrophysical source. It is not possible to
reproduce the spectrum in the laboratory. Furthermore, as the altitude of the in-
strument varies and the elevation of the celestial target changes throughout the
day, the atmospheric overburden will change, affecting the incident spectrum. The
only way to correctly model this and to compute µ for the spectrum of the observed
astrophysical source is via Monte Carlo simulations, which must be validated by
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Figure 4.4: The PoGOLite Pathfinder payload. Adapted from [Chauvin et al.,
2016b].

laboratory measurements.

The polarimeter was calibrated prior to launch through irradiation with polar-
ized and unpolarized radioactive sources [Chauvin et al., 2016d]. Each PDC was
irradiated with a collimated 241Am source and the position of the 59.5 keV peak
was used for calculating the sensitivity of each unit. A non-linearity correction
was applied based on previous measurements at a synchrotron facility where the
same type of plastic scintillator was irradiated with energies between 6 keV and 70
keV [Mizuno et al., 2009].

The Monte Carlo simulation is carried out in two steps. The first step uses the
Geant4 [Agostinelli et al., 2003] toolkit to simulate how particles interact in the
mass model of the polarimeter. The second step simulates the detector response,
which follows the method described in [Mizuno et al., 2009] and includes detector
sensitivity, scintillator non-linearity, attenuation of scintillation light, convolution
of PMT amplification and digitization in units of ADC channels. In this step, event
selection criteria for background rejection are applied to match those used in the
flight.
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Optical cross-talk

While comparing results from laboratory measurements to those from simulations,
it was found that there must be scintillation light cross-talk between PDCs. Nei-
ther the BaSO4-loaded epoxy resin covering the BGO nor the 3M VM2000 film were
completely opaque to optical photons. A map of the cross-talk between all units was
measured using a pulsed LED and used as input in the simulations. On average,
1% of scintillation light reaches an adjacent unit [Chauvin et al., 2016d]. Unfor-
tunately, this had a severe impact on the performance of the instrument reducing
the modulation factor at 53.3 keV from ∼30% (calculated from simulations without
the cross-talk) to (21.4 ± 1.5)%, which significantly deteriorated the MDP for all
observations. The reason for such strong sensitivity of the modulation factor to the
optical cross-talk is that fake 2-hit events are generated from 1-hit events which
carry no polarization information. This problem was eliminated for the upgraded
instrument PoGO+ as described in Chapter 6.

Online background rejection

Flights in the polar region suffer from high background due to the low geomagnetic
cut-off. The background rate is so high that recording all of the events would
result in nearly 100% dead-time. The total PDC rate during the 2013 flight was
determined to be ∼650 kHz [Chauvin et al., 2016b]. Storing each hit requires
110 bytes, thus storing all data would require ∼70 MB s−1, which for a thirteen
day flight is much more than the feasible on-board storage and data throughput.
Therefore, the majority of the background events must be rejected by the data
acquisition system before storage to disk, which is achieved by applying several
thresholds.

Thresholds for the data acquisition system are set in Analogue to Digital Con-
verter channels henceforth called ”ADC”. A hit threshold of 10 ADC (the single
electron peak is typically at ∼20 ADC) is set to discard electronic noise. The trigger
threshold is set to 300 ADC, approximately 15 keV, with some variation from unit
to unit, such that only events where at least one hit exceeds the trigger threshold
are recorded. The atmosphere absorbs all source photons below this energy. Hits
are considered coincident if within a 400 ns window of a trigger. Any coincidence
with the SAS rejects the event. An upper-discriminator (UD) threshold is set at
2500 ADC (∼120 keV) discarding hits likely originating from cosmic rays.

The FADCs issue hit, trigger and veto signals based on the so called ”fast-
output” and ”slow-output” of the waveform. The fast-output and slow-outputs
are defined as the difference between samples separated by 3 and 14 clock cycles
(∼80 ns and ∼370 ns), respectively. The waveform is scanned until the maximum
fast- and slow-outputs are found. An example calculation is shown in Fig. 4.5 for a
waveform generated by the fast scintillator and slow/BGO scintillator. A waveform-
discriminator (WD) threshold is set to discard hits compatible with energy deposits
in the BGO and slow scintillators.
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Figure 4.5: An example of a waveform generated by the fast plastic scintillator
and the slow/BGO scintillator. The starting point from which the fast- and slow-
outputs are calculated is marked by a red and blue circle, respectively. The fast and
slow outputs are calculated as the largest difference separated by 3 and 14 samples
(clock cycles). Image from [Chauvin et al., 2016d].

A way of visualizing the thresholds is by making a so called ”fast-branch” plot
as shown in Fig. 4.6. The trigger and the UD thresholds are applied to the fast-
output while the WD threshold corresponds to an offset from the line where the
fast-output and the slow-output are equal.

The Geant4 simulation package does not produce waveforms, which makes it
impossible to implement the veto in the same way as for the analysis of the po-
larimeter data. Hence, the implementation is only approximate – if more than 5 keV
is deposited in the slow or the BGO scintillators, after effects of light-attenuation
are accounted for, the event is rejected.

The agreement between measured and simulated energy spectra is good except
at energies around the single photo-electron peak, where the approximation of the
PMT response as a Gaussian may not be sufficiently accurate.

Polarimetric performance

The instrument was rotated and irradiated on-axis with an unpolarized source,
resulting in a spurious polarization fraction of (0.6 ± 0.3)%, calculated using the
χ2−fit method [Chauvin et al., 2016d]. This value is lower than the MDP = 1% for
this measurement thus, as discussed in Chapter 3, a different approach is required.
Using a Bayesian approach yields a spurious polarization fraction of (0.4+0.3

−0.4)%,
where the uncertainty is the HPD region corresponding to 1σ, with a 99% upper-
limit of 1.2%. Even such a small spurious modulation can result in a relatively
large systematic error if the modulation factor µ is also low. This shortcoming
has been significantly improved upon for the upgraded PoGO+ instrument, by
taking considerably more calibration data with an unpolarized source as discussed
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Figure 4.6: The ”fast-branch” plot acquired when the online veto system is off.
Events having hits in any of the shaded regions are excluded when the online veto
is on. For a hit in the fast scintillator the fast and slow outputs are similar, whereas a
hit in the slow scintillator produces a much larger slow output than the fast output.
Image from [Chauvin et al., 2016d].

in Chapter 7.
For the polarized source, the difference between the measured and simulated

modulation factors was found to be relative 10%, with the measurement having a
lower modulation. The disagreement is likely due to event selection simplification in
the simulation, geometry imperfections of scintillator placement not present in the
simulation and the low energy (single photo-electron) spectral disagreement men-
tioned previously. Finally, the modulation factor for the Crab spectrum using the
flight selections, as will be discussed in Chapter 5, is µCrab = (21.4±1.5)% [Chauvin
et al., 2016a]. This is after down-scaling the simulation by relative 10%.

Dividing the unpolarized response with the modulation factor for the Crab yields
a constraint on the systematic error of (1.9+1.4

−1.8)% with a 99% upper-limit of 5.7%.
This error should be added to the statistical uncertainty on the polarization of the
Crab presented in Chapter 5. Such an analysis of systematic errors has not been
presented earlier.





Chapter 5

Paper II: Observation of polarized
hard X-ray emission from the Crab
by the PoGOLite Pathfinder

During the 2013 flight, three Crab observations were conducted, for a total of 32.9 ks
observation time. As mentioned in the previous chapter, during observations, the
payload control computers overheated. Together with very slow telemetry (over-
horizon communications use the Iridium network) and sun reflections in the baffle
of the star trackers, it was difficult to operate and point the instrument. As a
result, it was not possible to intersperse observations of the source (on-source) with
observations of the background (off-source). These problems have been addressed
for the PoGO+ upgrade.

The observed 2-hit event count rate after offline event selections is shown in
Fig. 5.1. A LiCaF scintillator, which has a high cross-section for capturing ther-
mal neutrons, was also flown to measure changes in the neutron background rate
throughout the flight. It can be seen that the background rate has some variability
between the 13th and the 14th of July. From background modeling [Kole et al.,
2015] this can be explained by the increase in solar activity leading to a decrease in
the neutron rate. However, the neutron rate is only a proxy and does not provide
a quantitative estimate of the 2-hit background rate.

In the absence of dedicated background measurements, the only feasible method
of calculating the background rate during the Crab observations is by fitting the
pulsation lightcurve. This method does not require assumptions of constant back-
ground rate during the observations or exact relationship between the neutron
rate and the 2-hit background. The assumption it makes is that the topology of
the lightcurve observed by PoGOLite Pathfinder is the same as that observed by
another instrument. The Hard X-ray Detector (HXD) [Takahashi et al., 2007],
on-board the Suzaku satellite is used due to a similar energy range of 10−70 keV
compared to the PoGOLite Pathfinder, range of 20−120 keV after offline event
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Figure 5.1: The 2-hit event rate for the entire 2013 flight. Regions where the
instrument is pointed at the Crab are marked in green. The thermal neutron rate
(neutrons are thermalized by the polyethylene shield) as recorded by an on-board
LiCaF detector indicates a change in the background rate throughout the flight.
Adapted from [Chauvin et al., 2016b].

selection for Crab observations. The observed pulsation lightcurve is shown in
Fig. 5.2. Performing a χ2−fit between the HXD and the PoGOLite Pathfinder
lightcurves results in a signal-to-background ratio R = 0.25± 0.03 and an MDP of
28%.

The caveat to lightcurve fitting is that the lightcurve of the Crab pulsar changes
with energy. NuSTAR has measured the spectral power-law index of dN

dE ∝ E−Γ

to be Γ ∼ 1.9 (12−80 keV energy range) for the pulses whereas for the nebula it is
Γ = 2.09± 0.01 [Madsen et al., 2015]. This means that the pulsed fraction changes
with energy and that R = 0.25±0.03 likely over-estimates the signal-to-background
ratio of PoGOLite Pathfinder, as is also seen when comparing to the evolution of
the count rate shown in Fig. 5.1.

5.1 Event selection

A significant effort was spent optimizing the offline waveform selection to increase
the signal-to-background ratio and to improve the MDP. The main reason for this
is that waveforms in flight are often distorted by cosmic rays which deposit large
amounts of energy, thus creating baseline under- and over-shoots. Fig. 5.3 shows
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Figure 5.2: The comparison of the Crab pulsation lightcurve as seen by PoGOLite
Pathfinder and Suzaku HXD. The horizontal red line is computed by performing a
χ2−fit of the HXD data with the signal-to-background ratio as a free parameter.
All events below the red line are considered to be background. Image from [Chauvin
et al., 2016b].

an example of an event consisting of three waveforms of which only two arise from
the same primary photon. The standard fast branch selections as described in
Chapter 4 would not reject this event, although the two of the waveforms are slow.
Additionally, it is difficult to reject super-imposed waveforms where an interaction
has occurred in both the fast scintillator and the slow/BGO scintillator.

More variables than just the slow and the fast output are necessary to increase
the efficiency in classifying the waveform as signal or background. The number of
consecutive rising points, the waveform peak, and the ratios of the fast and slow
outputs to the waveform peak are examples of waveform features with discrimi-
natory power. However, there are many possible variables and they are not inde-
pendent. Therefore, the Principal Component Analysis (PCA), is utilized which
reduces many variables (in this case 10) to only a few that have the largest vari-
ance and have no linear correlation between them. The underlying idea is to find a
transformation that diagonalizes the covariance matrix using eigenvector decompo-
sition. The PCA was first applied to laboratory data to determine which pattern
corresponds to signal and which to background. The result is shown in Fig. 5.4,
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Figure 5.3: An example of a three-waveform event, where only two hits are identified
as being in coincidence after offline selections. The baseline has been distorted by
a preceding cosmic ray interaction. The falling slope of the baseline makes the fast
output larger than the slow output, resulting in the fast branch cut (see Fig. 4.6)
falsely accepting this event. The time difference between the consecutive waveform
samples is 27 ns.

where the striped blue pattern corresponds to interactions in the fast scintillator.

The same procedure was repeated for the flight data. It resulted in a similar
easily identifiable striped pattern. Each stripe was selected in an automatic way by
scanning through many combinations of the slope and intercept f(x) = ax+ b until
the best MDP was achieved, as shown in Fig. 5.5. The signal-to-background ratio
necessary for the calculation of the MDP was computed by performing a χ2−fit of
the lightcurve as described earlier.

5.2 Results

Laboratory measurements have shown that an anisotropic background can produce
a fake polarization signature [Chauvin et al., 2016d]. The data from when the
polarimeter was pointing at Cygnus X-1 was used to check if the background shows
a modulation. Based on measurements by Swift BAT [Krimm et al., 2013], Cygnus
X-1 was in the soft spectral state. When combined with the atmospheric column
density of ∼6.5 g cm−2 the estimated 2-hit signal-to-background ratio is R = 1 : 27
in the energy range of PoGOLite Pathfinder. The contribution from Cygnus X-1 is
therefore negligible.
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Figure 5.4: PCA applied to laboratory data. Only one type of scintillator was
attached to a PMT at a given time, to provide pure signal and background samples.
The fast scintillator forms stripe patterns while the other scintillators are scattered
more uniformly. All events that fall within the stripes (red lines) or below the
bottom diagonal line or the horizontal line are accepted and considered as signal.

The reconstructed polarization fraction and angle (pr, ψr) are calculated from
the Stokes parameters as described in Chapter 3. They are given in Table 5.1 for
the Crab and background observations. In this case, MDP/pr = 1.37 for the Crab
measurement, thus as discussed in Chapter 3, Gaussian approximations should not
be used. A Bayesian approach is instead followed to compute the posterior of the
polarization parameters P (p0, ψ0|pr, ψr). However, since the relative uncertainty
on R and µ is non-negligible (∼10%) it must be included in the calculations. The
total posterior can be written as

P (p0, ψ0|pr, ψr, µr, Rr) =

∫ ∞
0

∫ 1

0

B(pr, ψr|p0, ψ0, µ0, R0)

×N (µ0|µr, σµ)×N (R0|Rr, σR)dµ0dR0

(5.1)

where B is the bivariate likelihood after transformation to polar coordinates as
described in Section 3.2, and N is a Gaussian distribution. In this case, the as-
sumption that the posteriors of µ0 and R0 are Gaussian is reasonable because their
uncertainties are relatively small.

The Monte Carlo integration was performed by sampling µ0 and R0 from their
respective Gaussian distributions, evaluating B(pr, ψr|p0, ψ0, µ0, R0) and summing.
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Table 5.1: The reconstructed polarization fraction and angle (pr, ψr) as calculated
from Stokes parameters.

pr ψr

Background (2.3± 3.9)% (52± 47)◦

Crab (20.8± 9.4)% (149± 13)◦

The resulting posterior with HPD credibility regions for the Crab observation is
shown in Fig. 5.6. Marginalizing the posterior over the polarization fraction or the
polarization angle yields the distributions shown in Fig. 5.7. These distributions
can be summarized as the polarization fraction p0 = (18.4+9.8

−10.6)% and polarization
angle ψ0 = (149 ± 16)◦, where the point-estimates correspond to the peaks of the
marginalized posteriors and the uncertainties correspond to their HPD regions. The
marginalized posteriors are clearly non-Gaussian and the HPD regions are larger
than the Gaussian uncertainties calculated from the simple classical Stokes analysis
presented in Table 5.1.

Background observations were analyzed analogously to the Crab, but without
uncertainty on R. The marginalized posterior for the polarization fraction of the
background corresponds to a point-estimate of 0% and a 99% upper-limit of 11%.
It is therefore assumed that the polarization signature of the Crab is dominated by
the source, not by the background.

This is the first measurement of any astrophysical source with a dedicated po-
larimeter in the hard X-ray regime. Although modest in its statistical significance,
it paves the way for the upgraded instrument PoGO+.
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Chapter 6

PoGO+

The 2013 flight of the PoGOLite Pathfinder provided unique insight into the at-
mospheric environment in which the polarimeter operates. It was decided that
the instrument needed to be improved, but not by enlarging its area, since the
MDP improves as the square root of the area and launching the payload already
required the largest available stratospheric balloon. Instead, significant improve-
ments were made to the design of the polarimeter (described in detail in [Chauvin
et al., 2016c]), the attitude control system, the general thermal management of
the payload and to the telemetry systems, and are discussed in this chapter. The
upgraded instrumented is called PoGO+.

6.1 Polarimeter

The optimization of the polarimeter design was done by performing Geant4 sim-
ulations. The atmospheric background model presented in [Kole et al., 2015] is
scaled to reproduce the background rate measured by the PoGOLite Pathfinder.
The scaling accounts for the unknown efficiency of the offline event selection. Sev-
eral major changes to the polarimeter were introduced such as the improvement
of scintillator wrapping, the removal of the slow scintillators, the decrease of fast
scintillator length and optimization of the neutron shield geometry. The PoGO+
polarimeter is shown in Fig. 6.1 and the design changes are briefly discussed below.

Improved scintillator wrapping

As mentioned in Chapter 4, there was non-negligible optical cross-talk between all
scintillators due to the shortcomings of the scintillator wrapping technique. First,
the detector sensitivity was improved by 46% by changing BaSO4-loaded epoxy
and 3M VM2000 to PTFE tape and 3M ESR Vikuiti, respectively. This made the
low energy deposits from Compton scattering more distinguishable and improved
the modulation factor. Then, the optical cross-talk was eliminated by additionally
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Figure 6.1: The PoGO+ polarimeter. Compared to the PoGOLite Pathfinder,
the fast scintillators have been shortened, the slow scintillators replaced by copper
collimators and the hermeticity of the polyethylene neutron shield improved. Image
from supplementary material of [Chauvin et al., 2017a].

wrapping the scintillators in opaque DuPont Tedlar sheets and heat-shrink material
leading to a significant increase (relative ∼27%) in the modulation factor [Chauvin
et al., 2016c].

Removal of slow scintillators

Simulations revealed that the slow scintillator did not contribute significantly to
background rejection due to poor detector sensitivity caused by the hollow shape
of the scintillator. Even a relatively high energy deposition can result in only a
single photo-electron emitted at the photo-cathode which is indistinguishable from
a ”fast” signal. Additionally, the slow scintillator covered the edge of the fast
scintillator reducing the effective area as shown in Fig. 4.2. It also prevented the
top of the fast scintillator from being wrapped by reflective materials. Simulations
showed that it was better (MDP decreased by relative 7%) to completely remove the
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slow scintillator, leaving only the tin and lead foils. However, due to mechanical
constraints, the slow scintillator was instead replaced by thin copper collimators
wrapped in tin and lead foils [Chauvin et al., 2016c]. Following the removal of the
slow scintillators each detector is called Scintillator Detector Cell (SDC) instead of
PDC.

Detector length

For Crab and Cygnus X-1, the number of source photons decreases rapidly with
energy since the spectra follow power-law distributions. The background rate is
proportional to the detector volume while the source rate is only proportional to
the detector area unless the detector is too short. A study of the MDP as a function
of the fast scintillator length was conducted and the length was reduced from 20
cm to 12 cm. The mean free path for Compton scattering in the energy range of
PoGO+ is ∼6 cm. The new field-of-view of PoGO+ is ∼2◦ [Chauvin et al., 2016c].

Neutron shield

The neutron shield of PoGOLite Pathfinder had a gap just behind the PMTs as seen
from Fig. 4.1. When designing the neutron shield, a trade-off must be made between
instrument mass (and thus highest attainable altitude) and neutron background
rate. Simulations show that it is beneficial to fill the gap behind the PMTs but not
add additional polyethylene [Chauvin et al., 2016c]. However, when the polarimeter
was integrated with the attitude control system it was found to be bottom heavy
(due to cabling) whereby additional polyethylene was added at the top to balance
the instrument as shown in Fig. 6.1.

Electronics boards

Upgrades to the FADC boards included an increased sampling rate of 100 MHz, a
faster waveform rise time, a larger dynamic range, better cooling using custom-built
copper heat sinks and a larger data buffer increasing the maximum recordable rate
by a factor of three.

6.2 Payload

The PoGO+ payload is shown in Fig. 6.2. The main difference from the PoGO-
Lite Pathfinder shown in Fig. 4.4 is the removal of a star tracker and the auroral
photometer. A sun tracker has been added which allows for the determination of
the azimuth pointing of the polarimeter to ∼0.04◦ precision. As mentioned previ-
ously, the star tracker has difficulty in identifying the guide star when observing
the Crab, because the small separation between the target and the sun causes re-
flections, therefore the star tracker baffle was redesigned. Thermal modeling of the
gondola was performed by OHB Sweden to optimize the layout. The PCU box and
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the Black Box computer (not visible in the figure) have been moved, such that they
are never exposed to direct sunlight. The gondola is the same as that used for the
PoGOLite Pathfinder.

Figure 6.2: The PoGO+ payload. The gondola is the same as for the PoGOLite
Pathfinder. A star tracker has been exchanged for a sun tracker and an Iridium
Pilot antenna has been added.

Another improvement is the addition of an Iridium Pilot antenna, which allows
over-the-horizon telemetry at up to 100 kbps whereas the Iridium dial-up/RUDICS
antennas allow only 1 kbps each. Not only does this provide more redundancy, but
it also makes complex pointing strategies easier to execute. Combining the teleme-
try upgrade with the elimination of thermal problems with the PCU allowed per-
forming interspersed background measurements for both the Crab and for Cygnus
X-1. Hence, PoGO+ allows a much better control of systematic uncertainties when
measuring polarization than the PoGOLite Pathfinder.



Chapter 7

Paper III: Calibration and
performance studies of the
balloon-borne hard X-ray
polarimeter PoGO+

The calibration strategy for PoGO+ is significantly improved over that described
in Chapter 4 for PoGOLite Pathfinder. This includes (i) improving the detector
response model used for computer simulations, (ii) optimizing the efficiency of the
online veto, (iii) characterizing the individual components of the SDCs, (iv) setting
data acquisition thresholds (e.g. trigger threshold) in terms of keV instead of ADC1

thus providing a more uniform response across the detector, (v) interspersing back-
ground measurements with polarimetric measurements and (vi) generally acquiring
more calibration data to provide better precision.

7.1 Thresholds and online veto

Each SDC was characterized by the mean of the Single Photo-Electron Peak (SPEP),
the standard deviation of the SPEP (σSPEP) and the detector sensitivities of the fast
scintillator, the BGO scintillator and the SAS. The average values are 〈SPEP〉 =
35 ADC and 〈σSPEP〉 = 10 ADC. The detector sensitivities are summarized in
Table 7.1.

The hit threshold was set to SPEP− 2.5σSPEP but was required to be at least
9 ADC for all SDCs. This suppresses electronic noise but still allows recording of
SPEP events which constitute a significant fraction of Compton scattering interac-
tions. For the SAS, the hit threshold is set at SPEP +σSPEP since it is undesirable

1The thresholds are set in the absolute energy scale (keV), rather than a relative (unit-
dependent) signal strength scale (ADC).
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Table 7.1: The average detector sensitivities for the scintillators of PoGO+.

Scintillator Fast BGO SAS

Detector sensitivity (pe keV−1) 0.87 0.38 0.11

to issue veto signals triggered by the dark current of the PMT. The trigger thresh-
old of the SDCs was set to 10 keV for the calibration, but was in fact lowered in
flight to 5 keV, as this increases the effective area by making the instrument more
sensitive to 2-hit events comprising two Compton scatterings2.

The SDC with the smallest dynamic range was identified and the Upper Dis-
criminator (UD) threshold was set to 86 keV for all SDCs to match this. The same
procedure was applied to the SAS, where the UD threshold was set to 1.75 MeV. A
UD signal induces a dead-time of 11 µs to allow the waveform baseline to recover
after a large energy deposit.

Pure fast and pure slow waveforms were gathered by irradiating a fast scin-
tillator coupled to a BGO-dummy and a BGO scintillator coupled to a plastic-
dummy3. The dummies do not produce scintillation light. The Waveform Discrim-
inator (WD) threshold was then optimized to reject as many BGO waveforms as
possible while maintaining an acceptance efficiency of the fast scintillator of ∼95%
below 80 keV. The results are shown in Fig. 7.1. The acceptance fraction is high,
but the PoGOLite Pathfinder data shows that the waveforms in flight may differ
from those in the laboratory measurements.

7.2 Detector response model

The detector response model is used in analyzing Geant4 simulation data so that the
behavior of the scintillator, PMT and electronics can be correctly reproduced. This
paper improves upon the previous detector response model described in [Mizuno
et al., 2009]. The main differences are the use of an individual σSPEP for each
SDC rather than a common width for the SPEP, as well as an improvement of the
scintillator non-linearity formulas. Scintillator non-linearity is a kind of quenching
effect, whereby the light yield is reduced due to interactions between the molecules
excited by the incident ionizing particle [Birks and Brooks, 1956]. Examples of the
magnitude of this effect are given in Table 7.2.

The detector response model consists of the following steps:

1. Non-linearity and light attenuation corrections are applied to the deposited
energy as calculated in Geant4.

2In an event comprising two Compton scatterings, the deposited energy may be very low for
both of the hits, even if the energy of the incident photon is high.

3Here, a ”dummy” is a non-scintillating, transparent piece of Plexiglas with the same shape
as the scintillator. Its purpose is to maintain the geometry of the detector without generating any
signals.
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Figure 7.1: The efficiency of the online veto after optimization of the WD threshold.
The rejection efficiency of BGO waveforms increases with energy as it becomes
easier to distinguish a slow waveform. Image from [Chauvin et al., 2017b].

Table 7.2: Scintillator non-linearity due to quenching. The effect is stronger for low
energy deposits.

Scintillator Quenching at 6 keV Quenching at 56.5 keV

EJ-204 36% 11%
BGO 29% 12%

2. The result is converted to the number of photo-electrons (nPE) and smeared
by a Poisson distribution (with a mean of nPE) to account for the emission
statistics of the PMT photo-cathode.

3. Conversion to ADC is done by convolving the smeared nPE with the prop-
erties of the single photo-electron peak. A random number is drawn from a
Gaussian distribution with a mean of nPE× SPEP and a standard deviation
of σSPEP ×

√
nPE.

The resulting energy spectra for a single SDC are shown in Fig. 7.2a, where
the measurement and simulation spectra have been normalized to have the same
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area. The difference in the photo-absroption peak height for the fast scintillator is
mainly due PMT after-pulsing4, not treated in the simulation. After-pulsing cannot
be filtered out with 100% efficiency in the measurement, as the source rate is high.
However, this is not an issue for the 2-hit spectrum for the entire polarimeter, when
all thresholds and vetoes are applied due to the short coincidence window of 110 ns.
The 2-hit spectrum is shown in Fig. 7.2b, and a good agreement is seen across the
entire energy range.

7.3 Polarimetric performance

A major improvement over the calibration procedure of the PoGOLite Pathfinder
[Chauvin et al., 2016d] is that measurements with polarized and unpolarized sources
were interspersed with background measurements. The detector is rolled back-and-
forth at the speed of 1◦ s−1, hence a 12 minute interval was chosen for alternating
between source and background, allowing data to be recorded for all possible roll
angles. This ensures proper background subtraction, which is especially important
when characterizing the response to an unpolarized source, as asymmetries in the
structural materials surrounding the polarimeter may induce a spurious modulation.

The modulation curves for the polarized and unpolarized beams are shown in
Fig. 7.3. For the polarized beam, the measured modulation factor derived from a
Stokes analysis is µmeas = (37.83 ± 0.73)%, while the simulated modulation fac-
tor is µsim = (40.04 ± 0.25)%. The modulation factor for the Crab spectrum
is scaled by the difference between the measurement and simulation, resulting in
µCrab = (41.75± 0.85)%, which is significantly higher than the modulation factor of
µCrab = (21.4± 1.5)% for PoGOLite Pathfinder. Since MDP ∝ 1

µ , the polarimetric
performance of PoGO+ is greatly improved over its predecessor.

As the reconstructed polarization fraction shown in Fig. 7.3 for the unpolarized
beam is smaller than the MDP for the measurement, 0.36%, a Bayesian approach
is used for determining the polarization parameters. In this case, the polarization
fraction becomes (0+0.14

−0 )%. When scaled by the modulation factor for the Crab,
the 99% upper-limit on the systematic error on the polarization fraction is 0.85%.
The actual systematic error is likely even smaller, but more calibration data is
required to place tighter constraints.

4Ionization of residual gases in the PMT can produce an afterpulse up to several microseconds
after the emission of the initial photo-electron.
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Figure 7.2: Comparison of measured and simulated energy spectra for 59.5 keV
photons. At high energies, there are residuals in the measured spectrum due to
background subtraction. Adapted from [Chauvin et al., 2017b].
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Figure 7.3: The background-subtracted modulation curve of a nearly 100% polar-
ized beam of 53.3 keV (black) and unpolarized beam of 59.5 keV (blue). There
are no distortions in the modulation curves because the instrument is continu-
ously rotated around the viewing axis, resulting in a uniform response. Image
from [Chauvin et al., 2017b].
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Paper IV: Shedding new light on
the Crab with polarized X-rays

PoGO+ was launched on July 12th 2016 from the SSC Esrange Space Center in Swe-
den and landed seven days later on Victoria Island in Canada. Data was acquired
continuously throughout the flight without the issues that plagued the PoGOLite
Pathfinder. Seven Crab and six Cygnus X-1 observations were conducted. The
improvements to the attitude control system and telemetry described in Chapter 6
allowed stable pointing throughout the flight, including the re-orientation of the in-
strument every 15 minutes for interspersed background measurements. This paper
describes the measurement strategy, the polarization results for the Crab and their
interpretation. Cygnus X-1 observations are discussed in the next chapter.

8.1 Observation method

Crab observations in the ∼20−160 keV energy band were conducted for a total ob-
servation time of 92 ks. Background data sets constitute 79 ks and were recorded by
pointing the polarimeter 5◦ East and West of the Crab1, which is well outside of the
field-of-view of the instrument. The 2-hit counting rate after optimizing the offline
event selections (described in Section 8.2) is shown in Fig. 8.1. The interspersed
measurements show that there are several occasions when the background suddenly
increases for about an hour. This is likely caused by electron precipitation [Baker
et al., 2001, Horne et al., 2009]. Variations in the background rate on longer time
scales are also visible and are likely caused by changes in the altitude. There was
no significant solar activity during the flight.

From Fig. 8.1, it follows that the signal-to-background ratio for the phase-
averaged Crab measurement is 0.1418 ± 0.0004, and the MDP is 10.1% before
background subtraction. This is a significant improvement over the PoGOLite
Pathfinder, where the MDP was 28.4% [Chauvin et al., 2016a].

1There are no X-ray sources in these regions.
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Figure 8.1: The 2-hit event rate after optimized offline selections. Source and back-
ground observations are interspersed. Each data point corresponds to ∼15 minutes.
The signal rate tracks the elevation throughout the observation – target rising and
setting, whereas the background rate tracks diurnal variations in altitude.

8.2 Event selection

A much simpler approach to event selection optimization was undertaken for PoGO+
than for the PoGOLite Pathfinder, to avoid the possibility of over-fitting. The start-
ing point of each waveform was identified using more sophisticated algorithms than
possible to achieve in the Field-Programmable Gate Array of the FADC electronics
boards. Coincidence was re-evaluated using a coincidence window of only 10 ns,
whereby some high multiplicity events became 2-hit events and some 2-hit events
became 1-hit events. This significantly reduces the chance-coincidence rate. Wave-
form shape discrimination is done by rejecting waveforms with unstable baseline
(rising or falling), which occurs if the electronics have not recovered from a pre-
ceding high energy deposit caused by a cosmic ray. The waveforms are subjected
to a ”fast-branch” selection like in Fig. 4.6. Parameters for these selections are
optimized using scans as those shown in Fig. 5.5. The PCA method described in
Chapter 5 was abandoned, as only a few variables were used to discriminate the
waveform shape.
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8.3 Background subtraction

Dedicated background measurements show a spurious polarization signal of
(1.4± 0.2)% which, when scaled by the modulation factor for the phase-integrated
Crab spectrum µCrab = (42.9±0.7)%, becomes relatively large: (3.3±0.5)%. There-
fore, background subtraction is performed by calculating the Stokes parameters for
the background measurement, scaling them with the signal-to-background ratio and
background and source live-time ratios, and subtracting the result from the Stokes
parameters for the source measurements. This yields a new set of background-
subtracted Stokes parameters, which are used to derive the posterior for the po-
larization parameters using the Bayesian approach described in Chapter 3. The
background subtraction procedure is described in more detail in the supplementary
information of the paper.

8.4 Results

Highest Posterior Density (HPD) regions for the phase-integrated measurement of
the Crab are shown in Fig. 8.2. The evidence for polarized emission is better than
4σ level, with the peak at (p0 = 21.5, ψ0 = 131.3◦). The marginalized posteriors
for the polarization fraction and angle are shown in Figs. 8.3a and 8.3b, where the
results are (20.9 ± 5.0)% and (131.3 ± 6.6)◦, respectively. The upper limit on the
polarization fraction is 32.5% at 99% credibility level.

Since PoGO+ has no imaging capabilities, separating the nebula from the pul-
sar is only possible through pulsar phase selections. The off-pulse (OP) region is
assumed to be nebula-dominated and is defined according to the pulsar phase inter-
vals adopted in [Kuiper et al., 2001]. The exact phase selections for all regions are
shown in Fig. 8.3. For the pulsar peaks, P1 and P2, OP subtraction has been per-
formed, such that the corresponding posteriors are for the pure pulsar. The HPD
regions for the OP are shown in Fig. 8.2, while the HPD regions for the pulsar peaks
are omitted and only an upper limit on the polarization fraction is provided due
to the weak statistical constraints. However, for P2, the reconstructed polarization
fraction is rather high pr = 40%, which significantly reduces the uncertainty on the
polarization angle, constraining it to ψ0 = (86 ± 18)◦. Results are summarized in
Table 8.1, where the peak of the two-dimensional posterior, Maximum A Posteriori
(MAP) estimate, is also provided.

8.5 Discussion

Results are compared to measurements from other instruments in Fig. 8.4. The
measurements by PoGO+ and subsequently by AstroSat/CZTI [Vadawale et al.,
2018] disfavor the sharp increase with energy of the polarization fraction claimed
by IBIS for both phase-integrated [Moran et al., 2016] and OP [Forot et al., 2008]
phase selections. Since neither the SPI nor the IBIS instruments on-board the
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Figure 8.2: Highest posterior density credibility regions for the phase integrated
(shaded area) and off-pulse (red lines) Crab measurements, corresponding to 1σ,
2σ and 3σ probability content. The peaks of the posteriors are marked with a cross.
Image from [Chauvin et al., 2017a].

INTEGRAL satellite rotate around the viewing axis during observations, Monte
Carlo simulations are required for the reconstruction of the polarization parame-
ters. As mentioned in Chapter 2, these instruments have not been calibrated for
polarimetery, thus their Monte Carlo simulations have not been validated for this
purpose.

The polarization angle measured for OP is consistent with the pulsar spin axis
of (124 ± 0.1)◦ [Ng and Romani, 2004], in contrast to the OSO-8 measurements
where it differs by ∼30◦. NuSTAR imaging measurements of the Crab in the
3−80 keV energy range show that the toroidal ring region shrinks as the energy
increases [Madsen et al., 2015], hence PoGO+ probes a region much closer to the
pulsar than OSO-8. Spatially resolved optical polarization maps from the HST
show that the dominant polarization angle of the nebula emission is ∼165◦, but
structures in the nebula, such as the synchrotron knot and wisps, have polarization
angles of (124.7 ± 1.0)◦ and 124−130◦, respectively [Moran et al., 2013]. These
features are too small to be spatially resolved by NuSTAR, but likely contribute
to the high energy emission since their polarization angle is in agreement with the
OP angle measured by PoGO+.
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(a) Marginalized posteriors for the polarization fraction for different phase selections. The 99%
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Figure 8.3: Crab pulsation lightcurve after background subtraction. Posterior den-
sities for the different phase selections are over-plotted. The off-pulse has been
subtracted from P1 and P2, such that the lightcurve peaks contain only the pulsar
contribution. The error bars correspond to highest posterior density regions. Image
from [Chauvin et al., 2017a].
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Table 8.1: The results for different phase selections of the Crab as defined in Fig. 8.3.
Here OP is off-pulse and UL is upper limit. The MAP estimate corresponds to
the reconstructed polarization parameters (pr, ψr) with Gaussian uncertainties as
discussed in Chapter 3. The Gaussian uncertainties are only given to illustrate the
difference between an approximate approach and a Bayesian approach.

Phase MAP pr (%) Marg. p0 (%) 99% UL p0 (%) MAP ψr (◦) Marg. ψ0 (◦)

All 21.5± 4.9 20.9± 5.0 32.5 131.3± 6.6 131.3± 6.8

OP 19.5± 8.3 17.4+8.6
−9.3 37.3 137± 12 137± 15

P1 20.0± 24.8 0+29
−0 72.6 153± 36 153± 43

P2 39.9± 19.5 33.5+18.6
−22.3 80.9 86± 14 86± 18

AstroSat/CZTI claims a variation in the polarization fraction in the OP re-
gion [Vadawale et al., 2018]. Finer phase binning of the PoGO+ data shows no
such effect. Since the uncertainties on the polarization parameters for both mis-
sions are non-Gaussian, a Bayesian approach is followed to compare data from the
missions. No statistically significant evidence for variation in polarization parame-
ters in the OP region is found, as described in [Chauvin et al., 2018b].

PoGO+ has made the first OP-subtracted P2 measurements in the high energy
regime, showing that the polarization angle is similar to that measured by OPTIMA
at the Nordic Optical Telescope (NOT) when averaged over the same lightcurve
phase [S lowikowska et al., 2009]. This grants confidence to the common practice
of using optical data for validating high energy emission models. However, the
statistical uncertainties in the PoGO+ measurement are relatively high and phase
resolved polarimetry with future instruments may show significant differences from
what is expected from modeling based on optical data.
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Chapter 9

Paper V: Accretion geometry of
the black-hole binary Cygnus X-1
from X-ray polarimetry

During the 2016 flight of PoGO+, Cygnus X-1 was in the hard state. This is demon-
strated by the data from the all-sky imager MAXI [Matsuoka et al., 2009] on-board
the International Space Station and the hard X-ray transient monitor BAT [Krimm
et al., 2013] on the SWIFT satellite. Data from the Suzaku satellite [Mitsuda et al.,
2007], having a similar flux to MAXI and BAT, allows the flux in the 19−181 keV
energy range of PoGO+ to be estimated as 2.6× 10−8 erg s−1 cm−2, with a spec-
tral index of Γ = 1.3 and an exponential cut-off β at 146 keV, as defined by
dN
dE ∝ E

−Γ exp(−E/β).

The same observation procedures were followed for Cygnus X-1 as for the Crab,
as described in the previous chapter. Six observations were conducted, constitut-
ing 123.5 ks of on-source and 109.0 ks of background measurements. The 2-hit
count rate is shown in Fig. 8.1. Despite lower float altitude during Cygnus X-1
observations, caused by cooling of the balloon during the local night time, the
signal-to-background ratio is 0.1554 ± 0.0004, which is higher than that for the
Crab. This is explained by Cygnus X-1 having a higher elevation in the sky, which
reduces the atmospheric attenuation of the X-ray flux. A higher elevation also
allows longer observations of the source. Longer exposure time combined with a
higher signal-to-background ratio results in smaller statistical uncertainties on the
polarization parameters, which are derived using the same analysis as for the Crab.

9.1 Polarimetric results

The posterior and the HPD credibility regions for the polarization parameters of
Cygnus X-1 in the 19−181 keV energy band are shown in Fig. 9.1. The maximum
of the posterior is at (4.8%, 154◦). The marginalized posteriors for the polarization
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fraction and angle are shown in Fig. 9.2. The marginalized polarization fraction is
(0.0+5.6

−0.0)% with a 90% upper-limit of 8.6%. Analogously, the marginalized polar-
ization angle is (154± 31)◦.

Figure 9.1: The posterior density for the PoGO+ observation of Cygnus X-1 after
background subtraction. The maximum a posteriori estimate (white cross) is at
(4.8%, 154◦). Contours correspond to HPD regions. The direction of the radio jet
labeled by a shaded rectangle is (158±5)◦ [Stirling et al., 2001,Fender et al., 2006].
Adapted from [Chauvin et al., 2018a].

9.2 Constraints on geometry

Published emission model simulations do not cover the full energy range of PoGO+.
Extended corona model simulations are available in the 0.1−100 keV energy range
[Schnittman and Krolik, 2010], while the lamp post corona model has been simu-
lated for the energy band of 2−50 keV [Dovčiak et al., 2011,Dovčiak et al., 2012].
The median energy for the Cygnus X-1 observations by PoGO+ is 57 keV. As seen
from Figs. 2.7 and 2.8, the polarization fraction generally increases with energy.
However, this effect is likely compensated by weaker dependence of the Compton
scattering cross-section for higher energies, as shown in Fig. 1.7.
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Figure 9.2: Marginalized posteriors for the polarization fraction (left) and angle
(right).

Predictions for polarization parameters of the lamp post model from Figs. 2.7
and 2.8 in the 20−50 keV energy range are combined with the 90% and 2σ credibility
contours of Fig. 9.1 to provide constraints on the accretion geometry. An example
is shown in Fig. 9.3 for varying corona heights from 2Rg to 100Rg for several fixed
inclinations θ. Since the rotation direction of the accretion disk is not known,
both directions are considered (although it likely follows the orbital rotation in the
clockwise direction [Reid et al., 2011]) and only if the model excludes both rotations
for a set of parameters is the set rejected. Thus, the polarization angle from the
lamp post corona model simulations is transformed as ψ = ±ψM + 158◦, where
counter-clockwise rotation corresponds to +ψM and the offset corresponds to the
direction of the radio jet.

As seen from Fig. 9.4, most of the parameter space for low corona heights
for a rapidly rotating Kerr BH is excluded. These polarization constraints can
be combined with the parameters extracted from spectral fitting of the iron line
profile in the hard state yielding a = 0.97+0.014

−0.02 , a corona height of 5−7Rg and an

inclination of (23.7+6.7
−5.4)◦ [Fabian et al., 2012]. As a result, the lamp post corona

model is disfavored at approximately 99% confidence level. Other estimates of
the disk inclination are (27.1 ± 0.8)◦ and ∼40◦ with 0.93 . a . 0.96 from the
orbital plane [Orosz et al., 2011] and X-ray spectral analysis [Walton et al., 2016],
respectively. These parameters also fall within the 90% exclusion region, unless
the corona height is large, & 30Rg. It is therefore concluded that for the hard
state of Cygnus X-1, the lamp post corona model where the reflected component is
enhanced by strong gravitational relativistic effects is excluded.

A possible caveat with this analysis is that the observed polarization parameters
may still be reproduced for the lamp post model if the corona is outflowing (e.g.
moving with the jet) [Beloborodov, 1999]. Doppler boosting would then cancel
out the effects from strong gravity, resulting in a lower reflection fraction from the
inner disk and a dominant reflection from the outer disk. Another assumption in
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Figure 9.3: The model predictions of Fig. 2.8 for lamp post corona heights of
2−100Rg overplotted on the polarization measurements shown in Fig. 9.1 for a
Schwarzschild black hole. Accretion disk rotations in the counter-clockwise and
clockwise directions are marked with crosses and dots, respectively. The colored
bands indicate a ±5◦ uncertainty on the simulated polarization angle, which cor-
responds to the uncertainty on the jet direction. Adapted from [Chauvin et al.,
2018a].

the simulations by [Dovčiak et al., 2011, Dovčiak et al., 2012] is that the primary
emission is unpolarized, although intrinsic polarization may arise due to inverse
Compton scattering, which may affect the model predictions.

For the alternative class of models where the corona is extended [Schnittman
and Krolik, 2010], the relativistic effects are suppressed, resulting in a rather low
polarization fraction of 2-7% and a polarization angle parallel to the jet axis. This
is in agreement with the results presented in Fig. 9.1. Therefore, these hard X-
ray polarization measurements support the extended corona model but lack the
precision for determining specific geometry parameters.

9.3 Conclusion

The X-ray polarization measurements conducted by PoGO+ for the hard state of
Cygnus X-1 show that the emission is not influenced by strong general relativistic
gravitational effects. The polarization properties are consistent with the extended
corona model where the accretion disk is truncated. Hence, neither the polarimetric
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Figure 9.4: The parameter space of the lamp post corona model excluded by po-
larization measurements of PoGO+, indicated by hashed regions with the 90% and
2σ credibility enclosed by solid and dashed lines, respectively. The red contours
are the 1σ and 2σ confidence regions derived from spectral iron line profile fitting
under the lamp post corona model by [Fabian et al., 2012]. Image from [Chauvin
et al., 2018a].

nor the spectral characteristics of the emission in the hard state are sensitive to the
spin of the black hole. The spin can be estimated from measurements in the soft
state where the inner radius of the accretion disk is at the ISCO [Remillard and
McClintock, 2006].





Chapter 10

Discussion and outlook

The flight of the PoGOLite Pathfinder and its subsequent redesign to PoGO+,
followed by the successful polarization measurements of the Crab and Cygnus X-1,
demonstrates how balloon-borne instruments can be improved over the course of
several campaigns. Performance is comparable to current satellite missions. For
example, the uncertainty on the polarization fraction for a 92 ks exposure during a
seven day flight for PoGO+ is less than for an exposure of ∼800 ks over the course
of a year for AstroSat/CZTI [Vadawale et al., 2018].

PoGO+ measurements of phase integrated Crab emission and of the off-pulse re-
gion do not support the rapid increase in polarization fraction with energy reported
by IBIS [Forot et al., 2008, Moran et al., 2016]. The similarity of the polarization
angle for the off-pulse with the pulsar rotation axis projected onto the sky indicates
that high energy emission is coming from within the vicinity of the pulsar as seen
from NuSTAR images of the toroidal ring region shrinking at higher energies [Mad-
sen et al., 2015]. The first hard X-ray measurement of the polarization angle of
the second pulsation peak shows similar characteristics to optical measurements,
supporting the use of optical data for validation of high energy emission models.
Measurements of Cygnus X-1 in the hard state set an upper limit on the polariza-
tion fraction of 8.6%. This sets constraints on the accretion geometry disfavoring
models where the emission is affected by strong gravity and supports geometries
where the corona is extended and the accretion disk is truncated.

10.1 Possible upgrades of the PoGO+ design

The redesign and construction of PoGO+ took approximately one and a half years
and resulted in a significant improvement over the PoGOLite Pathfinder. For a
seven-day observation, the MDP for the Crab was reduced from 16% to 10% before
background subtraction. However, there is no simple way of further significantly
improving the performance of the polarimeter.

A major contribution to the mass of the polarimeter is the SAS, which is made
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of BGO and weighs ∼300 kg. The geometric area of the polarimeter scales as
A(n) = 3(n2 + n) + 1, where n is the number of rings excluding the central unit,
whereas the number of SAS units scales as SAS(n) = 6n + 6. However, the MDP
decreases with the square root of the area, whereby for a decrease in MDP by
a factor of two (requiring approximately nine rings of detector units), the SAS
would weigh ∼600kg. Thus, the performance scales linearly with the mass. Such
a large increase in mass would require, a significant redesign of the gondola and
the pointing system mechanics to reduce the overall payload mass in order to not
decrease float altitude, which would increase atmospheric attenuation of the source
flux.

Another possible improvement to the instrument is the replacement of the
fast scintillators with the more expensive and relatively new EJ-276 scintillators,
which allow waveform discrimination between photons and neutrons. Simulations
show that for the PoGOLite Pathfinder neutrons constituted 95% of the back-
ground [Chauvin et al., 2016c]. Optimistically, the neutron background could
be reduced by an order of magnitude, but this would still result in a signal-to-
background ratio of 1:1 and only decrease the MDP by a factor of two. Such a
high efficiency of waveform discrimination would likely require significant improve-
ment of the electronics including faster baseline recovery and faster pre-amplifier
response (currently a 1 ns pulse takes 30 ns to reach full amplitude).

Increasing the observation time could also increase the precision of the mea-
surements. The longest possible observation time is in Antarctica where balloon
flights could last for 30 to 40 days. However, Crab and Cygnus X-1 are below the
horizon for such southern latitudes. Other bright targets, for example Vela X-1, are
observable. However, Vela X-1 is a source with variable intensity. Its average flux
is 12% of the Crab and 30% of the Crab when not eclipsed [Kreykenbohm et al.,
2008]. Therefore long duration balloon flights in Antarctica do not significantly
reduce the MDP.

Placing the polarimeter on-board a satellite would significantly increase the
observation time, reduce the neutron albedo background and remove atmospheric
attenuation of the source flux, increasing the rate of source photons at 20 keV and
60 keV by a factor of 70 and a factor of 3, respectively. However, the effective area
at energies around 10 keV would be relatively low, because at such low energies,
the probability of photo-absorption is much greater than for Compton scattering,
as shown in Fig. 1.8 for plastic scintillator. Therefore, a 1-phase polarimeter using
plastic scintillators does not benefit from the low energy band accessible to satellite-
borne instruments.

10.2 Prospects of balloon-borne hard X-ray polarimetry

For the sources discussed in this thesis, only a significant improvement in polarimet-
ric performance, i.e. a reduction of the MDP to the level of ∼1%, would provide
significant new insights. To check whether the predictions from models of the
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Crab pulsar validated by optical data are correct for hard X-rays, phase resolved
polarimetry is required. As shown in Fig. 2.5, optical data indicates that the po-
larization angle swings rapidly throughout the pulses. Thus, the lightcurve must
be finely binned which sets high requirements on polarimetric performance. For
Cygnus X-1, significant advances in understanding the accretion geometry could
be made if the physical parameters of the extended corona could be determined.
However, the sensitivity of the polarization fraction to the physical parameters of
the model is weak, requiring instrument precision on the one percent level. Fur-
thermore, the measured polarization angle has relatively large uncertainties due to
the low polarization fraction, and all extended corona geometries and parameters
have the polarization angle aligned with the accretion disk rotation axis for ener-
gies above 20 keV [Schnittman and Krolik, 2010]. When combined with the above
discussion on possibilities of upgrading PoGO+, there seems to be little benefit in
attempting to improve the measurements of the Crab and Cygnus X-1 with this
instrument. It is also challenging for other balloon-borne polarimeters in the hard
X-ray domain to achieve an MDP on the 1% level for these astrophysical sources.

Other bright X-ray sources are observable by balloon-borne instruments. The
wind-accreting pulsar Vela X-1 will be the target for the Antarctic flight of the
X-Calibur polarimeter in January 2019 [Kislat et al., 2018]. The polarimeter has
been significantly upgraded from the design described in Section 1.2. Some of the
major changes include the replacement of the scattering plastic scintillator (which
was read-out using a PMT), with a passive beryllium scattering element, resulting
in a significant increase of effective area at energies below 20 keV; the upgrade
of the electronics allowing a lower trigger threshold; and the improvement of the
anti-coincidence shield necessary for observations in the polar region. The resulting
energy range is 15−60 keV, with an MDP between 2% and 6% for a 30 day flight
depending on the background conditions and the intensity of the source. Such mea-
surements have the potential to constrain the emission geometry [Meszaros et al.,
1988]. Comparing X-Calibur observations with IXPE observations in the 2−10 keV
energy range is of special interest, since the pulsation lightcurve topology is very
different for the respective energy ranges [Kreykenbohm et al., 2008]. Design stud-
ies of an upgrade called XL-Calibur, have been initiated with the new instrument
using an X-ray focusing mirror with a five times larger effective area [Kislat et al.,
2018], which could conduct coincident observations with IXPE in 2021/22.

Once the polarization of the brightest objects in hard X-rays has been mea-
sured, balloon-borne instruments will likely continue to serve as a stepping stones
to larger satellite instruments, allowing for a relatively inexpensive way of testing
new detection techniques with the opportunity of re-flight and improvement over
several campaigns.
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10.3 Future missions

At this moment, the only instrument acquiring polarization data in the hard X-ray
domain is AstroSat/CZTI [Bhalerao et al., 2017]. It will likely provide improved
constraints on the polarization parameters of the Crab, as well as measure the po-
larization of Cygnus X-1 and other bright hard X-ray sources in the 100−300 keV
energy band. In 2021, IXPE will be launched and will make phase resolved po-
larimeteric observations of the Crab pulsar and spatially resolved observations of
the Crab nebula. Its energy range of 2−8 keV is suitable for observing the evolu-
tion of the polarization angle from parallel to perpendicular to the accretion disk
surface of Cygnus X-1 as expected from extended corona models [Schnittman and
Krolik, 2010]. It will thus be able to constrain the physical parameters of the ex-
tended corona model. Besides these sources, IXPE will investigate a large variety
of phenomena including, but not limited to, the emission mechanisms of active
galactic nuclei and microquasars, the strength and geometry of the magnetic field
of magnetars, particle acceleration in pulsar wind nebulae, magnetic field structure
in synchrotron X-ray sources and the geometry and origins of X-rays from accreting
pulsars [Weisskopf et al., 2016,Weisskopf, 2018].

Another approach to testing new instrumentation is sub-orbital rocket experi-
ments. In the soft X-ray domain at energies of 0.2−0.8 keV the Rocket Experiment
Demonstration of Soft X-ray (REDSoX) Polarimeter is under development and pro-
posed for launch in 2022 [Marshall et al., 2017]. X-ray focusing optics are combined
with critical angle transmission gratings to focus the X-ray flux on three multi-layer
mirrors, whereby polarization is measured by reflection at Brewster angle resulting
in a modulation factor of over 90%. The primary targets of the polarimeter are BL
Lacertae objects, which are active galactic nuclei with rapidly variable fluxes and
high optical polarization, and isolated neutron stars. Polarization measurements
in the soft X-ray band stand to discriminate between the jet [Marscher, 1980] and
shock models [Marscher and Gear, 1985] for the BL Lacertae objects by probing the
structure of the magnetic field. For the neutron stars, the atmosphere [van Adels-
berg and Lai, 2006] can be investigated as well as the effect of vacuum birefringence
predicted by quantum electrodynamics when the rest mass of the electron equals
its cyclotron energy [Heyl and Shaviv, 2002,Heyl et al., 2003].

The enhanced X-ray Timing and Polarization (eXTP) mission is a larger satellite-
borne experiment accepted for launch in 2025 [Zhang et al., 2016]. It comprises
four detectors in the energy band of 0.5−30 keV, allowing high-resolution spec-
troscopy, imaging, timing studies, wide-sky coverage and a polarimeter similar to
that of IXPE. Its advantage is that all detectors are operated simultaneously, al-
lowing a unique precision study of X-ray transient sources, including polarization
measurements.

First polarization data of about ten GRBs from the satellite-borne POLAR
polarimeter [Produit et al., 2018] in the 50−500 keV energy range is expected in
the near future [Kole, 2018]. Unfortunately the high voltage supply of the PMTs
stopped working, thus additional acquisition of data is not possible. The only
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dedicated GRB polarimeter still conducting observations is AstroSat/CZTI, in the
100−300 keV energy range. Constraining GRB prompt emission models requires
a large sample of GRBs, since they are viewed at different angles (as shown in
Fig. 2.11). To increase the number of GRBs where polarization parameters have
been measured, a new polarimeter, the Satellite Polarimeter for High Energy X-rays
(SPHiNX) is proposed, operating in the 50−500 keV energy band [Pearce et al.,
2018]. It is expected to observe ∼50 GRBs in a two year mission with an MDP less
than 30%.

The abundance of new missions in the field of X-ray polarimetry promises many
discoveries in the coming years. Polarization provides unique information about
particle acceleration and photon emission mechanisms in astrophysical sources. En-
vironments with extreme gravitational effects and magnetic fields far stronger than
achievable on Earth may become space laboratories for testing the general theory
of relativity and quantum electrodynamics. Balloon-borne experiments have con-
tributed and will continue to contribute to the development of the field by providing
a means of evaluating detector design, facilitating the advancement of data analysis
techniques and, as demonstrated in this thesis, providing new scientific results for
bright X-ray sources.
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